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ABSTRACT

Synchrotron light is produced by electron accelerators combined with storage
rings. This light is generated over a wide spectral region; from infra-red (IR) through
the visible and vacuum ultraviolet (VUV), and into the X-ray region. For relativistic
electrons (moving nearly with the speed of light), most radiation is concentrated in a
small cone with an opening angle of Vy (some 0.1 to 1 milliradian), where y is the
electron energy in units of rest energy (typically 103-104). In synchrotron radiation
sources (storage rings) highly relativistic electrons are stored to travel along a circular
path for many hours. Radiation is caused by transverse acceleration due to magnetic
forces (bending magnets). The radiation is emitted in pulses of 10 - 20 picosecond,
separated by some 2 nanosecond or longer separation.

Some types of superconductor magnets called undulators, with weak periodic
magnetic field are used to produce short wavelength radiation in the VUV-regime.
Other magnets called wigglers, with stronger periodic magnetic field cause many
harmonics of light to be produced with continuous spectrum from infra-red (IR) to
hard X-ray, and highly collimated compared with the bending magnets using the
increased transmission of beam line and the monochromators is a constant goal in
development.

Mirror surfaces coated with different metal along with the multiplier
techniques are used to improve optical surfaces in the (VUV). It is not an easy task to
point out all the fields where the synchrotron is used, so only examples are given here.
The growing importance of this tool, synchrotron radiation in such diverse fields as:
molecular, environmental sciences, medical imaging, pharmaceutical R. & D, and
micro-fabrication.

The synchrotron radiation is used in atomic and molecular physics,
semiconductor surfaces, adsorbates, magnetic layer systems, polymers, X-ray
microscopy and lithography, micro-technology and macromolecular crystallography.

The present work is a review lecture summarizing the properties of the
synchrotron radiation (sources and applications).
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A charge that is being accelerated radiates electromagnetic waves (photons).
In any kind of accelerators the radiation due to the longitudinal acceleration is
negligible. However, this is not always true for radiation due to transverse
acceleration, which is imposed by the guide field in circular machines. High-energy
electron storage rings, for example, suffer severely from this fundamental energy loss
by radiation and it is this fact that makes linear colliders the favoured electron
machines of the future. While energy loss by radiation is a problem when considering
the efficiency of an accelerator, it nevertheless does have certain redeeming feature.
Best of all, this unwanted energy loss, or synchrotron radiation as it is called, can be
turned into an intense source from the infra-red -:< (IR) to X-rays or even hard X-
rays with good directional properties and a well-defined polarization. Accelerators
dedicated to producing this radiation are called synchrotron light sources or simply
light sources. Light sources have proved to be extremely valuable research tools and
are rapidly growing branch of the accelerator family.

The use of synchrotron radiation for fundamental science and applied
technologies has experiences an explosive growth over the last thirty years. The
growing importance of this new tool in such diverse fields as molecular
environmental science, medical imaging, pharmaceutical R & D, micro-fabrication,
etc.,

2- SOURCES OF SYNCHROTRON RADIATION.

A typical example of a synchrotron light source along with its storage ring and
beamlines (typically 20-40) of different applications in parallel.

The source consisted of:

a) Injectors, microtrons and linear electron accelerators are used as injectors with
energy up to 50 iVleV.

b) Synchrotron accelerator, a fast cyclic booster synchrotron is used to accelerate
electrons in the GeV energy range.

c) A storage ring synchrotron radiation source2'is an arrangement of components,
which enable a current of electrons to circulate at essentially the speed of light in a
closed orbit for several hours while synchrotron radiation is emitted from all
curved parts of the orbit. Some of the radiation leaves the ring through tangential
parts called beamlines that allow the radiation to pass to experimental stations
located in a hall outside the ring,-ipig.(l) . Radiation is caused by transverse
acceleration to magnetic forces in bending magnets (forming the circular path) or
periodic acceleration in special insertion device magnets like superconductor
undulators , wiggler magnets and wave shifters, Figs(2).

3- PROPERTIES OF SYNCHROTRON RADIATION:

Synchrotron radiation is the electromagnetic radiation emitted when charged
particles travel in curved paths. For high energy electrons curving in the magnetic
fields of storage rings, this radiation is extremely intense over a broad range of
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Fig. 1; Synchrotron Light Source
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wavelengths from the infra-red (IR) through the visible and ultraviolet (UV) range
into the vacuum ultraviolet (VUV) and soft and hard X-ray parts of the
electromagnetic spectrum Fig.(3). The high intensity over a broad spectral range and
other properties (collimation, polarization, pulsed-time structure, partial coherence
and high-vacuum environment) make synchrotron radiation a powerful tool for a wide
range of applications in basic and applied research and technology .

It is particularly important in those parts of spectrum where laser sources are
not available such as the vacuum ultraviolet (VUV), soft and hard X-ray ranges and
parts of the infra-red (IR).

The continuous spectrum of synchrotron radiation provides more than five
orders (105) of magnitude increase in the flux and more than ten orders (1010) of
magnitude increase in brilliance (also called brightness) compared with more
conventional sources such as VUV lamps and X-ray tubes:

Definitions:

Flux: is the number of photons emitted into an angular fan per unit time and .
band pass (bp). For bend and wiggler sources, flux is calculated by integrating over
the vertical emission cone and one milliradian of horizontal fan.
For undulators the spectrum is integrated over the central cone of emitted radiation.
The units of flux are [photons/sec* 1% band pass (bp)].
Flux is the appropriate figure of merit for applications where little beam collimation is
required and the sample transverse size is sufficiently large as to intercept the entire
photon beam. For a typical focused beam this translates into several mm of sample
area and several tens of mm2for an unfocused beam. For example, many X-ray
absorption spectroscopy (XAS) and most Lithographic Galvanik-Abforming (LIGA)
applications fall into this category (see later).

Brightness or brilliance: is the flux per unit source phase space. The units of
brightness are [photon/sec*mm *milliradian • 0.1% (bp)]. High brightness was the
major motivating factor behind the development of undulators. High brightness is
required for experiments that involve samples or opticts with very small phase space
acceptance or techniques that exploit beam - focus application (microscopy, micro-
probe, micro XAS etc..) , diffraction from highly perfection small crystals,
holography , and spekle measurements.
These remarkable characteristics, offered by no other source of electromagnetic
radiation, have led to an explosive growth of synchrotron radiation research and
facilities for such research.

4- APPLICATIONS OF SYNCHROTRON RADIATION.

The applications of synchrotron light have been growing steadily for three
decades. They now span a wide range of domains in fundamental science (chemistry,
physics, biology, molecular medicine), applied research (materials science,
passivation, molecular environmental science, medical imaging, pharmaceutical
R&D, advanced radiology, radiometry, etc.) and industrial technology (micro-
fabrication, micro-analysis, photo-chemistry, etc.) Investigators using synchrotron
light can "tune" through the intense continuum , ^using devices called
monochromators, as part of the beam transport lines, to select the particular
wavelengths relevant to their studies, Ficj-U-^ •
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A synchrotron light source, therefore, is not a specialized instrument dedicated
to one specific application, but a general source that provides electromagnetic
radiation for a large number (typically 20-40) of different applications in parallel,
each connected to a specific beamline. The notion of optimizing beamlines for
particular applications is carried out in current synchrotron light sources by
implementing so-called insertion devices such as undulators, multipole-wigglers and
wavelength-shifters. These produce the required optical source properties, e.g.
enhancement of brilliance, coherence, or flux,or the emission of hard X-rays.

Atomic and molecular structure

Different parts of the electromagnetic sepctrum are suited for different
applications. So-called hard X-rays with photon energies from about 5 to 25 KeV and
above, corresponding to wavelengths from about 0.05 nanometers and below, are
particularly useful for studies of atomic structure of large molecules as well as hard
and soft matter, e.g. proteins, polymers and other complex materials. Radiation in the
VUV and soft X-ray spectral range, corresponding to photon energies of about 10 eV
to a few thousand eV, is most suitable for investigations of chemical bonds of atoms
in molecules and condensed matter. Radiation in all of the above spectral range is
used for chemical and radiological analysis as well as satisfying the industrial needs
for profitable fabrication on a microscopic scale. Longer wavelength, lower frequency
radiation in the infra-red (IR) spectral range is appropriate for studies of processes
which occur at theses frequencies, including the vibrational modes of molecules, with
novel medical applications using infra-red microscopy.

X-ray crystallography.

X-rays have been used for many decades to identify the electronic structure of
atoms, molecules and solids. This has been and still is a fundamental piece of
information to understand the properties of these systems. What is additionally
required is the knowledge of the arrangement of the atoms of matter. X-ray
crystallography is in fact the experimental technique that provides this information.
Synchrotron sources are indispensable for efficient crystallographic analysis, in
particular for novel techniques to determine the phase as well as the intensity of
diffraction data, both of which are necessary to solve the structure.

One particular sub-branch of this domain is currently in an explosive growth stage-
macro-molecular crystallography. This growth is fuelled by several factors; the need
of the pharamaceutical industry, as systematic structural analysis is now a required
R&D tool for the development of new drugs; the use of crystallography in the genome
project; the likely need of crystallography for quality control of drugs.

A synchrotron facility, with a high field multipole wiggler included, would be
a very valuable source for this application.

Magnetic layer systems and life sciences.

Other synchrotron-based structural techniques are also very important for
materials research and the life sciences. Surface crystallography is now capable to
routinely investigate the peculiar atomic structure of solid surfaces and its impact on
surface chemistry and physics. Magnetic X-ray scattering sheds new light into the
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magnetism of bulk solids and surfaces. Small angle X-ray scattering is widely used to
investigate fiber structure in the life sciences-notably the mechanisms of muscle
stretching-and other mesoscopic scale structures. EXAFS (Extended X-ray
Absorption Fine Structure) is the technique of preference to selectively investigate the
atomic structure around specific atoms-a local, atomic-scale alternative to
crystallography. EXAFS applications ra"nge from material science to biology, catalytic
chemistry, environmental science and the life sciences.

Chemistry^ physics and environmental studies.

EXAFS has also become a premier tool for determination of details of the
chemical form or "speciation" of toxic materials found in soil and ground water due to
industrial processes providing information that is vital to the development of
strategies for separation, remediation and storage of these toxic materials. Such study
of environmental problems is the fastest growing area at several synchrotron radiation
facilities. Synchrotron-produced X-rays are also a basic ingredient in many
spectroscopic techniques, notably optical spectroscopy and photoelectron
spectroscopy. After thirty years of progress, photo-emission-based analysis in capable
to reveal the finest details in the chemical and electronic properties of solids and solid
surfaces. In applied research, it is widely used to identify the causes of success or
failure of industrial processes like catalysis and surface passivation. In fundamental
sciences, spectroscopy has reached unprecedented energy resolution levels revealing
new phenomena that do not fit the standard general framework of the theory of solids;
the Fermi liquid . Photoelectron spectroscopy is also a premier tool for the study of
high-temperature superconductors.

Study of semiconductor surfaces

Recent instrumentation advances open the way to new synchrotron
spectroscopy techniques. Experiments are performed as a function of time, following
for example the dynamic evolution of surface chemical reactions. The finest details of
the formation mechanisms for semiconductor interfaces can be revealed by
specialized studies. They not only clarify the mechanisms responsible for the interface
parameters and for the corresponding devices - but open also the way to controlled
modifications of such parameters in the framework of bandgap engineering. This has
immense potential ramifications for the semiconductor industry.

Material sciences and biological application.

Synchrotron spectroscopy experiments can now be performed with high lateral
resolution bringing the analytic power of this technique to the microscopic world.In
materials science ,they are capable of identifying local factors that dominate surface
chemical processes-and previously unknown fluctuations from place to place in the
properties of solid interfaces. In the life sciences they are used to study the effects of
contamination by pathological agents, and also the chemical aspects of therapeutic
processes, notably those for brain cancer.

The combination of spectroscopy and high lateral resolution has led to a novel
class of techniques collectively called spectromicroscopy. In addition X-ray
microscopy is per se a very powerful tool for investigating microscopic phenomena.
The exploitation of ihe coherence of synchrotron radiation shows promise of leading
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to X-ray versions of holography and interferometry with a huge impact on
technology. .

Lithography and micro-technology

Finally, synchrotron-based X-rays are an essential ingredient of industrial
fabrication processes in the domains of microelectronics and micro-mechanics. In
microelectronics, X-ray lithography is a strategic reserve for eventual use in
extremely large integrated circuit (IC) production. In parallel, lithographic techniques
are used for a novel type of fabrication, three-dimensional molding and galvanoplastic
pattering based on the so-called LIGA technique. This brings to micro-mechanics the
same power of miniaturization that led to the industrial revolution of microelectronics,
converging to micro-system technology, one of the key technologies of the coming
decades. Synchrotron-based micro-fabrication techniques are already capable to
producing marketable devices in the field of sensors, micro-motors, optics, fiber- technology,
fluidic devices, Figs.(4&5).

5- CONCLUSION.

Synchrotron light sources had proved to be very powerful and widely used
tools. When measuring areas with diameters less than 100 (im, a synchrotron source
provides substantial improvement in signal over a conventional globar source. To
summarize, typical experiments are in :

1-environmental science (adsorbates, bacteria, soil chemistry,remediation).
2- particulate contamination (defects on silicon wafers).
3- biological materials (bio-remediation, identification of bio-molecules, tissue
analysis)
4- microscopic films and crystals (novel electronic materials and molecules).
5- polymer laminates and composites (photographic film).
6- forensic studies (drug identification, fiber analysis).
7- systems at high pressure (materials in diamond anvil cells).
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