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(Top) Schem atic d iagram of a synchrotron-radi ation
facib ty. Electrons are initially accelerated in the linea r
accelerator, accelerated to their final energy in the
booster synchrotron, and injected into the storage
ring. As electrons circulate in the storage ring at
constant energy, synchrotron radiation from insertion
devices in the straight sections and bend m agnets in
the arc sectors is transported by beamlines to
experimental areas.
(Center) Bend magnets and wigglers generate fanshaped beams of synchrotron radiation, whereas
undulators emit pencil-thin beams.
(Bottom) The spectral outp ut of undulators comprises
sharply peaked bands of very brig ht radia tion; the
ou tput of wigglers and bend magnets is a broad
continu ou s spectrum of lower brightness.
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Photon energy

Front Cover: A low concentration of small-diam eter p articl es is often introdu ced in to ceramic materials to improve their
strength, which is strongly related to the particle size and spatial distribution . This x-ray m icroprobe image (see page 4)
shows a clumped titanium distribution in a silicon carbid e ceramic containing titanium diboride particles. The titanium
concentration is lowest in the black and higheshn the w hite regions. The image area is 150 micrometers by 135
micrometers. Data were obtained w ith the Lawrence Berkeley Labora tory microprobe at the Na tional Synchrotron
Light Source.

DISCLAIMER
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reflect those of the United States Government or any agency thereof or the Regents of the
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For those working in the ultraviolet or x-ray regions of the spectrum, synchrotron radiation is
usually the tool of choice. Although sometimes classified as "big science" because of its connection with large accelerator facilities, research with synchrotron radiation is actually only an
extension of the "small science" that the laboratory-based experimentalist does with bench top
spectroscopic, imaging, and diffraction instruments equipped with conventional x-ray, ultraviolet, or electron-beam sources. Anyone using this kind of instrumentation to solve R&D problems is highly likely to find the enhanced research capabilities associated with synchrotron
radiation more than worth the modest inconvenience of traveling to a synchrotron light source.
At a synchrotron source, electrons forced to follow a curved trajectory emit light-so-called
synchrotron radiation. The characteristics of the radiation depend on the energy of the electrons
and the detailed nature of their curved path. The electrons circulate for many hours at constant
energy in an electron storage ring. In the places where magnets bend them into curving arc
segments, the electrons emit sweeping beams of light-like the headlight of a train on a curving
track. The storage ring is, in effect, a marvelous light bulb providing x-ray and ultraviolet
radiation with an unrivaled collection of properties in this spectral range.
The quality of synchrotron radiation can be enhanced still further by inserting undulators or
wigglers in the straight sections of the storage ring between the arc segments. These periodic
magnetic structures, collectively known as insertion devices, bend the electrons along an
undulating path. Because the radiation from undulators emerges in a very narrow cone,
sharply peaked in narrow wavelength bands that can be tuned by adjusting the magnetic field,
undulator radiation is much brighter than that from bend magnets. Wigglers produce a broad
spectrum which is similar to that of bend magnets but more intense and shifted to higher
photon energies.
Next-generation synchrotron light facilities of the type now under construction emphasize
the use of insertion devices and specialize in producing either soft Clong-wavelength) x-rays and
ultraviolet radiation or hard (short-wavelength) x-rays.

Synchrotron radiation is: • Intense
• Collimated
• Wavelength tunab le
• Polarized
• Pulsed
• Nondestructive

The Advanced Light Source, a next-generation synchrotron source of ultrabright x-ray and
ultraviolet radiation, is under construction in Berkeley, California, at the Lawrence Berkeley
Laboratory of the University of California with a planned start-up date of spring 1993. As a U.s.
Department of Energy national user facility, the ALS will be available to visiting and in-house
researchers in materials, interface, and surface science, in atomic and molecular physics, in
chemistry, in the life sciences, in earth science, and in x-ray optics. It will also serve those
interes ted in d eveloping the fabrication technology for micro- and nanostructures, as well as for
characterizing them.
The ALS facility consists of an accelerator complex, a complement of insertion devices,
beamlines, and associated experimental apparatus, and a building to house this equipment. The
state-of-the-art (low-emittance) storage ring has 10 straight sections available for insertion
d evices (undulators and wigglers). Initially, 24 high-quality bend-magnet ports will also be
available. The undulators will generate high-brightness radiation at photon energies from
below 10 eV to above 2 keY in the ultraviolet and soft x-ray regions of the spectrum. The
wigglers will access the hard x-ray region by generating broad-band radiation up to 20 keY.
Bend magnets will be useful below 10 keY. Infrared radiation will also be available from the
bend magnets. In the normal operating mode, the time structure of the radiation will comprise
pulses with a full-width-half-maximum of about 30 ps and separation of 2 ns. Operation with
pulse separations up to 656 ns can be arranged.
These capabilities will support an ex tensive research program in a broad spectrum of scientific and technological areas in which x-ray and ultraviolet radiation is used to study and
manipulate matter in all its varied gaseous, liquid, and solid forms. The high brightness of the
ALS will open new areas of research while the facility continues to serve as a reliable source for
experimental techniques that have proven their worth in solving problems in basic research and
applied technology.

The Lawrence Berkeley Laboratory is located on th e
hillsid e above th e campus of th e Uni versity of Ca liforni a at
Berkeley. The ne w ALS building (inset) retains the dome
that covered the first large accelera tor a t LBL, the 184-lnch
Cyclotron built by Laboratory found er E.O. La w rence
during World War II.

X-rays and ultraviolet light are tools for learning about the atomic positions, chemical composition, dynamics of structural transitions, electronic quantum states, and magnetic properties of
matter. Synchrotron radiation should be considered whenever this information can be advantageously used to address basic research and technological development of solid materials,
interfaces, surfaces, liquids, biological molecules, or gases. Examples of industries whose
technology benefits from this type of information include:

•
•
•
•
•
•
•
•

Aeronautics
Medical Imaging
Automobiles
Oil
Biotechnology
Petrochemicals
Ceramics
Pharmaceuticals

•
•
•
•
•
•
•
•

Chemicals
Semiconductors
Comm unications
Space
Computers
Superconductors
Energy Storage
Steel

•
•
•
•
•
•

Environmental Protection
Synthetic Materials
Holography
X-ray Lithography
Magnetics
Waste Management

Many companies have already demonstrated to themselves the benefits of synchrotron radiation through their research at existing facilities around the world. Firms with recently active
programs in the United States include:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Aerospace Corporation
Allied Signal Research
Aracor
AT&T Bell Laboratories
Becton Dickinson & Company Research Center
Boeing Company
BP America
Chevron Oil Field Research Company
Chevron Research Company
Eastman Kodak Research Laboratory
E.!. du Pont de Nemours & Company
Electric Power Research Institute
Exxon Research & Engineering
GTE
Hewlett-Packard Laboratories
Hoechst-Celanese
Hoffman-LaRoche Inc.

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

IBM Almaden Research Center
IBM T. J. Watson Research Center
Intel Corporation
Lockheed Research Laboratory
3M Central Research Laboratory
Macroatom, Inc.
Martin Marietta
Mobile
Monsanto Company
Palo Alto Veterans Hospital
Schlumberger-Doll Research
Signetics Corporation
SRI International
Union Carbide
University City Science Center
W.R. Grace & Company
Xerox

The following pages describe the basic categories of experimental techniques that have been
successfully exploited at existing synchrotron facilities or, in some cases, that are expected to
join the research armamentarium at the next-generation synchrotron sources now under construction, such as the ALS. In each case, a selection of typical industrial applications is noted.
To obtain more specific information about the ALS and its capabilities, please turn to the end of
this booklet.

ELEMENTAL ANALYSIS BY MEANS OF A HIGH-ENERGY x-ray microprobe
using focused x-rays from a synchrotron source is characterized by high sensitivity, spatial resolution approaching 1 micrometer, ease of operation, and the
ability to examine samples in a variety of environments. Quantitative, nondestructive detection of elements is by m eans of the characteristic fluorescent xrays emitted by the irradiated sample, the photon energy identifying the element and
the intensity measuring the quantity of that element. Elemental sensitivity of the microprobe at present reaches the femtogram level with counting times on the order of 30 seconds for
elem ents from potassium to zinc in the periodic table. By scanning a sample through the
focused beam, the spatial distribution of many elements can be mapped. With multilayercoa ted glancing-incidence mirrors, it is possible to focus an x-ray beam routinely to a diameter
of less than 7 micrometers . With additional beam-defining apertures, the focused beam can be
further red uced-a diameter of approximately 2 micrometers has been recen tly d emonstrated
and 1 micrometer is foreseeable at next-generation synchrotron sources.
A major advantage of the x-ray microprobe is that the specimen does not have to be kept in
vacuum or subjected to special contrast-enhancing prepara tion. Additional d etection sensitivity
is impar ted by the ability to select the x-ray photon energy to avoid excitation of interfering
fluorescence from elements other than those being sought. Consequently, applica tions of the
microprobe are extremely diverse, including such examples as size and
distribution of small strengthening particles in cera mics, distrie
bution of doping materials in semiconductors, composition of inclusions in geological materials, analySynchrotron
sis of ancient documents and artwork,
source
and trace element analysis of biological materials.
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Diagram of an x-ra y microprobe built at the Lawrence
Berkeley Labora tory shows how a pa ir of g ra zingincid ence mirrors coated w ith multila yers can be used to
focus a beam of hi gh-energy (hard) x-rays to a spot
several microm eters in diameter. The bea m apertures
furth er redu ce the spot size to about 2 mi crometers. The
three-d im ens iona l perspective grap h illus tra tes the
spatially reso lved trace-element capabili ty of the LBL
microprobe w ith a quantitative map of th e di stribution of
iron impurity in a silicon carbide ceram ic. The data were
taken at the Na tional Synchrotron Lig ht Source.

Scanning
stage

High-resolution computed tomography (or micro tomography) is a comparatively new
technique based on the well-developed concept of reconstruction of cross-sectional images from
a sequence of x-ray absorption measurements at several angles around an axis of rotation.
Computer-imaging software uses a series of reconstructions to create a three-dimensional
image. With a high-intensity, synchrotron x-ray source, advanced detectors, and already
demonstrated x-ray optics, the spatial resolution can approach 1 micrometer. With wavelength
tunability, chemical sensitivity is achieved by making images just above and just below an
absorption edge characteristic of the element of interest in its particular chemical state (dualwavelength imaging).
It is convenient to divide the many industrial applications of high-resolution computed
tomography according to x-ray photon energy. Applications particularly suited to the ALS are
those requiring the high spatial resolution that is easiest to achieve with low-energy x-rays.
Other applications requiring high-energy, short-wavelength x-rays in order to penetrate the
samples are best done elsewhere. Typical applications include: formation of microcracks and
microleaka ge in the region behind HAP (hydroxyapatite)-coated implants in mineralized tissues
(bone or dentin), in vitro bioassay, the effect of pore-size distribution on secondary oil recovery
in sandstones, low-temperature combustion of coal, effects of caustic atmospheres on catalysts,
time and spatial evolution of fatigue crack growth and fracture in advanced fiber composites,
pore form ation during sintering of ceramics, catalyst pore structure under operational conditions, and nondestructive inspection of integrated circuits and
multilayer boards for advanced electronic
Monochromator
X·ray
components.

monitor

Rotary
stage

(Above) Diagram of the compu ted-tomography apparatus
d eveloped at th e Lawrence Livermore Na tional
Labora tory shows how images of transmitted x-ra y
intensiti es a re accumulated at several viewi ng ang les
around a sample. From these d a ta the computer
reconstru cts qua ntita ti ve cross-sec tional maps of d ensity
va ria tio ns or of elementa l distributions.
(Right) C ross-sectional d ensity map of a two-dimensional
fiber co mposite ma teria l (silicon carbide fibers in a
ca lcium alumin o-silica te matrix) clearly shows d efects
introdu ced during processing, such as the fib er frag ment
(A) lodged between two fiber plies, a potential nucl ea tion
site for cracks d uring service. Data were taken with the
LLN L instrum ent at the Cornell Hig h Energy Synchrotron
Source.

X-ray microscopy is an old idea that has been made practical by the advancing technologies
of x-ray sources, x-ray optical components (lenses and mirrors), and x-ray detectors. In contrast
to optical microscopy based on reflected light, the contrast in x-ray images is usually due to the
absorption of radiation, as in radiography. However, it is also possible to use the photoelectrons emitted from the irradiated material to generate contrast. X-ray images may be recorded
on film or by electronic detectors, whereas photoelectron linages require electronic detectors in
vacuum. Images may be generated in a parallel (imaging) mode with appropriate x-ray or
electron optics imaging the photons or electrons emerging from a broadly illuminated sample.
Alternatively, images may be generated in a serial (scanning) mode by focusing the incident xray beam to a small spot on the sample. The spatial resolution of soft x-ray microscopes based
on absorption contrast is routinely better than 1000 angstroms and has reached the 300-angstrom range in some cases.
As an emerging technique, x-ray microscopy has not had time to accumulate a portfolio of
successful applications. Demonstration experiments have shown that the technique is capable
of imaging patterns such as the submicrometer features of an integrated circuit. By tuning the
photon energy to match the absorption edge of specific elements, it is possible to generate
quantitative elemental maps, as described in the section on tomography . In the life sciences, xray microscopy is expected to fill an important niche between optical and electron microscopy
by providing images of subcellular components in near-natural environments. With highbrightness undulator sources, successive images of the same object in real time ma y make it
feasible to study the dynamics of biological or other processes.

X-ray microg raph of a tes t pattern w ith 128 radial spokes
shows a spatial resoluti on approaching 300 angstroms .
Th e micrograph was made w ith the use of an x-ra y lens
(Fresnel zone plate), made by the Lawrence Berkeley
Laboratory and the IBM T.}. Wa tson Research Center, in
an ima ging x-ray microscop e built by the Uni versity of
Gb ttingen a t the Berlin Electron Synchrotron Corpora tion
for Synchrotron Radiation (BESSY) .

X-ra y microscopy cou ld be a n attractive analytica l tool for
the stud y of future d eep-submicrometer d ev ices a nd
circuits, as ill ustrated by th e x-ray micrograph of a test
objec t made of gold on a sili con nitride substrate showi ng
a pattern d etail ty pical of a n adva nced 0. 1-microm eter
MOSFET circuit. The mi crograph was mad e at BESSY.

On the Horizon: Spectromicroscopy
An exciting prospect now being tested
that will be greatly enhanced by the high
brightness of next-generation synchrotron
sources is the combination of x-ray microscopy and spectroscopy. In brief, a focused
x-ray beam from a bright synchrotron source
illuminates a small spot on a specimen with
enough photons to generate an absorption,
photoelectron , or other type of spectrum
without loss of spectral resolution . As in xray microscopy (previous page) , either
imaging or scanning modes can be used for
spatially resolved spectroscopy, or spectromicroscopy.
The scientific and technological impact of
spectromicroscopy is expected to be extremely wide owing to the pervasive importance of the relentlessly decreasing size of
the physical, chemical , and biological systems to be analyzed or fabricated. With
shrinking dimensions comes an increased
emphasis on surfaces and interfaces, which
are often inhomogeneous. Moreover, processes at surfaces and interfaces may be dependent on local structures, such as defects,

grain boundaries, edges , and corners.
Such processes will be susceptible to
study by soft x-ray spectroscopy,
which retains its unobtrusive and highly
chemically specific character (see the
section on spectroscopy) but now has
the high spatial resolution of electron
microscopy. An important example
occurs in photoelectron spectromicroscopy , where, by use of an electronenergy spectrometer to select the photoelectron energy detected , one can
map particular elements and distinguish different chemical bonding states
of the same element. Spatial resolutions in the range from 0.1 to 0.5 micrometer have already been achieved for
this technique. More generally, electronic properties of mesoscopic
artificial structures, spatially resolved
surface chemical reactions , epitaxial
growth mechanisms , inhomogeneities
at semiconductor interfaces, proximity
effects in ceramic superconductors,
composite materials, interface formation in fragile materials, and the chemical role of trace elements in biological
systems represent some of the general
topic areas that spectromicroscopy .
can fruitfully address.
Photoelectron spectromicroscopy images
demonstrate the ability to make spatial
distribution maps that distinguish between
different chemical bonding states of the
same element. (Top) Diagram of a test
sample comprising a boron-doped silicon
substrate with alternating stripes of
aluminum and silicon dioxide. (Middle)
Selecting photoelectrons with energies
characteristic of elemental silicon images
the silicon in the areas between the stripes.
(Bottom) Selecting photoelectrons with
chemically shifted energies images the
silicon in the silicon dioxide stripes. Data
were taken by researchers from the State
University of New York at Stony Brook who
built and now operate a scanning
photoelectron microscope at the National
Synchrotron Light Source.

X-RAY A BSORPTION SPECTROSCOPY MEASURES the response of a
sa mple to x-rays over a range of photon energies a t or above an absorption
edge. There are m any x-ray spectroscopic techniques that, taken toge th er,
reveal the identity, electronic structure . and chemi ca l bonding state of th e
a tomic species absorbing the x-rays and provide information about the
identity, number, and arrangement of atoms around the absorbing atom. Spectroscopy is applicable to both crystalline and noncrys talline materials and ca n frequently be
done w ithout recourse to high-vacuum environments, so that systems, su ch as catalysts, ca n be
studi ed und er realis ti c conditions .
Ex tended x-ray absorption fine structure (EXAFS) is a w idely practiced for m of x-ray absorption spectroscopy th a t owes its popularity to the tunability and hig h intensity of synchrotron
radia tion. Fin e structure refers to the d etails of th e absorption sp ectrum above an absorption
ed ge. These fea tures make it possible to pick out and probe sp ecific elem en ts, often a t very low
concentrations. EXAFS is particularly va luable for the d etermina tion of atomic positions in
poorl y crysta llized or amorphous m aterials containing more than one a tomic species. Moreover, becau se of the p enetrating power of x-rays, in-situ EXAFS studies can be carried ou t under
high-temperature a nd high-pressure condition s that are relevant to th e energy indu stry.
Typical exa mples of the use of EXAFS to examine industrially importa nt problem s includ e
the ph ysica l and chemical structure of coa l, sha le, tars, and asphalten e materi a ls; th e properties
of dilute impurities in heavy hydrocarbons (su ch as iron and sulfur in coal, arsenic in shale, and
meta l impurities in cokes and combustion deposits); and the m echanism by w hich a ne twork
modifier alters the structure of a glass or an amorphous thin fiInl.
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(Left) Diag ram s hows the EXAFS region above an x- ra y
absorption edge and the XANES region nea r th e ed ge (see
next page). (Center) Creatio n of a p hotoelec tron by
abso rpti on of an x-ra y photon is rep resented by a
p hotoelec tron wave emanati ng from the absorber. The
EXA FS oscillations in th e absorption spec trum a rise from
interference of electron waves back-scattered by a toms
near the absorber w ith the outgo in g photoelectron wave.
(Righ t) The radi a l stru cture function deri ved from a n
EXA FS structure g ives information about the distance of
successive she lls of neighbo r a toms from th e absorbe r.
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Focus on Surfaces
Extreme sensitivity for determining
short-range order pn surfaces is offered by
the technique of surface EXAFS or
SEXAFS. By tuning the photon energy to
the absorption edge of an adsorbate atom
on the surface of a material and using fluorescence or electron-yield detection, one
may determine the local bonding geometry, such as the numbers and distances of
atoms that are adjacent to oxygen atoms
on the surface of a partially oxidized metal
or semiconductor.
SEXAFS and the related technique of xray absorption near-edge structure
(XANES), also known as near-edge x-ray
absorption fine structure (NEXAFS), are a
powerful combination for the investigation

of molecular orientations and bonding
sites on surfaces . XANES is sensitive to
bond energy and shape. Systems that
can be studied range from diatomic
molecules to thin polymer films bonded to
surfaces. Molecular chemisorption systems are of fundamental importance in
various technological processes, such as
heterogeneous catalysis , reactive etching
of semiconductor surfaces , or the packaging of electronic devices . . With the use
of fluorescence detection, samples may
be studied in non-vacuum environments
similar to those in real catalytic reactions.
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Linearly polarized synchrotron radiation can be
exploited to determine the orientation of
adsorbed molecules on a surface because xray absorptiQ!l is maximized when the electric
field vector E of the radiation points in the
same direction as the molecular orbital (above
left) responsible for the absorption, which in
turn depends on the molecular orientation. In
the figure, based on data obtained by

a'
C

I

I

280

I

I

I

300

I

I

I

I

320

Photon energy (eV)

scientists from the IBM Almaden Research
Center, the vertical orientation of a carbon
monoxide molecule on a molybdenum surface is
verified by the strong absorption due to the "It'
orbital when the electric vector is parallel to the
surface (top right) and by absorption due to the
if orbital when the electric vector is nearly
normal to the surface (bottom right).

Photoelectron spectroscopy, which is based on analysis of the kinetic energy of electrons
emitted from a material after the absorption of x-rays, is the most direct spectroscopic tool for
investigating in detail the electronic structure of solid, liquid, and gaseous matter and, in
particular, for probing the chemical state of atoms in different environments. It has been a
particularly useful tool for probing surfaces, whether clean, covered with adsorbed species, or
coated with thin films. The tunability of synchrotron radiation provides the means for making
photoelectron spectroscopy surface sensitive because the depth below the surface from which
photoelectrons can escape the sample and be detected depends strongly on their energy, which
in turn is controlled by the energy of the exciting photons.
It is convenient to distinguish between x-ray photoelectron spectroscopy (sometimes also
known as ESCA) and ultraviolet photoelectron spectroscopy. X-rays are absorbed by tightly
bound inner (core) electrons, whereas ultraviolet photons are absorbed by the more loosely
bound outer (valence) electrons. Applications of photoelectron spectroscopy in the microelectronics industry include growth processes of films and layers on semiconductor surfaces and
the pathways by which reactive ion etching proceeds. In catalysis, photoelectron spectroscopy
gives direct insight into the formation of the chemical bonds, such as the effect of alkali promoters on c-o bond weakening in Fischer-Tropsch reaction chemistry, and the interaction between
m etallic elements in bimetallic catalysts and between metal particles and their support. Measurement of photo emission peak intensities from core levels as a function of the electron-emission direction from the surface and / or as a function of photon energy, a technique called
photoelectron diffraction, gives structural information similar to that derived from SEXAFS.
With the use of circularly polarized radiation or detectors sensitive to the spin of the photoelectrons, it is possible to investigate the magnetic structure of surfaces and thin films, a subject of
interest for the magnetic recording industry.
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In photoelectron spec troscopy, electrons ejected from a
sampl e after absorption of x-ray or ultra violet radia tion
a re analyzed for th eir kinetic energies, whi ch can be
related to the binding energies of the electrons in the
sa mpl e.

Data ta ken at the N ational Synchrotron Light Source by a
group from th e IBM T.J. Watson Research Center sho w the
predominance of silicon trifluorid e on a silicon surfa ce
during an ion-etching experim ent, suggestin g that removal
of this species is a rate-limitin g step during th e etchin g
process .

The high flux and the variable time structure of ALS radiation open the way to a variety of
time-resolved measurements not generally feasible in the past. The simplest time-resolved
experiment is to measure the response of a specimen to excitation by the synchrotron-radiation
pulse. High flux guarantees that there are enough photons in a single pulse to generate a
measurable signal, such as photons or photoelectrons, at various times after the excitation. The
ability to control the interval between pulses makes it possible to examine processes with long
or short lifetimes. A more demanding type of time-resolved experiment requires two photon
pulses, one to excite the specimen and the other to probe the excited state by stimulating it to
respond in some way. The two photons in a so-called pump-probe experiment may both come
from the synchrotron source, but more often either the pump or the probe pulse will come from
a second source, such as a short-pulse laser, that can be synchronized with the synchrotron. The
time response of the process under study is mapped by recording the outcome of a sequence of
pump-probe events with the probe pulse arriving at increasing time intervals.
Chemical reaction d ynamics is a particularly prominent beneficiary of time-resolved spectroscopy. Several important and challenging areas ripe for investigation by this means are the
chemical reactivity, structure, and spectroscopy of polya tomic radicals, reaction intermediates,
clusters, and unusual transient species; the mechanisms of soot formation and destruction; ignition processes; nitrogen chemistry; the dynamics and mechanics of the decomposition of aromatic molecules; reactions at surfaces; unsteady combustion phe:'';~:<;\? ':::'':' :':'' ' ' nomena; characterization of flame-generated materials; and
studies of flames at high pressure and temperature. To
(: .. .~
... : ':" "\ '>:'"
take one contemporary example, the impact of
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The kineti cs of chemical reactions can be in vestigated w ith
pulsed lig ht fro m two sources (pump-probe or two-color
experim ents) . [n the diagram, a "pump" pulse from the
synchrotron so urce initiates a chemical reaction that is
interrogated by a "probe" pulse from a laser. The ALS
wi ll pro vid e pulses about 30 p s in duration at intervals of
2 ns or longer.

X-RAY DIFFRACTION IS THE STANDARD TECH N IQUE fo r loca ting the positions of atom s in crystalline materials and has been particularly valuable to life
scientists for the stru ctural analysis of proteins, nucleic acid s, and viruses. Use
of synchro tron radiation has both enormously im proved the quality of d ata
~~
collected using conventional techniques and led to the d evelopm ent of several
~
ne",,, structural techniques. Because of the extraord inarily hi gh intensity of synchro~
tron radi ation , it is now possible to collect high-quality, single-crys tal x-ray crystallogra--.-'p hic data ITlOre rapid ly and generally to a higher resolution than w ith conventional x-ray
sources. Unit cell d imensions of 600 angstrom s or m ore-typica l in virus crystallography-ca n
easily be resolved . A rapidly d eveloping use of p rotein crystall ography is in th e pharmaceuti ca l
indus try w here knowled ge of the three-d imensional structures of biologica l macromolecules
w ill aid in the inves tiga tion of the mechanisms by w hich disease-ca using agents w ork and
hence lead to the ra tional design of new drugs.
The tu nabili ty and p ulsed time structure of synchro tron radia tion are equ ally important
fea tures fo r pro tein crys tallography. With a low-bandwid th x-ray bea m w hose waveleng th ca n
be tuned , anomalous sca ttering in tensities (the in tensity jus t above and below an absorption
edge) can be obtained for suitable atoms in the sample protein . These 11lul ti-waveleng th d ata
from a single sa mple ca n then be used to solve the "phase problem " in protein crystall ography wi thou t the necessi ty for
additional samples ca lled heavy-atom deriva tives. With
fas t electronic d etectors, the d ata-collection time drops
to a small frac tion of a second, m akin g it possible to
., ,
..
..
use the w hite-light La ue technique to inves tiga te
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structu ra l changes, such as those in enzymes as
they undergo ca talys is. As an x-ray source for
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crys tallography, the ALS w ill match tod ay's best
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X-ra y diffra ction pil ttern of the c-H- ms oncogene protein
obtai ned by a group led by Law rence Berkeley Laboratory
scienti sts at the Stilnfo rd Synch rotron Rad iation Laborilto ry.

A computer-generated imil ge of the structural bil ckbone
of th e c-H-ms oncogene prote in, together w ith a mo lecu le
of gua nosine diphos phate, as d etermined by x-ray
diffracti on. In its norm a l fo rm, this protein pla ys the rol e
of il n on-off sw itch fo r no rm a l cell growth. Shown here in
the "off state," the protein is abo ut 35 angstroms by 40
a ngs tro ms by 49 a ngs troms in vo lume. A mutant form o f
th e protein ha s been ilssocia ted w ith two of the d ead lies t
ca ncers in human s, pil ncreiltic a nd co lorec ta l cancers, il nd
im p li ca ted in severil l others.

Disordered materials, polymers, liquids, and the like do not give precise diffraction patterns
that reveal atomic positions, but the distribution of scattered x-rays nonetheless gives considerable information about structural units in non-crystalline specimens. In general, the smaller the
scattering angle, the larger the structural unit that can be investigated.
Small-angle x-ray scattering applies to structures on a size scale ranging from the tens to
thousands of angstroms. For example, it can measure catalyst pore structure under operational
conditions, provide information on the morphology of polymers, determine the physical
structure of heavy hydrocarbons. such as asphaltenes in petroleum-based heavy feed stocks,
probe the internal structure of rocks and porous media, and detect phase separation and defects
in surface layers. Scattering of x-rays at higher angles (wide-angle scattering) provides information on a smaller size scale ranging from the tenths to tens of angstroms and is relevant to
phenomena such as the local ordering of polymer molecules. High-resolution wide-angle x-ray
scattering overlaps small- and wide-angle scattering. It yields precise structural information
when only small single crystals are available, as with zeolite crystals, and in materials with
separations between repeating structural units up to a few hundred angstroms.
The intense flux from synchrotron x-ray sources makes it possible to collect data of much
higher quality and with a significantly better signal-to-noise ratio from weakly diffracting
samples, such as fibres, membranes, and solutions. The high flux also generates scattering
patterns at least 100 times faster than laboratory x-ray sources. Real-time scattering provides a
unique means to follow the response of a
morphology to a changing environment or to an applied force
(strain, temperature, solvent,
etc.).
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The changing distribution of sca ttered x-rays for a block
copo ly mer with the constituents a ,CIJ-bis-(dim eth ylamino)poly isoprene of molecul a r we ight 18,000 and a ,CIJdisulfonic acid poly(a-methylstyrene) o f mol ecula r weight
14,000 w ith in creasing tempera ture shows that the sys tem
is und ergo in g a ph ase se para ti on, often associated with a
d eteri oration o f properties. Proportional to the sca ttering
a ngl e a t small angles, th e scattering vec tor at whi ch a peak

occurs is the inverse of the repea t dis tance of the structure
responsible for the scattering. Th e d a ta were obtained a t
th e Stanford Synchrotron Radia tion Labora tory by scientists
from th e IBM Almaden Research Center a nd th e Uni versity
of Liege (Belgium ) w ith a temperature-sca nning rate of
lOoC / minute, d emons trating the ability to foll ow structural
changes in rea l time w ith the use of sy nchrotron radiation.

Consid erable information about the structure of surfaces and thin films can be obtained with
the technique of grazing-incidence x-ray scattering. Changing the angle of grazing incidence
varies the d epth of penetration of the highly collimated x-rays from tens of angstroms to tens of
thou sands of angstroms (i.e., many micrometers). Scattering is confined to within this penetration d ep th, thereby providing a means of distinguishing the surface atoms from th ose in the
interior. Because of the high flux of synchrotron sources, x-ray sca ttering by th e compara tively
small number of surface atoms is large enough to be d etected . Furtherm ore, sca ttering experiments ca n be performed in reactive environments because the penetra ting x-rays d o not require
a high-vacuu m environment.
Almost all of the diffraction techniques applied to bulk materials may be applied to surfaces
and thin films. The structure of reconstructed surfaces and adsorbed layers on metals and semiconductors ca n be examined. Interactions between surface atoms and chemisorbed mol ecules
can be directly 1I1Onitored. The lattice parameters, the identifica tion of different crystalline
components, crystallite sizes, and strain can be determined
in polycrystalline films. Radial distribu tion techniques,
including anomalous sca ttering, reveal a tomic arrangements in amorphous films. A rela ted
techniqu e, x-ray refl ectivity, with a
resolution normal to a film surface
of approximately 10 angstroms,
ca n easily detec t th e segregation of sp ecific components to a
surface or an
interface in a m ul ticomponent system, such as
a polymer. Refl ctivity measurements are also very sensitive to
surface roughness.
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Seco nd laye r
Third layer

(A bo ve) Gra Zing-i ncid ence x-ra y d iff racti on
measurements by AT&T Bell Labora tori es scientists
working at th e Nati ona l Synchro tron Li ght Source p layed
a s ignificant role in unraveling the complex stru cture of
the silicon (1 11)-7x7 reconstru cted surface, whi ch has
more th an 100 a toms in its unit ce ll.
(Left) Th is ultrah igh-vacuu m diffractometer, d eveloped
by scienti sts from AT&T Bell Laboratories and th e
Stanford Synchro tron Rad ia ti on Labora tory, is used on an
undul a tor beamlin e at Stanford to in ves tigate
fu nd am enta l aspec ts of surfaces a nd g row th, such as th e
"premelting" of alum inu m sur faces, a phenomenon where
a liquid la yer a few mo nolayers thick is in equili briu m
with the und erlying crysta l a t tempera tures sig nifi ca ntl y
below th e melting poin t o f the crys ta l.

X-ray diffraction imaging (normally called x-ray diffraction topography) has been and
continues to be a powerful tool for the characterization of industrial materials. Contrast in x-ray
topographs arises from local changes in diffracting power due to the presence of d efects or to
changes in the orientation of the diffraction planes. Features include: (1) extremely high strain
sensitivity together w ith spa tial resolution equivalent to that of optical microscopy, (2) the
ability to characterize d efects such as dislocations and stacking faults nondes tructively in the
interior of samples, and (3) the ability to map continuous strain distributions or discrete defect
densities over fields of view exceeding several square centimeters.
Advantages associated with a synchrotron x-ray source include the ability to tune the x-ra y
photon energy to that most appropria te for a particular sample and short exposure times. The
wealth of results produced in two or three exposures (each of about 1 second to 1 minute duration) would require several weeks or longer with a laboratory x-ray source. The short exposure
time also means that processing or growth can be followed in real time. Examples of x-ray
top ogra phy studies of semi conductor materials include the microstructure of interface breakd own in gallium arsenide, the distribution of oxide precipitates through the thickness of thermally-processed silicon wafers, and the distribution of strain around devices on silicon wafers.

X- ray topogra ph obtain ed at the Stanford Synchrotron
Radia ti on Laboratory shows a s ili con wafer w ith misfit
d isloca ti ons generated in the pl ane of the interfa ce during
processing w ith d eposited thin film s o f sili con d ioxid e and
sili con nitrid e. The exposure time for this tra nsmission
to pog raph was 1 second.

(b)

The number of diffraction frin ges in a secti on topograph
(a- top) is a measure of strain, w hich is also qu a litati vely
imaged in a projection topogra ph (a -bottom). The s train
map (b) in a laser-drilled si licon substra te was mad e by
step-scanning across the d eform ed area and ma king a
secti on topograph at each step. The stra in va lu es on the
contours are in units of 10.6 Measurements were mad e by
scienti sts from the Georgia Institute of Technol ogy a nd
the Sta nford Sy nch rotron Radi a tion Labora tory at
Sta nford.

X-RA Y LITHOGRAPHY IS RAPIDLY EMERGING as a viable technique for the
fabrication of sub-O.5-micrometer features in integrated circuits. It is expected
that the critical dimensions of integrated circuits will go below 0.4 micrometer
by the mid-1990s, and it is generally believed that below 0.4 micrometer,
optical lithography will become either too difficult or expensive for large-scale
ma nufacturing. If this judgement is true, then x-ray lithography w ill serve as a
large-sca le manufacturing tool for integrated circuits with minimum feature sizes down to
0.25 microm eter w ith proximity printing and even lower with projection printing.
The characteristics of x-ray lithography that make it very attractive for semiconductor
manufacturin g include high resolution, process latitude, good d epth of focus, d efect tolerance,
and high throughput. The only currently available source that produces x-rays sufficien tly
intense to l1Lake x-ray lithography practical is the synchrotron source, which can be tailored to
produce the ideal spectrum and fluence of x-rays. Although they are now large and relatively
expensive, synchrotron sources that are smaller, more compact, and d edicated to x-ra y lithography are being developed.
In the meantime and before x-ray lithography reaches the production stage, there remains a
significan t amount of resea rch to be done in several areas, such as mask fabrication, resist
chara cteriza tion, and general process development. In all of these areas, it is very important to
ha ve access to a syn chrotron-radiation source to test the various elements of the technology
under realistic conditions.

Scienti sts from the IBM T.). Wa tson Research Center
work in g at the Na tional Synchrotron Light Source have
assemb led all the elem ents of an integrated-c ircuit
fabri ca tion system based on x-ray lithograph y. The photo
above shows an experi mental NMOS chip m ade w ith this
sys tem. The blo w-up on the opposite page illus trates the
O.5-m icrom eter line w idth ach ieved in thi s demonstra tion
ex periment.

Micromechanics deals with sensors and actuators with dimensions m easured in microm eters.
These tin y devices are primarily made by extensions and modifications of integra ted-circuit
processing techniques. The major difference is that integrated circuits are essen tially twodimensional, w hereas sensors and actuators are three-dimensional stru ctures .
With x-ra y lithogra phy, submicrometer mask features can be converted to photoresist
patterns with essentially vertical flanks . The resulting template ca n be con verted to a metal
structure by electropla ting. Metals and alloys that can be electroplated and are compatible with
this mi crofabrication technology include nickel, copper, gold, platinum, nickel-cobalt, and
nickel-ph osphorous. It is also possible to make mechanical devices that move, such as gears or
turbin es. Use of several masks with alignment capability and furth er ex tensions of the process
now und er development are expected to lead to truly three-dimensional d evices .
The x-ra y lithogra phy systems best suited for micromechanics are quite different from those
developed for integrated-circuit applications. Typically, the structures are relati vely coarse
laterally (from a few to hundreds of micrometers) but may extend several tens of micrometers
vertically. Exposure systems are simpler than the corresponding integra ted-circui t lithography
sys tems because the coarser latera l dimensions reduce the requirements on th e alignment
sys tem. The very thick resist needed for these systems makes the u se of highl y penetrating hard
x-rays preferable in order to produce a uniform exposure throughout the m aterial.

GeM filbri cil ted by elec trop lil tin g nickel onto a pattern
gene rilted in iln x- ril Y resis t at the Uni versity of Wisconsin
Synchrotron Ril diation Center by scienti sts from
Wi sconsin 's Ce nter for X- rilY Lithography. The heigh t of
th e gea r is 50 mi cro mete rs. The huma n hair above the
geilr g ives il n additional sense of scale.

Linear actua tor milde of electroplilted ni ckel 100
microm eters in thi ckness. Motion of th e center pilft
(roto r) is dr iven electrostaticilll y Th e ga p between the
rotor and stator is 3 mi cro meters. The ilctuator WilS made
at the Uni versity of Wisconsin Sy nchrotron Radiiltion
Center by scienti sts from Wi sconsin 's Cen ter fo r X-ray
Lithography.
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