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Cover Photo: 
The new Advanced Light Source building retains the 
dome that covered the first large accelerator at the 
Lawrence Berkeley National Laboratory, the 184-Inch 
Cyclotron built by Laboratory founder Ernest Orlando 
Lawrence during World War II. 
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Spectra 
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X-ray microscopy at photon 
energies neal' characteristic 
x-ray absorption peaks for 
carbon bonds makes it pos
sible to differentiate submi
cron particles of styrene 
acrylonitrile (SANJ from par
ticles of urethane-based 
polyi socyanate-polyadd ition 
(PIPAJ in a polyurethane 
matrix. !Images made at the 
ALS. Courtesy of A. Hitch
cock , McMaster University; 
E. Rightor and W Lidy, Dow 
Chemical; and T. Warwick , 
ALS. Spectra taken at the 
National Synchrotron Light 
Source. Courtesy of H. Ade, 
North Carolina State 
University. J 

X-Ray Microanalysis Of High
Tech Materials 
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In today's world of high-tech materials, researchers 
need to examine samples on a local scale often 
measured in fractions of a micrometer, rather than 

observing averages over large areas. The patterns of 
integrated circuits provide the most obvious example. 
Domains in magnetic recording media constitute another, 

as does the interleaved structure of metal, ceramic, or 
polymer composite materials. Moreover, many of the 
additives that scientists often mix in to improve the 
performance of permanent magnets, superconductors, 
and structural materials end up distributed as second
phase particles with a different structure and composition 
than the matrix in which they are imbedded. 

While x-ray absorption and photoelectron spectros
copy of atomic core levels are wel l-developed tools for 
obtaining elemental composition, chemical state, and 
structural information from comp lex materials and their 
surfaces, they have not traditionally provided significant 
spatial resolution. But now, owing to the dramatically 
enhanced brightness of the newest synchrotron radiation 
sources, such as the Advanced Light Source (ALS) at the 

Lawrence Berkeley National Laboratory, researchers are 
able to carry out these x-ray spectroscopies on a micro
scopic scale (spectromicroscopy), thereby providing the 

spatial resolution required to address a wide range of 
materials microcharacterization problems, including 
ana lysis of the intricate sub-micrometer features on a 
microcircuit chip, in-situ chemistry and metallurgy of 
composites, and measurements of spatia lly inhomoge
neous chemical reactions. 

At the ALS, we are looking forward to a wealth of new 
applications resulting from the union of established x-ray 
spectroscopy techniques with imaging. In the following 
pages, we wi ll specifically illustrate the potential of soft 
(long-wavelength) x-ray spectromicroscopy for providing 
spatially resolved information about materials and 
surfaces. Along the way, we will review the properties of 
synchrotron radiation that make it suitable for this kind of 
materials microcharacterization, summarize spectroscopy 
techniques, and describe how spatial resolution and 
imaging are achieved. We will finish by describing how to 

obtain information about the ALS and how to initiate a 
research program. 

For a summary of the 
spectromicroscopy facili
ties currently avai lab le at 
the ALS, please turn to the 
loose-leaf pages inserted in 
the pocket of the inside 
back cover of this bro

chure. 

The Advanced Light Source 
(ALSJ at the Lawrence Berke
ley National Laboratory is 
located in the hills above Ber
keley, California, adjacent to 
the campus of the University 
of California, in the midst of 
the varied high-tech industrial 
infrastructure of the San 
Fl'ancisco Bay Area. 
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fl tness 
The Competitive Frontier of 
Synchrotron Radiation 

Operating 
Construction 
Proposed 

4 ( 
'f i 

The locations of existing and 
planned ultra bright third
generation synchrotron sources 
in countries around the world 
illustrate the importance of 
state-of-the-art materials 
microcharacterization tools in 
an economically competitive 
global economy. 
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In the 1960s, scientists interested in the properties 
of materials and surfaces began to exploit the ultra
violet and x rays emitted by electrons in synchrotrons 

built and operated for high-energy physics research. By 
the early 1980s, new facilities based on electron storage 
rings were springing up in the major industrialized 
nations. Not only were these dedicated to synchrotron 
radiation, but many were also designed to achieve much 
higher brightness than previously obtainable. 

Users of synchrotron radiation now recognize that 
brightness-defined as the flux of photons per unit 
source area and per unit so lid angle of emission-is a 
critical performance specification (see box on page 1 0). 
In short, with a high-brightness source, x-ray optical 
systems can use the photons efficiently to get the highest 
possible flux onto the sample. For these reasons, within a 
decade, work began on the third generation of facilities, 
with great expectations for benefits from still higher 
brightness. 
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The ALS is one of the first third-generation facilities, 
with construction completed in March 1993. Designed 
explicitly for the production of soft x-ray and ultraviolet 
synchrotron radiation with the highest possib le bright
ness, the ALS is now being operated by the Lawrence 
Berkeley National Laboratory of the University of 
California for the U.S. Department of Energy as a 
national user facility that is availab le around the year for 
research by scientists from industrial, academic, and 
government laboratories. 

The ALS organization is committed to the rapid 
development and app lication of spectromicroscopy 
techniques that exploit the brightness of the source in 
collaboration with academic and industrial users. The 
industrial connection to synchrotron radiation is particu
larly important, and it is one reason countries around the 
world are building high-brightness synchrotron sources. 
In addition to two in the United States (the ALS and the 
Advanced Photon Source at Argonne National Laboratory 
near Chicago), Europe and Asia together have five in 
operation, and more are planned or under construction. 

These performance curves 
demonstrate the orders-of
magnitude jump in the 
brightness available from the 
ALS in the soft x-ray spectral 
region (and those of its sister 
facility, the APS, in the hard or 
short-wavelength x-ray spectral 
region) over that available from 
second-generation synchrotron 
sources and from conventional 
continuum and line sources in 
the laboratory. 

9 
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Phase Space & Brightness 

The statistical-mechanical concept of phase space applies to the 
source of the synchrotron radiation [the electron beam) and to the 
radiation itself. For electrons, the phase-space area [the emittance) 
is the product of the beam size and divergence. Emittance is some
what like a temperature, so the ALS storage ring is said to have an 
ultralow-emittance or ultracold beam. The emittance sets a lower 
limit for the phase-space area of the light beam, defined as the prod
uct of the effective source size and radiation cone angle . Brightness 
is the density of photons in this phase space. Although optical sys
tems can manipulate the source size and angle [e.g., by focusing), 
they cannot reduce their product without losing some of the light, as 
with an aperture, and therefore cannot increase the brightness. Op
tical systems that transport the radiation in general collect light in 
only a portion of the phase-space area of the incident radiation, The 
useful phase-space area [the acceptance) is given by the product of 
the maximum source size and radiation angle that the system can 
collect. Similarly, there is a sample acceptance defined by the spot 
size and beam divergence required at the sample. Since the highest 
flux is delivered to the sample when the phase-space area of the 
photon beam matches the acceptances of the optical system and 
the sample, brightness is almost always more important than flux 
alone. 

A Small Beam Emittance Maximizes The Brightness 

The key parameter of the photon source for spectromicroscopy is its bright
ness . For a photon beam with a Gaussian density distribution, the bright
ness 8[£) on the optical axis of an undulator is approximately 

8[£) = F(£1 
(2nl 2:2:hLvLh'Lv' 

where F[£) is the on-axis flux for photon energy£, :2:h and L,. are the RMS 
horizontal and vertical source sizes, and Lh' and L,.· are the RMS horizontal 
and vertical radiation-cone half-angles. 

The electron beam contributes to both the effective source size and diver
gence. For a single electron in an undulator radiating into a cone with an 
RMS half-angle <Jr·· there is a corresponding wavelength-dependent, diffrac
tion-limited source size crr = :V4ncrr·· The effective source size Lh or L,. is 
the quadrature sum of crr and the size crh or crv of the Gaussian electron 
beam [e.g., :2:h = [crh2 + crr21112 l. Similarly, the effective divergences Lh' and 
L,.· are obtained from the divergence <Jr· of the photon beam from a single 
electron and the divergences crh' and crv· of the electron beam. 

Third-generation synchrotron light sources optimize the brightness by 
generating a beam with a small emittance [product of the electron-beam 
size and divergence). If the emittance is small enough relative to the wave
length 'A, the radiation is diffraction limited [i.e. , the phase space occupied 
by the electron beam is less than the phase space occupied by a diffraction
limited photon beam) 

£h = <Jh X <Jh· < <Jr X <Jr· = :V4Jt Ev = <Jv X <Jv' < <Jr X <Jr· = :V4n. 

Under these conditions, the radiation has the spatial [transverse) coherence 
properties of a laser and it is possible to collect all of the light and focus it 
to the smallest possible size without loss. At the ALS, the vertical emittance 
Ey is about 1 0'10 m·rad [1 A·radl while the horizontal emittance is about 
4 x 1 o-9 m-rad. This means that the ALS has laser-like properties in the 
vertical direction at wavelengths as short as 1 0 A. 



Strobe-light simulation of the 
electron beam in the ALS 
immediately suggests the 
laserlike qualities of the 
ultrabright light produced by 
the beam. 

11 
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Third-Generation 

ources 
The Emphasis Is On Undulators 

The undulator sources of the 
ALS are carefully engineered 
arrays of permanent magnets 
that produce precisely periodic 
magnetic fields to generate the 
brightest possible beams of 
soft x rays. 



In the first synchrotron sources, the radiation came 
from the bend magnets in the curved sectors of an 
electron accelerator. Relativistic e lectrons emit 

synchrotron radiation when a magnetic field bends them 
into a curved trajectory. At any point on the trajectory, 
the synchrotron radiation emerges in a narrow cone 
tangential to the path of the electron with a flu x and 
spectra l range that depends on the e lectron energy and 
the magnetic field. As the electron sweeps around the 
curve, it generates a horizontal fan of light. In practice, 
an aperture determines how much of the horizontal fan 
is collected (typically, up to several milliradians). For the 
ALS, the highest beam energy is 1.9 GeV, where the 
bend-magnet field is about 1.35 Tes la, so that useful 
fluxes are available at photon energies above 10 keV. 

In third-generation light sources, the storage ring is 
specifically designed to include special magnetic 
structures known as insertion devices (undulators and 
wigglers). Although designs differ, the most common 
insertion device comprises a linear array 
of dipole magnets with 

alternating -o~iiilliiiiiii!!JIJIIIII1 
polarity 

\ 
Electron Gun 

15 meters 

(i.e., N-S-N -S and so on). The array generates a sinusoi
dal vertica l field that drives an electron into an oscillating 
trajectory in the horizontal plane with the same period as 
the field. Each dipole is a bend-magnet source radiating 
along the axis of the undulator. 

The defining feature that separates an undulator from 
a wiggler is that the maximum angu lar excursion of an 
e lectron relative to the axis of the device is less than the 
natural open ing angle of the synchrotron-rad iation cone, 
so that the radiation emitted from each pole interferes 
constructively. As a result, the broad radiation spectrum 
from individual bends squeezes into a series of sharp 
spectral peaks comprising a fundamental and a set of 
harmonics . Mechanically opening and closing the vertical 
gap between the undulator poles adjusts the undulator 
field and thereby the photon energies (wavelengths) at 
which the peaks occur. For the values of the periods (5 to 
10 em) and maximum fields (less than 1 Tesla) of the 
ALS undulators, the spectral range is currently from 
about 5 eV to 1500 eV. 

At the ALS, the number of poles in an undulator 
ranges from about 80 to about 180, resulting in a much 

larger flu x, as compared to a bend n)agnet. This, 
combined with the low emittance of the electron 

beam, is the source of the high brightness of 
the ALS undulators . 

The ALS comprises an 
accelerator complex (electron 
gun, linear accelerator or linac, 
booster synchrotron, and 
storage ring), an experimental 
area (beamlines and experi
mental stations), and a building 
to house them. The brightest 
sources of synchrotron 
radiation-and therefore best 
for spectromicroscopy-are 
the magnetic structures called 
undulators that reside in the 
straight sections of the 
storage ring. 

13 
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The 

New Power & Versatility For X-Ray 
Spectroscopy 

The magnetic force between 
the upper and lower rows of 
magnets in this ALS undulator 
ranges up to 40 tons, yet the 
placement of the magnet poles 
must be accurate to better 
than 20 micrometers over the 
4.5-meter length of the device 
in order to achieve the highest 
brightness. 



In add ition to being at least 100 times brighter than 
sources available before, the ALS offers the tradi
tional virtues associated with synchrotron radiation as 

compared to conventional laboratory sources of x rays: 
high flu x and variab le (tunable) photon energy, as well as 
tightly collimated beams and controllable polarization. 
These properties make the ALS an ideal source for soft 
x-ray spectroscopy based on the atomic core levels in 
complex materials. 

Since the presence or absence of long- range order does 
not strongly affect core levels, they are particularly suited 
for probing short-range order and local properties (e.g., 
atomic coordination and oxidation states). Because of 
their locali zed natu re, they inherently provide elemental 
identification in spectroscopy experiments. Complex 
materia ls can be dissected sequentia ll y by tuning to the 
absorption edges of the constituent elements. 

Among core-l evel spectroscopies, laboratories through
out the world use x-ray photoelectron spectroscopy (XPS) 
as an ana lytical technique for materials characte ri za tion . 

Typical XPS instruments ava ilable commercially include 
a Mg- or AI-Kcx x-ray source, filtered to send a monochro
matic beam into a spot possibly as sma ll as 30 microme
ters in diameter. In addition to e lemental analysis, XPS 
can also determine the valence state and bonding envi
ronment of atoms near a sample surface; it can identify 
organic functional groups of polymers; and it can charac
terize very thin , layered structures. Already a powerful 
technique in the laborato ry, XPS has grea tly expanded 
capabi lities when performed at a modern synchrotron 
radiation source, such as the ALS, where the high flux, 
high spectra l resolution, and tunable photon energies can 

be fu lly exp loited. 
Another spectroscopic technique based on excitation 

of e lectrons from core levels, near-edge x-ray absorption 
fine structure spectroscopy (NEXAFS), provides spectra 
with signatures characteristic of the chem ical bonding of 
the element excited by the x rays. lt is easy to perform 
whe n the x-ray source is tunable. Conseq uently, the high 
flux and tunable photon energy availab le at the ALS not 

only make this technique practical but 
extend its capabilities to include real
time studies of the dynamics of loca li zed 
surface chem ical changes. And because it 
makes efficient use of every photon and 
thereby minimizes radiation damage, 
NEXAFS is also ideal for studies of large 

organic molecules . 

Undulator beamline 7.0 at the 
ALS serves multiple experimen
tal stations (foreground and 
immediately behind] capable of 
NEXAFS and XPS spec
troscopies. 

17 
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Photoelectron 

ectrosco 
High Flux, High Resolution, & Tunable 
Photon Energy 

Photoelectron diffraction gives 
the atomic geometry of a 
monolayer of iron deposited on 
a tungsten ( 11 OJ surface. The 
XPS spectrum for tungsten 4f 
photoelectrons has three 
primary components: one peak 
due to atoms at the interface 
next to imn, a second peak due 
to next-neighbor atoms in the 
second layer below the iron, 
and a weak feature due to 
deeper atoms. Comparison of 
experimental diffraction 
patterns, such as those shown 
for interfacial and next-neighbor 
atoms, with calculated 
diffraction patterns for 
candidate structures shows 
that the irgn sits in a bridge 
site 2.16 A above the 
interfacial tungsten atoms. 
[Data taken at the ALS. 
Courtesy of E. Tober, IBM 
Almaden Research Center, and 
C. Fadley, University of 
California, Davis.! 
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The intense flux of tunable synchrotron radiation that 
the high-brightness undulator beam lines at the ALS 
supply to a sample brings enormous benefits to x

ray photoelectron spectroscopy (XPS). For example, with 
the substantia l count rates resu lting from high flux, 
researchers can exploit the fine energy resolution avai l
able from ALS beamlines (typ ically 1 part in 5000). High 
resolution facilitates fitting complicated multiple spectral 
peaks for quantitative analys is. 

The photon-energy tunability of synchrotron radiation 
provides additiona l benefits because the cross section for 
x-ray absorption is much higher when the photon energy 
is near an absorption edge, resulting in a significantly 
enhanced photoemission signal that can make marginal 
experiments practical. For example, the cross section for 
absorption by carbon 1s electrons is about 100 times 
large r for excitation just above the carbon Kedge with 
320-eV photons than with aluminum-Ka radiation. 

Sti ll anothe r aspect of tunability is the abi lity to adjust 
the surface sensitivity of the experiment. X rays can 
penetrate deeply into a solid before being absorbed, so 
that a photoelectron has some distance to travel in order 
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to escape from the surface. The distance the photoelec
tron can travel with no energy losses due to scatteri ng 
depends on its kinetic energy. The minimum escape 
depth is a few angstroms for kinetic energies near 50 eV 
and is deeper at both higher and lower energies. Experi
menters using synchrotron radiation can therefore tune 
the x-ray photon energy to produce photoelectrons from 
very near the surface or farther down in the bulk, a 
feature that turns core-level photoelectron spectroscopy 
into a technique with variable depth sensitivity. 

These features combine to enhance studies of surface 
structure by means of the angu lar distribution of the 
intensity of a peak in the photoelectron spectrum. This 
distribution constitutes a diffraction pattern of the atoms 
surrounding the em itter (photoelectron diffraction). 
Selecting the emission energy isolates a particular atomic 
species, and binding-energy shifts due to chemical 
bonding or lattice location can further specify the emit
ting atom. The angular-distribution data then contains an 
immense amoun t of information about the crystal 
structure close to the surface. 

Inorganic Compounds 
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Some photoelectrons lose ki
netic energy on their way to the 
surface because of inelastic 
coll isions. The mean free path 
between inelastic scattering 
events for a photoelectron de
pends on its kinetic energy in 
much the same way for ele
ments and inorganic com
pounds. This functional 
dependence combined with 
tunable photon energies pro
vides a way to control the depth 
below the surface fmm which 
P.lectrons contributing to the 
XPS spectrum come. [Adapted 
from C.R. Brundle, C.A. Evans, 
Jr., and S. Wilson, eds., Ency
clopedia of Materials 
Characterization, Butterworth
Heinemann, Stoneham, MA, 
1992, p. 293.] 
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This schematic diagram shows 
that peaks in the photoelectron 
spectrum of a metallic solid 
correspond to the quantum 
states from which the electrons 
are emitted. The diagram 
shows core states in atomic 
potential-energy wells, the 
portion of the valence band 
occupied by electrons [i .e., 
below the Fermi Ieveil, and a 
state in a potential-energy well 
associated with the surface. 
There is also a large secondary
electron tail due to inelastically 
scattered electrons. [Adapted 
from N.V. Smith and FJ. 
Himpsel , "Photoelectron 
Spectroscopy," in E.-E. Koch, 
ed., Handbook of Synchrotron 
Radiation, Vol. 1 B, North
Holland Publishing Company, 
Amsterdam, 1983, p. 908.1 
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How HPS Provides Chemical Specificity 

In x-ray photoelectron spectroscopy (XPSJ of solids, an electron ex
cited from a core level by x-ray absorption makes a transition to an 
unoccupied state at energies above the ionization threshold. From 
there, the electron can migrate to the surface and escape into the 
vacuum. If the electron suffers no collisions on the way, its kinetic en
ergy EK on escaping is related to the binding energy E8 (minimum en
ergy to escape) of the core level and the photon energy £ 

EK =£-Ea. 

This relation shows that, for a fi xed photon energy, the spectrum of 
photoelectron kinetic energies measured with an electron-energy ana
lyzer reflects the distribution of occupied core states. Several other 
effects also contribute to the spectrum-Auger-electron emission 
occurs at a fixed energy independent of the photon energy when an 
electron from a higher lying state fi lls the core hole; satellite photo
electron peaks appear at lower kinetic energy than the main peak when 
excitation of a second electron to an unoccupied state below the ion
ization threshold drains away some of the incident photon energy; and 
the large background at low kinetic energies is due to multiply scat
tered (secondary) electrons. 

To a first approximation, the binding energy of the core level is inde
pendent of the environment, so it identifies the atomic species. How
ever, there are small "chemical shifts" in the binding energy that 
depend on the local chemical bonding. For example , at the interface 
between si licon and silicon dioxide, the binding energy of the important 
silicon 2p312 core level varies approximately linearly with the number 
of oxygen atoms bound to silicon, shifting about 1 eV per oxygen atom 
from the 99.2-eV binding energy for pure silicon. It is these energy 
shifts that provide chemical-state information. 

21 



22 

X-Ray 

tton sor 
A Chemical Fingerprint From Near
Edge Spectra 

This schematic diagram of a 
diatomic molecule shows that 
peaks observed in the near
edge x-ray absorption spec
trum correspond to unoccupied 
valence states to which core 
electrons are excited. These 
valence states may be modified 
by crystal-field effects in the 
solid state and by their partici
pation in chemical bonding. The 
NEXAFS spectrum is thus a 
striking signature of the struc
tural environment and chemical 
state of the absorbing atom. 
!Adapted from J. Stohr, 
NEXAFS Spectroscopy, 
Springer-Verlag, Berlin, 1992, 
p. 85.1 
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Chemical information can be derived from the 
distinctive spectral features of the absorption 
cross section in the region of an x-ray absorption 

edge. This technique is known as near-edge x-ray 
absorption fine-structure spectroscopy (NEXAFS, but 
sometimes called XANES for x-ray absorption near-edge 
spectroscopy). 

If the excitation energy is near an absorption edge, an 
e lectron excited from a core level by x-ray absorption 
can make a transition to an unoccupied valence state at 
energies near the ionization threshold. If the lifetime of 
the core hole is long, then the intrinsic energy width of a 
core level is narrow, and the absorption spectrum (peak 
pos ition, shape, and intensity) maps the energy distribu
tion of unoccupied states to which the electron is 
excited. As it happens , most of the sharpest core levels 
of interest for NEXAFS spectroscopy have binding 
energies well within the VUV and soft x-ray range of the 
ALS undulators . 

The density of states is a signature of the chemical 
bonding and surrounding crystal structure of the 
absorbing atom. For example, in organic compounds, 
there may be a distinctive spectrum due to strong carbon 
absorption into orbitals determined by the chemical 
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bonds in which the carbon atoms are participating. In 
transition metals, local symmetry (e.g., octahedral or 
tetrahedral) and the strength of the crystal field strongly 
affect the absorption. The near-edge absorption therefore 
serves as a chemical and structural fingerprint. 

Measurement of the transmitted intensity is the most 
obvious way to do absorption spectroscopy, if the sample 
is thin enough . The penetration depth for soft x-ray 
photons is usually in the range 0.1 to 111m, so transmis
sion measurements give information about the interior of 
materials. For thicker samples, one can monitor the 
emission of either electrons or fluorescence photons from 
a solid surface, both of which are a measure of absorption 
probability. 

A simple photocurrent meas urement of the total yie ld 
of electrons (sum of photoelectrons, Auger electrons, and 
scattered secondary electrons of a few electron volts) 
monitors e lectron em ission, whereas an energy-resolving 
x-ray detector directly meas ures the fluorescence. 
E lectron emission and fluorescence have different 
sampling depths, typically 5 nm for total e lectron yield 
and up to 111m for fluorescence. One can enhance the 
surface sensitivity by biasing the sample to eliminate the 
low-energy electrons (partial electron yield) or by moni
toring the Auger electrons directly with an electron
energy ana lyzer. 

NEXAFS spectra of organic 
molecules at the carbon K edge 
show peaks characteristic of 
the molecular orbitals bonding 
the carbon atoms. Absorption 
at different sites with corre
spondingly different bonding 
yields spectral signatures of 
the various molecules. The 
spectrum of polyethylene
terephthalate !PETJ is shown 
here. As a database of 
characteristic spectra builds 
up, the NEXAFS technique is 
becoming a very important tool 
for polymer analysis. !Data 
taken at the National Synchro
tron Light Source. Courtesy of 
H. Ade, North Carolina State 
University.} 
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o artzatton 
Enhancing The Capability of X-Ray 
Spectroscopy 

In an elemental ferromagnet, 
the differential absorption of 
left and right circularly 
polarized x rays propagating 
parallel to an applied magnetic 
field results from an imbalance 
in the spin occupancy of the 
partially occupied valence band 
and from quantum-mechanical 
selection rules that apply to the 
absorption transitions. From 
the dichroism, it is possible to 
extract the separate spin and 
orbital contributions to the 
total local magnetic moment. 
The spin density m0 in the 
figure is an orientation
dependent term that vanishes 
in isotropic materials and 
certain experimental geom
etries. 
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Synchrotron radiation is naturally linearly polarized 
in the horizontal plane of the electron orbit. Since 
quantum-mechanical transition probabilities 

depend on the re lative orientation of the electric-field 
vector of the exciting radiation and the anisotropic wave 
functions of the quantum states involved, polarization 
provides symmetry selectivity that is lacking in processes 
excited by unpolarized light. For example, in the case of 
core-level excitation of molecular species, the absorption 
is proportional to the cosine sq uared of the angle between 
the e lectric-field vector and the orbital to which the 
e lectron is excited. Scientists have used this relation with 
NEXAFS spectroscopy to determine the orientation of 
molecules chemisorbed on a solid surface and the 
orientation of polymer fibers in complex structures. 

The use of circu larly polarized synchrotron radiation is 
growing in materials research to study spin-dependent 
magnetic phenomena. Experimental techniques at the 
ALS that make use of circularly polarized x rays are often 
based on NEXAFS spectroscopy. In x-ray magnetic 
circular dichroism spectroscopy (XMCD), one measures 
the absorption spectra in a magnetized sample using left
and right-circularly polarized x rays. For example, in the 

elemental ferromagnets iron, nickel, and cobalt, the 
valence band splits with the majority e lectrons (those 
whose spin magnetic moment is parallel to the app lied 
magnetic field) lying lower in energy re lative to the 
minority e lectrons with anti parallel sp in, so that the 
unoccupied states in the valence band are primarily of 
minority spin. Together with the angular-momentum 
selection rules appropriate for circularly polarized x rays, 
this means that the absorption cross section for excitation 
of electrons from core levels into the valence band 
depends on the direction of the field and the helicity of 
the photons. 

Analysis of the difference between the absorption 
spectra for reversed helicities or field orientations (the 
dichroism) yields e lement-specific magnetic properties, 
such as the size and orientation of magnetic moments. If a 
given element exists in more than one oxidation state or 
site symmetry, the spin orientations of these individual 
species may be distinguishable. There is also the possibi l
ity of extracting the separate spin and orbital contribu
tions to the total lo.cal magnetic moment. With the use of 
polarizing optics and linearly polarized synchrotron 
radiation, similar information about magnetic materials 

comes from measuring the rotation of 
the plane of polarization of soft x rays 

CO Molecular Orbitals n" CO/Mol1101 transmitted through (Faraday rotation) or 
reflected from (Kerr rotation) samples in 6cr" @__:_~ 
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magnetic fields. 

Linearly polarized synchrotron 
radiation is a useful tool for 
determining the orientation of 
adsorbed molecules on a sur
face. Here, the vertical orienta
tion of a carbon monoxide 
molecule on a molybdenum 
surface is verified by the strong 
absorption due to the r(' orbital 
when the electric vector is par
allel to the surface and by the 
absorption due to the cr"· orbital 
when the electric vector is 
nearly normal to the surface. 
!Adapted from J. Sttihr, 
NEXAFS Spectroscopy, 
Springer-Verlag, Berlin, 1982, 
p. 171.1 
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Schematic diagram of an ellipti
cally polarizing permanent-mag
net undulator shows how 
mechanically adjusting the rela
tive positions of the magnet 
rows controls the polarization. 
The arrows indicate the direc
tion of magnetization in each 
block, so that four blocks con
stitute one period Au. The dis
placement D between the upper 
front and lower rear rows rela
tive to the upper rear and lower 
front rows gives a row 
phase = 0/A.u. The degree of 
polarization depends on the 
phase shift. 

Electron Beam 



How To Obtain Polarized Synchrotron Radiation 

Bend-magnet radiation out of the horizontal plane of the electron orbit 
is elliptically polarized; that is , the electric-field vector consists of hori
zontal and vertical components that are 90° out of phase. The relative 
amplitudes of the horizontal and vertica l components depend on the 
observation angle. In the horizontal plane, the vertical component is 
zero, so that bend-magnet radiation is linearly polarized with the elec
tric-field vector in the plane. As the observation ang le above or below 
the plane increases , the amplitude of the vertica l field component ap
proaches that of the horizontal component, but the intensity of the 
radiation decreases. In practice, one chooses an observation angle 
that maximizes the product of the square root of the flux and the de
gree of circular polarization. At this maximum, the degree of circular 
polarization is typically about 70 percent. The sense of the polarization 
can be reversed by changing the viewing angle from above to below the 
plane and vice-versa by means of movable apertures. 

To increase the flux of circularly polarized photons over that avai l
able from a bend magnet, the ALS is developing an elliptically polariz
ing undulator (EPUJ. In the usual linear undulator, the circular 
components of the radiation from successive poles reverse direction, 
so the net effect is linearly polarized radiation . In the EPU , four identi
cal rows of permanent-magnet blocks are arranged in two pairs above 
and below the plane of the electron orbit. If the upper front and lower 
rear rows (or upper rear and lower front rows) are moved longitudi
nally in the same direction by the correct distance with respect to the 
fixed rows , a helical magnetic field-and hence electron trajectory-is 
created. Moving the rows in the opposite direction creates a field of 
the opposite helicity. This motion is termed a row phase shift. Depend
ing on the phase shift, the undulator radiation is polarized linearly in 
the vertical direction, right or left circularly polarized, or linearly polar
ized in the horizontal plane as in a conventional undulator. 
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om-.___. tnatton 
Putting X-Ray Microscopy & 
Spectroscopy Together 
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XPS imaging of a very small 
amount of plutonium oxide 
14 J..Lgl demonstrates that spec
tromicroscopy can analyze oth
erwise hazardous materials 
without special environmental 
chambers. Here , imaging is 
accomplished using an x-ray 
spot 50 J..Lm in diameter by 
moving the substrate in the 
fixed x-ray focal spot. XPS 
spectra of the plutonium 4f 
electrons used in the imaging 
show oxide chemical shifts. 
NEXAFS spectra also show the 
plutonium 5d edge. !Data taken 
at the ALS. Courtesy of 
O.K. Shuh, Lawrence Berkeley 
National Laboratory, BP 
Tonner, University of Wiscon
sin-Milwaukee, S.D. Kevan, 
University of Oregon, and 
l Warwick, ALS.J 
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Owing to the dramatically enhanced brightness of 
the newest synchrotron radiation sources, such as 
the ALS, x-ray spectroscopy and microscopy can 

now be combined . Spectromicroscopy provides all the 
power of x-ray spectroscopic techniques (e.g. , chemical 
sensitivity, variable excitation energy, minimum radiation 
damage, and variable polarization) with spatial resolution 
ranging from around one micrometer to as fine as a few 

nanometers . With soft x-ray spectromicroscopy at these 
small length scales, scientists can address a very wide 
range of materials microcharacterization problems 
involving complex microstructured systems and surfaces. 

For example, the semiconductor industry now fabri
cates devices with features a fraction of a micrometer in 
size, and the ability of x-ray spectromicroscopy to perform 
chemical analysis at this spatial scale is attracting atten
tion. Similarly, materials analysts can use these tech-
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niques to examine the chemical, structural, and magnetic 
properties of small-sca le structures in magnetic record ing 
media and devices. And they can investigate composite 

materials with phases of the order of 1 J..Lm in size, even 
when radiation-sensitive, organic components are 
involved. 

At the ALS, near-edge x-ray absorption fine-structure 

spectroscopy (NEXAFS) and x-ray photoelectron 
spectroscopy (XPS) are being developed as spectromi
croscopies in the soft x-ray region of the spectrum for 
materials microcharacterization. Although soft x-ray 
spectromicroscopy is in its infancy, microscopes at the 
ALS have already demonstrated 100-nm resolution in the 

early stages of a continuing program aimed at the devel
opment of several instruments and techniques residing 
on multiple beamlines with a spectrum of capabilities. 

~ 
I= Lab 
I-- KPS 

= = = Micro--
- Focus 
- KPS 
-

= 

100 ~m 

This "phase space" diagram 
showing the spectral and spatial 
resolutions achievable with elec
tron-beam and x-ray analytical 
techniques highlights the abil ity 
of soft x-ray spectromicroscopy 
to obtain spatially resolved 
chemical information. 
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Scanning 

lCfOSCO 
Versatility & High Spatial Resolution 
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In this example of NEXAFS 
spectromicroscopy, a section 
of polyacrylonitrile fiber about 
1 0 JliTl in diameter is analyzed 
by x-ray absorption near the 
carbon Kedge. Images taken 
after a heat-treatment process 
to enhance the fire-retarding 
capabilities of this material 
show contrast due to the distri
bution of carbon-nitrogen and 
carbon-oxygen bonds !peaks A, 
B, and CJ. Annealing in air 
causes triple bonds IC=Nl , 
which exist uniformly through
out the homogeneous PAN fiber 
before treatment, to become 
depleted in the interior, giving 
rise to a rim structure. !From 
B P. Tonner, et al, J. Elect. 
Spectros. Rei. Phenom, 75, 
309-332(1995J.J 
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In a scanning x-ray microscope, optics focu s the x-ray 
beam, an d a detector senses photons or e lectrons as 
the x-ray spot moves across the sample surface (or as 

the sample ras ters through a fixed x-ray spot) . In either 
case, the image builds up pixel by pixel during a scan that 
typically lasts about a minute at the ALS. The mechani
cal design of the sample stage fixes the spatial scanning 
range. For example, the scan range of piezo drives limits 
the maximum scanned areas to about 100 f.Lm X 100 f.Lm. 
However, the image field can be positioned anywhere 
within a much larger area. The primary advantages of 
scanning microscopy are its guaranteed spatial resolution 
and the versatility resulting from the variety of useful 
signals. 

The size of the focused spot determines the spatial 
resolution of the instrument. Spot sizes of the order of 
100 nm are routine. Achieving such a small spot depends 
on special diffraction-lim ited x-ray optical systems. In 
particular, scanning microscopes have been implemented 
using both Fresnel zone-plate lens systems, whose 
focusing action is like that of a circular diffraction grat
ings, and reflective focusing from spherical mirrors in the 
Schwarzschild configuration. Because of the low emit
tance of the ALS storage ring, undulator radiation comes 

from a nearly diffraction-limited point source, resulting in 
acceptance of a large fraction of the x rays by the diffrac
tion-limited optics. The low-emittance also makes it 
practical to obtain significant coherent flux from bend 
magnets by means of apertures. 

Images can be obtained from any signal as a function 
of position on the sample surface. This signal could be 
the count rate of transmitted photons, the total or partial 
yield of photoelectrons, the yield from a particular 
photoelectron peak in an XPS spectrum, or the yield of 
fluorescence photons at peaks in a NEXAFS spectrum. 
Each type of signal will give different e lemental, chemi
cal, magnetic, or surface/bu lk information. Scanning 
spectromicroscopy has been applied to many materials, 
including biological systems, organic polymer blends, 
magnetic media, and semiconductors. 

Scanning microscopy is a serial acq uisition method 
with inherent speed restrictions. A typical scenario might 
consist of a conventional spectroscopic examination to 
locate characteristic spectral features , followed by a 
mapping of the distribution of those features at coarse 
resolution, a finer mapping of areas of interest, and a 
detailed spectroscopic examination of the most important 
features. 

Transmission NEXAFS images 
of a sectioned Kevlar fiber with 
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radially oriented hydrogen
bonded sheets between adja
cent polymer chains shows the 
sensitivity to the relative orien
tation between the x-ray polar
ization plane and the n<:· 

molecular orbitals of nitrogen in 
the molecule. Nitrogen 1 s elec
trons can be excited into these 
orbitals only when the orbitals 
are oriented parallel to a com
ponent of the electric field of 
the linearly polarized light. The 
magnitude of the parallel com
ponent rises and falls around 
the fiber, giving rise to the dis
tinctive image. [Data taken at 
the ALS. Courtesy of H. Ade, 
North Carolina State University, 
and B.P. Tonner, University of 
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Electron 
Analyzer 

Zone Plate 
Focusing Lens 

Photoelectrons 

Fresnel zone plates are diffrac
tive devices that can focus the 
x-ray source to a spot size ap
proximately equal to the width 
of the outermost zone. As a 
result of their proven record of 
achieving high spatial resolution 
and the flexibility of multiple 
detection methods, they are 
widely used in x-ray micro
scopes at several synchrotron 
radiation facilities . 

X Rays 

Solid-State 
X-Ray Detector 

Fresnel Zone-Plate Lenses Offer High Resolution & Tunability 

Comprising a central opaque zone surrounded by alternating trans
parent and opaque zones of increasing radius and decreasing width, 
zone plates are circular diffraction gratings with a diffraction angle 
increasing linearly with radius, so that they focus incident radiation 
to a small spot. For a lens of diameter D with a total of N opaque 
and transparent zones and a numerical aperture NA, the focal length 
f is given by 

f = D/2(NAJ = 4N[MJ2/J.., 

where 6r is the width of the outermost opaque zone . Lenses with 6r 
as small as 30 nm and N equal to several hundred have been made. 
The depth of focus ~f (the longitudinal distance occupied by the fo
cused spot) is also wavelength dependent 

~f = 1.22MNAJ2 = 4.88(MJ2/J.., 

The finest spatial resolution 8 of a zone-plate with monochromatic 
and spatially coherent illumination and perfect zone placement is 

8 = 0.61 VNA = 1.22M. 

It is anticipated that , with improvements to zone-plate fabrication 
technology based on electron-beam lithography, resolutions of 25 
nm or less will ultimately be possible. Although zone plates can focus 
any wavelength , the amount of light they collect varies as A.2, so that 
signal intensity is highest at long wavelengths and low photon ener
gies. Phase-contrast zone plates are also available with transmissive 
zones designed to give the appropriate phase shift at a specific 
wavelength for higher efficiency. 
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Incoming X-ray Reflected Rays 

X Rays 

Multilayer Stack 

Schwarzschild Objectives-Efficient At Lower Photon Energies 

The Schwarzschild objective comprises two concentric spherical 
mirrors, the first presenting a convex face to the incident radiation 
and the second a concave face, so that the net effect is to focus the 
light to a small spot. Since the normal-incidence reflectivity of mirror 
materials at soft x-ray wavelengths is small , recourse is made to 
multilayer coatings. These comprise alternate layers of x-ray trans
mitting and absorbing materials, resulting in a coherent addition of 
the reflectivities at each interface. The increased reflectivity, which 
may be as high as 60% for each mirror, comes at the expense of a 
limited bandwidth of a few percent around a central wavelength given 
by a Bragg equation for reflection from the layers 

f...= 2d sine, 

where d is the layer spacing and e is close to 90°. The limited band
width for a coating with N layers [ty,').Jf... "' 1/NJ means that multiple 
objectives are needed for work over a range or wavelengths. Multi
layer coatings can be designed with a variety of materials and spac
ings for a wide range of wavelengths , but the reflectivity decreases 
at shorter wavelengths, so that a Schwarzschild instrument is best 
suited for valence-band spectromicroscopy up to a photon energy of 
about 200 eV. Typical systems operate at 95 or 130 eV. 

The Schwarzschild objective has a large numerical aperture, which 
allows a large amount of light to be collected and results in a long 
working distance. The diffraction-limited image size 8 is given by 
8 = 0.611JNA, where for the current-generation x-ray microscopes, 
NA is about 0.2. With this aperture and a wavelength of 13 nm, a 
resolution of about 90 nm has been experimentally measured. 

Electron 
Energy Analysis 

Mirrors in the Schwarzschild 
geometry can focus the x-ray 
source to a submicron spot. 
Multilayer interference coatings 
enhance the normal-incidence 
reflectivity at soft x-ray ener
gies. The long working distance 
of this objective lens is conven
ient for XPS scanning spectra-
microscopy. 
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Full-Field 

rna lll 
Spectromicroscopy In Real Time 

Thin, hard coatings based on 
sp3 bonding in carbon have 
many uses. Here, micron-sized 
particles of chemical vapor
deposited diamond on a si licon 
substrate are easily seen in the 
X-PEEM image taken at 292 eV 
near the carbon K edge. More
over, NEXAFS spectra from the 
particles reproduce the struc
ture seen in spectra for dia
mond. In particular, they do not 
have the characteristic reso
nance below the K edge associ
ated with sp2 bonding in 
graphite and other carbon 
forms but absent in the purely 
sp3 bonding of diamond. [Data 
taken at the Stanford Synchro
tron Radiation Laboratory. 
Courtesy of A. Cossy, 
S. Anders, and A. Garcia , ALS. 
[Reference spectra from J.F. 
Morar et al., Phys. Rev. Lett. 
54, 1960 (1 985) and L.J. 
Terminello et al., Chem. Phys. 
Lett. 182, 491 (1 991 l.J 
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For materials microcharacterization, imaging spectra
microscopy is based on electron optical techniques. 

In this approach, photon optics condense the beam 
to the desired field of view, and an electron microscope 

images the sample surface using photoemitted electrons. 
The first photoelectron microscopes (UV-PEEM) used an 
ultraviolet source and imaged the electrons with a series 

of electrostatic lenses, obtaining both topographical and 
work-function contrast. 

Using higher energy photons from a synchrotron light 
source to excite core levels, it is possible to obtain 
chemical-state information with an X-PEEM. The yield 
of electrons over the entire illuminated area is imaged at 
high magnification onto an image-intensified camera. By 
recording frames sequentially with an incrementally 
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increasing photon energy, spatially resolved electron 
yield, and hence absorption, can be measured in the near

edge region, thereby producing a NEXAFS spectrum for 
each image point. In principle, the addition of an elec
tron-energy analyzer allows XPS spectromicroscopy, as 
well. 

At present the chromatic aberration resulting from the 
wide energy distribution of the imaged electrons limits 
the spatial resolution of the X-PEEM. For a microscope 
with a 10-kV acce lerating voltage, a resolution around 300 
nm has been measured in a field of view 50 11m in 
diameter. The field size itself is dependent on the 
magnification of the microscope, since the size of the 
detector is fixed . Instruments now under design, in which 
an electron-mirror removes the chromatic aberration, 
ultimately should achieve 5-nm resolution. 

For full-field imaging microscopy, the goal is to get the 
highest possible flux in the field of view, hence the beam 
need only be demagnified enough to illuminate the area 
to be imaged . Since there is no focusing to a small spot, 
the illuminating radiation need not be diffraction limited, 
so both undulators and bend magnets at the ALS can 
serve as high-quality sources. 

Moreover, the full-field photoelectron microscope is 
inherently fast, and the evolution of surface processes, 
such as the propagation of surface-reaction fronts at low 
coverage, can be measured at video rates. As compared to 
a scanning instrument, however, the microscope is less 
versatile, owing to the exclusive use of electron detection, 
and suffers from the added complexity of the electron 
imaging system and the need for a high-vacuum environ

ment. 

Schematic of a simple two
stage X-PEEM showing electro
static objective and projective 
lenses that create a magnified 
image of the photoemitted elec
trons from the sample surface. 
A pinhole in the back focal plane 
of the objective lens limits the 
angular acceptance to reduce 
spherical aberration. 
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Advanced Electron Lenses Reduce Chromatic Aberration 

New concepts in electron optics are making possible an advanced llillll..... 
x-ray photoemission electron microscope (X-PEEMJ for chemical- IIIII""'" 
state imaging that has very high spatial resolution and greatly im-
proved transmission, as compared to previous instruments. One 
breakthrough is the invention of electrostatic hyperbolic-field mirrors 
for the correction of electron-optical aberrations, and chromatic 
aberrations in particular.* The use of aberration-correcting mirrors 
has the potential for pushing down the spatial-resolution limit of the 
X-PEEM to 5 nm and possibly even to 2 nm. 

In the first of an evolving series of microscopes leading to incorpo
ration of th is concept at the ALS, photoemitted electrons will be 
imaged by means of an optical system consisting of a three-element 
high-voltage objective lens, a transfer lens, intermediate lens, and 
deflector lens. With this system, electrons will be imaged at high 
magnification onto an image intensifier and CCD camera. Next, cou
pling lenses, a chromatic-aberration correcting electron mirror, and 
a beam separator will be added. The expected improved spatial 
resolution would take synchrotron-based spectromicroscopy into the 
regime previously accessible only by using electron-beam probes in 
transmission and scanning electron microscopes . Eventually, lens 
designers plan to refine the electronic optics and incorporate energy 
filtering (i.e. , use an electron-energy analyzer) so that multiple elec
tron spectromicroscopies (i .e., NEXAFS and XPSJ wil l be possible 
with the same instrument 

''A number of groups are working on this problem; we are following 
the electron-mirror correction method suggested and demonstrated 
by Rempfer at Portland State University, Oregon. 



CAD drawing of a new 30-kV 
x-ray photoemission electron 
microscope (X-PEEMJ now un
der construction at the ALS for 
full-field imaging shows the 
multiple lens system whose 
high voltage, small aperture, 
and beam-guiding deflectors 
should, according to extensive 
computer modeling, give a spa
tial resolution around 30 nm. A 
future version of the X-PEEM 
will incorporate an electron 
mirror for correction of chro
matic aberrations and still bet
ter resolution. 
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A Growing Complement Of Tools & 
Techniques 

New research tools often 
have unforeseen benefits. For 
example, soft x-ray fluores
cence spectroscopy at undu
lator beamlines 7.0 and 8.0 
(shown here) has blossomed 
into a powerful probe of elec
tronic structure at surfaces 
and in the bulk. 



The characteri stics and capabiliti es of soft x-ray 

spectromicroscopy rev iewed in the previous pages 

show that applica tions to the mi crocharacte ri zation 

of materials and surfaces are potenti all y widespread and 

limited onl y by the imagination and crea ti vity of those 

with prob lems to so lve. 

But the question may ari se: why anothe r form of 

microscopy? There are already a ple thora of microscopies 

based on e lectron and ion probes that have excellent 

spatial reso lution and even e le me ntal sensitivity. In 

add ition, the new gene ration of sca nning probe tech

niques (STM , AFM, etc.) offe r a wealth of informat ion. 

T he answer is that no single technique can provid e all the 

answers that materi als sc ie nti sts see k, so spectromicros

copy should be viewed as bringing a majo r new capab ility 

to mate rial s microcharacte ri za tion, rather than as rep lac-

ing es tablished techniques . Moreover, the fi e ld of 

spectromicroscopy has onl y recentl y been born , and we 

are just setting out to develop applications and the 

techniques to ca rry th em out. 

Beca use the ALS is a relative ly new fa cility, our 

complem ent of experimental instrume ntation continues 

to grow as additional resea rch opportunities become 

defined and funding becomes ava il able. Accordingl y, we 

are providing information about specific spectromicros

copy facil iti es and successful de monstrations of th ei r 

app li cations in th e form of loose- leaf inserts in th e pocke t 

on the inside back cover of this brochu re . These inse rts 

are mod ified or add ed as new information becomes 

avai lable, so that they represe nt the m os t up-to-date 

in formation about spectromicroscopy opportunities at 

t he ALS. 
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How To Conduct Research At The ALS 

rnrn ili))(B ~ 
For a general facility overview & late-breaking news 
about operations & science, check the ALS home page 
on the World Wide Web. The URL is: 

http://www-als.lbl.gov/als/ 

~lbOoeool~lDm0 It For publications or information about submitting 

m[p~O @rn[brmo00omrn a proposal, contact: 

Elizabeth Saucier E-mail: ecsaucier@lbl.gov 
User Administrator 510-486-6166 

Advanced Light Source 510-486-4960 lFAHJ 

MS 80-101 
Lawrence Berkeley National Laboratory 
Berkeley, CA 94720 USA 

@[p~[ffiO®[f®0(00)[pW For information about spectromicroscopy 

W[p[pCDGOOrn000lB0 opportunities, contact: 

Tony Warwick E-mail: t_warwick@lbl.gov 
Spectromicroscopy Section Leader 510-486-5819 

Advanced Light Source 510-486-7696 lFAHI 

MS 2-400 
Lawrence Berkeley National Laboratory 
Berkeley, CA 94720 USA 

... or spokespersons for the spectromicroscopy PATs listed in the data sheets in 
the back pocket of the brochure. 
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The ALS provides synchrotron radi ation yea r around , 

except for schedul ed shutd owns (usuall y one major 

shutdown each year las ting several weeks) for 

in stall ation of new expe rime ntal facilities and for accel

e rator mainte nance. The curre nt operating schedule 

provides 15 shifts pe r week (8 hours/s hift) for use rs. As a 

U.S. De partment of E ne rgy national user facility, the 

AL S is ava ilable without charge to personnel from 

uni versity, industrial , and gove rnme nt laboratori es for 

nonproprietary resea rch inte nded for publica tion in th e 

open lite rature. Proprie tary resea rch is also we lcome but 

is subj ec t to a nominal cos t-recovery charge for provision 

of bea m time. Proprie tary use rs have the option to take 

titl e to any inventions made during the proprietary 

resea rch program and treat as confide ntial all technica l 

data gene rate d during the program. 
Whe ther nonproprie tary or proprie tary, there are three 

modes of conducting resea rch at the ALS: as a membe r of 
a parti cipating resea rch tea m (PRT), as an inde pe nde nt 

investigator, or as a co ll aborator with a PRT. Collaborati ve 
groups comprising resea rch pe rsonne l from one or more 

institutions with common research inte rests, PRT.~ 

contribute to the constructi on, ope ration, and mainte-

nance of expe rime ntal fac ilities at th e ALS. In rewrn for 

the ir contributions, PRT me mbe rs are granted priority for 

a pe rcentage of the ope rating time on their fac iliti es . The 

re maining ope rating time on each beamline is avail able to 

inde pende nt inves tigato rs. T he proportion of time 

allotted to independent in ves tigators va ri es from bea m

line to beam line. Inde pe nde nt inves tiga tors may bring 

the ir own ex pe rime ntal stations to ALS beam lines or with 
PRT concurrence use PRT stations. 

Proposals for the es tablishme nt of new PRTs are 

rev iewed by the Program Advisory Committee. T hose 

inte res ted in collaboration with a PRT, which may be a 

producti ve mode of entry to the ALS for new users, 

should contact the spokespe rson for th e appropriate P RT. 

Proposals from inde pe nde nt inves tiga tors are pee r
rev iewed by the Proposa l Stud y Pane l twice a yea r with 

1 June and 1 Decembe r deadlines for receipt of proposa ls. 
For details, consult the AL S Use rs' H andbook, which is 

ava ilable from the Use r Administrator (see box). Addi

tional publications available include a safe ty handbook, a 

beamline-design guide, and an annual acti vity re port 

describing the previous year 's accomplishments. 
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Additional 

ea Ill 

Publications in the literature relevant to spectromicroscopy 
for materials microcharacterization include: 

H. Ade (editor), Special issue on spectromicroscopy with x
ray and VUV photons, Journal of Electron Spectroscopy and 

Related Phenomena 258 (1) (to be published in spring 1997). 

H. Ade et a!., "Chemical Contrast in X-Ray Microscopy 
and Spatially Resolved XANES Spectroscopy of Organic 
Specimens," Science 258, 972 (1992). 

H. Ade and B. Hsiao, "X-Ray Linear Dichroism Micros
copy," Science 262, 1427 (1993). 

G.F. Rempfer, D.M. Desloge, W.P. Skoczylals, and O.H. 
Griffith, "Simultaneous Correction of Spherical and Chro
matic Aberrations with an E lectron Mirror: An Electron 
Optical Achromat," Microscopy and Microanalysis 3, 14 
(1997). 

G. R. Harp, Z. L. Han, and B. P. Tonner, "X-Ray Absorp
tion Near Edge Structures of Intermediate Oxidation 
States of Si licon in Si licon Oxides During Thermal De
sorption," Journal of Vacuum Science and Technology A 8, 2561 
(1990). 

]. Kirz, C. Jacobsen, and M. Howells, "Soft X-Ray Micro
scopes and Their Biological Applications," Quarterly Re

view of B iophysics 28, 33 (1995). Despite the emphasis on 
biology, a good summary of microscopy principles. 

W. Ng. eta!., "High Resolution Spectromicroscopy with 
MAXIMUM: Photoemission Microscopy Reaches the 
1000 A Scale," Nuclear Instruments and Methods in Physics 

Research A 347,422 (1994). 

]. Stohr et a!. , "Element-Specific Magnetic Microscopy 
with Circularly Polarized X-Rays," Science 259, 658 (1993). 

B. P. Tonner, G. R. Harp, S. F. Koranda, and]. Zhang, "An 
Electrostatic Microscope for Synchrotron Radiation with 
X-Ray Absorption Microspectroscopy," Review of Scientific 

Instruments 63 (1), 564 (1992). 

B. P. Tonner, "The Role of High Spectral Resolution in 
Soft X-Ray Microscopy," in X-Ray Microscopy and Spectro

microscopy, ]. Thieme, G. Schmahl, E. Umbach, and D . 
Rudolph, eds. , Springer-Verlag, Heidelberg, to be pub
lished in 1997. This is the proceedings of XRM '96 Inter
national Conference on X-Ray Microscopy and 
Spectromicroscopy, Wi.irzburg, Germany, 19-23 Au
gust 1996. 

T. Warwick eta!., "Soft X-Ray Spectromicroscopy Devel
opment for Materials Science at the Advanced Light 
Source," in the special issue on spectromicroscopy with x
ray and VUV photons, Journal of Electron Spectroscopy and 

Related Phenomena 258 (1) (to be published in spring 1997). 
Also published as Lawrence Berkeley Laboratory Report 
LBNL-38906, August 1996. 

Synchrotron Radiation News reports on developments in 
synchrotron radiation at facilities around the world. Articles 
on x-ray spectromicroscopy for materials analysis include: 

H. Ade et a!., "Industrial Applications of X-ray Micros
copy," Synchrotron Radiation News 9, 31 (No.5, September/ 
October 1996). 

H. Ade, "NEXAFS Microscopy of Polymeric Samples," 
Synchrotron Radiation News 7, 11 (No.2, March/Apri l1 994). 

W. Ng eta!., Study of Surfaces and Interfaces by Scanning 
Photoemission Microscopy," Synchrotron Radiation News 1, 
25 (No.2, March/Apri l1 994). 

B. P. Tonner, "Photoemission Spectromicroscopy of Sur
faces in Materials Science," Synchrotron Radiation News 4, 
27 (No.2, March/April1 991). 



Recent proceedings of major x-ray microscopy conferences 
include: 

X-Ray Microscopy and Spectromicroscopy, ]. Thieme, G. 
Schmahl, E. Umbach, and D. Rudolph, eds., Springer
Verlag, Heidelberg, to be published in 1997. This is the 
proceedings of XRM '96 International Conference on X
Ray Microscopy and Spectromicroscopy, Wiirzburg, Ger
many, 19-23 August 1996. 

X-Ray Microscopy IV, V. V. Aristov and A. I. Erko, eds., 
Begorodski Pechatnik Publishing Company, Moscow, 
1995. 

X-Ray Microscopy III, D. A. Michette, G. Morrison, and C. 
Buckley, eds., Springer Series in Optical Sciences Vol. 67, 
Springer-Verlag, Berlin/New York, 1992. 

National and international conferences on synchrotron 
radiation are held every two and three years, respectively. 
Recent proceedings include: 

G. K. Shenoy and]. L. Dehmer, Eds., "Proceedings of the 
Ninth National Conference on Synchrotron Radiation In
strumentation," Review of Scientific Instroments 67 (9), 
(1996). Available only on CD. 

]. B. Hastings, S. L. Hurlbert, and G. P. Williams, Eds., 
"Proceedings of the Fifth International Conference on 
Synchrotron Radiation Instrumentation," Review of Scien
tific Instruments 66 (2), (1995). 

G. G. Long, D. R. Mueller, and S. H. Southworth, Eds., 
"Proceedings of the Eighth National Conference on Syn
chrotron Radiation Instrumentation," Nuclear Instroments 

and Methods in Physics Research A 347 (1994). 

R. L. Stockbauer, E. D. Poliakoff, and V. Saile, Eds., "Pro
ceedings of the Seventh National Conference on Synchro
tron Radiation Instrumentation," Nuclear Instroments and 

Methods in Physics Research A 319 (1992). 

I. H. Munro and D. ]. Thompson, Eds., "Proceedings of 
the Fourth International Conference on Synchrotron Ra
diation Instrumentation," Review of Scientific Instruments 63 
(1 ), (1992). 

Background material about x-ray spectroscopy and its use in 
materials analysis can be found in: 

C. R. Brundle, C. A. Evans, Jr., and S. Wilson, eds., Encyclo

pedia of Materials Characterization, Butterworth
Heinemann, Stoneham, MA, 1992. 

N. V. Smith and F. ]. Himpsel, "Photoelectron Spectros
copy," in E. -E. Koch, ed., Handbook of Synchrotron Radia

tion, Vol. 1B, North-Holland Publishing Company, 
Amsterdam, 1983. 

Joachim Stohr, NEXAFS Spectroscopy, Springer-Verlag, Ber
lin, 1992. 
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