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1. Introduction

High-energy radiation synchrotron x-ray microscopy is used to characterize materials of
importance to the chemical and materials sciences and chemical engineering. The x-ray
microscope (XRM) forms images of elemental distributions fluorescent x rays or images
of mass distributions by measurement of the linear attenuation coefficient of the material.
Distributions of sections through materials are obtained non-destructively using the
technique of computed microtomography (CMT). The energy range of the x rays used
for the XRM ranges from a few keV at the minimum value to more than 100 keV, which
is sufficient to excite the K-edge of all naturally occurring elements.

The work in progress at the Brookhaven NSLS X26 and X17 XRM is described in order
to show the current status of the XRM. While there are many possible approaches to
the XRM instrumentation, this instrument gives state-of-the-art performance in most
respects and serves as a reasonable example of the present status of the instrumentation
in terms of the spatial resolution and minimum detection limits (MDLs) obtainable.

The examples of applications cited give an idea of the types of research fields that are
currently under investigation. They can be used to illustrate how the field of x-ray
microscopy will benefit from the use of bending magnets and insertion devices at the
Advanced Photon Source (APS).

2. X26 X-ray Microscope Apparatus

The X26 XRM at present is a simple device which uses a collimator to produce x-ray
beam sizes down to 1 jum x 1 fim. X-ray fluxes that are sufficient for trace element
microscopy can be obtained because of the high brightness of the NSLS x-ray ring and by
use of the white beam rather than a monoenergetic beam.
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The XRM uses computer-controlled stepping motor stages to move a specimen through
the x-ray beam. The specimen is positioned for analysis of particular areas by viewing it
through an optical microscope placed at 135° to the incident photon beam. Fluorescent x
rays are detected with an energy-dispersive Si(Li) x-ray detector placed at 90° to the
incident beam. Beam attenuation by the specimen is determined by use of an ion
chamber upstream of the specimen and a scintillation detector or ion chamber placed
down stream from the specimen.

3. XRM Configurations

A number of different beam-line configurations are used for x-ray microscopy
experiments so that conditions can be optimized for different experimental requirements.
Some of the arrangements used or planned for use in the near future are as follows:

• Pinhole beam collimator. White light.
• Beam collimator, Kirkpatrick-Baez Microscope. (With A. Thompson,

J. Underwood, R. Giauque, et aL, Center for X-ray Optics, LBL).
• Beam collimator, monochromator, zone-plate. (Wenbing Yun et aL, ANL;

LLNL).
• Focussing mirror and pinhole collimator. White light.
• Broad-bandwidth monochromator, focussing mirror, pinhole collimator.
• High-resolution monochromator, focussing mirror, pinhole

collimator. (Spatially resolved emission XANES and EXAFS).
• Pinhole collimator, specimen, high-resolution monochromator.

(High spatial resolution and time-resolved absorption XANES and
EXAFS).

4. XRM Performance

The perfonnance of the XRM at the present time when used on the X26 NSLS bending
magnet beam line is as follows (1-2):

Spatial resolution as small as - 1 fim.
Detection limits - 1-10 femtogram.
Two-dimensional emission or absorption, maps.
Non-destructive sections using CMT in emission or absorption mode.
Multielement detection.
AtXANES and fiEXAFS analysis.
juXRD analysis.
Minimal sample preparation.
Operation over a range of pressures and temperatures with solids, liquids, or
gases.
Minimal beam damage.



' 5. XRM Applications

The XRM has been employed in several experiments that are relevant to chemical
engineering and related sciences. Several examples are cited in illustration of this point.

Work with both x-ray fluorescence (XRF) and CMT has been done on rare-earth
exchanged zeolite fluid cracking catalysis (FCC) and hydrotreating catalysts (3) as well as
polyethylene polymerization particles (4). A non-destructive CMT section of a
polyethylene particle is shown in Figure 1. The tomogram shows the presence of small
Si-Cr fragments and makes it possible to estimate the porosity of the pellet. Both results
should be of importance in understanding the basic mechanisms involved in the
polymerization process and could, ultimately, lead to improvements in the manufacturing
process.

Examination of fly-ash particles using the XRM provides information on the trace
element composition and distribution in the particle which cannot be easily obtained
using electron microscopy or other techniques. Measurements on individual particles
should be useful in understanding some of the details of the combustion mechanism in
coal-fired power plants and in municipal waste incinerators. This knowledge should also
be helpful in understanding the environmental effects caused by the dispersal of the
particles in the atmosphere. The distribution of lead and zinc obtained for a 15 fim
section of fly ash from an incinerator is shown in Figure 2. The pixel size is 5 pm x 5
fiva. Both elements show a large enhancement of the concentration at the surface of the
particle implying condensation on the substrate as the particle passes through a cooler
region in the flame.

Orthopedic implants are widely used and represent a subject requiring a multidisciplinary
approach. CMT can be used as one part of an experimental program designed to
improve the performance of the implants. The base metal material is often prepared
with a porous surface for the bone to grow into. The bone-implant region can be studied
effectively with CMT since no specimen preparation is needed and, for animal studies,
can be used for in-vivo measurements. Figure 3 (5) shows a totnogram obtained for a
phantom fabricated with a rat femur and 1 mm stainless steel rod. The tomogram shows
that high quality images free of artifacts can be obtained.

Finally, x-ray near-edge absorption spectroscopy (XANES) is often used to measure the
oxidation state of trace quantities of elements in situ. The XRM has recently been used
to determine the chromium oxidation state in specimens of pyroxene and olivine in lunar
basalt 15555 and in rat kidney. High-sensitivity XRF measurements are needed since the
chromium concentration is low and reasonable (sub-mm) spatial resolution is needed to
distinguish different biological and geological structures. Figure 4 (6) shows the
fluorescent XANES spectrum obtained with the XRM. The results indicate that the
chromium is present in both 2 + and 3 + oxidation states in the olivine. Accumulation of
further data will help to gain better understanding of the conditions under which the
basalt was formed.



6. Improvements to the XRM

There is need to improve the performance of the XRM. The needs include reductions in
the minimum detection limits and improvements in the spatial resolutions. Some of the
points that are currently being investigated are:

• Improve mechanical collimators construction. What is the ultimate limit?
• Other types of collimators. Focussing capillaries?
• Utilize wavelength dispersive detectors for improved detection limits.
• Asymmetrically cut silicon demagnifiers and magnifiers.
• What methods can be used for work at resolutions below 1 /xm? New

focussing optics? Improved zone plates?

7. X-ray Microscopy at the Advanced Photon Source

The Advanced Photon Source will present stunning new opportunities for the
improvement of the XRM. Our present work demonstrates the pressing need for
improvements in the x-ray source brilliance and energy range. The APS will satisfy both
requirements. The import for x-ray microscopy has been discussed recently by Sparks
and Ice (7)

The XRM used with an APS undulator source will v-tilize beams which have roughly four
orders of magnitude higher brilliance and brightness than the beams from the NSLS
bending magnet source. A similar increase in the photon flux through a pinhole can be
expected. This will bring the flux to a value comparable to those observed for electron
beams in electron microscopes. The undulator can be tuned over a wide energy range
and can produce K-x rays for elements to about Z = 60.

The higher energy range covered by high fluxes is necessary for CMT measurements of
large samples and for critical energy absorption measurements. The possibility of
forming images with K-x rays of the heavier elements will also be an important advance.

Beam-induced radiation damage is already becoming important for the current XRM
instruments in some cases. It will be a factor of much more importance with the APS. A
detailed study during the years before the APS becomes operational will be important.

Finally, it is amusing to speculate on the spatial resolution that might be obtained with
the APS. Figure 5 (from Reference 8) shows the improvement in resolution as a
function of time. Extrapolation of the curve shows a value of about 1 nm reached in
another ten years. This is no doubt too optimistic, but resolution values well under 1 fim
should be reached. Hence, the XRM should be an instrument with many scientific
applications in chemical engineering, as well as for many other scientific and engineering
areas.
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Figure 1. Tomogram of polyethylene polymerization particle.
The beam size was 12 fim x 5 fim and a slice thickness of 5 fim.
Catalyst particles are seen at the periphery of the particle.
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(B)

Figure 2. Distribution of lead (A) and zinc (B) in a 15-fim
section of fly ash from an incinerator.



Figure 3. Tomogram of orthopedic implant phantom. This
shows the feasibility of studying the bone growth in porous
implants.
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Figure 4. XANES spectrum obtained for pyroxene and olivine
contained in a specimen of lunar basalt 15555.
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Figure 5. XRM spatial resolution plotted as a function of time.


