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Abstract: X-ray elemental mapping and X-ray spectrum imaging are powerful microanalytical taols. However,
their scope is often limited spatially by the raster area of a scanning electron microscope or microprobe. Limited
sampling size becomes a significant lssue when large area {>1¢ cm?), beterogeneous materials such as concrete
samples or others must be examined. In sach specimens, macro-seale structures, inclusions, and concentration
gradients are often-of interest, yet microbeam methods are insufficient or at least inefficient for analyzing them.
Such requirements largely exclude the samples of interest presented in this article from clectron probe
microanalysis. Micro X-tay fluorescence—X-ray spectrum imaging (XRF-XS81) provides a solution to the
problem of macro-scale X-ray imaging through an X-ray cxcitation source, which can be used to analyze a
variety of large specimens without many of the limitations found in electron-excitation seurces. Using a
mid-sized beam coupled with-an X-ray excitation seurce has a number of advantages, such as the ability to work
at atmospheric pressure and lower limits of detection owing to the absence of electron-induced bremsstrah-
tung, #XRF-X81 also acts as a complement, where applicable, to electron microbeam X-ray output, highlighting

areas of interest for follow-up microanalysis at a finer length scale,
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INTRODUCTION

For more than 40 years, elemenial mapping has proven to
be among the most popular methods of characlerizing
comnpositional microstructure with electron-excited X-ray
spectrometry. It is commonly practiced by researchers using
the electron probe microanalyzer (EPMA) or the analytical
scanning electron microscope (SEM), with wavelength dis-
persive speclrometry (WDS$) and/or energy dispersive X-ray
spectromelry (EDS) (Cosslett & Duncumb, 1956). EPMA/
SEM elemental mapping is capable of submicrometer lat-
eral resolution (depending on the material chemistry and
electron beam energy), so the field width of the analyzed
area Lypically ranges from 10 um to 2 mm. However, the
analyst is often confronted with the additional need (o
examire compositional variations over large areas with lat-
eral dimensions of centimeters. The maximum area accessi-
ble for elemental mapping under conventional electron
beam scanning conditions is limited by the angular sweep
for the electron beam at maximum deflection at a particular
working distance suitable for EDS or WDS analysis. For
example, a minimum image magnification may correspond
to a horizontal field width of approximately 2.5 mm. A
further limitation on the maximum X-ray mapping area
may be imposed by spectrometer X-ray defocusing for WDS
or decollimation effects for EDS. When larger areas are
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interrogated, the analyst must either be prepared to tile
perhaps hundreds of maps, or alternatively, use the rethod
of mechawical stage scanning with a fixed beam. Ideally, Lhe
mapping area for slage scanning is Jimited by the ulimate
range of the stage motion, though the practical mapping
area is often defined by chamber design limitations. More-
over, by fixing the beam and maoving the specimen, WDS$
defocusing and EDS collimation limits are avoided because
the excited region of the specimen is always brought to the
opltimum focus/collimation point for the spectrometer.
issues of practicality often arise when producing stage
scanned X-ray images with WDS spectrometers. First, de-
spite the ability to defocus the electron beam to dismelers
well aver 30 um, the narrow acceptance angles of WD3
spectrometers, depending on crystal type and spectrometer
geometry, significantly limit the Jaleral resolution of the
generated X-rays. The end result is often significant under-
sampling for stage maps, as the time penalty for large stage
maps is particufarly severe for small (<40 pm) probe sizes.
Tt should be noted that the time penalty for stage mapping
is a mechanical issue, not directly related to the excitation
source. Second, the (lainess requirement for high accuracy
WDS requires samples to have extremely low surface rough-
ness and to be parallel with the scanning plane. While a
surface with some slope in the scanming plane could be
corrected with linear inlerpolation between corner points,
not all large samples have perfectly linear slope features.
The ability to produce large samples that are both smooth



and flat is often limited to those with extreme patience and
high qualily polishing equipment. While rough, tilted sam-
ples are also an issue for EDS analysis—due largely to
deviation from take-off angle—the errors irduced by sur-
face topology are smaller when compared to WDS. Finally,
the entire sample, after preparation, must be capable of
being subjected to high vacuum, both for analysis and for
possible carbon coating.

Focused-beam X-ray fluorescence (XRF) performed with
a commercial, laboratory-scale instrument has recently
emerged as an alternative for large area mapping. XRE is
classically perfermed with a large area beam (millimeters to
centimeters} as a bulk analysis technique. The emergence of
capillary X-ray optics, which focus X-ray beams by multiple
reflections off the inner surface of a tapered glass capillary
or cluster of capillaries, has enabled the production of an
X-ray beam focused to a diameter of 100 pm or finer from
a modest, laboratory-scale X-ray tube source (Gurker, 1985;
Nichols et al., 1987; Carpenter, 1989). Such & beam diameter
is useful for mapping on a large spatial scale where the basic
pixel step is malched to the beam size (Boehme, 1987;
Carpenter & Taylor, 1991). Although smaller beams are
routinely achieved ar synchrotron sources, which may truly
deserve the “micro” designation, the industry and accepted
literature still refers to uXRF (Adams et al., 1998).

In terms of imaging and trace elernent analysis, polychro-
matic X-tay beam sources have a significant advantage over
their electron beam counterparts (Havrilla, 1997). Second-
ary characteristic X-rays are generaled following photoelec-
tric ionization of sample atoms by primary X-ray photons.
The photoelectric absorption process has its highest cross
section for photons that just exceed the critical excitalion
(edge) energy for a particular atomic shell of the specimen
atom. As the primary photon energy increases above the
edge energy, the ionization cross section decreases, Thus, by
having the primary X-ray continuum, there are primary
X-ray photons of the appropriate energy to excile all joniza-
lion edges across the full analytical range, which gives pXRF
broad elemental coverage. For energetic photons (=10 keV),
the pXRF detection limits are considerably lower, and the
peak-to-background ratios are higher than those recorded
in the eleciron beam instrument. Of course, where Lhe an-
ode material characteristic X-ray peaks occur, the primary
inlensily is increased over the continuum intensity.

Early uXRF systems were only capable of collecting
X-ray intensity maps, commenly called region of interest
maps, where the raw X-ray count intensity in preset win-
dows was recorded, and the remaining spectral information
was lost (Rindby et al., 1989). This operalional compromise
was primarily due to the limitations of personal computers
available at the time of the first generation pXRE instru-
ments. In recent years, hard drive capacily and processor
speed have allowed analysts to operate in the X-ray spec-
trum {imaging (XSI) mode in which a complete 4,096 chan-
nel {10 eV channel width) spectrum is recorded at each bgam
location, often resulting in 1 GB or larger data cubes for
even modest pixel density spectrium images, Such data cubes
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can now be efficiently interrogated using a variety of sofl-
ware packages, including the National Institute of Standards
and Technology (NIST) Lispix and Sandia’s Axsia program
(Bright, 2000; Kotula et al., 2003). It is this combination of
X-ray spectrum imaging and stage scanning thal makes this
technique a viable solution to the micro-to-mracre problem.

The summation of dilficulties for measuring large area
specimens in an SEM or EPMA system is the “micro-to-
macro” problem. In specimens where variations in compo-
sition occur over centimeters, it is difficult to track and
measure the variations when limited Lo 2 relalively small
portion of the sample. Por broader applications, any helero-
geneous sample should be interrogaled in its entirety to
ensure that any microstructural investigation is representa-
tive of the sample as a whole. The solution to the micro-to-
macro problem may be stated simply as using a larger beam
so as to efficiently interrogate large specimens. Specific
to wXRE, the advantage of using an X-ray beam, as opposed
to an electron or fon beam, is the ability to work nondestruc-
tively, at modest vacuum, over rough samples, without the
need for a conductive coating., Moreover, pXRF-XSI com-
plements SEM-EPMA spectral imaging with the special
attributes of XRF analysis, which will he lurther demon-
strated and discussed below. While EPMA is not necessarily
inferior to wXRPF-XSI, this article intends to establish mate-
rials and methods where pXRF-XSI provides a useful
complement to an already well-esiablished technique, Addi-
tionally, this ariicle provides three examples wherein both
X-ray images and spectra are required to gain a complete
understanding of the material, thereby using the full advan-
tages of X-ray spectrum inraging.

EXPERIMENTAL METHOD

For iltustrative purposes, the instrument used in this work
is an EDAX (Mahwah, NJ, USA} Eagle III xXRF system.”
The system uses a liquid nitrogen cooled Si(Li} energy
dispersive spectrometer and f[ocuses the X-rays from a Rh
target (excitation potential to 40 kV) with a polycapillary
optic designed by X-ray Optical Systems, Inc. (Bast Greeri-
bush, NY, USA). Stage motion is controlled by stepper
motors with a position reproducibilily of approximately
+3 um (1 standard devialion). As shown in the schematic
ol Figure 1, the focused X-ray beam is incidenl to the
sample at a 65° angle from the horizontal, while the take-off
angle of the EDS detector is 687 above the horizontal plane.

A series of measurements of the EDAX Eagle 111 uXRF
system has been performed Lo better understand the nalure
of the measuremenl system. Por the specific applicalion of
imaging, two faclors are of greatest importance. The first
factar is the lateral sampling area, defined as the area from
which a significant portion of the X-rays are produced. The

*Certain commercial equipment, instruments, and materials, or software
are identified in this article (o specily adeguately the experimental proce-
dure. Such idensilication does not imply recomimendation or endorsement
of these itcms by the NIST, nior does it imaply that they are the best available
for the porpose.
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Figure 1. Schematic diagram of an Eagle 111 pXRT system. The
schematic shows the relative positions of the detector, camera, and
X-ray source in the uXRF system. It also provides a reference for
sample orientation. Note that the elements in the schematic are
nol to scale.

second [aclor is the beam stability, defined as the change in
detected X-ray intensity over time. To measure the lateral
sampling area, a line profile {stage mapping under a station-
ary beam} was recorded across a Cu/Zn interface. The
interface was created by eleciroplaling copper onto the zinc,
so thal inlerdiffusion was minimized to produce a sharp
inlerface. To reduce the secondary (Juorescence of zinc on
copper, the interface was held parallel to the line joining the
excited sample volume and the detector face such that the
detection path for Zn X-rays did not pass through copper.
Results from this experiment are shown as Figure 2, with
the k-ratios derived using Desktop Spectrum Analyzer IT
(DTSA 11} to process the data (Ritchie, 2008). The step
distance across the profile from 86% to 14% of the pure
clemental standard is recorded, the lateral sampling area is
calculated as 52 um % 4 pm {1 standard deviation}. In this
measuremenl, error was determined by fitting a Gaussian
curve to an average of thtee replicate analyses. The summa-
tion of fitting error along with error induced by stage
reproducibility and counting statistics made up the error
hudget for the experiment. The 86% to 14% values were
selected as approximately 1 — 1/¢* and 1/e% and they
represent a region of approximate linearity when analyzing
sigmoidal curves. A possible alternative is to look at the
region enclosed by 2a, or a range of 95% o 5% of the pure
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Figure 2. K-ratios derived from scanning across a Cu/Zn interface, This chart shows the variance of K-ratios as an
electroplated Cu-Zn interface is scanned underneath the X-ray beam. Data points represent an average of three
measurentents, with x error bars showing precision of the stage and y error bars showing reproducibility of the K-ratio
measurements, K-ratios were calculated using NIST IDTSA 1 with pure clemental standards and a multiple linear
least-squares fit. The area representing the 86/14 signal intensity is shown in the hatched gray box, and its width is
calculated as 52 pm £ 4 pm. Fitting 2 Gaussian model to both the Cu and Zn curves shows that the data are well
modeled by a Gaussian curve {R? = (.95). It should be noted that the experiment was done with 100 A of current, and
that the apparent lateral sampling area increases slightly with increasing current.



element standard intensity. To measure the signal stability,
an anlomated collection of 500 spectra on 2 homogeneous,
pure {(>=99.99% 8i0,)} Si0, glass was completed. The inte-
grated peak intensity of the Sig.s (51 Ka) peak was plotted
against the tolzl tirne. of Lhe analysis. A linear regression
confirms thal the loss of signal inlensily occurs al approxi-
miately .020% =+ 0.001% per hour during the 18 h peried.
Results from this experiment are shown in Figure 3. Overall,
the stability of X-ray tube is excellent, and in some cases it
exceeds the signal stability found in electron probe
instruments.

The most important factors of mapping strategy are
the size of the area to be covered, the number of pixels, and
the pixel dwell time, which together determine the time
needed to acquire an X-ray spectrum image at a given
uncerlainty. The pixel dwell time, defined as the time X-rays
are collected from the sample for a given location, should be
chosen to optimize the requirements of counting statistics
and reasonable instrument use. When pixel dwell times are
too short, instrument overhead becomes a significant por-
tion of the runtime, and counting uncertainties are fre-
quently high for elements of interest. As is the case with
both electron and X-ray excited spectrum» imaging, low
counting statistics produce images where the variability in
intensity is loo high for compositional analysis, While long
pixel dwell times will provide high precision and improve
detection of Lrace elemenls, the time penally for specimens
of centimeter dimensions is significant. Given thal analysis
in the microanalysis field, through the implementation of
silicon drift detectors, are accustomed to mapping times of
only a few hours, most labs may not be able to make the 24
to 60 h time commilment for a large area map.

A common approach in determining Lhe slep size is to
divide the area to be measured by the lateral sampling area
or nominal beam size. However, in practice, these values do
not fully account for the beam spread normally seen with
polycapillary optics. Taking into account the full tailing of
the X-ray intensities shown in Figure 2 down to only 5% of
signal inlensily, the lateral sampling area is nearly 100 pm.
In: addition, significant oversampling (i.e., pixel spacing less
than half the nominal beam diameter) does little fo improve
image quality. Practice has shown that slep sizes approxi-
malely 1.5 times the lateral sampling area (measured using
values of 1/¢% as mentioned above) gives sufficient resolu-
tion for imaging large areas, while allowing for enough
dwell time per pixel within reasonable Lime constraints.

REsULTS AND DISCUSSION

Comparison of X-Ray-Excited and

Electron-Excited EDS

To show the particular strength of X-ray excilted EDS, a
sample of homogeneous NIST microanalysis glass K2380
wias analyzed in bath the #uXRF and in a conventional SEM.
The glass was selected because il contained trace amounts
of urdnium (Ls-M, 5 = 13.6 kéV) and thorium (L-M, s =
13.0 kéV}, which are difficull to analyze due o high
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excitation vollage and high bremssirahlung in electron
excited systems. As shown in the comparison of uXRF and
electron-excited spectra in Figure 4 for glass K2380 {a glass
created at NIST for internal use by Kaufman}, the #XRF has
a significantly higher peak-lo-background ratio for elemen-
lal peaks ir the region from 5 to 15 keV, which leads Lo
lower limits of detection by a factor of 5 to 10 compared Lo
electron-excited spectra. The lower relative background of
the pXRF spectrum is a particular advantage when minor
and trace elements are of interest,

Large Feature Imaging

The first of three examples shown in this article as case
studies for large area X-ray mapping is an example from the
cement and concrete industry. Chloride ions are widely rec-
ognized as dangerous to reinforced concrete structures (ACI-
222, 19986). As chloride ions, supplied by natural sources or
rom deicing salts applied during winter mounths, infiltrate
into the concrete, they cause the reinforcing steel (o rust.
Rusted reinforcing steel drastically decreases both the strength
and the service life of concrete structures and can even cause
catastrophic failures of prestressed structures (Monfore &
Verbeck, 1960). The simplest method for measuring the depth
of infillration of chloride ions is to spray an exposed cross
section of concrete with a selution of silver nitrate (AgNO;)
{Collepardi et al, 1970). Silver chloride (AgCl} will precipi-
late oul, (orming a light gray film wherever chloride ions are
present, While this method is suitable for field work for
determining simple limits of infiltration, in laboratory set-
tings where composition and gradients of jon concentration
are desired, siimple staining techniques are insufficient.

For laboratory studies where samples are soaked in
potassium chlovide (KCI) solutions, wXRF provides the
capability of tracking both potassium and chleride ion
infiltration into the concrete and examining spatial distribu-
tions with 80 gem lateral resolution while visnalizing distri-
bulions over ceatimeter distances, Figure 5 shows side by
side comparisons of Ci, K, and K, K X-ray images from a
mortar sample exposed to a solution of KCl and sodium
chloride {NaCl) (1 M in Cl7, 87% KC! and 13% NaCl by
mass) for over 2 months. The gradient of infiliration of
chloride ions is clear in the Cl image, where the outside
surface of the concrete {s posilioned at the top of the
sample. Interestingly, the K infilivation does nol appear Lo
have gone as deeply into the concrete specimen. While most
cement contains some potassiwm, the concentration in-
creases toward the outside of the cylinder. The sample. was
not polished. The broken section was analyzed in the instru-
ment as-is. In this case, the uXREF provided a unique
method for X-ray analysis where other methods would be
too difficult or would yield insufficient data. [t is an exam=
ple of large area mapping of extremely difficult samples for
the purpose of mapping a concentration gradient that
changed over the course of several millimeters.

XRF analysis has advaniages over SEM/EDS for the
analysis of cement and conerete, X-ray analysis of Cl presents
a special difficulty when preparing concrete samples for
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Figure 3, Signal stability measurement. This chart shows the inte-
grated intensity {blue dots) of the 8i Ker péak from 500 measure-
ments on a single point over the course of 18 h. The magenta line
represents the linear regression, with its corresponding prediction
error in green, Red lines show the 95% contidence interval, de-
tined as 2. Confirming the slight signal degradation over time,
the linear regression has a slope of approximately —0.02% per
hour. Over longer periods {324 by}, the tube will assume a steady if
somewhat oscillating signal intensity, although the trend during
the first 18 h is clearly negative. The tube was ramped from
minimum power to near maximury power at the start of the
analysis, accounting for the initial signal drop off of approximately
0.3% of the maximum signal intensity. Note that the counting and
time errors are smaller than the ellipses representing single datum.

analysis in an SEM. To getl spatially useful X-ray data, il is
necessary to polish the surface. Normal polishing requires
the use of water or alcohol as a lubricant, but chloride ions
are highly soluble in both liquids so the distribution is likely
to e altered during polishing. The use of alternative lubri-
cants such as mineral oil and propylene glycol may reduce
the washing away of chloride ions, but such liquids are not
suitable for a high vacuum environment as they are difficult
to remove completely from concrete. By circumventing these
difficulties, £XRF has an important advanlage for cement
and concrete microanalysis. Firsl, the nature of the X-ray
beam and the high lake-off angle (60° compared to 40° or
less for the SEM} of the EDS detector allow the nser to
image rough samples prepared by simple mechanical split-
ting withoul the significant shadowing that would be seen
in an SEM. Second, X-ray analysis does nol require even the
modest vacuum of the variable pressure SEM—environmental
SEM class of instruments (100 to 3,000 Pa}, meaning that
remaining liquids do not require drying or remaval before
analysis. This means that the primary elements of interest—
5, §, Cl, K, and Ca—can be detected and imaged in a
system at atmospheric pressure or al modest varuum. Al-
though the presence of Ar, nominally about 19 by weight
of air, does produce some absorption issues for analyses
conducted at standard atmospheric pressure, modest vac-
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Figure 4. X-ray excited and electton excited spectra of K2380 glass,
This figure shows two analyses of the same glass on a logarithmic
plot. The black curve shows the analysis of the glass using 30 keY
polychromatic X-rays, while the red curve shows the analysis using
30 keV electrons. The K pesks have been marked for reference.
Note that the Lee peaks for Thiand U are not present in the electron
excited spectrum. Also note the higher energy behavior present in
both spectra, In the electron excited case, the Duane-Hunt limit is
not 30 keV, likely due to sample charging, While in the X-ray ex-
cited case, the high encrgy fall off is due to the capillary optics
acting prirsarily as a shield to higher energy X-rays,
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Figure 5. X-ray maps of concrete cross section. The chlorine and
potassium images are shown below the concrete surface prepara-
tion graphic, Prior to analysis, the cylinders were removed from
tlie chloride salt bath and sphr along the center line. A portion of
the exposed surface was analyzed to see chloride and other ion
infiltration. 1 the images shown, the outer surface (that is, the
surface closest to the salt solution during soaking) is at the top of
the image. The area analyzed extends from the outer surface to the
approximate center of the cylinder.

uum along with 2 He backfill are usually sufficient to
mitigate this effect. Third, by collecting the full X-ray spec-
trumy at every pixel, the data can be interrogated through
spectral analysis. In this case, the integral intensity of the Ci
K-L;z peak can be used to generale both background and
peak infiltration limits for chloride ion ingress.
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Figure 6. Color overlay of the Allende meteorite. This color overlay shows combined data from the Mg (red), Ca
(green), Al {vellow}, 8i {orange), and Fe (blue) X-ray maps. Of particular interest in this sample were the CAls, which can
e seen as yellow-green inclusions in the iron rich matrix. The size of the grains separated out in the image range from
approximately 250 pm to nearly 5 mm. Imaging grains in this size range over such 2 large area shows a clear application

for large area uXRT imaging.
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Figure 7. Derived X-ray spectra from Allende meteorite datacube.
The derived spectriom from the Srorich CAls is shown, Although
most of the specimen contains Sr well below the detection limit
for XRF techniques, some of the CAls had detectable levels of Sr.
Through a user-directed searching algorithm, the pixels containing
Sr were identified and summed together to produce the spectrum.

Trace Element Imaging

An excelient example of trace element imaging comes from
the earth and planetary sciences community. Meteorites are
complex specimens bolh mineralogically and chemically. The
majority of sample-based cosmochemical and planetary sci-
ence studies are performed at length scales of hundreds of

Figure 8. X-ray images of glass spheres coated in PVC, The de-
rived X-tay images above show the distributions of elements in
glass spheres, The image on the left is the Cl K-L3 image, while the
image on the right is a three color overlay showing the Al X-L3
image in red, the Ca K-L3 fmage in blue, and the Cl X-1.3 image in
green. Notice that the Cl X-rays come exclusively from the exteri-
ors of the spheres, producing a ring around each one, and the
partcularly high contamination in two spheres on the right side of
the image,

micrometers and smaller, Studies that make use of elemental
images al the milliroeter-scale through the use of stage raster-
ing or combined stage/beam rastering (image tiling) are fewer
and suffer from problems of undersampling and impracii-
cally large datasets, respectively. Both issues lead to difficulty
in surveying for trace elements in large specimens,

In the following example we have examined the Allende
meteorile thal fell to Earth in 1969. Allende is classified as a
carbonaceous chondrite, a variety of primitive meteorite,
The term primitive refers to the fact that the chondritic buik
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Figure 9. X-ray sum spectrum from PVC-coated spheres, The above spectrum shows the advantage of using an
aluminum filter to remove scattered Rh L lines from: the spectrum. The Cl peaks, normally hidden by the Corpton and

Rayleigh Ri peaks, are clearly visible above the background.

chemistry roughly approximales the composition of our so-
lar systemn. The Allende specimen contains two types of par-
ticle assemblages that represent components from the early
solar nebula, including: (1} Ca-Al-rich inclusions {CAls),
submillimeter aggregates of Ca and Al silicate and oxide
minerals, and (2} chondrules, of subbmillimeter spheres of
Mg silicates, predominantly olivine and pyroxene (Martin &
Mason, 1974). In the Allende specimen, chondrules, CAls,
and FeNi metal grains are all cemented together by a fine-
grained mairix ol anhydrous/hydrous silicates and prebiotic
organic maiter.

Large-scale mapping of a polished slab measuring ap-
proximately 8 am X 5 cm was conducted in an effort to
discern both the dispesition and the compaosition of these
major components. In this experiment, the 2 XRF provided
the advantages of both trace element sensitivity and large
area mapping. Figure 6 shows that CAls, chondrules, Fe-
rich metal grains, all embedded in a silicate-rich malrix, can
be distinguished by aXRF imaging through the use of
simple color overlays. The lower detection limit of #XRF
relative to electron-induced X-ray microanalysis also offers
the ability to define areay containing lrace Sr within the
Ca-Al-rich inclusions.

With the information provided by the full-spectrum
X-ray dataset, a meteorite researcher could, in principle,
compare individual chondrules to the bulk chondrule com-
position without performing a physical separation. In fact,
any number of compositional estimates can be made once
each chemical phase has been extracted from the three-
dimensional data cube. An example of such data mining
and spectrum derivation is shown in Figure 7. Using NIST
Lispix (Bright, 2000}, the pixels whose spectra have been
identified as similar through a comparison of the relative
X-ray intensities in the recorded spectra were summed
together and recorded as a single spectrum. Those pixels
having relalively high Sr X-ray intensities were excluded
from the “matrix” class (lo which the majority of pixels
belonged) and were summed together to form the CAl
class. The resulting spectrum is displayed as Figure 7 and
scaled to highlight the Sr X-ray region. This type of super-

vised spectral reclassification is only a small pact of the
advantages afforded by full hyperspectral data.

Imaging Difficult Samples

The final example of uXRFE imaging shows samples that are
nearly impossible to image in sifu using eleciron probe
methods. NIST received a series of glass spheres coated in
what appeared, optically, to be an oily lignid. The puXRE
proved to be particularly useful and expedient because no
special sample preparation was required, and Lhe oil could
be imaged qualitatively to determine its composition. The
images are shown as Figure 8, along with the sum spectrum,
shown as Figure 9.

The spheres are composed primarily of typical ele-
menls thal are found in a glass—§&i, Al, Ca, Fe, and Ti.
Operating on a suggestion thal the oily film may be some
form of polyvinyl chloride (PVC), an aluminum filter was
gelected to improve the veliability of C detection. With Rh
targets, the Rh L edges overlap significantly with the CI-K
edges. To circumvent this, the primary X-ray beam is passed
through a 25 um thick Al foil. The Al foil is an efficient
absorber of Rh L X-rays, but not of higher energy contin-
uum X-rays. The result is thal the Cl concentration can be
imaged without the prablem of overlap. Ultimately, the film
was delermined to be a {form of PVC, although quantitative
analysis was carried oul using other instrumentation.

Suggestions for Future Development of pXRF
Instrumentation

As puXRE instrumentation becomes more widely used, a
series of improvements may be made to decrease Lhe time
necessary to acquire high data densily X-ray fummges. In
terms of practicality, i is best fo considér how to increase
sample throughput by increasing the flux of the X-ray
source, and increasing the maximum count rate of the
X-ray delector. High-qualily imaging and quanlilalive analy-
sis are largely dependent on the lotal integrated counts per
pixel. Generally, qualitative images aim to get a few hundred
counts per pixel, while quantitative images often require
more than 18,000 counts. With very little change to the



geometry or operating conditions of the system, a silicon
drift detector {SDD), capable of storing the required num-
ber of X-ray events four to seven times faster, will decrease
sample imaging time. Even with modest X-ray sources,
metallic and some geological materials are capable of satu-
raling a Si(Li} delector past paralyzing dead lime. For
sampies that do not fluoresce efficlently {those with low
atomic number matrices), the SDD can provide enhanced
detection of lower energy X-rays and improved spectral
resolution, provided that the detector comes with an atmo-
sphere supporling ultrathin window. The (rade-off, how-
ever, is that the most SDDs are ounly 300 pm thick and
therefore have much lower efficiencies for X-rays >10 keV
such as Sr Ky.ys. An ideal system: could take advantage of
both detector types and include both in the system.

The second improvement could come from modifica-
tions Lo Lhe source and capillary optic setup. X-ray sources
with rotating anode generators, while more expensive, are
the best available option for increasing the fux for labora-
tory source instruments. Ultimately, any change te the na-
ture or flux of the ptimary radiation will necessitate a change
to the capillary optics (Janssens et al., 1996). While radiation
damage may be problematic for some polycapillacy opties,
there are still improvements to be made in terms of beam
flux. [ addition, a lower cost option would be to use a L kW
source, such as those typically used in wavelength dispersive
XRF analysis. A higher powered X-ray source would likely
provide enough (lux to Mully utilize an SDD. The lype of
high-flux, high-speed mapping described here is already be-
ing practiced at various beam lines around the country.

CONCLUSION

The micro-lo-macro problem cant be sufficiently expressed
as three fundamental probiems:

1. The linear sweep of an electron beam at Jow magnifica-
tion is not large enough to image features greater than
approximalely 2 mm without tiling or stage mapping.

2. Tmaging targe samples {or the presence of trace elements
often rely on undersampling, or wavelength dispersive
methods.

3. lmaging large samples without a priori knowledge of the
features or elements of interest are impractically time con-
suming and require analysis of extremely large datasets.

By contrast, large area uXRF mapping has three primary
uses:

1. X-ray imaging ol features whose length scale is centi-
meters or larger

2. imaging trace elemeats in an energy dispersive systern so
as to facilitate phase differentiated compositional analysis

3. scanning over comparatively large areas without a priori
knowledge lo later identify areas for further microstruc-
tural analysis.

Given lhe above lists, it is clear where uXRF-XSI can
provide significant advantages to the microanalysis commu-
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nity. Specifically, large area imaging and analysis provide a
useful piciure of the composilional makeup of a sample. As
part of a microstructural study, it is vital to know whether
the areas analyzed are representative of the sample as a
whole. In this way, uXRF-XSI becomes a complementary
lechoique to microanalysis with eleclron or fon beam
inslrwsnents,

It is important to note that accurate, efficient uXRF
imaging first vequires characlerization of the incident radi-
ation and of the detector. Calibrations en NIST standard
reference materials or other standards, as well as routine
measurements on common samples, will ensure accurate,
relinble data.
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