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Introduction:

Micro x-ray fluorescence (MXRF) is a microscopic analysis and 
imaging technique that is used to characterize the elements in a mate-
rial non-destructively. Micro XRF instruments use an x-ray source to 
shine x-rays on a sample, and a detector to detect the characteristic 
x-rays given off. These fluorescent x-rays have very specific energies 
corresponding to specific electron energy transitions. Therefore, it is 
possible to detect and identify all of the elements present in a sample 
(typically above sodium) as well as measure their concentrations. 
This technique is widely used for the characterization of materials 
including polymer1 and metallic foams, powder samples, forensics 
applications, geological samples, works of art and nuclear fuels2. 
Commercial MXRF instruments use a fused silica optic (mono or 
polycapillary) to focus the x-rays on the sample with no optic on 
the detector (Figure 1a). In this geometry, it is possible to raster the 
sample in two dimensions to collect the x-ray fluorescent signal as a 
function of position and generate a 2D map, identifying the elements 
present, their locations, and their relative and absolute abundances. 
While very useful, this geometry provides x-y mapping of the sample 
only, it does not provide signal discrimination versus depth. 

As an improve-
ment upon this de-
sign, confocal micro 
x-ray fluorescence 
(confocal MXRF) 
adds a new ‘dimen-
sion’ to this materi-
als characterization 
technique by add-
ing an optic on the 
detector. The foci 
of the two optics 
overlap in 3D space 
(Figure 1b), which 
can be useful for two 
purposes. The first 
is that any natural 
x-ray emission from 
a radioactive sample 
emitted off axis from 
the detector optic is 
rejected, reducing 
the background and 
improving the sig-
nal-to-noise when 
characterizing these 
samples. The second 
is that only the x-
rays emitted from 
within the overlap-
ping foci are mea-

sured, therefore a true 3D measurement is possible. By moving the 
sample through the confocal x-ray beam in the x, y and z directions, 
a 3D elemental map of the sample is possible, nondestructively pro-
viding elemental distribution and concentration. As an additional 
capability, the amount of x-ray scatter from low-density materials is 
proportional to the mass of material within the confocal volume, since 
this volume is measureable; the amount of scatter is proportional to 
the density of the material at that specific location. Confocal MXRF 
is useful for measuring the density of the material in 3D. 

As a proof of operation, several samples will be illustrated includ-
ing using the scatter to quantitatively measure the density of silica 
aerogels, using the x-ray scatter to identify the voids in a silicone 
foam material in 3D and finally to collect 3D elemental image of a 
surface mount resistor for an integrated circuit.
Instrument:

The current prototype bench top design (X-ray Optical Systems, 
(XOS), East Greenbush, NY), except for the associated electronics, fits 
on a 2’ by 2’ optical bread board, and is housed and interlocked inside 
a cabinet. There is currently no vacuum chamber. The instrument 
uses an XOS X-beam Ag tube powered by a Spellman XLG power 
supply (25 W max) as the source, with an Amptek Si pin diode (XR-

Figure 1: Top cartoon is the layout of a 
typical MXRF instrument showing an optic on 
the source but none on the detector. Fluorescent 
x-rays are detected even from the out of focus 
regions. The lower cartoon shows the optical 
geometry of a confocal MXRF instrument with an 
additional optic on the detector. Only fluorescent 
and scattered x-rays from the overlapping foci 
are detected.

Figure 2: A) X-ray scatter spectrum indicating region of interest for the 
following figures.  B) Line profiles of 8 (bottom), 37 (middle) and 55 (top) 
mg/cm3 cast aerogels showing higher density gradients at the surfaces. C) 
Correlation of measured bulk density versus x-ray scatter intensity for a 
variety of cast aerogels. 
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100CR) as the detector. A monolithic polycapillary is used for each of 
the source and detector optics with an angle between the optics of 60 
degrees, providing a spatial resolution of 30 × 30 × 65 micrometers as 
measured with the Ta Lα line. The center axis of each of the optics cuts 
the sample plane along the surface normal. The 60o angle between the 
optics is used for better depth penetration. Using polycapillary optics 
with a focal spot as small as 15 µm and mounting them 90o to each 
other, (45o from the surface normal) improves the spatial resolution 
and circularizes the confocal probe volume. Samples are mounted on 
three Newport 850G stages. The associated electronics are mounted 
on a single rack below the instrument. The instrument is controlled 
by a Dell computer running proprietary XOS software.

This instrument geometry enables the collection of MXRF 
spectra at a single point or line scans as either x, y, or depth profiles, 
z, as well as collect 2D regions of interest elemental maps at selected 
depths below the surface of the sample. These 2D slices can then 
be stacked into a full 3D image of the sample. Without the vacuum 
purge, elements with an atomic number greater than potassium 
can be identified and mapped. However, even low atomic number 
samples can be characterized and mapped based upon x-ray scatter. 
The confocal volume can be useful for density measurements of low 
atomic number matrices such as foams and aerogels. The amount 
of scatter produced by the sample (Figure 2) is dependent upon the 

mass of material within the confocal volume. Since the volume of 
the confocal beam is fixed, the amount of scatter is proportional to 
density. The 3D data is plotted using Matlab (Mathworks).
Results:

Several cast aerogel samples with densities measuring between 
10- 55 mg/cm3 were examined. These aerogels were cylindrical in 
shape and were mounted vertically with a flat surface pointing up. 
This orientation kept the beam path distance through the sample 
constant as the sample was moved through the beam. Measuring 
the x-ray scatter (Figure2a) for 4 seconds at each point (Figure 2b) 
and collecting a cross section profile can be used to measure the 
bulk density of an aerogel as well as density variations throughout 
the sample3. We have found good correlation between the amount 
of scatter in the center of the sample versus the density of the sample 
measured using a shadow graph and an analytical balance (Figure 
2c). A higher density or ‘skin’ of aerogel has been measured on all 
aerogel samples examined. This ‘skin’ density is not seen on other 
samples such as polystyrene foams with similar densities and ge-
ometries. Work is ongoing with this phenomenon using confocal 
MXRF as well as micro-CT and is probably due to void collapse of 
the aerogel at the surface.

A piece of polydimethylsiloxane foam was also examined using 
confocal MXRF. Slices at various ‘z’ locations were collected (Figure 
3) and stacked into a single 3D image (Figure 4). As the sample is 
raised higher into the beam to collect information at depth, the x-ray 
scatter signal is attenuated by the upper layers, leading to the overall 
intensity dropping below the chosen cutoff isovalue and the sample 
is no longer resolvable. The image was plotted using Matlab with no 
data treatment or compensation for attenuation. There is still use-
ful x-ray scatter signal at over 2 mm below the sample surface, and 
could be plotted with a signal attenuation correction versus depth. 
Current work is ongoing characterizing these foams using FT-IR, 
XRF, and micro-CT.

As a third example, a surface mount resistor for an integrated 
circuit is shown illustrating the ability of confocal MXRF to image a 
sample in 3D based solely on the elemental signal. Data was collected 
with a 1 second integration of each 50 × 83 x, y data points and 11 
total slices in z. All spacing’s were 30 µm in all three dimensions. 
Each slice required approximately 2 hours to collect, 22 hours for the 
entire data set. Eleven regions of interest were collected simultane-
ously, representing, the full range of channels, which were assigned 
to the elements Sn, Ti, Cr, Mn, Fe, Ni, Cu, Zn and Pb. The regions 
of interest and their corresponding energies that were mapped out 
are shown in Table 1, below. Understanding the distributions of lead 
and tin are important for mitigation of tin whisker formation which 

Figure 3: Array of sequential x-y contour plots displaced in z direction 
using region of interest indicated in Figure 2A. Pixel size (x-y) is 30 µm and 
z step size (from A-B, B-C, etc.) is 50 µm. Each slice took approximately 
30 minutes to collect with a 1 second dwell at each location. There are 
20 contour lines in each plot which are not of fixed intensity values from 
plot to plot.

Figure 4: 3D constructs of PDMS foam scatter data from Figure 3. 
Each 3D image is rotated 90o counter clock-wise (A-C). Plot is 1 mm3. No 
modeling of x-ray attenuation is shown. Information is being collected 
from 1-mm depth, but signal is below user selected isovalue threshold of 
20 counts.

Figure 5: A) MXRF image of resistor using an EDAX Eagle II. Ti = red, 
Pb = yellow, Al= green, and Sn/Ni in pink. B) Spectra of the center (red) 
and edge (blue) of the resistor using the Eagle MXRF. Center spectrum 
indicates the presence of Si, Cr, Cu, Zn, and Pb. Edge spectrum shows 
Sn and Ni. A spectrum collected with the confocal would be exactly the 
same except that Al and Si peaks would not be present. C). 3D rendering 
of elemental images from the confocal MXRF. The same colors as A are 
used. Al is not identified by the confocal MXRF instrument, but is detected 
by its x-ray scatter shown as gray.
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cannot be measured in 3D using any other bench top technique 
nondestructively. 

Table 1: Regions of Interest and their Corresponding Energies

Element Detector Channels Energy Range (keV)

Scatter 0-1022 0-36.7

Sn 85-115 2.9-4.04

Ti 127-137 4.4-4.8

Cr 137-152 4.8-5.3

Mn 152-164 5.4-5.8

Fe 168-178 5.9-6.3

Ni 192-209 6.8-7.4

Cu 209-225 7.4-8.2

Zn 251-275 8.9-9.8

Pb 281-307 10-10.9

Conclusions:
Confocal micro x-ray fluorescence offers a previously unobtain-

able dimension to the elemental characterization of a material. Using 
this technique the sample does not need to be put under a vacuum, 

no coatings are needed, such as in electron beam techniques, and 
most importantly, 3D elemental information can be extracted from 
the sample non-destructively. Either samples can continue to be ex-
amined using other techniques or, the same sample that is examined 
can later be used in the field. Further developments to this technique 
focus primarily upon the construction of a second-generation instru-
ment with fully automated data acquisition, a vacuum chamber for 
identifying and measuring low atomic number elements in samples, 
and automated data processing. Data processing may include full 3D 
mapping based upon region of interest, and full spectral mapping. 
Full spectral mapping/imaging has already shown great utility in 
many other techniques such as XRF and EDS, FT-IR, and UV/Vis 
fluorescence and can be used beyond simple elemental mapping. Full 
spectral imaging is often used to create maps of chemical phases. Con-
focal MXRF has demonstrated considerable characterization utility 
and yet it still offers undiscovered potential for further developments. 
The relative low cost and exciting capabilities of this technique, offers 
new opportunities for materials characterization.   n
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