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A spectrometer for 3D structural and multielemental X-ray microanalysis with synchrotron radiation is
presented in this work. It is based on the combination of the energy dispersive X-ray fluorescence and
diffraction with polycapillary optics. The 3D spatial resolution was achieved by the superposition of
the foci of two lenses arranged in confocal geometry. The parameters that affect the performance of
the spectrometer were study in detail giving rise to a simplified calibration method for depth profile anal-
ysis. Two specific examples were included to illustrate the use of the spectrometer in order to identify
their possible application fields.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

A recent development in X-ray microanalysis is the expansion
of spatial resolution into the depth with the help of a confocal set-
up using X-ray optics. The foci of two lenses, one in the excitation
channel and other in the detection channel, define a micro-volume
for probing the sample. Fluorescence and scattered radiation, ide-
ally, are detected only from this volume. During the last years,
experiments with confocally aligned X-ray lenses have been per-
formed at various laboratories around the world [1–5]. This setup
proved to be capable to supply three-dimensional or depth-sensi-
tive information on the elemental composition of a sample with
a minimum spatial resolution of 10 lm. The usefulness of the
new 3D micro-XRF method has already been shown at several
applications [1–5].

The confocal setup implemented with polycapillary optics and
polychromatic sources allows expanding its applications not only
for elemental analysis but also for structural analysis. Effectively,
the X-ray scattering produced by a continuous excitation spectrum
in the probing volume can be used to obtain a diffraction pattern of
the sample by means of Micro X-ray Diffraction Analysis (micro-
XRD) in the Energy Dispersive (ED) configuration [6,7]. The contin-
uous spectrum of the polychromatic source creates Laue diffraction
peaks that originate from different crystallographic planes
according to Bragg’s condition. Then, the X-ray optics in the detec-
tion channel has to collect X-rays photons with a wide energy
range. Polycapillary lenses are the ideal candidate to successfully
satisfy this requirement, since they allow a broad energy bandpass.

In the energy dispersive X-ray diffraction the dispersion angle is
fixed and the detected energy is scanning through the range
source. It can be electronically done by an energy dispersive
X-ray detector. Thus, it is possible to implement simultaneously
the 3D micro-XRD and the 3D micro-XRF without the inclusion
of any other additional component as an expensive goniometer
or monochromator. It is a modern concept in X-ray spectrometry
developed in the last few years which could be very useful for
elemental and structural analysis with spatial resolution [8].

In this work confocal three-dimensional energy-dispersive mi-
cro XRD and micro-XRF was implemented using polycapillary op-
tic. We used half lenses manufactured in our laboratory which
were characterized using an experimental process described in a
previous paper [9]. The lenses have low divergence in the order
of milliradians allowing obtaining a good angular resolution and
can efficiently focus the synchrotron beam. A characterization of
the spectrometer which includes the determination of the sensitiv-
ity of the confocal setup and the lattice spatial resolution of the
diffractometer is presented in this work.
2. Materials and methods

The experiment was carried out in the D09B-XRF beamline of
the Brazilian Synchrotron Light Source (LNLS) using white beam.
A silicon drift X-ray detector with 150 eV of resolution at 5.9 keV
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was positioned at 44� to the photon beam on the horizontal plane.
This system was mounted on a motorized XYZ stage with manual
goniometers to tilt the detector. Suspended from the snout of the
silicon drift detector, a fixed holder holds a half monolythic poly-
capillary with its optical axes centered and normal to the window
of the detector. In the excitation channel a similar glass polycapil-
lary was mounted in a special motorized gimbal. Both lenses had a
focal distance of 20 mm with a focal dimension of 75 lm, a diver-
gence of 2 mrad and a transmission efficiency of 20% for the mean
energy of the excitation spectrum [9]. Samples were mounted ver-
tically at 22� of the incident direction on a motorized XYZ sample
stage with spatial resolution of 0.6 lm. Aligned ionising chambers
at the entrance of the first polycapillary and behind the sample
holder were used to align efficiently the excitation channel. In
addition, a CCD camera was placed behind the sample holder to
determine the position of the incident beam. A digital optical
microscope focused on the sample was employed to distinguish
details on the area excited by the incident beam. The experimental
arrangement with the relevant geometrical parameters is shown in
Fig. 1.

Once the polycapillary of the excitation channel was aligned, we
oriented the axis of the polycapillary of the detection channel at
44� from the incident direction on the horizontal plane. Then, a sil-
icon wafer (111) was placed in the sample holder. Using the
motorized XYZ stage on the detector holder, we positioned the
end of the polycapillary at 20 mm from the excitation point of
the sample. Once a preliminary alignment of the setup was found,
several linear scans of the probing volume through the normal
direction of the foil were performed to improve the position of
the polycapillary of the detection channel. For all scans, the count-
ing live-time for each point was 10 s/step and the step size was
10 lm. The maximum of the diffraction peaks were recorded for
each linear scan. They were considered as a test parameters of
the quality alignment of the polycapillary. The greatest value reg-
istered for these intensities corresponds to the optimal alignment
of the polycapillary. In this way the incident and emergent angles
could be defined with high precision.

To determine the sensitivity of the spectrometer, we performed
linear scans through the normal direction of pure foils. We used
standard ultra thin foils (Micromatter) of Ti, V, Fe, Cu. ZnTe and
Au with high purity (99.9%) and thickness in the order of the
micrometer. For all scans, the counting live-time for each point
was 40 s/step and the step size was 10 lm. As a final result, scan-
ning curves of the XRF intensity versus depth were obtained for
each element present in the set of thin films. To determine the
detection limit for elemental analysis, we measured two biological
tissues prepared as presses pellets. One of the samples was the
reference material NIST 1577c of dried bovine liver and the second
Fig. 1. Experimental setup of the spectrometer. The contribution to the angular
resolution of the divergence of both lenses is shown.
was a dried rat liver analyzed in a previous work [10]. They were
scanned in depth with a counting live-time for each point of
60 s/step and a step size of 10 lm.

3. Theory

3.1. Confocal micro-XRF

Assuming a homogeneous film of thickness D, the intensity of a
specific X-ray fluorescence line of an element i excited by a poly-
chromatic source as a function of the normal coordinate x can be
written as [11]:

IpiðxÞ ¼
Z Em

0
qi I0ðEÞsF;iðEÞ

Z D

0
giðE; x0 � xÞ expð�~liðEÞx0Þdx0

� �
dE

ð1Þ

where Em is the maximum energy of the incoming photons, I0(E) is
the incoming photon flux of energy E, qi is the density (in g/cm3) of
the i-element in the sample, sF,i is the production cross section (in
cm2/g) for the measured X-ray line of the i-element at energy E, gi

(E,x) is the sensitivity profile of the spectrometer for the i-element
at position x, and ~li is the effective linear mass attenuation coeffi-
cient at energy E for the i-element defined as follows:

~li ¼
Xr

j¼1

qj

ljðEÞ
sinðh0Þ

þ
ljðEiÞ

sinðh1Þ

� �
ð2Þ

where qj is the density of the j-element, ljðEÞ is the mass attenua-
tion coefficient of the j-element at energy E, Ei is the energy of the
X-ray line of the i-element, h0 and h1 are the medium angle of the
impinging beam and detected beam respectively.

The formula shown in Eq. (1) is the key for the quantitative mul-
tielemental analysis by fundamental parameters method. Besides
of the input of emission and absorption probabilities, the calcula-
tions require the precise knowledge of the sensitivity profile of
the spectrometer.

3.2. Confocal micro-XRD

The confocal micro-XRD combines the Energy Dispersive X-ray
Diffractometry (EDXRD) with the 3D spatial resolution of the con-
focal setup. EDXRD is a well known method which can be imple-
mented without complex mechanical motions of the detector or
source since the diffraction angle is fixed. It takes advantage of
the semiconductor X-ray detectors technology to electronically
scan the scattered intensity for energy, looking for Laue diffraction
peaks. These peaks originate from constructive interference in the
different crystallographic planes according to Bragg’s condition:

d ¼ 6:199
E sin h

ð3Þ

where d is the interplanar spacing of the lattice planes in
ÅA
0

ngstroms, 2h is the diffraction angle and E is the scattered energy
in keV. The full with at half maximum of a diffraction peak DEFWHM

can be taken as the minimum energy separation between two re-
solved diffraction peaks. Considering that the diffraction angle at
the maximum of the diffraction peaks is h, then, the lattice spacing
resolution of the spectrometer is related with DEFWHM by means of
the following Eq. (12):

Dd ¼ � 6:199
E sin h

DEFWHM ð4Þ

Evaluating the width of different diffraction peaks of a mono-
crystalline sample, it is possible to obtain directly the lattice
spacing resolution of the spectrometer for different energies. Fur-



Fig. 2. Parameters of the sensitivity profile for titanium as a function of the incident
energy. The first curve is the maximum Ai(E) of the sensitivity profile and the
second curve is the size of the probing volume.
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thermore, it can be related with the precision of E and h by means
of statistical error propagation defined by the Bragg equation:

Dd
d

� �2

¼ ðDh ctg hÞ2 þ DED

E

� �2

: ð5Þ

The first term in the right hand side of this equation corre-
sponds to the widening of the diffraction peaks due to angular
divergence of the diffractometer, which depends on the polycapil-
lary lenses in the excitation and detection channel. Since the size of
the confocal volume is a function of energy, it follows that the term
Dh also depends on E. The second term in the previous equation
represents the inherent resolution of the detection system which
is given by [12]:

DED

E

� �2

¼
DEamp
� �2 þ 2:355ðFeEÞ

1
2

� �2

E2 ð6Þ

where DEamp is due to noise in the solid state detector and pream-
plifier, F is the Fano factor and e is the energy necessary to create an
electron–hole pair. Combining the last three equations it is possible
to deduce the energy dependence for the relative resolution of the
diffractometer:

Dd
d
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A1 þ A2Eþ E2ðA3 þ A4Eþ A5E2Þ2

q
E

ð7Þ

where Ai are constants. For Dh a second order polynomial depen-
dence with energy was assumed according to the experimental re-
sults observed in our own measurements as well as for other
authors [7,13]. The fitting of Eq. (7) to the relative lattice spacing
resolution calculated for a monocrystalline sample by Eq. (4) allows
obtaining the calibration of the diffractometer.

3.3. Sensitivity of the confocal setup

The sensitivity profile is the theoretical description of the prob-
ing volume of the confocal setup. For depth profile analysis it can
be written as [11]:

giðE; xÞ ¼ AiðEÞ expð�x2 =2riðEÞ2Þ; ð8Þ

where:

AiðEÞ ¼
XeðEiÞr2

DðEiÞTAðEÞTDðEiÞ
2pr2

i ðEÞ

r2
i ðEÞ ¼

rAðEÞ
2

� �2

þ rDðEiÞ
2
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X is the solid angle accepted by the lens in the detection chan-
nel, e is the detector efficiency, TA and TD are the transmission of
the lenses in the excitation and detection channel respectively,
and rA and rD are the focal sizes of the lenses in the excitation
and detection channel respectively. gi(E,x) is a dimensionless pro-
file that multiplied by sF,i(E) and qi gives the probability of XRF
emission of element i from a thin film of the sample placed at x po-
sition. Ai(E) is the maximum value of the sensitivity profile at en-
ergy E and ri(E) is the size of the confocal volume projection in
the normal direction of the sample. In particular, for a very thin
film of thickness d we have that the X-ray fluorescence intensity
of i element is given by:

IpiðxÞ ¼
Z Em

0
qi I0ðEÞsF;iðEÞ giðE; xÞ d ð9Þ
Thus, through a vertical scan of a thin film reference standard
sample of knowledge thickness and composition, it is possible to
determine the sensitivity of the spectrometer for depth profile
analysis. The use of a set of thin films increases the accuracy of
the determination.

4. Results and discussion

Fig. 2 shows the energy dependence of the sensitivity parame-
ters Ai(E) and ri(E) of titanium for the confocal setup implemented
in the XRF beamline of the LNLS. The sensitivities were obtained by
an iterative process where Eq. (9) is fit on the experimental XRF
intensity-depth profiles. The fits are based on a simplified process
employing piecewise linear functions for TA(E) and r2

A(E) whose
breakpoints are the absorption edges of the elemental components
present in the set of thin films. As first approximation the foci of
both lenses were assumed equal, since both of them have been
manufactured by the same process. The order of the elements in
the iterative process is defined by the value of their absorption
edges which is chosen as gradually decreasing in each step. For
the scanning curve of the i-element, the method fits the sensitivity
function of i in the partition between absorption edges of the ele-
ments i and (i + 1). The contribution on the XRF intensity coming
from the partitions of higher energies is evaluated using the sensi-
tivity calculated with the parameters TA(E) and r2

A obtained in pre-
vious fits. In this way the information extracted from each scan is
used to overcome instabilities in the fitting process on the remain-
der scans.

The size of the confocal volume ri(E) is a decreasing function of
incident energy. It is a consequence of the lower divergence of the
X-ray lenses at higher energies caused by smaller values of the to-
tal reflection angle of glass. The proportional factor Ai(E) of the sen-
sitivity shows a wide asymmetric maximum as a function of
incident energy with a strong decrease for lower energies and a
soft decrease for higher energies. The behavior is similar to the
transmission function of half polycapillaries showing that the main
contribution to Ai(E) comes from the transmission properties of the
focusing optics.

The resolution of the lattice spacing was obtained from the dif-
fraction spectrum of a single-crystal of Si(111). It consisted of four
diffraction peaks produced by the first orders of Bragg reflections
on the atomic planes (111) of Si. The rate between the FWHM
and the center of each peak was taken as a direct calculation of
the relative resolution of the diffractometer (see Fig. 3). Both
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parameters were obtained by fitting a Gaussian function at each
diffraction peak. The experimental ordered pairs (Dd/d;E)i were fit-
ted with Eq. (7) to obtain the calibration of the diffractometer at
the energy interval of the X-ray source. The relative resolution
showed an almost linear decrease with incident energy ranging
in the interval [1%; 2%]. The main contribution comes from the en-
ergy resolution of the detector, as can be seen in the comparison of
Fig. 3. The characteristics of the detector were determined by tech-
nicians of the LNLS beamline by measurements of pure standards.
Furthermore, the angular resolution of the diffractometer can be
calculated from Eq. (4). It showed a decrease with incident energy
which agree with the reduction of the divergence of the polycapil-
lary optics previously discuss and reported by other authors [7,13].

As an example of the applicability of the spectrometer, the fol-
lowing three different species of Cu were analyzed: metal Cu, CuO
and Cu2O. The copper oxides were prepared as pressed pellet,
while metal Cu was a standard pure foil (Alfa Aesar). Fig. 4 shows
the spectrum for each species with the diffraction and the XRF
peaks. For all spectra the acquisition time was 150 s. While the
XRF peaks are almost equal in the three spectra, the diffraction
peaks show a strong dependence with the species of copper. For
each species the diffraction peaks were identified by means of a
diffraction database. The prominent differences between the dif-
fraction and XRF peaks are caused by two effects. First, the XRF
peaks receive contributions from the whole excitation spectrum
with energies higher than the absorption edge of Cu, while the dif-
fractions peaks only receives contribution of the coherent scatter-
ing of incident photons of a well defined energy. Second, the
photoelectric effect has a probability one order of magnitude high-
er than coherent scattering in the energy range of our X-ray source.
Both effects can be minimized scanning the incident energy with a
monochromator but increasing the acquisition time.

The possibility of depth profiling analysis was tested with an
artificial sample of two layers: a thin deposit of CO3Ca over a thin
foil of mica. A linear scan through the normal direction of this sam-
ple was done. The counting live-time for each point was 60 s/step
and the step size was 25 lm. Fig. 5 shows the variation in depth for
some diffraction peaks of mica and calcite, the Ka-XRF lines of Ca
and Fe. As was expected, the diffraction peak of mica and XRF line
of Fe have appreciated intensity at positions into the foil of mica,
while the diffraction peaks of calcite and XRF line of Ca have appre-
ciated intensities at positions into the layer of calcite.

The detection limit for the elemental microanalysis of biological
tissues is shown in Table 1. The maximum XRF intensities in the
Fig. 3. Lattice spacing resolution of the spectrometer versus incident energy
compare to the energy resolution of the detection system. The insert shows the
angular divergence of the confocal setup calculated by Eq. (4).

Fig. 4. Spectra for three different species of copper with an acquisition time of 150 s
showing X-ray fluorescence and diffraction peaks.
depth scan of the standards were employed to calculate the detec-
tion limit. It has a minimum for Cu in agreement with the energy
dependence of the sensitivity profile obtained previously. It is
interesting to highlight that the calculation of the detection limit
by means of the approximation of Eq. (1) for low concentrations
is expressed in [g/cm3]. However the Table 1 includes the detection
limits as weight fractions in order to compare with traditional val-
ues. An estimation of the detection limit for structural microanal-
ysis is possible to obtain assuming a linear dependence of the
XRD intensity with the volumetric density of the material phase.
It is a good approximation in our spectrometer because the XRD
peaks are comparable to the background signal. Then it is possible



Fig. 5. Depth profile analysis of X-ray fluorescence and diffraction peaks of an
artificial sample made of a calcite layer on mica substrate. For each scan the
intensities were normalized with respect to the maximum of the profile. The
acquisition time for each point in the scan was 60 s.

Table 1
Detection limit for some element calculated for dried biological tissue prepared as
pressed pellet. The first line corresponds to weight fractions in ppm and the second
line is for volumetric densities in g/cm3.

K Ti Mn Fe Ni Cu Zn As

LD[ppm w/w] 2300 262 156 108 41 30 35 150
LD [lg/cm3] 2800 310 190 130 49 36 42 180
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to relate the registered XRD intensity with the detection limit by
the formula:

DL ¼
3qa

ffiffiffiffiffiffiffiffiffiffi
NBkg

p
NXRD

where qa is the volumetric density of the phase a, NXRD is the
number of counts in the XRD peak and NBkg is the number of counts
in the background of the XRD peak. Thus the detection limit of the
Cu2O phase in a Cu matrix is 0.30 g/cm3 (5% w/w) with 150 s of
acquisition time. In this calculation we used the higher diffraction
peak obtained at the position of higher scattering in the depth scan.
For mica in a matrix of silicate rock we obtained a detection limit of
0.12 g/cm3 (4.3% w/w). It is important to highlight that the pre-
sented values are useful to illustrate the behavior of the spectrom-
eter but they are not for a general use since the detection limit
depends on the sample matrix.

The results obtained in the simplified calibration procedure
show that the structural microanalysis with the proposed spec-
trometer has limitations in resolution and detection limit. These
limitations can be successfully minimized by modern arrange-
ments with X-ray area detectors in Angular Dispersive (AD) config-
uration [14,15]. In this case the acquisition times are similar than
ED configuration but with more reliable peaks intensities and bet-
ter momentum resolution. However, the energy resolution of these
detectors still is not as good as the energy dispersive semiconduc-
tor detectors even for the most advanced devices [14]. Thus, a com-
bined spectrometer for micro XRF/XRD in AD configuration
improves micro-XRD analysis but declines micro-XRF perfor-
mance. Since the opposite is valid for the ED configuration with
semiconductor detectors, it is clear that the setup proposed in this
paper is recommended for those studies where micro-XRF analysis
is of priority interest and/or micro-XRD analysis not demand high
momentum resolution or low detection limits. Favorable
conditions for the spectrometer are founded, for example, in
archeometry or analysis of amorphous materials. In archeometry
paintings usually have a stratified structure with layers made of
phases at high concentrations as CO3Ca, SO3Ca, PbO or amorphous
materials as canvas or woods [8]. The study of amorphous materi-
als by EDXRD, treated extensively in the literature [12], is charac-
terized by low requirements on sensitivity and lattice resolution.
We are particularly interested in apply our spectrometer to study
biological tissues where elemental distribution and phase identifi-
cation are viable by the spectrometer [16].

5. Conclusions

In this work a combined spectrometer for elemental and struc-
tural 3D microanalysis with synchrotron radiation is presented. To
calibrate the spectrometer a simplified method has been developed
which gives the sensitivity of the confocal setup and the lattice
spacing resolution for structural studies. The higher sensitivity
was obtained for incident energies with simultaneously greater
values for the X-ray transmission of both lenses. In our experimen-
tal setup it happens for photons with energies ranging in the inter-
val [5 keV; 10 keV]. For structural analysis it should contain the
diffraction peaks under study by means of a convenient selection
of the reflection angle with the Bragg equation.

The performance of the spectrometer was illustrated with the
analysis of two specific artificial samples. They showed that the
setup successfully combines the spatial resolution with short
acquisition times for elemental and structural microanalysis. The
main limitation of the spectrometer lies in the high detection limit
and modest resolution for structural microanalysis. Taking this in
consideration it is possible to identify possible application fields
of the spectrometer as archeometry or amorphous materials
studies.
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