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X-ray fluorescence (XRF) is a well-established method for quantitative elemental analysis. For accu-
rate quantification, secondary excitation has to be taken into account. In this paper, the secondary
excitation process was discussed for analysis by confocal micro-XRF. Experimental depth profiles
were shown for a layered sample of Co and Cu. An additional peak was observed in the depth profile
of Co, and it was explained by secondary excitation process. Additionally, a Mosaic model was pro-
posed for quantification of confocal micro- XRF analysis. © 2015 International Centre for Diffraction
Data. [doi:10.1017/S0885715615000251]
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I. INTRODUCTION

X-ray fluorescence (XRF) has been routinely used in var-
ious fields for quantitative elemental analysis. For accurate
quantification, matrix effects should be considered and cor-
rected. Primary X-rays produce the XRF from the objective
element (element A) as well as from matrix including element
B (atomic number: ZA < ZB). In this case, XRF emitted from
element B could additionally produce XRF from element
A. This well-known process is called secondary excitation in
XRF analysis.

Recently, the confocal micro-XRF technique was devel-
oped using polycapillary X-ray lenses. This technique enables
depth-selective analysis. The basic idea of confocal three di-
mensional (3D)-XRF was proposed in the SPIE conference
proceeding (Gibson and Kumakhov, 1993). The first confocal
setup was reported with experimental data in 2000 (Ding
et al., 2000). The depth profiling was first demonstrated in
2003 (Kanngiesser et al., 2003). After these previous papers,
the research group at Osaka City University (OCU) developed
a laboratory-made confocal 3D-XRF instrument. In the initial
stage, two X-ray tubes were applied in confocal setup (Tsuji
et al., 2007). This technique was applied to plant samples
(Tsuji and Nakano, 2007), biological samples (Nakano and
Tsuji, 2010), solid/liquid interfaces (Tsuji et al., 2008), and
Japanese handicraft (Nakano and Tsuji, 2009). The research
group at Atominstitut, Wien developed confocal micro-XRF
having a vacuum chamber, where the sample is placed perpen-
dicularly (Smolek et al., 2012, 2013). Also, OCU group devel-
oped a confocal-XRF with a vacuum chamber, where the
sample is mounted horizontally (Nakazawa and Tsuji, 2013a).

A confocal micro-XRF has unique advantages for nonde-
structive depth analysis and elemental imaging at a specific
depth (Schoonjans et al., 2012; Tsuji and Nakano, 2011).
Thus, there are many applications of this technique for layered
materials; forensic samples such as car paint chips and leather
samples (Nakano et al., 2011), SD-memory card (Nakazawa

and Tsuji, 2013b), and solutions (Hirano et al., 2014). A
review article on quantification of confocal micro-XRF analy-
sis was published (Mantouvalou et al., 2012). Secondary en-
hancement was theoretically studied (Sokaras and Karydas,
2009). In this paper, secondary excitation is demonstrated
using a layered sample. In addition, an analytical model for
quantification of confocal micro-XRF is proposed.

II. EXPERIMENTAL SETUP

A. Confocal 3D-XRF system

The confocal 3D-XRF experimental setup used has been
described elsewhere (Tsuji et al., 2008; Nakano and Tsuji,
2010). The sample was placed horizontally on an x–y–z trans-
lation stage. A Mo target (MCBM 50-0.6B, rtw, Germany;
X-ray focus size of 50 × 50 μm) was operated at 50 kV and
0.5 mA. The X-ray tube was inclined at 45° from the horizon-
tal plane. A polycapillary X-ray full lens was attached to the
top of the X-ray tube. The spot size of the X-ray beam at
the focal point was 40 μm, evaluated for the W Lα line. A sil-
icon drift X-ray detector (SDD, X-Flash Detector, Type 1201,
Bruker, Germany: sensitive area, 10 mm2; energy resolution,
<150 eV at 5.9 keV) was installed with a down-looking geom-
etry. A polycapillary X-ray half lens was attached to the end of
the SDD. The spot size of the X-ray beam at the focal point
was 30 μm, evaluated for the MoKα line. The energy depen-
dence of the depth resolution in confocal micro-XRF analysis
has been shown in a previous paper (Nakano and Tsuji, 2010).
Typically, depth resolution was 71 μm at NiKα.

B. Layered sample

A layered sample (Cu–Co–Cu) was prepared as shown in
Figure 1. Onto a Si wafer substrate, a Cu film with a thickness
of 5 μm was placed. Then, a Co film (25 μm) and Cu film
(5 μm) were placed. Finally, a sandwich structure sample of
Cu/Co/Cu was prepared. Additionally, Kapton films were in-
serted between Cu/Co films and Co/Cu films as shown in
Figure 1. The thickness of Kapton film was varied at 7.5,
75, and 150 μm.
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III. RESULTS AND DISCUSSION

A. Secondary excitation process in confocal setup

A layered sample including elements A and B is assumed,
where atomic number of A (ZA) is higher than that of element
B (ZB); ZA > ZB. When a confocal volume is adjusted into the
top layer (element A) as shown in Figures 2(a) and (b), XRF
from the top layer is, of course, detected by the X-ray detector.
XRF from element B in the path of the primary X-ray beam is
not detectable under confocal arrangement, as shown in
Figure 2(b). However, as shown in Figure 2(c), XRF emitted
from the top layer (element A) can excite XRF from element B
in the second layer in the path for detection. Therefore, even if
the confocal volume is adjusted into the top layer (element A),
additional XRF from element B can be detected under confo-
cal arrangement due to secondary excitation effect.

Secondary excitation can also be expected when the first
layer consists of element B and the second layer consists of
element A. In this case, when the confocal volume is adjusted
into the second layer, secondary excitation will be observed.
In the process where the XRF from element A is detected,
additional XRF will be produced from element B in the first
layer, shown in Figure 2(d).

B. Depth profiles of layered sample by confocal
micro-XRF

The sample shown in Figure 1 was measured with differ-
ent thickness of Kapton film using the confocal micro-XRF in-
strument. The results are shown in Figure 3. Because of the
approximately 71 μm depth resolution of the confocal micro
XRF instrument, the depth profiles of Co (CoKα) and Cu
(CuKα) were overlapped when the Kapton film was not insert-
ed (Figure 3(a)). However, as the thickness of Kapton film in-
creases, the profiles begin to be separated [Figures 3(b) and 3
(c)]. In the case of Kapton film (thickness: 75 μm), a shoulder
peak was observed on the profile of Co at a z-translation stage
reading of about 500 μm, where a peak was observed for the
profile of Cu. Since the confocal volume existed on the Cu
layer at this depth, Co was not included in the confocal analyt-
ical volume. Therefore, it is considered that this shoulder peak
of Co profile was caused by secondary excitation similar to

Figure 1. (Color online) A sandwich structure sample: Cu film (5 μm)/
Kapton/Co film (25 μm)/Kapton/Cu film (5 μm) on Si wafer.

Figure 2. (Color online) Possible secondary excitation in the confocal XRF arrangement for the layered sample.
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what was shown in Figure 2(c). When the Kapton film with a
thickness of 150 μm was applied, an additional peak was ob-
served at a z-translation stage reading of about 275 μm on the
depth profile of Co as shown in Figure 3(d). Since the distance
between the Co layer and Cu layer was extended, two peaks of
Co and Cu depth profiles were now clearly separated. This ad-
ditional peak was also considered to be observed because of
the secondary excitation.

The depth profiles shown in Figure 3(d) are expanded to
discuss details as shown in Figure 4. As discussed before,
an additional peak was observed on the Co profile at the
depth (around 300 μm) marked with (2) on the left figure of
Figure 4. At a z-translation stage reading of 360 μm, the con-
focal volume was placed into the Kapton film (thickness of
150 μm). Therefore, CuKα intensity decreased at this depth
(around 360 μm) marked with (3); however, the intensity of
CoKα still remained. The illustration in the right side of
Figure 4 shows another mechanism of secondary excitation
of confocal arrangement. Even if the confocal volume was ad-
justed into the Kapton layer, the primary X-rays can produce
XRF of CuKα. This XRF of CuKα can produce CoKα in the
beneath layer, as shown in Figure 4, leading to detection of

CoKα. In any case, XRF of the element which does not
exist in the confocal volume was detected by confocal
micro-XRF instrument. This secondary excitation effect
should be carefully considered for trace analysis by confocal
micro-XRF.

C. Model for quantification of confocal micro-XRF

Previous discussion for secondary excitation was consid-
ered with a layered material. However, many actual samples
have heterogeneous structure in plane as well as in depth.
Therefore, we had to better consider the sample model of
heterogeneous structure for quantification of confocal
micro-XRF. Elemental mapping is performed in scanning
mode with a defined step size by confocal micro-XRF.
Thus, a Mosaic model shown in Figure 5 was proposed. In
this model, the sample is divided in a unit cell (Cij), whose
size corresponds to the confocal volume of the actual experi-
mental setup. The step sizes in x- and z-directions are shown
with dx and dz, respectively. The Mosaic model in Figure 5
is drawn in 2D. Of course, it should be drawn in 3D for
3D-XRF analysis. The confocal volume depends on the

Figure 3. (Color online) Depth profiles of Cu and Co by confocal micro XRF. The value of the X-axis (depth) is just reading value of z-translation stage.

Figure 4. (Color online) Left: expanded profiles
of Figure 3(d). Right: possible mechanism of
secondary excitation to explain the remaining Co
intensity at a z-translation stage reading of 360
μm shown at (3) in the left figure.
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energy of XRF. Therefore, the unit cell with solid line indi-
cates confocal volume for low energy XRF, while the cell
with dotted line indicates the confocal volume for high energy
XRF. We assume that the primary X-ray beam irradiates the
sample with an incident angle of 45°, and that XRF is detected
with an exit angle of 45°.

The following quantitative procedure is proposed neglect-
ing secondary excitation. Chemical composition of each cell
(C11–C14) in the first layer can be experimentally determined.
In the second layer, the chemical composition of C21– C23 can
also be determined by considering absorption in the first layer.
In this way, chemical composition of all the cells can be
sequentially determined from the surface top layer to the
deep layers. For example, the chemical composition of C33

is obtained after absorption correction of primary X-rays in
C12 and C22, as well as absorption correction of XRF
in C23, C14 cells. A calculation program will be considered
in the future for quantification of confocal micro-XRF analysis
for heterogeneous samples by using this Mosaic model.

IV. CONCLUSIONS

Secondary excitation process was discussed for trace
analysis by confocal micro-XRF. Experimental depth
profiles were shown for the layered sample of Co and Cu.
An additional peak was observed and explained by secondary
excitation process. The intensity of additional peak was weak,
that is, the contribution of secondary excitation is not so large
compared with the primary peak. However, this secondary
excitation should be carefully considered in the case of
analysis by confocal micro-XRF. Additionally, a Mosaic
model was proposed for quantitative analysis using confocal
micro-XRF.
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