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ABSTRACT 

Confocal X-ray fluorescence spectrometry can be used to perform three-dimensional 

elemental analysis, which is impossible using general micro X-ray fluorescence (XRF) 

spectrometry without any collimating optics in the detection channel. In this study, we 

designed, for the first time, a new confocal line XRF (C-L-XRF) system that can obtain 

elemental information of a larger area and higher intensity in XRF analysis than 

conventional confocal point XRF (C-P-XRF) analysis. We evaluated the basic 

performance of C-L-XRF, such as XRF intensity and horizontal and depth spatial 

resolutions. We identified that the spatial resolution of C-L-XRF in the horizontal and 

depth resolutions is approximately 2.9 and 2.6 times, respectively, compared to those of 

conventional C-P-XRF. However, it is possible to obtain an XRF intensity that is 

approximately 33 times higher than C-P-XRF intensity. C-L-XRF is expected to be 

effective for analyzing wide-area samples such as layered samples. 
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1. INTRODUCTION 

X-ray fluorescence (XRF) spectrometry enables nondestructive elemental analysis [1-3]. 

In general XRF microscopy, primary X-rays irradiate a sample, and subsequently, a 

detector above the sample detects the fluorescence X-rays secondarily generated from the 

elements of the sample. Because fluorescence X-rays from the inner area are absorbed by 

coexisting elements, we cannot perform depth-selective measurements. Meanwhile, in 

confocal point X-ray fluorescence (C-P-XRF) analysis, polycapillary lenses are placed in 

front of the X-ray generator and detector [4] to detect X-rays from only the confocal 

volume [5]. Depth-selective analysis and three-dimensional analysis can be performed [6] 



by scanning the sample stage.  

Several studies regarding C-P-XRF have been performed and reported. 

The concept of confocal XRF was proposed in 1990 by the assembly of capillaries [4]. 

Subsequently, this technique, proposed by Kumakhov, has been applied to synchrotron 

radiations [6] and desktop XRF devices [5], as it enabled the measurement of depth 

elemental profiles in various samples [7-12]. Basic research on quantitative analysis with 

confocal XRF has also been conducted, and various studies are underway [11-14]. 

 However, the X-ray intensity from the deeper region will be lower owing to their 

absorption by the matrix elements. Therefore, a significant amount of time is required to 

obtain sufficient XRF intensities from the C-P-XRF. 

In this study, a novel measurement technique for a layered sample was developed using 

a new optical system that utilizes thin sheet-type X-ray beams. The sheet-type X-ray 

beams were formed by placing Soller slits on the front of the X-ray tube and detector. 

This system, which extracts elemental information in the overlapped area of both the X-

ray beam and detector, was named as the confocal line XRF (C-L-XRF) micro XRF 

system. Thus, we believe that this technique will be useful for obtaining the average 

elemental information of a determined depth in the layered sample.  

In this study, we evaluated the basic performance of C-L-XRF in comparison with C-P-

XRF. In C-P-XRF, a monochromatic micro X-ray source, equipped with a synthetic 

multilayer assembly in a side-by-side Kirkpatrick–Baez (K-B) mirror, was used as the X-

ray generator [15,16].  

 

2. EXPERIMENTAL ANALYSIS 

2-1. Design of the C-P-XRF 

Experiments were performed using prototyped instruments at the Osaka City University 
[15]. A schematic of the C-P-XRF system is shown in Fig. 1. This optical system was 

developed based on the previous C-P-XRF [17,18]. It comprises an X-ray generator, a 

polycapillary lens, sample stage, and detector. We used a monochromatic micro X-ray 

source equipped with a Mo X-ray tube target (Rigaku Corporation, Japan) and a synthetic 

multilayer assembly in a side-by-side K-B mirror [16]. A polycapillary lens was set in front 

of a silicon drift detector (SDD, detector area = 50 mm2, energy resolution = 150 eV@Mn 

Kα, thickness = 0.5 mm, Techno X. Ltd). The nominal focal distance and nominal beam 

size at the focus of the K-B mirror were 150 mm and 41 µm respectively [15]. 

 

2-2. Design of the C-L-XRF 

A schematic of the C-L-XRF system is shown in Fig. 2. The system comprises an X-ray 



generator, Soller slits [19] for aligning the incident X-rays and generating X-rays in , a 

sample stage capable of moving in the X and Y directions, and a detector. An enclosed X-

ray tube for X-ray diffraction (Rigaku: target Mo) was used as the X-ray generator. The 

size of the X-ray can be determined by placing slits in front of the generator and detector. 

In this study, the slit in front of the X-ray tube was 100 µm × 12 mm, while the slit on 

the detector side was 50 µm × 12 mm. The Soller slit for collimating the X-rays was 

100 μm wide. The detector used was an SDD Vortex EX-60 (element area = 50 mm2, 

thickness = 0.5 mm, energy resolution Mn Kα = 130 eV, Hitachi High-Technologies 

Corporation, Japan). Because the sample stage can be moved along the X and Y axes, the 

depth of focus can be selected.  

In this study, the primary X-rays were shaped linearly by passing them through the Soller 

slits and other slits. Furthermore, the fluorescent X-rays emitted from the sample were 

detected linearly using the same method, thereby enabling a “confocal line” analysis. 

Because the X-rays formed a linear shape instead of a point, their intensity was expected 

to increase compared to the C-P-XRF analysis, accompanied by a reduction in the 

measurement time. However owing to the larger spatial resolution in the horizontal 

direction (beam size) compared to C-P-XRF, it is considered unsuitable for the 

measurement of minute particles and more effective for the analysis of large samples such 

as layered samples. The other advantages of the C-L-XRF designed in this study are its 

lower assembly cost and the larger working distance of the Soller slit, which facilitates 

the analysis of a large area.  

 

2-3. Evaluation of spatial resolution (horizontal and depth)  

A schematic representation of the evaluation of the horizontal spatial resolution is shown 

in Fig. 3. To evaluate the horizontal spatial resolution, a W wire with a thickness of 5 µm 

for the C-P-XRF system and a Ni wire with a thickness of 25 µm for the C-L-XRF system 

were used. The wires were slid horizontally across while focusing the X-rays, and the 

changes in the W Lα XRF intensity in the C-P-XRF and Ni Kα intensity in the C-L-XRF 

were measured. The net intensities were obtained by Gaussian fitting of the element peaks 

and separating the background and peak intensities. From the full width at half maximum 

(FWHM) of the X-ray intensity profile obtained, the X-ray beam sizes were calculated 

according to equation (1). Here, Sb represents the horizontal spatial resolution (X-ray 

beam size), S represents the FWHM divided by the square root of 2 considering the X-

ray incident angle (45 °), and Twire represents the wire diameter [3]. As the X-rays were 

incident at an angle of 45 °, the obtained FWHM value was divided by the square root of 

2 before substituting into equation (1). The measurement conditions in the C-P-XRF 



system were as follows: X-ray tube voltage = 50 kV, tube current = 0.4 mA, and 

measurement interval = 2 μm. Furthermore, measurements were performed for 30 s per 

point. The C-L-XRF measurement conditions were as follows: X-ray tube voltage = 20 

kV, tube current = 20 mA, and measurement interval = 4 µm. These measurements were 

performed for 10 s per point.  

𝑆𝑏 =  √𝑆2 − 𝑇𝑤𝑖𝑟𝑒
2     (1) 

The depth spatial resolution was evaluated as follows. Fig. 4 shows a schematic for 

evaluating the measurement of the depth spatial resolution. The evaluation was performed 

using the same calculation for the beam size, employing a sample with a layered structure, 

in which a metal was vapor-deposited at a thickness of 500 nm from the surface of a Si 

wafer [14]. The sample was set on a sample table, and the stage was moved to the depth 

direction. The depth spatial resolution was obtained by performing measurements while 

scanning the focus and obtaining the FWHM of the X-ray intensity of the layer element. 

Depth spatial resolution was calculated using equation (2), where Sd represents the depth 

spatial resolution, S represents the FWHM, and Tlayer represents the layer thickness [3,14]. 

Because the thickness of the metal layer is considerably lower than the value of FWHM, 

it does not need to be considered in the calculation. 

𝑆𝑑 =  √𝑆2 − 𝑇𝑙𝑎𝑦𝑒𝑟
2     (2) 

The C-P-XRF system measures thin layers of the metals Ti, Fe, Ni, Cu, and Au under 

the following conditions: X-ray tube voltage = 50 kV, tube current = 0.4 mA, 

measurement time = 15 s, and measurement interval = 1 μm. Meanwhile, the C-L-XRF 

system measures thin layers of the metals Cr, Ni, Cu, and Au under the following 

conditions: voltage = 40 kV, current = 20 mA, measurement time = 15 s, and measurement 

interval = 2 μm. 

 

2-4. Measurement of a layered sample 

We measured a leather sample (Cordovan) using both C-P-XRF and C-L-XRF. The 

sample, which had a layered structure, was provided by the Department of Research of 

the Hyogo Prefectural Police. The dyed side of the leather, which was regarded as the 

sample surface, was rich in Zn whereas the bulk of the sample was rich in Fe. A cross-

sectional image of the sample is shown in Fig. 5. The C-P-XRF measurement was 

performed while scanning the sample in the depth direction under the following 

conditions: X-ray tube voltage = 50 kV, current = 0.4 mA, measurement area = 510 μm, 

interval distance = 30 μm, and measurement time = 2500 s. The experimental conditions 



for the measurement for C-L-XRF were as follows: X-ray tube voltage = 40 kV, current 

= 20 mA, measurement area = 420 μm, interval distance = 60 μm, and measurement time 

= 150 s. 

 

3. RESULTS AND DISCUSSION 

3-1. Evaluation of spatial resolution (horizontal and depth) 

The results of the evaluation of the horizontal spatial resolutions are shown below. Fig. 

6 shows the X-ray intensity profiles for the W Lα plot of the C-P-XRF when the W wire 

sample was scanned horizontally and the Ni Kα plot of the C-L-XRF when the Ni wire 

sample was scanned horizontally. The FWHM of the C-P-XRF was calculated as 53.4 

µm. Considering the detection angle (45 °), the value of S obtained by dividing the 

FWHM value by the square root of 2 was 37.8 µm. The beam size (Sb) was estimated to 

be 37.5 µm using equation (1), with the appropriate values for the wire thickness (Twire), 

detection angle (45 °), and FWHM of the W Lα intensity profile. Meanwhile, the FWHM 

of C-L-XRF was calculated to be 155 µm. Considering the detection angle (45 °), the 

value of S obtained by dividing the FWHM value by the square root of 2 was 110 µm. 

The beam size (Sb) was calculated to be 107 µm, using equation (1), with the appropriate 

values for the wire thickness (Twire), detection angle (45 °), and FWHM of the Ni Kα 

intensity profile. Considering the width of the slit installed in front of the X-ray generator 

and detection angle, the value obtained using C-L-XRF is considered to be appropriate. 

 

The results of the evaluation of the depth spatial resolutions are shown below. The XRF 

intensity profiles of the Au Lα intensities for C-P-XRF and C-L-XRF are shown in Fig. 

7. The depth spatial resolutions were estimated as 24 µm and 62 µm at Au Lα for C-P-

XRF and C-L-XRF, respectively, using equation (2). Considering the width of the slit 

installed in front of the X-ray detector and detection angle, the value obtained using C-L-

XRF is considered to be better than the expected value. 

 

The graph of the relationships between the energy of XRF of each element and the depth 

resolutions of C-P-XRF and C-L-XRF is shown in Fig. 8. In C-P-XRF, the depth 

resolution values were smaller when the fluorescence X-ray energy was higher. Because 

polycapillary lenses were used for X-ray focusing in confocal XRF, the total reflection 

critical angle on the inner wall of the capillary has energy dependence. Therefore, the X-

rays on the low-energy side have a larger beam diameter spread, and the X-rays on the 

high-energy side have a smaller beam diameter. By contrast, in the C-L-XRF system, the 

spatial resolution had no energy dependence. This is because total internal reflection did 



not occur on the inner wall of the Soller slit, and only X-rays passed between the slits. 

 

3-2. Measurement of a layered sample 

The results of measurements of the XRF intensity of the profiles of Zn and Fe in the 

leather samples obtained by C-P-XRF and C-L-XRF are shown in Fig. 9. It was confirmed 

that the intensity of Zn was higher at the surface of the leather, whereas the intensity of 

Fe intensity was higher in deeper area of the sample. In C-L-XRF, the intensity of Fe 

began to increase before the intensity of Zn was reduced significantly. According to the 

graph, upon comparing the Zn intensities at the depth where the highest intensities were 

obtained, C-L-XRF showed an intensity of approximately 0.67 cps/mA, whereas that for 

C-P-XRF was approximately 0.02 cps/mA. The intensity of C-L-XRF was confirmed to 

be approximately 33 times higher than that of C-P-XRF.  

Since the spatial resolution depends on the slit size, the spatial resolution of C-L-XRF 

is lower than that of C-P-XRF, but better spatial resolution can be obtained by using 

thinner slits. 

 

4. CONCLUSION 

 In this study, we designed a new C-L-XRF system and evaluated its basic performance. 

Primary X-rays were shaped linearly by passing them through Soller slits and other slits, 

and the fluorescent X-rays emitted from the sample were detected linearly by the same 

method. This enabled the “confocal line” analysis. We confirmed that the horizontal 

resolution of the C-L-XRF was 107 µm, which was approximately 2.9 times that of the 

C-P-XRF, and the depth resolution of C-L-XRF was approximately 62 µm, which was 

nearly 2.6 times that of the C-P-XRF. Furthermore, we confirmed that the spatial 

resolution of C-L-XRF has no energy dependence. Although, the XRF intensity of C-L-

XRF was approximately 33 times that of C-P-XRF. Therefore, C-L-XRF appears 

unsuitable for the elemental analysis of minute areas when compared with C-P-XRF. 

However, it appears to be effective for wide-area sample measurements such as layered 

samples.  

One of the goals of this study is the quantitative analysis of C-L-XRF. When performing 

quantification using confocal XRF, it is necessary to correct the effects of self-absorption 

and secondary excitation inside the sample. Unfortunately, such detailed quantification 

by confocal XRF has not been completed. Malzer compared confocal XRF with 

conventional XRF, and Tsuji suggests that it could be useful to treat the sample as an 

aggregate of layers (mosaic model) and discuss the effects of secondary excitation. 

This paper presents a preliminary study on C-L-XRF analysis; however, considering 



how the effects of self-absorption and secondary excitation in the confocal XRF remain 

to be discussed, we would consider focusing on the development of the quantitative 

analysis in future work. 
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Figure captions 

 

Fig. 1 Schematic of the C-P-XRF system. 

 

Fig. 2 (a) Schematic of the top view of the C-L-XRF system, (b) analysis area in the C-

L-XRF arrangement. The dotted ellipse shows the confocal line area. 

 

Fig. 3 Schematic of the measurement of the beam size by (a) C-P-XRF and (b) C-L-

XRF. 

 

Fig. 4 Experimental methods for measuring depth resolution using (a) C-P-XRF and (b) 

C-L-XRF. The sample was scanned in the depth direction from the X-ray tube and 

detector. After the depth profiles were obtained, Gaussian fitting was performed to 

obtain the FWHM.  

 

Fig. 5 Photographs of the leather sample: (a) top and (b) cross-sectional views of the 

surface. 

 

Fig. 6 XRF intensities of (a) W Lα profile of C-P-XRF and (b) Ni Kα profile of C-L-

XRF obtained for wires which thickness of 5 µm and 25 µm, respectively. 

 



Fig. 7 XRF intensity of Au profiles of (a) C-P-XRF, and (b) C-L-XRF obtained for Au 

layer which thickness of 500 nm. 

 

 

Fig. 8 Relationship between the X-ray energy and depth resolution using (a) C-P-XRF 

and (b) C-L-XRF. 

 

Fig. 9 Intensity profiles of the Fe Kα and Zn Kα intensities obtained using (a) C-P-XRF 

and (b) C-L-XRF for the leather sample (Cordovan). Red symbols shows the Zn Kα and 

black symbol shows the Fe Kα intensities. 



Fig. 1 Schematic of the C-P-XRF system.



Fig. 2 (a) Schematic of the top view of the C-L-XRF system, (b) analysis area in the C-L-XRF 

arrangement. The dotted ellipse shows the confocal line area.



Fig. 3 Schematic of the measurement of the beam size by (a) C-P-XRF and (b) C-L-XRF.



Fig. 4 Experimental methods for measuring depth resolution using (a) C-P-XRF and (b) C-L-XRF. The 

sample was scanned in the depth direction from the X-ray tube and detector. After the depth profiles were 

obtained, Gaussian fitting was performed to obtain the FWHM. 



Fig. 5 Photographs of the leather sample: (a) top and (b) cross-sectional views of the surface.
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Fig. 6 XRF intensities of (a) W Lα profile of C-P-XRF and (b) Ni Kα profile of C-L-XRF obtained 

for wires which thickness of 5 µm and 25 µm, respectively.
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Fig. 7 XRF intensity of Au profiles of (a) C-P-XRF, and (b) C-L-XRF obtained for Au 

layer which thickness of 500 nm.
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