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ABSTRACT: Due to the availability of X-ray imaging detectors, full-field X-ray fluorescence (FF-

XRF) imaging technique has become achievable, which provides an alternative to scanning X-

ray fluorescence imaging with a micro-focus X-ray beamline. In this paper, we present a setup 

based on straight capillary optics and an energy-dispersive hybrid pixel detector, which can per-

form simultaneous mapping of several chemical elements. The photon transmission efficiency 

and spatial resolution are compared between two X-ray collimation setups: one using pinhole 

optics and one using straight polycapillary optics. There is a tradeoff between the spatial resolu-

tion and transmission efficiency when considering X-ray optics. When optimizing the spatial res-

olution, using straight capillary optics achieved a higher intensity gain when comparing with the 

pinhole setup. Characterization of the polycapillary imaging setup is performed through analyzing 

various samples in order to investigate the spatial-frequency response and the energy sensitivity. 

This developed setup is capable of FF-XRF imaging in characteristic energies below 20 keV, 

while for higher energies the spatial resolution is affected by photon transmission through the 

collimator. This work shows the potential of the FF-XRF instrument in the monitoring of toxic 

metal distributions in environmental mapping measurements. 
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1. Introduction 

X-ray fluorescence spectrometry (XRF) is a well-established method for the determination and 

analysis of material element composition without destructive sample preparation. Therefore, XRF 

has been widely used in archaeology, biology, and industry [1] [2]. XRF imaging containing ele-

mental distribution information, is typically performed using scanning or projection approaches 

[3]. In the scanning method, the information about the spatial distribution of a given element in 

the sample can be obtained by scanning the sample surface in two-dimensions with a micro-focus 

X-ray beam [4]–[6]. However, the spatial resolution of the XRF image is limited by the spot size 

of the X-ray probe and the scanning step size. It takes a significant amount of time to obtain the 

elemental images if a large area is measured with high spatial resolution. The high beam intensity 

of a synchrotron radiation source could be applied for rapid XRF scanning [7], but it also poses a 

significant risk of sample damage in the case of radiation-sensitive (e.g. biological) samples, as a 

result of prolonged exposure to highly brilliant X-ray beams [8]. Synchrotron radiation is more-

over not suitable for an instrument in a field measurement application. Full-field X-ray fluores-

cence imaging (FF-XRF) is a promising projection method that allows laterally resolved X-ray 

spectroscopy by using a pixel detector [9]–[11]. With a two-dimensional pixel detector, it is pos-

sible to map large sample areas with fair position and energy resolution. Due to the isotropic 

emission of X-ray fluorescence from an illuminated sample, additional X-ray optics (generally 

pinhole optics [12]–[14] or polycapillary optics [15]) between the sample and the pixel detector 

is required to collimate the photons. Polycapillary optics use total external reflection to guide X-

rays through tiny glass tubes. Using different types of X-ray polycapillary optics with varying 

magnification makes it possible to increase or decrease the spatial resolution [16] [17]. It has been 
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generally considered that straight polycapillary optics provides a higher photon transmission ef-

ficiency comparing to pinhole optics [11]. In [8], it is stated that the main drawback of using 

pinhole optics is the low angular acceptance, resulting in low detector count rates and increased 

measuring time, which is a strong argument for using polycapillary optics for FF-XRF imaging. 

It has been shown that source collimation with capillary optics increases the source efficiency 

about one order of magnitude compared to pinhole collimation [18] [19]. However, X-ray imag-

ing optics using straight polycapillary optics has not been well studied, when concerning the effect 

of the spatial resolution and the transmission efficiency of the imaging system. In this paper, we 

compared the two optical methodologies.  

In FF-XRF, an energy-dispersive two-dimensional detector is required, which lies in its abil-

ity to take spatially and spectrally resolved images simultaneously through measuring the posi-

tions of single photons and their amounts of energy. The energy-dispersive charge-coupled device 

(CCD) device plays the role of a detector chamber operating in the single-photon counting regime. 

The signal is proportional to the energy of a fluorescent photon incident on the detector. The 

performance of FF-XRF camera based on CCD detector has been well studied in [8]–[11]. Gas 

electron multiplier (GEM) is an alternative type of detector for XRF imaging , while, the energy 

resolution of gaseous detectors has limitations when compared with solid-state detectors, due to 

the smaller number of electrons produced in each interaction, leading to higher statistical fluctu-

ations in the primary cloud [20]. Besides CCD and GEM, hybrid pixel detectors made to operate 

in single-photon mode are known as hybrid photon counting detectors (HPCDs) [21] [22]. Hybrid 

pixel detectors have become a standard in most synchrotron light sources and X-ray detection 

applications due to that CCD detectors were severely limited in their dynamic range and added 

substantial readout noise [23]. The hybrid pixel detectors emerged from the technology developed 

for high-energy physics experiments, which can be considered as an assembly of thousands of 

independent point detectors. The Timepix3, a hybrid pixel detector developed by the Medipix3 

group at CERN [24] [25], is a general-purpose integrated circuit suitable for readout of both sem-

iconductor detectors and gas-filled detectors. Unlike in a CCD detector where all pixels share one 

charge-to-voltage convertor, in a hybrid pixel detector, each pixel has its individual sensitive am-

plifier, resulting in a fast charge digitization. Moreover, a Timepix3 readout chip can be combined 

with different sensor materials such as Si, GaAs or CdTe. Previous research showed that, by em-

ploying a Timepix3 device with a 300 μm thick p-on-n Si detector, the energy resolution can be 

achieved to 0.72 keV FWHM at 10.5 keV [26]. The position- and energy-sensitive Timepix sem-

iconductor detector presents a significant potential for XRF imaging.  

In this paper, we present an FF-XRF imaging system, combined with Timepix3 detector, 

which can be used for imaging large sample. Several characterizations to the FF-XRF imaging 

system are performed including: (a) Imaging a copper wire to compare the X-ray optics perfor-

mance; (b) Imaging a copper plate with a slanted edge to characterize the spatial-frequency re-

sponse; (c) A Euro coin is used to evaluated the elemental imaging sensitivity; (d) A rock sample 

is analyzed to demonstrate an application of the imaging system; (e) Energy limitation study of 

the polycapillary collimator for high energy X-rays.  

 

2. Theory of X-ray collimation 

2.1 Pinhole camera 

Using pinhole camera is a well-known technique in XRF imaging system. It is based on the use 

of an X-ray source (e.g. a tube) that induces the X-ray fluorescence emission from a sample. The 
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characteristic X-ray radiation is detected by means of a position- and energy-sensitive detector, 

through the pinhole collimator positioned between the sample and the detector. By using a pin-

hole, fluorescence from the sample can be imaged upon the detector using the so called ‘camera 

obscura’ principle. To calculate the resolved image width, the setup geometry should be consid-

ered. In the case of equal object-to-pinhole and pinhole-to-detector distance, i.e. S = S’, for an 

ideal pinhole (the diameter of the pinhole can be ignored), no magnification is achieved, which 

indicates that the imaged objected size L’ is equal to the object size L, as shown in Fig. 1 (a). In 

practical terms, the pinhole dimeter, d, introduces a blurry edge of the image, as shown in Fig. 1 

(b). An example of the influence of the pinhole diameter of point A is given by the width U, as 

shown in Eq. (1): 
 

  
(a)                                                                          (b) 

Figure 1. Geometry and resolution with pinhole optics. (a) Ideal scenario; (b) Practical scenario. 

 

 𝑈 =
𝑑(𝑆 + 𝑆′)

𝑆
 (1) 

 

Thus, the image width achieved using a pinhole camera is L’ + U, which is effected by the di-

ameter of the pinhole and the setup geometry.  

2.2 Polycapillary X-ray optics 

In straight capillary optics, when the fluorescence photons interact with the inner wall of the ca-

pillaries, the interaction takes place as either absorption or scattering [27]. In the former case, the 

photons transfer its energy from the X-ray photons to the absorbing material and cannot travel to 

the detector. In the latter case, scattering occurs when the X-ray photon is “redirected” by inter-

action with the scattering material. It can occur with a loss of energy (inelastic scattering) and 

without a loss of energy (elastic scattering). The ideal collimated optics can be understood as an 

X-ray mirror [28], in which the photons are totally reflected on the inner walls of the capillaries 

without energy loss. Only if the angle of incidence below the critical angle will be totally reflected. 

The critical angle (θc) for total external reflection is approximately given by the material density 

(ρ) and energy (E) of the X-rays using the following equation [9]: 

 

 𝜃𝑐[𝑑𝑒𝑔. ] ≈
1.17√𝜌[𝑔/𝑐𝑚3]

𝐸[𝑘𝑒𝑉]
 (2) 

 

According to Eq. (2), total reflection critical angle various with the fluorescence energy. The en-

ergy-filter function of using two straight polycapillary optics was reported in [9]. In a FF-XRF 

system using straight capillary collimator, the spatial resolution of the output XRF image depends 

on the critical angle of total reflection in the capillary walls, the thickness of the optic and the 

setup geometry, for example, sample-to-detector distance and optic-to-detector distance. When a 

sample consists of several elements, the critical angle for each element differs, resulting in a dif-

ferent spatial resolution for a specific element. 
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3. Experimental setup 

As visualized in Fig. 2, two experimental setups of FF-XRF imaging system are carried out based 

on using a pinhole camera and a straight polycapillary optics, respectively. Both setups consist of 

an X-ray tube (Moxtek) with a silver target, an X-ray collimator and a Timepix3 readout system. 

The unfocused X-ray beam has a beam spot width of 400 μm and the beam cone angle is 48°. The 

pinhole collimator, made of 1 mm thick aluminum with a 500 μm hole diameter size, is placed in 

the middle of the sample and the detector. A lead plate is used to shield the scattered X-rays from 

the source to the detector. The capillary collimator (PHOTONIS), made of 1 mm thick lead glass, 

is attached to the detector. Fig. 2 (b) shows that the capillary optics collimates the fluorescence 

X-rays emitted from the sample and creates parallel X-ray beams. The pore diameter is 10 μm 

and the pitch distance is 12 μm. After the fluorescence photons are totally reflected through the 

optics, they are counted by the Timepix3 readout system. It should be noted that lead (Pb) existed 

in the collimator material generates fluorescence signal, which interferes the output image when 

imaging Pb distribution from the sample. There is a need for a few centimeters of space for the 

X-ray tube tip between sample and collimator in both set-ups not to shadow the X-ray source and 

achieve a large area irradiation of the sample (see Fig. 2). 

The Timepix3 readout chip is hybrid bonded to a silicon pixel detector. The geometry of the 

detector layer in the Timepix3 measurement system is a 256×256 pixel matrix (of area 

55×55 μm2). The device thus contains 65536 independent channels. As each of channel response 

can never be identical, it is necessary to perform an energy calibration for each of them. The 

calibration procedure is performed by measurements of X-ray fluorescence from five known ele-

ments, titanium, iron, copper, zirconium and silver plate [29]. A calibration curve for individual 

pixel is created, resulting in a precise energy calibration that could be used to distinguish the 

elemental map of the sample.  

 

 

 
Figure 2. Sketch diagram of FF-XRF imaging spectrometer with X-ray collimators. (a) An illustration of 

pinhole imaging, putting the pinhole in the middle of the sample and detector results in a 1:1 mirrored 

image upon the Timpix3 pixel detector; (b) An illustration of straight polycapillary optic imaging: the iso-

tope fluorescence photons is totally reflected and guided to the detector. 
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4. Energy resolution 

The Timepix3 detector is operated in time over threshold (TOT) mode, which is based on the 

measurement of the signal duration of the charge sensitive amplifier. The ToT value correspond-

ing to the signal measured by a pixel depends on the incoming particle’s energy. It must be noted 

that this function is nonlinear for low energies (usually below 3 keV to 4 keV), and linear at higher 

energies. To investigate the spectral performance of the Timepix3 detector in TOT mode, a global 

spectrum of Cu plate was used to measure the energy resolution, as shown in Fig. 3. This meas-

urement is done by fitting the Cu peak with a Gaussian function and calculating the energy at full 

width half maximum. It should be noted that the electronics noise of the front end is one of the 

main factors deciding the energy resolution of the system. However, various sources, such as 

thermal noise at room temperature and sensor leakage current contribute to the noise [30], result-

ing in a photon counts tail at the low energy range. In this work, no suppression of the sources is 

made. At the 8.04 keV, Cu K-line, the measured energy resolution in this setup is approximately 

1.12 keV. 

 

  
Figure 3. Measured fluorescence spectrum of Cu from all pixels. 

 

5. Results and discussion 

5.1 Comparison of pinhole and polycapillary optic systems 

In order to study the spatial resolution of X-ray collimation systems, a projection image of a 

500 µm-diameter copper wire was measured with the pinhole collimator (diameter size 500 µm) 

and the polycapillary collimator, respectively. Firstly, two collimation setups with similar geom-

etry are compared. In this case, the sample-to-pinhole and sample-to-polycapillary optics distance 

is kept at 3.5 cm, as shown in Fig. 4 (a) and Fig. 4 (b). The pinhole is placed in the middle between 

sample and detector to avoid magnification. Secondly, Fig. 4 (a) is compared with Fig. 4 (c), 

where the two collimation setups achieves similar image resolution. According to Eq. (1), the 

calculated image width of the pinhole is 1500 μm. According to Eq. (2), the critical angle of Cu 

K-line (8.04 keV) is 0.3° with a density of the collimator material of 4.44 g/cm3, leading to the 

calculated image width of the copper wire of 866 µm in Fig. 4 (b) and 1232 μm in Fig.4 (c).  
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                              (a)                                                  (b)                                               (c) 

Figure 4. (a) Geometric calculation for a resolved wire size using a pinhole setup; (b) Geometric calculation 

for a resolved wire size due to total reflection with 3.5 cm sample-to-polycapillary optics distance; (c) Ge-

ometric calculation for a resolved wire size due to total reflection with 7 cm sample-to-polycapillary optics 

distance. 

 

A bent copper wire that has a shape of letter ‘D’ was chosen as object. Fig. 5 (a) shows a 

photo of the sample. The object is attached on an Aluminum plate. The projected images using 

the aforementioned three setups are shown in Fig. 5 (b)-(d). It should be noted that due to the 

angle of incidence from the X-ray beam, it gives a different characteristic photon rate from the 

uneven sample, resulting in a higher intensity in the bending area in both pinhole and polycapil-

lary setups. To study the spatial resolution, a region of interest is marked by four red lines for 

each output image. The histogram of photon counts of line 1, line 2, line 3 and line 4, are shown 

in Fig. 5 (e). Similarly, the histogram of photon counts of line 5, line 6, line 7 and line 8, are 

shown in Fig. 5 (f) and line 9, line 10, line 11 and line 12 in Fig. 5 (g). The resolved image sizes 

are 1540 µm, 825 µm and 1265 µm for the three setups. It shows a reasonable agreement with the 

mathematical calculation. FWHM of the imaged wire is used to determine the spatial resolution 

in an X-ray imaging system. Thus, the measured FWHM in these three configurations are 14 

pixels (770 μm), 7 pixels (385 µm) and 13 pixels (715 μm), as shown in Fig. 5 (e), Fig. 5 (f) and 

Fig. 5 (g). We conclude that the spatial resolution for polycapillary optics is increased by decreas-

ing the sample-to-detector distance. For a pinhole camera the spatial resolution can be improved 

by decreasing the pinhole size. 

When using X-ray collimation optics, only a portion of the X-ray photons will pass through 

the X-ray optics and reach the detector. Therefore, transmission efficiency is another critical fac-

tor when considering the measurement time. In Ref [31], the intensity gain for a collimating optic 

is defined as the ratio of the X-ray intensity measured with the optic to that measured with a 

pinhole collimator that generates an X-ray beam with the same spot size and beam divergence. 

We consider the achieved resolutions are close enough for an intensity comparison. To extract 

the measured intensity, the peak counts values in Fig. 5 (e) - (g) are listed in Tab. 1. It should be 

noted that the background noise counts are subtracted from the average peak values. The back-

ground counts read from these figures are 130, 20 and 20. In addition, the pinhole diameter could 

be reduced to 183 µm in order to achieve the same spatial resolution as in Fig. 4 (b). Assuming 

the transmission efficiency is proportional to the pinhole area, the calculated transmission counts 

for a 183 µm pinhole will be 16 counts, extrapolated from the intensity of the 500 µm pinhole. 

By optimizing the spatial resolution, it is possible to achieve a 8.3 (133/16) times intensity gain 

when using straight capillary optics. Otherwise, if spatial resolution is not an issue, the transmis-

sion efficiency of the pinhole is 1.5 (122/83) times higher than polycapillary optics when the 

spatial resolution is approximately 1 mm for a 500 µm copper wire. In conclusion, there is a 

tradeoff between the spatial resolution and transmission efficiency when considering X-ray op-

tics. In this comparison, we lose intensity for the polycapillary optics compared to the pinhole for 
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the studied spatial resolution. If the spatial resolution is improved, then a gain can be achieved 

for polycapillary optics. 
 

 

                                         
                                                (a)                                                                     (b)                    

                       
                                                (c)                                                                     (d) 

 
                           (e)                                                  (f)                                                  (g) 

Figure 5. Photograph of the sample and photon count images of the sample using pinhole and polycapillary 

optics. Tube voltage is set to 15 kV and measurements time is 600 seconds. (a) photo of the sample; (b) 

projected image of the sample using pinhole (500 μm diameter); (c) projected image of the sample using 

polycapillary optics with 3.5 cm sample-to-polycapillary optics distance; (d) projected image of the sample 

using polycapillary optics with 7 cm sample-to-polycapillary optics distance; (e) FWHM of line 1, line 2, 

line 3 and line 4 in (b); (f) FWHM of line 5, line 6, line 7 and line 8 in (c); (g) FWHM of line 9, line 10, 

line 11 and line 12 in (d). 

 

Table 1. Intensity extracted from the peak counts of single pixels in Fig. 5 (e), Fig. 5 (f) and Fig. 5 (g). 

Pinhole collimator 

(500 µm) 

No. 1 2 3 4 
Average after back-

ground subtraction 

Peak count 238 257 252 264 122 

Polycapillary collimator 

(3.5 cm) 

No. 5 6 7 8 - 

Peak count 157 152 153 149 133 

Polycapillary collimator 

(7 cm) 

No. 9 10 11 12 - 

Peak count 102 104 107 99 83 
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5.2 Modulation transfer function 

To further evaluate the spatial resolution of the developed FF-XRF spectrometer with polycapil-

lary optics, a copper plate with a slanted edge was measured. Three sample-to-detector distances 

were used: 3 cm, 5 cm and 7 cm. The samples were irradiated for 3600 s (total counts number: 

200-300) using an X-ray source that was operated at 15 kV and 700 µA. The modulation transfer 

function (MTF) is commonly used to characterize the spatial-frequency response of an imaging 

system. The traditional method of calculating the MTF involves taking an edge scan of the ROI 

in an image perpendicular to the edge [32]. A red square marks the ROI in Fig. 6 (a), Fig. 6 (b) 

and Fig. 6 (c). The edge scan averages all the pixels in the vertical direction, and the result is a 

graph of averaged signal in the vertical line versus position. The edge does not appear to be an 

instantaneous transition, but a gradual transition. A line plot and a step plot was used to fit the 

boundary, as shown in Fig.6 (d)-(f). The edge spread function (ESF) gives a description of what 

the line scan looks like. The fitted curve was differentiated and subjected to Gaussian fitting, 

called line spread function (LSF), and the FWHM of the LSF curve defined the spatial resolution. 

In an imaging system with perfect resolution, the LSF would be a delta function of zero width. 

The results shown that the spatial resolution is improved with sample-to-detector distance de-

creased. 

     
                               (a)                                 (b)                                  (c)  

 
                          (d)                                               (e)                                               (f) 

Figure 6. The region of interest in an XRF imaging of Cu plate;(a) Sample- to-detector distance: 3 cm; (b) 

Sample- to-detector distance: 5 cm; (c) Sample- to-detector distance: 7 cm; (d, e, f) Edge spread function 

and line spread function corresponds to Fig.6 (a), Fig.6 (b) and Fig.6 (c). 

 

MTF is the LSF represented in the frequency domain. The MTF varies between 1 and 0, 

where 1 corresponds to complete transmission of the contrast of the object over the entire grey 

scale of the image and 0 corresponds to no transmission of this contrast, i.e., loss of visualization 

of this object [33]. The MTF curves in Fig. 7 show the spatial frequency responses of the region 

of interest. The spatial frequency by the contrast 0.5 is individually singled out and this value is 

called MTF50. At 7 cm, the response is weak, the contrast quickly falls by increasing the fre-

quency. The spatial resolution is improved with sample-to-detector distance decreased, and this 

was observed from both the LSF curve and the MTF curve, as shown in Tab. 2. However, with 

shorter distance comes stricter demands on the precision of the X-ray source collimation and 
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mounting, since direct source radiation must be avoided. Moreover, according to Eq. (2), the total 

reflection critical angle decreases as the energy increases. As a result, the divergence of X-rays 

from the exit part of the polycapillary is limited, the spatial resolution for different X-ray energies 

was discussed in [10]. Since the spatial resolution improves with decreased sample to optics dis-

tance, transmission XRF imaging with a thin sample placed directly on top of the polycapillary 

optic plate should provide excellent spatial resolution.  

The maximum spatial resolution visualized in an image is equal to the Nyquist frequency, 

which is inversely proportional to the pixel size.  

 

 𝑁𝑦𝑞𝑢𝑖𝑠𝑡 𝐿𝑖𝑚𝑖𝑡 [
𝑙𝑝

𝑚𝑚
] =

1

2
𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [

𝑝𝑖𝑥𝑒𝑙𝑠

𝑚𝑚
] (3) 

 

In this case, the detector size was same, this means that a detector with a pixel size of 55 μm has 

a cut-off frequency of 9.1 line pairs/mm (0.5 cycles/pixel) for these three measurements. In order 

to eliminate aliasing, the MTF of the ideal detector should be equal to zero beyond its Nyquist 

frequency, which is obviously not possible. This means that for a real detector, the better the 

MTF, the higher the required Nyquist frequency, i.e., the higher the spatial resolution to be 

reached to limit the aliasing phenomenon [33]. 

 

 
Figure 7. MTF curves for three imaging systems in Fig. 6 (d)-(f).  

Table 2. Sample-to-detector distance and spatial resolution. 

Sample-to-detector distance 3 cm 5 cm 7 cm 

FWHM 13 pixels (715 µm) 15 pixels (825 µm) 19 pixels (1045 µm) 

MTF 50 0.55 cycles per pixel 0.35 cycles per pixel 0.15 cycles per pixel 

5.3 XRF image of euro coin 

A sample such as the one euro coin appears as a significant challenge for using polycapillary 

optics because it is composed of three elements with their characteristic lines placed within a gap 

of about 500 eV. The characteristic lines are listed in Tab. 3. The elemental composition of the 

coin consists of two areas: the outer part ring is made of nickel brass containing 75% copper, 20% 

zinc and 5% nickel, and the inner part circle is made of copper on nickel containing 75% copper 

and 25% nickel, as shown in Fig. 8 (a). Since the Timepix3 detectors measure energy for each 
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event, it is possible to apply extra conditions on coincident events selecting only events within a 

certain energy range. Flat field correction is an efficient method to reduce the effects of image 

artifacts caused by variations in pixel count rates of the detector, thus improving image quality in 

X-ray images. In conventional flat field correction, projection images without sample are acquired 

with and without radiation, which are referred to as flat fields (F) and dark fields (D). In this case, 

the dark field is not required since Timepix3 is a threshold-based detector that does not record 

any counts below threshold [34]. Thus, a flat-field image of a Cu plate was obtained and imple-

mented. Fig. 8 (b) shows the XRF image of the coin with an energy range from 6.8-7.8 keV, 

which includes mainly Ni. The inner part is slighter brighter since the Ni concentration is higher 

in the inner part of the euro coin. In this geometry, the X-ray tube was placed on the left corner, 

the incident angle and the non-planar surface of the sample causes a differential of Compton scat-

tering and results in a bright/shadow area in the image. The left border of the character “1” is 

brighter than the right border, which is caused by the measurement geometry since the elemental 

composition in the inner part is considered to be uniform. The non-planar surface effect can be 

further corrected, as described in [35]. The shadow in the left corner is due to the clamp in the 

setup. Cu exist in both outer part and inner part with the same concentration. For this reason, the 

two areas cannot be distinguished by the current experimental setup, as shown in Fig. 8 (c). In 

order to eliminate the signal from Cu Kα and Ni Kα, Kβ, energy from 9.5-12 keV are cut-off. 

Thus, a brighter ring is shown in the outer part, which is contributed by Zn Kβ, as shown in 

Fig. 8 (d). Note that the Zn Kα signal at 8.637 keV is not included since it is interfered by the Cu 

photons. Although the energy resolution of Timepix3 is 1.12 keV, the measurement demonstrates 

that it is possible to distinguish the image impact of Ni and Zn. The Ni K and the Zn K are 

2.09 keV apart, but the Ni K and the Zn K are only 0.370 keV apart. In conclusion, when 

imaging elements distribution, especially the characteristic lines are close to each other, carefully 

selecting only events within a certain energy range must be considered. 

 

Table 3. Characteristic lines of Ni, Cu and Zn. 

Fluorescence energy (keV) Ni Cu Zn 

Kα 7.480 8.046 8.637 

Kβ 8.267 8.904 9.570 

 

 
        (a)                                   (b)                                       (c)                                       (d) 

Figure 8. XRF images of a Euro coin. (a) Photograph; (b) X-ray image with energy window centered on 

Ni Kα; (c) X-ray image of Cu Kα, Kβ and Zn Kα; (d) X-ray image of Zn Kβ.1 

                                                           
1 We assume the stripe pattern in Fig. 7 (d) and Fig. 8 (e) comes from the time distribution of the detector 

system which also exists in the rock measurement at similar energy. 
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5.4 XRF image of mineral rock 

The surface element analysis based on polycapillary optics is demonstrated on a geological sam-

ple, Ijolite rock, essentially consisting of nepheline (Na3KAl4Si4O16) and augite 

((Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6). Some light elements, such as Na, Al, Si, exist in both the neph-

eline and the augite, moreover, they do not contribute to the separation of the two composition 

materials of the rock. The measurement series starts at 3.3 keV which is above the light elements' 

energies. Depending on the fluorescence energy, we plot the image at the energy range 3.3-

3.6 keV, 3.5-4 keV, 4.5-5 keV, 5.7-7 keV and 8-10 keV, thus the element distribution maps are 

obtained, as shown in Fig. 9 (a) - (e). The nepheline (white area in the rock) contains light ele-

ments and generates less photons than the augite (black area in the rock) and results in a dark area 

in the image, as expected. These images show agreement with the region of interest in Fig. 9 (f). 

For energy between 8-10 keV, the XRF image is mainly contributed by the copper wire, which 

was used as a reference object in this experiment since no copper signal is expected in the rock 

sample. The bright spot in Fig. 9 (d) will be further discussed.  

 

 
         (a)                                            (b)                                             (c) 

 
         (d)                                            (e)                                             (f)  

Figure 9. XRF images and photograph of mineral rock. Flat-field correction was applied on Fig. 9(a)-(e).  

 

In order to obtain the elemental composition information of the spot in Fig. 9 (d), we used 

an energy-dispersive XRF spectrometer (Amptek X-123 SDD), which has high energy resolution 

(155 eV FWHM Resolution at 5.9 keV), as a complementary measurement. A 100 µm pinhole 

was used to collimate the diverged primary X-ray beam. Thus, only the bright spot area was irra-

diated. A Cu wire was used to mark the bright spot in Fig. 9 (d). To highlight small peaks and 

differences between maximum of peaks, the spectrum was plotted in semi-log scale, as shown in 

Fig. 10. The spectrum demonstrates the elemental composition information from three selected 

area of the sample: A: bright spot; B: augite; C: nepheline. In XRF analysis, the fluorescent X-

rays are characteristic of the elements present and can be used to identify the element. The spectra 

from these selected areas resolve the fluorescence peaks of Na, Mg, Al, Si, K, Ca, Ti and Fe as 

expected. While other elements, such as S, Cl, Mn, Zn and Sr, are also detected in the spectra. It 

should be noted that Ar peaks are presented in the spectra because the atmosphere contains Ar. 
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The Cu peak at 8 keV from the bright spot comes from the surrounding Cu wire since it does not 

exist in Fig. 9(e). The spectra show that the elemental composition of augite and nepheline is 

similar, but the concentrations are different. The bright spot has two strong peaks at 4.5 keV from 

Ti and 6.4 keV from Fe. It should also be noted that the iron radiation lost 1.7 keV energy and 

generated Si characteristic radiation leaving the detector, resulting in an escape peak at 5.3 keV. 

These spectra provided the elemental composition of the rock and explained the bright spot. In 

the bright spot, it contains a large portion of Ti and Fe comparing with the nepheline and result 

in a bright spot at 4.5-5 keV from Ti in Fig. 9 (c) and a bright spot at 5.7-7 keV from Fe in Fig. 9 

(d). 

 

 
Figure 10. XRF spectra of rock analyzed by energy dispersive XRF spectroscopy, at 20 kV tube voltage. 

In addition to the rock signal there are also responses originating from Cu fluorescence in the copper wire. 

 

5.5 Energy dependency 

The energy limitation of the capillary collimator for high energy X-rays (above 20 keV) was 

tested by using a micro-focus X-ray source (Feinfocus FXE-160.45) with a tungsten target. The 

distance between the X-ray tube and the detector was 2.5 cm. A silver filter was placed between 

the tube and detector to reduce the beam intensity and filter out the low energies photons. The X-

ray tube voltage was operated at 20 kV, 40 kV and 60 kV, as shown in Fig. 11 (a)-(c). At 20 kV, 

the XRF image shows a focal point from the X-ray tube, as expected. The diameter of the focal 

point demonstrates the quality of the focus of the X-ray source. At 40 kV and 60 kV, the X-rays 

start to penetrate the leaded glass resulting in a star pattern in Fig. 11 (b) and Fig. 11 (c). Micro-

scope image of the capillary collimator shows a hexagon structure in the capillary optics due to 

the manufacture process of the glass capillary, as shown in Fig. 12 (a) and Fig. 12 (b). We con-

clude that the star patterns at higher energies are caused by transmission of high energy photons 

through the geometry structure of the capillary collimator. According to Eq. (2), the critical angle 

for 20 keV, 40 keV and 60 keV are 0.12°, 0.06° and 0.04°, respectively. This energy increase 

should correspond to a decrease in angular spread of 35 µm, but this is not detected since it is less 

than the pixel size of the imaging sensor. Thus, the width of the imaged focal spot of the source 

remains unaffected by the change in energy. In conclusion, when using a capillary collimator in 

FF-XRF imaging, energy dependency should be considered since higher energy photons will pen-

etrate deeper through the collimator material and disturb the XRF image. 
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                    (a)                                                (b)                                               (c)                 

Figure 11. Focal point measurement at different tube voltage. (a) 20 kV; (b) 40 kV; (c) 60 kV. 

 

 
(a) 

 
(b) 

Figure 12. Microscope image of capillary collimator. (a) at 5x; (b)at 100x. 

 

6. Conclusion and future works 

A full-field XRF camera setup with capillary collimator and energy-dispersive readout chip, 

Timepix3, was developed with the aim to perform elemental mapping of samples in micro-XRF 

imaging spectroscopy. The Timepix3 measurement system enabled the acquisition of spatially 

and spectrally resolved images simultaneously via measuring the positions of single photons and 

their amounts of energy. There is a tradeoff between the spatial resolution and transmission effi-

ciency when considering X-ray optics. When optimizing the spatial resolution, using straight ca-

pillary optics achieved a 8.3 times higher intensity gain when comparing with the pinhole setup. 
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Using a straight capillary optics, the spatial resolution depends on the fluorescence energy of the 

element of interested, the properties of the polycapillary optic plate, such as density, thickness 

and pore size, and the setup geometry (sample-to-detector distance and optic-to-detector dis-

tance). The spatial resolution could be improved by reducing distance between the sample and 

the polycapillary collimator, or using compressed sensing technique [10]. A suggested future 

work is to demonstrate such transmission XRF imaging using polycapillary optics for thin sam-

ples. With the energy resolution of a Timepix3 detector, it is possible to distinguish between 

nickel and zinc. These two elements have their characteristic energies close to each other. How-

ever, in order to detect higher atomic number elements, factors including the transmission effi-

ciency, the energy dependency of the capillary X-ray optics and the detection efficiency of the 

detector must be considered [36]. In this study, at higher energy (>20 keV), the detection effi-

ciency of silicon sensor decreases rapidly. High-Z material, such as CdTe, of the hybrid detector 

should be considered. In summary, for higher energy photons, the X-rays will penetrate the ca-

pillary collimator (leaded glass) and distort the image resolution, therefor, 20 keV can be consid-

ered as a high energy limit of this present camera system, if the achieved resolution should be 

preserved.  

The present device demonstrates the ability to acquire elemental distributions by eliminating 

the scanning process, compared to the scanning type approach. For precise elemental composition 

information, a standard SDD with good energy resolution can be considered as a complementary 

measurement. We expect that a useful practical application for the developed device could be 

XRF analysis for monitoring of toxic metal distributions in environmental mapping measure-

ments.  
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