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Abstract X-ray fluorescence microtomography (lXFCT)
is a nondestructive analytical technique and has been

widely used to nondestructively detect and quantify the

elemental composition and distributions in samples. Usu-

ally, synchrotron radiation X-rays are used for lXFCT, due
to its high flux density. In this paper, a laboratory-source-

based lXFCT system was developed, in which a poly-

capillary lens is employed to focus the X-ray beam and

improve the flux density. The maximum likelihood

expectation maximization algorithm was used to recon-

struct the computed tomography slices at a limited number

of projections. The experimental results demonstrated that

the developed system could reveal the elemental distribu-

tion inside the test sample, with an elemental sensitivity of

1000 ppm.
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1 Introduction

As a unique methodology in the investigation of ele-

mental distributions, X-ray fluorescence microtomography

(lXFCT) based on synchrotron radiation has been applied

to numerous fields since it was first proposed in 1986,

including botany, biomedicine, medicine, material science,

and mineralogy [1]. Numerous SR-lXFCT systems have

been established in synchrotron sources around the world,

such as the European Synchrotron Radiation Facility

(ESRF) in France [2], the Advanced Photon Source (APS)

in America [3], Spring-8 in Japan [4], etc. To meet a user’s

requirements, a SR-lXFCT system has been designed and

constructed at the Shanghai Synchrotron Radiation facility

(SSRF) [5–8]. However, the applications of SR-lXFCT are

limited by the complex and huge experimental facilities. In

recent years, the laboratory lXFCT system underwent

rapid development [9–12]. The laboratory lXFCT system

has many merits, such as broader applications, availability,

and convenience. The distribution of iron hydroxide was

obtained with fluorescent computed tomography (CT)

based on focused X-rays [13]. The gold nanoparticle dis-

tribution inside different organs of mice was measured with

laboratory lXFCT [14]. Flux is the critical limitation of the

laboratory lXFCT system. In this paper, a polycapillary

lens [15–18], which is composed of many glass micro-

capillaries, is used to focus the X-rays from an X-ray tube

and improve the flux density in CT scanning.
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2 Set-up of the laboratory lXFCT system

Figure 1 shows a schematic layout of the laboratory

lXFCT system. The X-ray source is a micro-focus X-ray

tube with a Tungsten target (Hamamatsu, 75 W). The

energy of the X-ray beam is 70 keV. The opening angle of

the X-ray beam is 43�. The distance between the poly-

capillary lens and the X-ray source is 56.5 mm. We added

an aperture at the exit of the X-ray source to limit the

divergence of the X-ray. In addition, the aperture behind

the polycapillary lens was used to collimate the X-ray

beam. The polycapillary lens is fixed on a 5D

adjustable stage with a lead aperture. The focal distance of

the polycapillary lens is 50 mm. The photons emitted by

X-ray fluorescence were collected by a silicon drift

detector (SDD) (SII, Vortex-90E) perpendicular to the

incident X-ray beam in order to minimize X-ray scattering.

The sample is mounted on a high-precision stage which can

be adjusted in four dimensions. The X-ray CCD camera is

used to detect the transmission images. For a better per-

spective of the imaging results, the transmission CT and

lXFCT images can be fused together. A picture of the

lXFCT system is shown in Fig. 2.

3 Polycapillary lens for lXFCT

The opening angle of the laboratory X-ray source is

quite large, which limits the flux density of the emitted

X-ray beam. Low flux density is a key limitation for the

development of a laboratory lXFCT system. Among all the

X-ray focusing strategies, the use of a polycapillary lens is

a cost-effective and highly efficient candidate [19, 20],

which has large acceptance aperture and high transmission

efficiency. Therefore, the use of a polycapillary lens to

focus X-rays is feasible in a laboratory lXFCT system. For

the CT imaging system, a pencil beam is usually used to

achieve the projections. This means that, for the case of a

focused beam, the depth of focus (DOF) of the polycapil-

lary lens is a key parameter. If the DOF is less than the size

of the sample, or the sample is not placed within the focal

depth, the focused X-ray along the sample is divergent.

This will result in an inaccurate reconstruction of the

sample. Hence, the DOF of the polycapillary determines

the maximum size of the experimental samples. The rela-

tionship between the DOF of the polycapillary lens and the

sample size is shown in Fig. 3.

Before experiments, the depth of focus for the poly-

capillary lens was tested. As shown in Fig. 1, the poly-

capillary lens is fixed in the center of the aperture. The

distribution of the focal spot is approximately Gaussian.

The full width at half maximum (FWHM) of the Gaussian

distribution at the capillary focal spot is defined as the focal

spot size. We adjusted the rotation angle and the pitch

angle of the polycapillary lens in order to obtain the best

focus spot.

The focused spot was recorded by an X-ray CCD. The

optimum position of the capillary was determined by

Fig. 1 (Color online)

Schematic layout of the

laboratory lXFCT system

Fig. 2 (Color online) Laboratory X-ray fluorescence microtomogra-

phy system
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measuring the intensity profile of the focused spot in the

vertical and horizontal directions. When the distance

between the polycapillary lens and the X-ray CCD was set

to 50 mm, as shown in Fig. 4a, the size of each pixel was

13 lm and the FWHM of the polycapillary was 82 lm 9

82 lm. To measure the focal depth, the X-ray CCD was

scanned along the optical axis of the incident X-ray beam

in 1 mm steps. According to the experimental results, the

focal spot size remains 82 lm 9 82 lm when the lens–

detector distance ranged from 47 to 54 mm, as shown in

Fig. 4c. This indicated that the DOF of the polycapillary

lens was 7 mm. Therefore, the spatial resolution of the

lXFCT system is 82 lm, and size of the sample should be

less than 7 mm.

4 Image reconstruction algorithm for lXFCT

In a typical lXFCT system, the sample is scanned point-

by-point with a pencil beam of synchrotron X-rays, which

requires a significant data acquisition time to collect all the

projections required for 3D tomographic imaging. Reduc-

ing the projection number is a practical solution to improve

the data collection efficiency. However, the limited pro-

jections always lead to fake images and increased noise

during CT reconstruction. Seeking proper algorithm for

image reconstruction is critical in the lXFCT system.

Among CT reconstruction algorithms, including FBP

[12], algebraic reconstruction techniques (ART), ordered

subset expectation maximization (OSEM), and maximum

likelihood expectation maximization (MLEM), etc., the

MLEM has a unique advantage for sparse projection data.

Hence, the laboratory lXFCT system adopts the MLEM

algorithm to reconstruct the projection data.

The principle of the MLEM algorithm is shown in the

following equation [21, 22]:

Clþ1 i; jð Þ ¼ Cl i; jð Þ
P

m;nð Þ K i; j;m; nð Þ
X

m;nð Þ

K i; j;m; nð ÞI m; nð Þ
P

i0;j0ð Þ K i0; j0;m; nð ÞCl i0; j0ð Þ

ð1Þ

Cl i; jð Þ and Clþ1 i; jð Þ are the l and l ? 1 iterative image

values, respectively, and I(m, n) is the fluorescence inten-

sity for the nth projection under the mth projection angle.

K(i, j, m, n) is the contribution of pixel (i, j) to the fluo-

rescent intensity I(m, n). In this case, the sample absorption

of the incident and fluorescence X-rays is not taken into

account. The distance from the center of each pixel (i, j) to

the incident ray (m, n) is Dd, and d is the size of each pixel.

K i; j;m; nð Þ ¼ 1 Dd� d=2
0 Dd[ d=2

(

ð2Þ

To test and verify the feasibility of the algorithm, numer-

ical simulation was carried out on a phantom. The FBP,

OSEM, and MLEM algorithms were used to reconstruct

the CT images with different projection number. In the

OSEM algorithm [23], the projection data were divided

into several subsets according to the projection angles in

order to improve the reconstruction speed. When the

Fig. 3 (Color online) Relationship between the focal depth of the

polycapillary lens and sample size

Fig. 4 (Color online) a Intensity profile of the focal spot for the polycapillary lens. b Three-dimensional display of the focal spot. c Relationship
between the focal spot size and the lens–detector distance in the horizontal and vertical direction
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number of subsets is set to one, the OSEM algorithm and

MLEM algorithm are the same.

Two phantoms, numbered in model 1 and model 2, were

employed for the simulation. The bright patterns indicate

the elemental distribution at a fixed concentration, and the

size of each pixel is 10 lm. A total of 30, 20, and 10

projections were collected for the each model by rotating

the model from 0� to 180� in steps of 6�, 9�, and 18�,
respectively. The reconstruction results of the models using

the different algorithms are shown in Fig. 5. According to

Fig. 5, even at the largest number of projections (30), the

signal-to-noise ratio (SNR) of the reconstructed slices by

MLEM algorithm is much higher than the FBP algorithm,

in which obvious artifacts can be observed. When the

projection number is reduced to 20, artifacts or noises arise

in the reconstructed slices when using the MLEM algo-

rithm. The slices reconstructed with the FBP algorithm

become blurred, especially for model-I with a complex

elemental distribution. When 10 projections were used in

the reconstructed slices from MLEM, the complex ele-

mental distribution of model-I can still be distinguished

dimly, while the image reconstructed by FBP is indeci-

pherable. Based on the simulation results shown in Fig. 5,

we can conclude that MLEM is a much better algorithm

than the FBP algorithm while dealing with fewer projec-

tions and at a limited projection number. MLEM is able to

achieve acceptable image quality, even for a complex

elemental distribution. The results could be used as rea-

sonable guidance in related experiments.

In the OSEM algorithm, adopting the subset is a useful

way to increase the speed of convergence. However, when

the number of subsets exceeds a critical value, the quality

of the reconstructed images decreases with an increasing

number of subsets. When the number of subsets exceeds

the critical value, the noise will be amplified during the

iterative CT reconstruction process with limited projections

[24]. Considering the reconstruction efficiency, the MLEM

algorithm only requires 0.635 s of computation time for 20

projections, and there is no need for acceleration.

According to the concentration profiles, the MLEM algo-

rithm can achieve a better signal-to-noise ratio (SNR) than

the OSEM algorithm to some extent, as shown in Fig. 6.

Numerical simulation demonstrates the validity of the

MLEM algorithm and highlights its reconstruction merits

for sparse projection data. The simulation results show that

the MLEM algorithm can effectively suppress noise,

improve SNR, and reduce distortion in the reconstructed

images. The MLEM algorithm can achieve acceptable im-

age quality with a reduced projection number, resulting in

higher data collection efficiency and lower radiation dose

compared to FBP.

5 Experimental results and discussion

In the laboratory lXFCT system, the maximum voltage

of the X-ray tube is 150 kV. The energy of the X-ray beam

was estimated to be 70 keV. The focused beam size was

82 lm 9 82 lm. A series of test samples were used to

evaluate the capabilities of the lXFCT system. The first

test sample was a thin walled borosilicate capillary with an

outer diameter of 2 mm and a wall thickness of 20 lm. The

capillary was filled with standard iodine solution. Iodine is

a key element in biological research and plays an important

role in clinical disease diagnosis. Iodine solution (1000 lg/
ml, 50 ml) is a standard reference material according to the

National Institute of Standards and Technology (NIS-

T,USA). As shown in Fig. 7a, the capillary was filled with

1000 ppm iodine solution. The sample was mounted on a

high-precision stage and adjusted within the depth of focus.

The sample was scanned with 40 translations per 150 lm.

The exposure time per step was 6 s, and a 6� angular

interval was used for CT scanning. The iodine distribution

reconstructed by MLEM algorithm is shown in Fig. 7b.

Figure 7c shows the acquired fluorescence spectrum

(sinogram data). The ordinate is the scanning angle in

degrees (0–180�), and the abscissa is the number of

translations. We can obtain the iodine distribution using the

experiment system and achieve an elemental sensitivity ofFig. 5 Comparison between the reconstructed slices by FBP and

MLEM algorithms, respectively
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1000 ppm for iodine. The sensitivity depends on the atomic

number and the flux on the sample.

For another test sample, three iron nails were selected,

each with a diameter of 1 mm. The iron nails were placed

in the depth of focus of the polycapillary lens with a tri-

angular distribution. The phantom was scanned with 80

translation steps per 150 lm at a 6� angular interval over

180�. The exposure time per step was 0.5 s. Figure 8b

shows the reconstruction results for the nail sample. The

reconstruction results confirmed the actual distribution of

the iron nails. Figure 8c shows two pieces of plastic pipe

with a diameter of 1.5 mm, which were also chosen as test

samples. The plastic pipes were filled with 10% iodine

solution and bound tightly together with glue. The phantom

was scanned with 60 translation steps per 150 lm and a 6�
angular interval over 180�. The exposure time per step was

2 s. As shown in Fig. 8d, the iodine distribution in different

pipes can be distinguished. The shape of the iodine

Fig. 6 (Color online) Comparisons of the profiles between the OSEM and MLEM with various iterations

Fig. 7 (Color online) Experimental results of the iodine, where a picture of the capillary filled with 1000 ppm iodine solution; b reconstructed

iodine concentration; c the acquired fluorescence spectra
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distribution in the reconstructed slices is somewhat dis-

torted due to solution overflow from the plastic pipe, which

confirmed the spatial resolution of the laboratory lXFCT
system.

6 Conclusion

A laboratory lXFCT system based on X-ray focusing by

a polycapillary lens was successfully developed. The

simulation and experimental results demonstrated the

practicality of the system. The field of view for elemental

imaging is 7 mm, and the elemental sensitivity is

1000 ppm. The developed system is to be opened to users,

which will expand the applications of lXFCT in material

science and biomedicine.
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