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Abstract. Industrial CT system offers high precision non-destructive detection and 

capturing of the geometry of objects, especially for complex objects with hidden or 

difficult accessible surfaces. Modern micro focus X-ray CT system is used for high 

precision dimensional metrology. However, due to the energy and power limitations 

of the micro focus X-ray source, the micro-CT system currently performs high-

precision metrology only for small objects of low-density materials. This paper will 

introduce the advantages of 3D CT imaging technology for accurate imaging complex 

structures inside objects, analyze the research and development trend of high-

precision CT, and introduce the research progress of Tsinghua University in 

improving industrial CT resolution. Furthermore, preliminary research on laser 

plasma accelerator based inverse Compton scattering X-ray Imaging will be 

introduced. The novel micro CT system based on inverse Compton scattering 

radiation have the advantage of both high energy as well as small focal size. The 

design of micro-focus high-energy industrial CT based on new laser driven radiation 

source and its application prospects in high precision dimensional metrology of 

industrial components will be described.  

Introduction  

Because its strong ability to penetrate objects, X-ray has been widely used in medicine and 

industry for the detection of human bodies or objects, since its discovery in 1895. Later in 

1967, Hounsfield designed and developed the first computed tomography (CT) machine, 

which laid a solid foundation for the extensive application of CT technology in non-

destructive testing. 

Micro CT, compared with traditional CT, can achieve a focal size of tens of microns, 

or even a few microns, which in turn has high accuracy with the resolution of micron level. 

At present, it is widely used in medicine, materials science, archaeology, agriculture and 

other fields[1]–[4], for its excellent qualities in quantitative detection. In industrial area, 

micro CT is currently possible to perform high-precision metrology of small objects of low-

density materials[5]. 

However, due to the limitation of modern X-ray sources, it’s hard to achieve small 
focus size and high radiation energy in one single source. Though the X-ray sources based 

on synchrotron radiation facilities can reach higher energy as well as small focus size, the 

number of those sources impede daily tests in industrial manufacture. 
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A novel kind of X-ray source based on inverse Compton effects has been under 

research in many facilities, which makes use of the inverse Compton effects between high 

brightness laser and high energy electrons.  

The energy of generated photon can be expressed as 𝐸𝛾 = 𝐸𝐿(1−𝛽 𝑐𝑜𝑠 𝜃1)1−𝛽 𝑐𝑜𝑠 𝜃2+𝐸𝐿(1−𝛽𝑐𝑜𝑠(𝜃2−𝜃1))𝐸𝑒                                   (1) 

In which 𝛽 = √1 − 𝛾−2 and 𝛾 = 𝐸𝑒0.511 , and 𝐸𝐿 is the energy of laser photon and 𝐸𝑒is 

the energy of electron, 𝜃1  is the angle between the direction of the laser photon and the 

electron and  𝜃2 is the angle between the direction of the generated photon and the electron. 

Thus, increasing the energy of laser and electron can get X-ray with higher energy. Many 

laboratories have achieved this kind of source and tried to use it in imaging. 

H. Toyokawa presented in 2008, a Laser-Compton scattering(LCS) X-ray beam has 

been developed for industrial applications[6]. With the 800-MeV electron from storage ring, 

the LCS beam can be tuned up to 20MeV. And X-ray phottographs and Ct images of concrete 

specimen have been obtained. The focal size of the X-ray is 0.11 mm. To achieve such a high 

energy, this focal size is reasonable.  

In 2012, K. Ta Phuoc et al, France, achieved an all-optical Compton gamma-ray 

source, which used same laser pulse for electron acceleration as well as inverse Compton by 

using so-called plasma mirror[7]. The source size was less than 3 um and the energy could 

reach several hundred keV. One radiograph of USB flash device was token and the internal 

structure could be clear seen. 

In 2015, A. Döpp et al, showed one single-exposure X-ray imaging of a clock, by 

using the all-optical Compton source. Electron beams with 150 MeV peak energy were used 

to generate X-ray with a peak energy of 500 keV and about 50 percent energy spread at full 

width at half maximum (FWHM)[8]. Changhai Yu et al, in 2016, achieved tunable quasi-

monochromatic MeV gamma-rays with high brightness. 

1. Design of System  

In Tsinghua University, we are researching on high-energy X-ray high-precision industrial 

CT. The inverse Compton source based on the Laser Plasma Accelerator can produce X-rays 

with energy up to 100keV and focus size of few um. And now the radiograph of line-pair 

card of 10lp/mm has been obtained and the line pairs can be clearly distinguished. 
 

 

Fig. 2. Radiograph of line-pair card of 10 lp/mm on the LINAC Compton system 
 

As the equivalent beam width of the CT system is expressed as: 𝐵𝑊 = √𝑑2+[𝑎(𝑀−1)]2𝑀                                                (2) 

In which, d is the size of detector pixel, a is the focal size and M is magnification. M 

can be expressed as: 
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𝑀 = 𝑆𝐷𝑆𝑂 = 𝑆𝑂+𝑂𝐷SO                                                (3) 

 SD is the distance between X-ray source and the detector, OD is the distance between 

the object and the detector, and SO is the distance between the source and object. Thus, 

equation can also be transformed as: 𝐵𝑊 = √(𝑑 𝑆𝑂𝑆𝑂+𝑂𝐷)2 + (𝑎 𝑂𝐷𝑆𝑂+𝑂𝐷)2                                (4) 

Some simulations are done to show the relation of BW and the detector pixel size as 

well as the relation of BW and the magnification. The result is shown in Fig.1. In the 

simulation the size of X-ray focus is assumed as 2 um. 

 
Fig. 2. The relation of BW and M as well as BW and d 

 

As seen from Fig.2 when the magnification is fixed, the BW increases as the detector 

pixel size increases. And the BW is almost directly proportional to d, when d is much larger 

than a. When the pixel size is fixed, the change of magnification larger than 10 times doesn’t 
have much impact on BW. Thus the traditional design of the micro CT system is to make the 

magnification as big as possible. But it is not feasible for inverse Compton source since this 

kind of source has small emission angle, which means object needs to be far away enough to 

be covered by beams and large magnification means lower dose in every detector pixel as 

well as large system design. 

To sum up, when applying such a small focus X-ray source, the limitation of the 

resolution is the detector pixel size. And it is one of our goals to design and develop a suitable 

detector system to achieve high resolution 

The length of LINAC decides the energy of electron can be accelerated. The all-

optical Compton system uses laser plasma accelerator (LPC) instead of the LINAC. The LPC 

can accelerate the electron in a short length. Lawrence Berkeley National Laboratory has 

obtained 1GeV electron within 3.3centimeters[9], and it takes 64 meters for  SLAC to achieve 

the same result. Thus If LPC is used for inverse Compton system, the whole system could be 

much more compact, and the blueprint for such a laboratory can be seen as Fig.3. 

The inverse Compton source based on LPC is also called as all-optical Compton 

source, since the laser is used for acceleration as well as inverse Compton effect. The all-

optical Compton source is compact, due to the small size of the LPC, thus it can be easily 

deployed in different situation with no need to depend on large accelerators, which can get 

higher X-ray energy than the LINAC ones in the same spaces. The energy of the X-ray can 

reach several MeV with the focal size of few micron, thus it could be used for non-destructive 

testing of metal workpiece with high-precision inner structure. 
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Fig. 3. Blueprint for high-energy X-ray high-precision industrial CT laboratory design 

2. Reconstruction Algorithm 

When applying the inverse Compton source or inverse Compton source in industrial CT 

system, the key point is to design a suitable reconstruction algorithm. There are two main 

problems. The first is when using such a small angle source to scan a big object, the scanning 

system needs to be carefully designed. The second one is the spectrum of the inverse 

Compton source varies with angle, as shown in Fig. 4. The energy of the photon in the central 

angle is around 0.8 MeV and the average energy decreases when the angle is away from the 

center. 

To solve the first problem, a reconstruction algorithm based on re-binning has been 

attempted. The projection data was collected by using Translation-Rotation (TR) scanning 

method. TR method is a common method for scanning big object when Field-of-View (FOV) 

cannot cover the object. Then the projection data from different source was combined to be 

one single sinogram via re-binning method. 

 
Fig. 4. The spectrum of inverse Compton source 

 

Shown as Fig. 5, by using TR method several sinograms can be obtained when source 

in different positions. If those three sinograms are directly stitched together, the new 

sinogram cannot be used to reconstruct the image, since data in the new sinogram is not 

continuous. That’s where the re-binning method works. The re-binning method change the 

projection data from different fan beams into parallel beam. And with the sinogram from 

parallel beam, the filtered backprojection (FBP) method can be used for reconstruction. The 

re-binned sinogram is shown as Fig. 6(a), and data in sinogram is continuous. Fig. 6(b) is the 
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reconstructed image from Fig. 6(a) via FBP method and the detail of the 5 lp/mm line pairs 

can be clearly distinguished as Fig. 6(c). 

 

 
Fig. 5. The TR scanning system and projections from different source positions. 

 

 

 
Fig. 6. The re-binned sinogram and reconstructed image as well as the detail of 5 lp/mm line pairs. 

 

The result of Fig. 6 is from numerical experiment without considering the spectrum 

distribution of the source. But if the spectrum distribution of the source is taken into account, 

the direct reconstruction would introduce artifats into the reconstruction image because the 

attenuation coefficients of the same material are different at different energies. Thus, a novel 

method is needed to correct this kind of artifats. 

Inspired by the idea of spectrum CT, the attenuation coefficient can be decomposed 

into two parts, when the energy is under 1 MeV. 𝜇 = 𝜇𝑝ℎ + 𝜇𝑐 = 𝜌𝑒(𝑎𝑍3 + 𝑏)…………………………(5) 
In the equation, 𝜇 is the attenuation coefficient obtained from the experiment and 𝜇𝑝ℎ 

is the contribution of photoelectric effect while 𝜇𝑐  is that of Compton scattering. And 

according to the empirical formulas, the equation can be transformed as the formula of 𝜌𝑒, 

the density of electron, and 𝑍, the number of charges in nuclei, while a and b are constant 

only related to the energy of X-ray. 
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The a and b in above equation can be solved by scanning some known materials and 

be taken into account in different angles. Then a carefully designed iterative algorithm is 

applied to solve the 𝜌𝑒 and 𝑍, and the distributions of 𝜌𝑒 and 𝑍 are obtained. At last, use the 

a and b in certain energy, such as 0.8 MeV, then the distribution of the attenuation coefficient 

of object is solved. 

 
Fig. 7. The reconstruction image of the model and distributions of pixel value in red line (a) and (b). 

 

Table 1. The attenuation coefficient comparison between reconstructed value and the ground truth 

Material 𝝁/𝒄𝒎−𝟏 𝝁𝒓𝒆𝒄/𝒄𝒎−𝟏 
Fe 0.527 0.510 

Al 0.185 0.190 

Cu 0.592 0.582 

Ti 0.298 0.289 

As the comparisons of the attenuation coefficients of different materials shown in 

Table. 1. The attenuation coefficients of reconstructed image are close to the ground truth. 

And according to the distribution of attenuation coefficients in different red line, this kind of 

method can smooth the attenuation coefficients while recovering the value. 

In summary, those two problems mentioned above when applying inverse Compton 

source in industrial CT have been solved by using re-binning method and artifacts recovery 

method. And if those two methods are combined, a novel reconstruction algorithm can speed 

up the progress of the application of inverse Compton source in industrial CT. 

4. Conclusion 

In this paper, we illustrate the micro CT for industrial usage. The novel micro CT system 

based on inverse Compton effect can have both high energy as well as small focal size. The 

inverse Compton system on LINAC has proved the feasibility of this kind of source when 

applying on imaging. A re-binning method and artifacts recovery method are proposed to 

solved two main problems when applying inverse Compton source in industrial CT. The 

future trend of micro industrial CT is smaller focal size and higher energy, and the all-optical 

Compton source is the choice.  
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