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Abstract: A pre-patient attenuator (“Bowtie filter” or "Bowtie") in X-ray computed tomography (CT) 

is used for reducing the radiation dose to patients and helping meet the detector dynamic range, and it 

also affects the CT image quality. Because a traditional static Bowtie filter is not optimal for 

modulating X-ray, we recently proposed a dynamic Bowtie filter for cone-beam CT, which could 

modulate X-ray more effectively. In this paper, we design and study the dynamic Bowtie using Monte 

Carlo simulation. First, we establish a simulation frame, which contains a target phantom and a 

polychromatic source generated by a reflection target. Next, a design phantom is employed to help 

design the dynamic Bowtie for the target phantom. Finally, we obtain two phantom projections from 

two modes of filter: no Bowtie and the dynamic Bowtie. The results demonstrate that, under the action 

of the designed dynamic Bowtie, the X-ray dynamic range on detectors is highly compressed for the 

design phantom and the target phantom, which means that our methodology facilitate to uniform the 

photon flux. Moreover, with the uniformed photon flux, the radiation exposure suffered by tested 

objects reduces and the reconstructed image quality is improved. 
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To detect the finer interior structure within patients, CT has been widely used in medical 

diagnosis. In the medical field, reducing the amount of X-ray radiation dose irradiated to the human 

body is also a public health problem, given the increasing risk of cancer
[1-2]

. To address such 

problems, a pre-patient attenuator, known as a static “Bowtie filter” was developed
[3]

. As the result 

of its special spatial shape, the less attenuating parts of the patient has a lower level of X-ray 

exposure. Meanwhile, the photon flux on the detector also becomes minimal and more consistent, 

which is beneficial to the detectors, having a narrow dynamic range
[4]

. Moreover, the X-ray 

scattering is also reduced by reducing X-ray intensity passing through less attenuating parts of the 

patient, and the Bowtie also blocks low-energy X-ray such that the beam-hardening effects may be 

reduced. Thus, the image quality can be improved with a Bowtie
[5- 6]

. However, as a static Bowtie 

stays fixed as the gantry rotates, it cannot effectively modulate each incoming X-ray beam to 

balance the photon flux on the detector array. Therefore, to obtain the maximum image quality at the 

minimum cost of radiation dose, dynamic Bowtie devices, whose shapes or attenuating materials 

can be dynamically adjusted, have been explored. To this end, several dynamic Bowtie devices have 

been reported
[7]
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Two sophisticated dynamic Bowtie devices have been extensively studied. The first of them is 

the piecewise-linear dynamic Bowtie filter, which is made up of movable triangular wedges in the 

axial direction and can form different cross-sectional shapes that is corresponding to a specific 

patient
[8]

. By solving the optimization problems of minimizing the mean and peak variance 

subjected to a fixed-dose limit, the perfect profiles, minimizing the dynamic range, can be formed
[9]

. 

The second of them is the digital beam attenuator, which can form cross-sectional shapes with 

respect to patients’ shapes and sizes by moving a set of movable wedges over a set of stationary 

wedges. Thus, X-ray can be effectively modulated with the change of the projection angle by this 

dynamic Bowtie
[10]

. Moreover, Monte Carlo simulations have been employed to test the ability of 

the Bowties to compress the dynamic range and reduce the radiation dose. Simulation results show 

that both dynamic Bowtie filters can effectively compress the dynamic range and reduce the 

radiation dose. Especially, compared to non-Bowtie, dynamic Bowtie devices achieved substantial 

gains in noise uniformity and scatter reduction, which are instrumental in improving the image 

quality
[11-12]

. While the Bowtie devices are novel and promising, they are still constantly being 

researched and improved due to their complexities. 

Recently, we proposed a dynamic Bowtie device, which can not only be applied to fan-beam 

scans but also adapted to the cone-beam/multi-slice CT
[13]

. This Bowtie device consists of a highly 

attenuating module (HB) filled in with heavy liquid and a weakly attenuating module (WB) that is 

immersed in the liquid of the HB. During the scanning process, the WB is rotated synchronously 

with the rotation of the patient to maintain a smooth photon flux. In the preliminary study, we 

theoretically confirmed that this Bowtie can compress the dynamic range by simple control and that 

it can be extended from the fan-beam scan to the cone-beam/multi-slice scan. Next, we proposed a 

method to design the surface shape of the HB in the case of a polychromatic source
[14]

. 

Monte Carlo simulation is a statistical technique using random sampling. In radiology, Monte 

Carlo simulation has been widely applied to the research on the radiation dose, X-ray scattering and 

image correction
[15-19]

. In terms of the complexity of dynamic Bowtie devices, Monte Carlo 

simulations should be implemented to evaluate their performance. Thus, research and development 

costs are also largely reduced. The Monte Carlo package, a General Monte Carlo N-Particle 

Transport Code (MCNP), appeared early and has been widely used in nuclear physics and 

radiology
[20]

. 

In this paper, MCNP is used to design the dynamic Bowtie in the case of polychromatic source. 

In the initial section, we review the proposed dynamic Bowtie and establish a simulation frame for 

an elliptical target phantom. In the next section, a design phantom is used to design the dynamic 

Bowtie for the target phantom and acquire relevant simulation data of two scan modes of filter: no 

Bowtie and the dynamic Bowtie. In the third section, we show the results of the dynamic Bowtie in 

the dynamic range, radiation dose and image quality. In the last section, we present this study’s 

conclusions and discuss relevant issues. 

1 Frame 

In this section, we present a simple review of our proposed dynamic Bowtie and build a 

simulation frame, which includes model layout, a target phantom, a polychromatic X-ray source and 

the constituent materials of the dynamic Bowtie. 

1.1 Review of The Dynamic Bowtie 

The dynamic Bowtie consists of the HB and the WB. The HB targets a smooth photon flux 

along the detector array when no object is in the field of view (FOV), and the WB is a scaled-down 

version of the object. As shown in Fig.1(a), if only the HB located in the FOV, the HB, which is 

filled with high attenuation liquid, can make the detection intensity along the detector array 

consistent. Meanwhile, if an object is in the FOV, the detection intensity will be reduced. 

Fortunately, the WB immersed in the HB makes up for the reduction of the detection intensity, 



3 期 冯绪杨等：一种锥束 CT 动态 Bowtie 的蒙特卡罗模拟研究（英）  317 

which is caused by the setting of the object (Fig.1(b)). Furthermore, for similarity between the WB 

and the object, the longer the X-ray length passing through object, the more compensation the WB 

produces. Theoretically, if the object has a uniform attenuation coefficient, according to the 

similitude ratio between the WB and the object, the equivalent attenuation coefficients of the HB 

and WB can be determined to make the detection intensity along the detector array exactly uniform. 

As shown in Fig.1(c), when the object rotates, the WB rotates at the same speed such that these 

relations remain unchanged. So, the detection intensities along the detector array keep uniform 

throughout the scanning process. These relations also remain the same for 3D (Fig.2), which means 

that the dynamic range will be compressed as well as for 2D. Thus, the dynamic Bowtie can be 

extended from the fan-beam scan to the cone-beam scan. For simplicity, the fan-beam data is 

employed to confirm the performance of the dynamic Bowtie. 
 

   
(a) Only the HB in the FOV (b) The WB immersed in the HB (c) The WB rotates with the object 

Fig.1 Proposed dynamic Bowtie model 

 

 

Fig.2 Dynamic Bowtie on basis of the 2D prior art 

 

1.2 Simulation Frame 

1.2.1 Polychromatic Source 

In this section, we generated a reflecting target source. As shown in Fig.3(a), the electron beam 

with the energy of 160 keV strikes a tungsten target at a target angle 
o25 , reflecting X-ray photons. 

A probe before the reflecting target tallies the relative photon flux of different energy segments.  

To get MCNP simulation data, we need edit the input file and run it. The input file consists of 

some modules, which are defined by different cards. Based on the model in Fig.3(a), we edited the 

input file, which contains the necessary cells, the electronic source and the tally. In this simulation, 

the photon flux tallying card is used to tally the photons that are distributed between 0 keV and 160 

keV and the result is shown in Fig.3(b). As is shown in Fig.3(b), the photons are mainly distributed 

in the low-energetic region, especially in the neighborhood of 10 keV and 60 keV.  

The energy spectrum distribution from the reflecting target will be used to design and study the 

dynamic Bowtie. 
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(a) The reflecting target model (b) The energy distribution of photons 

Fig.3 Display of the polychromatic source 
 

1.2.2 Target Phantom 

In clinical applications, the proposed dynamic Bowtie targets a class of tested objects such as 

the human head, abdomen or chest. The type of tested object has common features in shape and 

constituent materials. In this study, an elliptical target phantom was employed to simulate such 

tested objects. We define the major-axis length of the target phantom as 
1A , the semi-minor axis 

length of the target phantom as 
1B  and the thickness of target phantom as 

pT . The WB and the 

target phantom are similar in shape, and we assume the ratio between the two is k. So, the WB is a 

scale-down elliptical slice with the semi-major axis length
1kA , semi-minor axis length 

1kB  and 

thickness 
pkT . As shown in Fig.4, the target phantom is made of 5 different parts, which are 

respectively a ring slice, a circular slice, two empty oval slices and internal filling water and, in the 

case of monochromatic source of 130 keV，whose attenuation coefficients are respectively 0.507 

cm
-1

, 0.199 cm
-1

, 0 cm
-1

 and 0.156 cm
-1

 . 

1.2.3 Model Layout 

As shown in Fig.5, the CT scan model with the dynamic Bowtie includes four parts: the source, 

the proposed dynamic Bowtie, the tested phantom and a detector array. For any ray angle γ in the 

FOV, the length L  of an X-ray passing through the HB and WB keeps a constant value 
0B , 

which means that the detection intensity along the detector array keeps consistent without the tested 

phantom and WB. Next, we define the distances between the source and the center of the dynamic 

Bowtie and the center of the tested phantom as 
0L  and 

0R , respectively. To ensure that the ratios 

of all X-ray lengths through the WB and object are equal to k, 
0 0L R  should be k.  

1.2.4 Materials of Dynamic Bowtie 

First, the HB attenuating liquid was determined. Refer to the selection of attenuating liquid in 

the digital beam attenuator of the piston pipe
[21]

, the CeCl3 solution was considered as the HB 

attenuating liquid and we have tested its attenuating characteristics. As shown in Fig.6(a)，we built a 

simulation model, in which the reflecting target emits X-ray with intensity    and a probe detects 

the attenuated X-ray with intensity    attenuated by a CeCl3 solution module with length   . The 

model is used to implement two simulation experiments, one of which is aimed to test the 

relationship between the CeCl3 solution concentration and the intensity    and the other of which is 

aimed to show the energy spectrum of the X-ray attenuated by CeCl3 solution module with different 

lengths. In the first simulation experiment, the attenuation length    equals 8 cm and the result 

shows that     decreases sharply with the increase of CeCl3 solution concentration (Fig.6(b)), 

which means that the CeCl3 solution has heavy attenuation characteristic. In the second simulation 

javascript:void(0);
javascript:void(0);
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experiment, 30% CeCl3 solution concentration is used to fill the module and the result shows that the 

energy spectrum of attenuated X-ray is more evenly distributed compared with that of X-ray emitted 

directly by the reflecting target (Fig.6(c)), which means that the CeCl3 attenuation module can be used 

to get better X-ray. Therefore, the CeCl3 solution with heavy attenuation characteristics is chosen as 

the attenuating liquid filling the HB.  

 

 
Fig.4 Display of the target phantom 

 

Fig.5 CT scan model with the proposed 
dynamic Bowtie 

 

   

(a) The testing model (b) The attenuation characteristics of CeCl3 solution (c) The energy distribution of photons 

Fig.6 The test of CeCl3 solution 

 

The WB has low attenuation characteristics and its attenuation coefficient can be approximated 

as the attenuation coefficient of air or 0. The aluminum is used as the HB container material, and 

C-552 air-equivalent plastic is used as the WB container material.  

1.2.5 MCNP Simulation Frame 

To summarize, we have obtained simulation parameters as shown in Table 1. As shown in 

Fig.7, the input files can be constructed based on the target phantom, the dynamic Bowtie, the 

energy spectrum from the reflecting target, corresponding data tally type, the running time and 

accuracy. In this simulation, considering the running time and accuracy, we choose the number of 

particles to be 1.0E+6.  

In this paper, the circular scan data is required to verify the performance of the dynamic Bowtie 

and it can be acquired by 720 input files, which correspond to 720 projection angles. We define the 

projection angle as . First, we edit the input file at 0o  . To get the data of the angle at 0o  , a 

coordinate transformation card can be used to change the rotation angle of the simulation phantom 

and WB in other input files, which is done automatically by an auxiliary program.  
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Table 1 Simulation parameters 

Parameter Value 

Scan radius (
0R  ) 57 cm 

Distance of source to the proposed dynamic Bowtie (
0L ) 19 cm 

X-ray track’s total length through HB and WB (
0B ) 16 cm 

Semi-major axis of the ellipse (
1A  ) 20 cm 

Semi-minor axis of the ellipse (
1B ) 18 cm 

Thickness of the ellipse (
pT ) 0.1 cm 

Ratio of similitude (k) 1/3 

Semi-major axis of WB ( 1kA ) 20/3 cm 

Semi-minor axis of WB (
1kB ) 16/3 cm 

Thickness of WB (
pkT ) 1/30 cm 

Source to detector distance (SDD) 114 cm 

Number of intermediate detector units (n) 672 

Projection number in 360°(m) 720 

Linear detector length 100 cm 

HB container thickness 0.05 cm 

WB container thickness 0.02 cm 

WB attenuator Air 

 

 

Fig.7  The structure of input file 

 

2 Methodology 

In this section, a design phantom is employed to design the dynamic Bowtie for the target 

phantom. 

2.1 Design Phantom 

In simulation, a design phantom also needs to be employed. On the one hand, a design phantom 

is employed to design the proposed dynamic Bowtie, making sure that the proposed dynamic 

Bowtie can effectively compress the dynamic range. On the other hand, this phantom can be used to 

clearly evaluate the contribution of the dynamic Bowtie in the radiation dose or image quality. 

javascript:void(0);
javascript:void(0);
javascript:void(0);
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Although the internal attenuation coefficient of the object to be tested is not known, we can evaluate 

a constant attenuation value based on its basic constituent materials. Thus, a design phantom, which 

is made of uniform material with a constant attenuation value and has the same external shape as the 

target phantom can be easily made. In this paper, as water accounts for the largest proportion of the 

constituents of the target phantom, its attenuation value is evaluated as the constant attenuation value. 

Therefore, the design phantom consists of uniform water and has the same external shape as the 

target phantom. 

2.2 CeCl3 Solution Concentration 

We define the equivalent attenuation coefficients of the design phantom, HB and WB as p , 

h  and 
w , respectively, and X-ray lengths through the design phantom and the WB as pl  and 

wl , respectively, and total X-ray integral as 
tP  . Let 

0I  be the intensity of source and I  be the 

intensity of an X-ray after passing through the design phantom and Bowtie. We have 

 

   

0 0

0

exp exp d d d

exp

p o w w
t p h w

l B l l
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I I p I l l l

I B l k k
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  
             (1) 

 

If I is a constant value  0 0exp hI B  , we have 

0p w hk k                                    (2) 

The above formula is not in respect to the ray angle γ and projection angle . Therefore, once 

the above relationship is established, the detection intensity along the detector array would be 

constant throughout the entire scanning process, which reflects the dynamic regulation of the 

proposed Bowtie. Thus, on the basis of =p water  , 0w   and 1 3k   in formula (2), we can get 

h , which is related to CeCl3 solution concentration. Therefore, we only need to determine the 

appropriate concentration of CeCl3 solution to ensure that the dynamic range can be compressed.  

According to formula (1), if the intensity I is equal to  0 0exp hI B  , the formula (2) must be 

established. In Fig.8(a), the intensity detected by the probe point 1 is equal to  0 0exp hI B   and 

that by the probe point 2 is equal to I. So, the formula (2) can be established under the condition that 

two probes in Fig.8(a) detect the same intensity. As shown in Fig.8(b), the intensities detected by 

two probe points change with the CeCl3 solution concentration. Two probe points detect the same 

intensity at 33.36% CeCl3 solution, which is chosen as heavy attenuating liquid filling the HB. 
Therefore, the dynamic Bowtie can be designed based on the abovementioned method.  

2.3  Data Collection 

In simulation, to verify the out-performance of the dynamic Bowtie, we obtained relevant 

data based on two scan modes of filter: no Bowtie and the dynamic Bowtie. Fig.9 shows 3 

scanning geometries for achieving projection data. In the three scanning geometries, the intensity

0I  of source was attenuated to pI , 
dbI  and pdbI ，which were obtained by photon flux tallying 

card. Based on the scanning geometry 1 and the scanning geometry 3, the radiation dose 

distributions in two scan modes of filter was obtained by radiation dose tallying card. 

3 Results 

3.1 The Dynamic Range on Detector 

Based on the intensity data, the logarithm of the relative detection intensity from circle scans is 

displayed in Fig.10, where the ray angle γ is obtained according to detector's unit number n 
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(0 672)n  , (335 )n    and the projection angle  is obtained according to projection number 

m (0 720)m  , m   ( 2 720)   . For the design phantom, while the dynamic range is 

large without the Bowtie (Fig.10(a)), the relative detection intensity is almost constant with the 

dynamic Bowtie (Fig.10(b)). If we define the dynamic range as     max , min ( , )I n m I n m , the 

dynamic range is compressed by almost 1293 times under the action of the dynamic Bowtie. 

Similarly, for the target phantom, the Bowtie can also contribute to the dynamic range. According to 

the changes seen in Fig.10(c) to Fig.10(d), we can see that the dynamic Bowtie can effectively 

compress the dynamic range, which is almost compressed by 111 times. 

 

  
(a) The model determining HB solution concentration (b) The relative detection intensity 

Fig.8 Determination of the CeCl3 solution concentration. 

 

   
(a) Scanning geometry 1 (b) Scanning geometry 2 (c) Scanning geometry 3 

Fig.9 Scanning geometries 

 

3.2 Radiation Dose 

The relative dose distributions are shown at projection angles of o0 , o60 , o120  and o240  

in Fig.11. The radiation dose distributions without Bowtie are shown in Fig.11(a) to Fig.11(d) and 

the radiation dose distributions with the dynamic Bowtie are shown in Fig.11(e) to Fig.11(h). It can 

be seen from the changes in the first row of figures to the second row of figures that the dynamic 

Bowtie reduces the radiation exposure away from the central X-ray. Fig.12 shows the total relative 

dose distributions after summing the dose distributions in all projection angles. Seen from the 

changes in Fig.12(a) to Fig.12(b), the dynamic Bowtie keeps the object away from severe radiation 

environment. 
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(a) The design phantom for no Bowtie (b) The design phantom for the dynamic Bowtie 

  

(c) The target phantom for no Bowtie (c) The target phantom for the dynamic Bowtie 

Fig.10 Logarithm of relative detection intensity for circle scans. 

 

  
(a) 0o  (b) 60o  

  
(c) 120o  (d) 240o  

  
(e) 0o  (f) 60o  

  
(g) 120o  (h) 240o  

Fig.11 The dose distributions for a single projection angle 
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3.3 Image Quality 

According to beer attenuation law, we can obtain the projection of phantoms, which can be 

expressed as  0=lnnb pP I I  for the mode without Bowtie and  lndb db pdbP I I  for the mode 

with the dynamic Bowtie. Based on 
nbP  and 

dbP , the reconstructed images of 512 512  pixels 

are obtained by the filtered back projection (FBP) algorithm.  

 

  

(a) Total distribution for no Bowtie (b) Total distribution for the dynamic Bowtie 

Fig.12 The total dose distributions after summing all single dose distribution data 

 

   
(a) Without Bowtie (b) With the dynamic Bowtie (c) Gray value display 

Fig.13 The reconstructed images for the design phantom  

 

   
(a) Without Bowtie (b) With the dynamic Bowtie (c) Gray value display 

Fig.14 The reconstructed images for the target phantom 

 

For the design phantom, the reconstructed image without Bowtie is shown in Fig.13(a) and the 

reconstructed image with the dynamic Bowtie is shown in Fig.13(b). The display window is [0, 1.5]. 

Fig.13(c) shows the gray values on the lines in Fig.13(a) and Fig.13(b). Obviously, the reconstructed 

image with the dynamic Bowtie is more consistent while the reconstructed image without Bowtie is 

corroded by serious “cup” artifacts. The standard deviation of reconstructed image is 0.058 for the 

dynamic Bowtie compared with 0.086 for no Bowtie. The smaller the standard deviation is, the more 

uniform gray values of reconstructed image are, which more realistically reflects the characteristics of the 
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design phantom. 
The reconstructed images of the target phantom are also shown in Fig.14(a) and Fig.14(b), 

which are respectively for the mode without Bowtie and the mode with the dynamic Bowtie. The 

display window is [0, 1.2]. Compared to Fig.14(a), Fig.14(b) is more clear and realistic. The gray 

values on the lines (Fig.14(c)) indicate that the dynamic Bowtie reduces the noise of the edge of the 

reconstructed image. The variance of additive zero mean Gaussian noise
[22]

 reduces from 0.079 for no 

Bowtie to 0.027 for the dynamic Bowtie，which means that the reconstructed image with the has lower 

noise. 

4 Discussion and Conclusions 

We have designed the dynamic Bowtie using the abovementioned methodology, which verified 

that the dynamic Bowtie can contribute benefits in terms of the dynamic range, radiation dose and 

image quality. In the simulation study, we established simulation frame, which includes model 

layouts, a target phantom, a reflecting target source and the proposed dynamic Bowtie. Next, we 

also used a design phantom filled with uniform water to design the dynamic Bowtie and to evaluate 

its performances. Finally, we acquired the projections from two scanning modes: no Bowtie and the 

dynamic Bowtie. The results confirmed the outperformance with the dynamic Bowtie in terms of the 

dynamic range, radiation dose and image quality. A narrow dynamic range means that the dynamic 

Bowtie contributes a uniform photon flux. As the photon fluxes are uniformed, the benefits in 

radiation dose and image quality also increase. 

The results show that the dynamic Bowtie can reduce the radiation dose irradiated to patients. 

Compared to no Bowtie, the proposed dynamic Bowtie can reduce the radiation exposure of patients 

by increasing greater attenuation further from the center region, where X-ray typically pass through 

less tissue. 

The results also show that the dynamic Bowtie can improve the image quality. The results of 

the design phantom show that hardening artifacts are almost reduced by the dynamic Bowtie. For 

the target phantom with different attenuation modules, the dynamic Bowtie also shows good 

performance in image quality. The reasons for the improving image quality are as following. First, 

similar to a model-based correction method
[23]

, Bowtie filters can reduce beam hardening. As the 

X-ray do not pierce through the patient, until it is attenuated by the dynamic Bowtie, the X-ray with 

low energy is filtered. So, the beam-hardening effects are reduced under the action of the dynamic 

Bowtie. Second, Bowtie filters can reduce the scattering photons
[24]

. In addition to reducing 

radiation exposure, scattering photons also reduced. Therefore, the reductions in beam-hardening 

effects and scattering photons contribute to the improvement of the image quality
[25-26]

. 

In recent years, the photon-counting detector has been intensively investigated, as it can be 

applied to multispectral CT
[27-28]

. One key challenge is that conventional scan modes have high 

count rates and photon-counting detectors exhibit count rate loss at high count rates. Especially, the 

piecewise-linear dynamic Bowtie filter and digital beam attenuator have been debated in 

conjunction with photon-counting detectors, and results suggest that dynamic Bowtie attenuators 

can reduce the count rate loss and compress the dynamic range of projections, which indicates that 

the photon-counting imaging is easier to be implemented with this technique
[29]

. Therefore, the study 

of the proposed dynamic Bowtie in conjunction with photon-counting detectors will also be the next 

focus of our work.  
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一种锥束 CT 动态 Bowtie 的蒙特卡罗模拟研究 

冯绪杨 1，伍伟文 2，朱慧杰 2，余海军 1，刘丰林 1,2 

1.重庆大学机械工程学院，重庆 400044 
2.重庆大学光电技术及系统教育部重点实验室，重庆 400044 

摘要：在 CT 中，前置于患者的衰减器（“Bowtie 滤波器”或“Bowtie”）被用来减少患者所受的辐射剂

量和帮助满足探测器的动态范围，同时 Bowtie 也能提高 CT 图像质量。传统的静态滤波器对调制 X射线能

力有限，我们之前提出了一种能够有效调制 X 射线的动态 Bowtie 滤波器。本文使用蒙特卡罗模拟方法设

计和研究提议动态 Bowtie 滤波器。首先，建立了一个仿真框架，包括一个目标试样和一个由反射靶生成

的多能谱射线源。接着，一个设计试样被用来辅助设计针对于目标试样的动态 Bowtie 滤波器。最后，我

们分别从没有 Bowtie 滤波器和带有动态 Bowtie 滤波器两种模式中，模拟获得两个试样的投影数据并进行

分析研究。结果显示，在设计的动态 Bowtie 作用下，到达探测器的 X射线动态范围明显减小、X射线光子

通量一致性很好，并且动态 Bowtie 可以减小辐射剂量和提高 CT 图像质量。 

关键词：计算层析成像；锥束；动态 Bowtie；蒙特卡罗仿真 
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