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Abstract. In this concept study a laser-electron X-ray generator (LEX) is considered for the 

medical imaging of the inner vessel structure. It is demonstrated that the modern lasers and 

linear electron accelerators are suitable for the design of the new generation of angiography 

medical equipment combining higher spatial and time resolution with the reduced patient dose. 

Angiography setup based on LEXG can make use of different contrast media (iodine, 

gadolinium) working on absorption edge due to the narrow tuneable spectrum which is not 

possible with conventional X-ray tubes. In the present study all estimations are made for 

iodine-based contrast agents. The conclusion is that modern technologies allow practical 

implementation of LEX for angiography based on multibunch linear accelerator and photon 

storage device. 

1.  Introduction  

Initially the idea and the implementation of a laser-electron X-ray generator (LEX) based on Thomson 

scattering was proposed by F.E.Carroll [1,2]. Currently two LEXG are fully operational [3,4] and even 

commercially available [5]. In all cases these are multipurpose setups shared by many investigators. 

Whereas LEX setups are 10 to 30 times bigger than the conventional X-ray sources based on X-ray 

tubes they can provide several orders of magnitude higher brilliance which stimulates applications in 

traditional X-ray technologies like security [6], therapy [7] and medical diagnostics [8,9]. The present 

paper discusses the requirements to LEX and its components to apply it to vessels visualization with 1 

ms exposure time and the spatial resolution of 0.1 mm which exceeds the current image quality in 

clinical practice.  

Angiography in medical practice is performed by the radiography of the vessels filled with a 

contrast agent. Let us estimate the required number of photons for one projection of an object with the 

blood vessel thickness  (figure 1). The condition of blood vessel visualization in a bulk of non-

contrasted media is: 
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Therefore the minimal exposure for the one picture element is:  

    ,1)(
2)(  


kL eceEN  (2) 

where attenuation coefficients μ (outside the vessel) and (in the vessel) depend on an X-ray photon 

energy E, c is a contrast ratio defined by the particular task and by the detector, L is the body 

thickness. Hence the number of photons required for the 2D detector M by M pixels is:  

    .1)(
2)(2   kL eceMEN  (3) 

This formula does not contain any information about the source itself. It estimates the necessary 

number of photons at the detector side to be able to extract small contrasted detail surrounded by 

attenuating material. 

 

Figure 1. Exposure dose in angiography: L – total object thickness, Nδ – number of 

incident photons for the square δХδ required for one image, µ - linear attenuation 

coefficient of the body, κ- linear attenuation coefficient of the vessel with the contrast 

agent. 

2.  Coronary angiography. Exposure and radiation dose  

For the last decades the “golden standard” for the heart vessel tree diagnostics remains a selective 

coronary angiography – an invasive procedure which requires artery catheterization with the 

subsequent injection of a contrast agent next to the investigated region. The risk of complications 

remains high. Noninvasive CT methods have been developed in the last 15 years [10] with the contrast 

agent injected intravenously prior to the study. At the same time there were attempts to improve image 

quality using monochromatic synchrotron radiation [11], X-ray tubes with rotating anode [12] and 

LEX [13]. However the time and spatial resolution of non-invasive techniques remained worse than 

those of the “golden standard” method [14-16]. Later in the text we present the LEX design that allows 

to overcome these limitations.  

Let us first define the required dose i.e. the number of photons N(E) demanded for one-projection 

angiographic image. For that let’s use formula (5) with the values typical for medical radiography 

patient thickness L=20 cm , vessel diameter δ = 1 mm. Attenuation coefficient µ is taken for water 

[16], attenuation coefficients for iodine contrasted vessels κ are expressed through the mass iodine 

concentration  related to Hounsfield units CTNumber [17], which is standard in radiology diagnostics. 

 N E  for different iodine mass concentrations   in the energy range 30-120 keV is presented on 

figure 2 assuming  that the imaging matrix contains 0.06 megapixel (256*256) and contrast ratio is      

c = 0,6. Data for the calculated iodine mass concentrations correspond to 50 500NumberCT    

measured by CT angiography [19, 20].  
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Figure 2 demonstrates that the exposure dose is minimal at the energies of 35-45 keV . These doses 

correspond to 
11 13~ 10 10  photons for the clinically approved iodine concentrations (several mSv) 

and do not exceed approved radiation exposure for angiography and coronography [21]. The optimal 

energy estimated is above the absorption K-edge of iodine and it is confirmed experimentally [30].  

Let us consider the requirements to LEX capable of  generating the required number of photons in 1 

ms of exposure time.  

 

Figure 2. Number of X-ray photons required for one angiography image obtained in 1 ms (see 

(5)) as a function of photon energy E. Vessel thickness δ = 1 mm, body thickness L = 20 cm, 

contrast ratio c = 0,6, matrix size 256*256 (M =256). Iodine mass concentration in the vessel η is 

indicated in percent above the curves. Red curves correspond to the dose of 2 mSv for the 75 kg 

men: abs – one scattering event, att – multiple scattering, photons are totally absorbed. 

3.  Principles of Laser-Electron X-ray Generator 

The basic scheme of LEX is presented on figure3. The X-rays are generated in the photon storage as a 

result of Thomson scattering of laser pulses on the relativistic electron bunches produced by the linear 

accelerator. Electron trains have a frequency of e  and contain en  bunches eN  electrons each. Photon 

device amplifies (resonator [22]) or stores (circulator [23-25]) laser radiation. The number of stored 

photons is 
s

L LN N , where LN  is the number of laser photons and η is the photon device 

efficiency. Further in our estimations we are using 
310   for the resonator and 0, 25   for the 

circulator, which are feasible at the current technological level [26,27]. The energy and the X-ray flux 

emitted by the Thomson scattering of the laser photons on electrons depend on the geometry of the 

colliding beams. For the head-on collision the following formula can be used [28]: 

24 ,LE E s

e e e e e L

1
,s

L

n N n N N W I W
eE

      where WNNN s

Le ,                (4) 

s  – laser pulse energy accumulated in the optical storage device, e  – electron charge, I  – 

accelerator current, 
LE  - laser photon energy, W  – the number of X-ray photons produced at one 

collision. W is used for the total flux calculations as well as for the spectral and angular distributions. 

For the radiography the key parameter is the total flux. In this case TW s  , where 

25 26.6 10T см    – Thomson cross-section, s  – interaction area. For instance for s=30 µm
2
: 

 .1093.0/ 19 sW T  (5) 
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The general picture of Thomson scattering of a laser pulse on a relativistic electron bunch is 

different both from scattering on a bunch in a rest condition as well as from a scattering of a single 

photon on a single relativistic electron. Scattering diagram is elongated along the electron beam 

direction and concentrated in narrow angle δθ~1/γ ≈ 10 mrad, where 
e eE m c   – relativistic factor 

and the  spectrum width is 15-20%. Angular and spectral distributions are defined by the momentum 

distribution functions of the colliding beams. Exact formulas for W and for the LEX spectrum can be 

found in [28] and the previously cited literature. 

 

Figure 3. Basic scheme of LEX. 

4. Laser-electron X-ray generator for angiography 

Due to the narrow angular distribution and the spectrum almost a significant part of the flux  can be 

used for imaging. Using (4) the total number of X-ray photons in one LEX pulse can be calculated: 

 ,W
Ee

Q
N

L

s
  (6) 

where Q  is the full charge in one bunch. According to the basic scheme (figure 3) one LEX pulse 

contains ne X-ray pulses corresponding to ne electronic bunches generated in one accelerator cycle 

with the duration not more than 1 ms (temporal resolution of the imaging setup). Formula (5) remains 

valid because all generated photons are used in the imaging. Finally, accounting for the photon-

electron interaction cross-section area the total number of photons for one LEX pulse is:  

 .
L

s

T
Ees

Q
N


  (7) 

Therefore the LEX X-ray output is the product  of the two factors: the first one is related to the 

electron beam, the second one to the number of laser photons accumulated in the optical storage 

device. Formula (7) can be used in the development of LEX for the laser and the accelerator 

optimization in order to achieve the exposure of 
11 13~ 10 10N   required for coronal angiography 

(see section II). From this point of view we analyzed the experimental setups build so far and current 

projects for the photon energies of 12-30 keV. Estimations were performed for the IR lasers with the 

pump wavelength 1.03 µm (EL = 1.2 eV). The laser pulse energy accumulated in the photon storage 

device was taken as  
S
 = 10 mJ.. Two LEX systems with the close parameters (electron bunch charge, 

interaction cross-section area) are presented in table 1. demonstrating that the accelerators currently 

under construction provide output close to the required one for the millisecond angiography.  
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Table1. Total X-ray flux in 1 ms for the accelerators under development in [27,29]. 

Linear accelerator s, μ
2
 Q, μC N 

calculated 

see. (13) 

required 

 see section 2 

[27]  3.6 0.01 6·10
10

 10
11

 - 10
13

 

[29] 100 10 2·10
12

 10
11

 - 10
13

 

4.  Discussion and conclusions 

Modern angiography instruments use X-ray tubes for illumination allowing to dynamically observe 

heart vessel tree condition with 0.01 second temporal resolution and 0.15-0.2 mm spatial resolution 

[15]. Based on the simplified model developed we demonstrated that LEX can outperform these 

parameters. In particular the LEX exposure time for one image does not exceed 1 µsec and the spatial 

resolution is much less than the diameter of the electron beam (10-100 µm). Another key feature of 

PLEX is the tunable spectrum of X-ray illumination which allows to benefit from another contrast 

media like gadolinium. Table 2 summarizes some of the main differences between X-ray tube and 

LEX regarding angiography applications.  

Table 2. X-ray sources for coronal angiography. 

 Source 

X-ray tube LEX 

Directionality of illumination - 10 mrad 

Temporal resolution 10 ms < 1 ms 

Spatial resolution 0,15-0,20 mm <0,1mm  

Dynamic imaging + - 

Safety  Low  High 

Spectrum optimization for the 

contrast agent used 

- + 
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