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Abstract. Flash X-rays generated by intense relativistic electron beams (REB) find their application 

in radiography of dynamic events and probing the objects like thick blocks of Stainless Steel or 

other metal in contrast to conventional low voltage sources. In flash X-ray radiography (FXR) the 

duration of the X-ray pulse, and therefore the exposure time, is extremely short and less than time 

constant of any dynamic phenomena to be studied. If X-ray energies appropriate for the desired 

application are selected, using very fast detection system, high contrast and sharp radiographs can 

be recorded. A system of this kind has been developed at APPD, BARC using a ~30GW, 80 ns 

relativistic electron beam generator KALI-30GW. Imaging plate (IP) made of BaFBr: Eu
2+

 

phosphor is used for X-ray beam profile measurement and radiography. The paper describes the 

FXR system and use of IP for determination of spatial resolution of the imaging system using edge 

spread functions fitted to data obtained from radiographs of sharp edge objects. As high energy 

(400keV to 1030keV) and intense source there is possibility of using flash X-rays for radiography of 

thicker objects and selectively see the parts with high and low absorption coefficients with good 

contrast in much less time compared to normal X-ray radiography. Therefore, it may be useful in 

nuclear, aerospace, ordnance industries. In view of non availability of neutron sources flash X-ray 

radiography should serve the purpose of NDT.  
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Introduction 

Relativistic electron beams are employed in high power microwave generation, flash X-ray 

generation and ion implantation for modification of certain materials [1- 3]. The flash X-ray sources 

have advantage to conventional X-ray tubes in term of their very high dose rates and small X-ray 

duration. Due to a very high dose rate Flash X-rays can be used in the radiography of very dynamic 

objects, which gives blurred images when radiographed via a conventional X-ray source. The short 

duration gives freedom to freeze the motion of moving object. Due to very high dose and short 

duration of flash X-ray sources they are also utilized for precise radiography of radioactive samples, 

which due to their inherent radiation gives rise to huge noise when imaged via normal radiography 

methods and it discriminates the radiation coming from radioactive samples in this time domain. An 

excellent application of an intense Flash X-ray source is that it can penetrate very thick objects too 

(8-15 cm Stainless Steel), so it is also used for finding any structural flaw in the bulk of big samples. 

The pulse power system developed at Bhabha Atomic research Centre, KALI-30 GW [4,5] is 

capable of producing highly energetic voltage pulses of the magnitude 1 MV and current 30 kA. 

The electron beam is generated at this high power and then impinged upon a high atomic number 

(A>73) material anode producing flash X-rays. Note: the term KALI stands for ‘Kilo Ampere 

Linear Injector’,    
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Experimental set-up 

 

   A schematic of the flash X-ray system developed is shown in Fig.1. It consists of an REB diode 

having an annular cathode ring made of stainless steel disc with a central hole of 20 mm diameter. 

The anode is a tungsten rod of 2 mm diameter with 15 mm length at one end is tapered to a tip of 

0.5 mm diameter. The diode gap; between the anode tip and cathode ring centre is adjusted by 

varying the position of annular cathode over anode length. A 3mm thick aluminium window placed 

15 cm away from the anode tip provides outlet for the X-rays emitted. Vacuum of 10
-5 

 torr is 

maintained in the diode chamber. The diode is connected to the KALI-30GW pulse power source 

capable of delivering a pulse up to 1MeV, 30kA and ~80ns duration. The details of KALI-30GW 

are described elsewhere [6]. The pulse power is charged to positive polarity and then discharged 

through a spark gap to pass on the voltage to the diode. The voltage is applied to the anode pin and 

cathode is at ground potential. The sudden discharge extracts burst of electrons from the cathode 

ring due to explosive field emission. These electrons strike the anode and X-rays are produced by 

bremsstrahlung process. Due to the geometry of the anode conical tip most of the X-rays go in the 

direction of the output window. The complete setup of KALI-30GW and the FXR diode chamber is 

shown in fig.2.  
       

 

Fig.1. Schematic of FXR Radiography set up 

 

 

                                  Fig. 2. The photograph of KALI-30GW FXR set up at BARC. 

 



Determination FXR source size using imaging plate 

 

   The imaging plate (IP) is used to record X-ray beam spot size and radiograph of the object. IP 

made of BaFBr: Eu
2+

 phosphor is a two-dimensional radiation detector. It is widely used for such as 

medical and industrial radiography, autoradiography, X-ray diffraction experiments, and 

transmission electron microscopy [7-8]. The advantages of IP include high spatial resolution, high 

sensitivity and a linear response to radiation dose over five orders of magnitude and storage effect 

of latent image formed by incident radiation in the form of F
+ 

centers and Eu
3+

 ions in the phosphor. 

The latent image stored on the IP can be read out by irradiating the IP with He-Ne laser (=633 

nm). The laser excites trapped electrons to recombine with Eu
3+

. The decay of Eu
3+

 to Eu
2+

 causes 

the emission of photons (=400 nm). The process is called photostimulated luminescence (PSL). A 

photomultiplier tube collects the PSL intensities. The resulting signal is converted and stored as a 

digital image and displayed on a monitor. After reading, the IP is exposed to strong visible light to 

erase the residual image and it can be reused. In our experiments Fujifilm IP BAS-SR2025 is 

used[4].After recording the FXR shots the IP is read on FUJIFILM BAS-5000 scanner with 50μm 

resolution, and 4000 sensitivity and data is stored in 8 bits gradation. Image is corrected for the 

background noise. The PSL intensities of selected area of the radiograph are obtained and analysed 

using the software provided with the scanner.It is seen that the dose distribution gets altered with 

different diode configurations. The shape of the radiation beam can be made from wide to narrow 

by changing diode configuration. In order to view the FXR source, diode configuration as shown in 

fig. 3 is used. The X-ray shot is recorded with IP in close contact with the Al window (position IP-1 

in fig. 1). The beam shows a sharp profile with maximum X-ray Intensity at the centre. A grey 

image of this direct beam in RGB mode with intensity contours is shown in figures 3(b-c). The 

image as shown covers the whole area of the IP i.e. 200 x 250 mm
2
. The central spot has diameter of 

~ 13mm and covers an area with intensity of ~27000 PSL/mm
2
. This is the size of X-ray source as 

received on the IP kept at a distance ~ 200 mm from the source which originates on the anode. If 

deeper penetration in the material is needed this type of intense beam is recommended. If the 

requirement is of uniform dose over a wide area at the same distance, as required for X-ray 

radiography, then diode configuration shown in fig.4 may be preferred with imaging plate kept at 

position IP-2 shown in fig. 1. 

 

  

Fig. 3. (a) Diode configuration used in FXR spot size measurement (b) Direct beam recorded on IP 

with 780kV, 9 kA,  and 80ns e- beam pulse. 

      

Fig. 4. (a) Diode configuration used in flash X-ray radiography (b) Direct beam recorded on IP with 780kV, 

9 kA, and 80ns e- beam pulse. 



Spatial resolution of imaging plate with Flash X-Rays 

  

   In radiography spatial resolution is defined as the ability of an imaging system to display two 

adjacent structures as being separate and sharply and clearly defined. The resolution depends on the 

thickness of the sample, sample to detector distance, the track size and the range of X-rays in the 

image plate. It is expressed in terms of total unsharpness, Ut. and evaluated by obtaining "edge-

spread" function, ESF. The image plate is partially covered with a 50µm Pb foil and is exposed to 

flash X-rays (fig. 5(a). The IP is then read with 50µm scanning pitch. The edge profile measured is 

shown in figure 4(b). The measured profile is fitted to Edge Spread Function of type, 

ESF=P1+P2.arctan(P3(x-P4)), where P1, P2, P3, and P4 are fit parameters [9] and the total 

unsharpness is given by Ut= 2/P3. The fit parameters for Pb edge are  obtained as  P1 = 0.777 (1), 

P2 = 0.137 (1), P3 = 21.82 (1.37) and P4 = 1.892 (2) with r
2
 of the fit = 0.9985. A value of Ut= 92 ± 

6 µm is obtained. The spatial resolution of a digital X-ray detector is always expressed in terms of 

modulation transfer function, MTF which measures performance of the imaging system in terms of 

signal transfer as a function of spatial frequency. MTF can be obtained using the ESF data. First a 

spatial differentiation of the ESF is done to produce a line spread function (LSF) and then the MTF 

is calculated by taking a Fourier transform of the LSF. Figs. 5(c) and (d) show the LSF and MTF 

derived from ESF data. For the present imaging system with 50µm measured in BAS SR2025 

imaging plate the modulation becomes zero near Nyquist frequency limit of 10 lp / mm. The value 

at MTF10 is 7 lp/mm, which is lower than the reported value of ~10 lp/mm [10-12]. The difference 

may be due to use of different scanners, measurement techniques and X-ray energies 8 keV, 5.9 keV 

and 10-50 keV respectively in these references. Our measurement is done with 650 keV, 10.5 kA, 

80 ns single shot flash X-rays. 

     
 

 
Fig.5. (a) Radiograph of FUJIFILM BAS-SR imaging plate partially covered with Pb foil (50 µm) 

recorded with flash X-rays (650 kV, 10.5 kA, 80 ns) shot and direction of the scan is shown with 

arrow across.  (b) The measured Pb edge spread data (discrete points) fitted to ESF function (solid 

line) described in the text. (c) Line Spread Function (LSF) obtained from ESF by differentiation. (d) 

Modular Transfer Function (MTF) obtained from LSF by Fourier transform.  



    For getting a clear guess of resolution of the system a radiograph of an IC- processor chip is 

recorded to see the internal microstructure. The radiograph is shown in Fig.6. Fig. 6(a) shows the 

radiograph recorded with flash X-rays (650 kV, 10.5 kA, 80 ns) shot. Though the radiograph clearly 

shows the interconnection tracks of the size 100 µm to 350 µm, the inner core side tracks are not 

clearly visible. This may be due to the X-ray energy to high to get absorbed and show resolved 

thinner tracks due to poor contrast. Fig.6 (b) shows a radiograph of the same chip taken with flash 

X-rays of lower energy (225 kV, 6kA, 100 ns). It shows the internal structure with highly resolved 

tracks in the periphery of the core compared that shown in fig. 6(a). The interconnection tracks of 

the size 50 to 75 µm are clearly seen in this radiograph.  These observations clearly indicate that 

with KALI-30GW imaging set up spatial resolution is limited to 100 to 150 µm which is in 

agreement with the ESF measurements. 

 

        
(a)                                                            (b) 

Fig. 6. Radiograph of IC- processor chip recorded with (a) flash X-rays (650kV, 10.5 kA, 80ns) shot 

(b) flash X-rays (225 kV, 6 kA, 100 ns ) shot. The dimensions of the interconnecting tracks 

measured from the radiograph are shown to the right side of (b). 

 

Radiography with flash X-rays and imaging plate 

 

   Radiography with flash X-rays is very valuable in practice to investigate nuclear implosion, high 

speed processes. Another important application of flash X-rays is radiography for nondestructive 

testing of materials. As high energy and intense source, flash X-rays can be used for radiography of 

thicker objects and selectively see the parts with high and low absorption coefficients with good 

contrast in much less time compared to normal X-ray radiography. Therefore, it may be useful in 

nuclear, aerospace, ordnance industries. With this aim radiographs of various objects which are 

normally subjected to neutron radiography are recorded using present FXR system. Fig. 7(a) shows 

flash X-ray radiograph of an aero engine turbine blade (casted in Titanium alloy with internal air 

circulation channels). It is good quality radiograph giving a good insight of internal structure of the 

blade and is comparable to that obtained with neutrons shown in fig.7(b) [6]. In view of non 

availability of neutron sources flash X-ray radiography should serve the purpose of NDT. Figure 

7(c) and 7(d) show flash X-ray radiograph and neutron radiograph of INSAT cable cutter 

respectively. The cable cutter has an outer body made of stainless steel and inner electrode assembly 

made of materials like plastic, Teflon etc. The flash X-ray radiography though reveals the internal 

structure past outer SS thickness the image contrast and resolution is poor compared to that seen in 

the neutron radiograph [13]. This may be due to low absorption of X-rays in the materials of 

internal structure. Figs. 8(a-d) show radiographs of various technological important objects 

displaying their internal structures viz. radiograph (a) shows a GM counter: central anode wire of 

1mm diameter  is clearly seen, (b) a gas filled proportional counter: cathode end plugs and 
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connectors are clearly seen but 50µm central anode wire is not visible, (c-d) 3/2 explosive manifold 

and Explosive Transfer Assembly used in space launch vehicles , the internal channels in the thick 

aluminum body and lead electrodes inside SS tubing are clearly seen. 

 

 

 

                       

                      

Fig.7. (a) Radiograph of Aero engine turbine blade with Flash X-rays from KALI-30 GW (650 kV, 10.5 kA, 

80 ns) recorded on Imaging plate BAS-SR2025 (b) Neutron radiograph of aero engine turbine blade using 

CIRUS reactor facility with neutron flux 3.6 x 10
8
 n/cm

2
.sec and Neutron Image plate BAS ND-2025. (c) 

Radiograph of INSAT cable cutter with KALI-30 GW and (d) Neutron radiograph of INSAT cable cutter 

with CIRUS facility.   

                        

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

Fig. 8. Flash X-ray radiographs of (a) a GM counter (b) a gas filled proportional counter,  (c-d) 2/3 

explosive manifold, TBI manifold and TBI connectors.  



 

Conclusions 

KALI-30GW FXR system has been developed at APPD, BARC. The imaging plate is used for 

determination of spatial resolution of the imaging system using edge spread functions fitted to data 

obtained from radiographs of sharp edge objects. As high energy (400keV to 1030keV) and intense 

source there is possibility of using flash X-rays for radiography of thicker objects and selectively 

see the parts with high and low absorption coefficients with good contrast in much less time 

compared to normal X-ray radiography. It may be useful in nuclear, aerospace, ordnance industries. 

In view of non availability of neutron sources flash X-ray radiography should serve the purpose of 

NDT.  
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