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Abstract 
In-line phase contrast imaging technique is an emerging method for study of materials such 
as carbon fibres, carbon composite materials, polymers etc. These represent the class of 
materials for which X-ray attenuation cross-section is very small. Similarly, this technique is 
also well suited for imaging of soft materials such as tissues, distinguishing between tumour 
and normal tissue. Thus this method promises a far better contrast for low X-ray absorbing 
substances than the conventional radiography method for material and medical science 
applications. Though the conventional radiography technique has been carried out for 
decades, the phase-imaging technique is being demonstrated for the first time within the 
country. We have set up an experimental facility for phase contrast imaging using a 
combination of X-ray CCD detector and a Microfocus X-ray source. This facility is dedicated 
for micro-imaging experiments such as micro-tomography and high resolution phase contrast 
experiments. In this report, the results of phase contrast imaging using microfocus source and 
ELETTRA, synchrotron source are discussed. We have also discussed the basic design and 
heat load calculation for upcoming Imaging beamline at Indus-II, RRCAT, Indore. 
 
1. Introduction: 
X-rays were discovered more than 100 years earlier and since then they have found 
widespread use in both basic and applied research. This has been attributed to the 
highly penetrating nature of these radiations, which provides a wealth of 
information about the object being probed. In particular, the use of X-rays in the 
visualization of intricate details within the object has reached a very high stage of 
maturity. A large number of sophisticated X-ray sources and detectors have been 
developed and are being routinely used for imaging applications, be it medical or 
industrial. All these techniques depend profoundly on the inhomogeneous 
absorption of the X-rays within the object. Since the X-ray interaction depends 
upon the atomic number and the length of object traversed, it is expected to 
produce low contrast when these conditions are not satisfied. Hence the contrast 
will degrade more when either the atomic number of the object or its thickness 
decreases. In fact, this is one of the major drawbacks of the conventional 
absorption based X-ray imaging techniques. 
However, recent investigations have shown that the contrast in the imaging 
process can be improved by using coherent X-ray sources1. This implies that both 
amplitude as well as phase information can be utilized thereby improving the 
contrast in the imaging process. The other advantage being that the contrast does 
not depend upon the energy deposited in the object and hence dose delivered to 
the sample gets reduced. In this sense this can be truly considered as “Non-



destructive Imaging”. This new Imaging technique is called “Phase-Sensitive 
Imaging technique”2.  
This report summarizes the theoretical as well as experimental results of studies 
using microfocus X-ray source. These have provided valuable inputs towards the 
development of a dedicated beamline at INDUS-2, which will be a national facility 
for these experiments. Results of experiment carried out at ELETTRA 
synchrotron source are briefly discussed. A section of this report has been devoted 
to design of phase-contrast imaging beam-line at INDUS-II, RRCAT, Indore. 
 
2. BASICS OF COHERENT X-RAY IMAGING: 
The refractive index of material in X-ray region can be expressed as n (λ) = 1 - δ(λ) 
- iβ(λ)3. The image contrast in conventional absorption radiography is obtained 
from variations in the X-ray absorption (imaginary term β(λ)) of the object. 
Though this approach works well in distinguishing between hard (high Z) and soft  

 
(low Z) materials, it fails in imaging soft materials such as polymers, carbon-fibre 
composites and soft tissues or distinguishing between different soft materials, as 
the X-ray absorption is very little for such materials.  
In X-ray phase contrast imaging, contrast produced relies not only on differences 
in absorption, but also on differences in the real part (δ(λ)) of the refractive index. 
The real part of refractive index is 1000 times greater than absorption contrast at 
10-100 keV range (figure 1) for many of the low Z materials. Hence the objects 
that have very less absorption for the X-ray can also be studied using phase-
contrast imaging technique. This leads to better sensitivity and contrast as 
compared to the conventional absorption radiography4.  
 

Fig.1. Graph of phase to amplitude ratio v/s X-ray energy 0.1-100keV range. 



 
Following are three major techniques employed for phase imaging experiments: 
 
A.  Intereferometric Technique 
B. Diffraction Enhanced Imaging Technique 
C. In line propagation based Technique 
 
 (a) Intereferometric Technique: 
 
The Intereferometric techniques demand that the source should have high degree 
of spatial and temporal coherence. The basic principle of these techniques is same 
as that in the optical intereferometry (figure 2) i.e. by combining the reference and 
object wave; the change in the phase of the wavefront due to presence of the 
object can be detected. Very few research groups all over the world are pursuing 
this technique due to stringent requirement of the source coherence and 
complexity of experimental set-up. 

 
  
 
(b) Diffraction Enhanced Technique:  
It requires high degree of temporal coherence. The diffraction enhanced imaging 
technique involves collecting the images on both sides of the rocking curve of 
analyzer crystal and then retrieving the phase information as shown in figure 3. 
This implementation of this method requires that source should have high degree 
of temporal coherence.  
 
 
 
 

Fig.2. Schematic set-up of intereferometric technique.



 

 
 
 
 

Fig.3. Basic principle of diffraction enhanced imaging technique.



 (C) In-Line Phase Contrast Imaging:  
 
The requirement of spatial and temporal coherence in In-Line propagation based 
methods is little relaxed. The In-Line phase contrast imaging is implemented in the 
spirit of Gabor Holography technique (figure 4). It works on the principle of 
allowing the phase to develop sufficiently before being detected by high-resolution 
detector.  
 

 
Hence, in terms of realization of these techniques, the first technique offers 
stringent requirements in terms of instrumentation, source coherence and data 
collection. 
Considering the ease of implementation and economy constraint, the latter two 
methods have received greater attention in the recent years. While the 
implementation of first two techniques require use of highly dedicated and 
improved sources such as third generation synchrotron sources, the last technique 
can be implemented using a microfocus X-ray source. Indeed, it is the last 
technique which is most suitable for use in medical as well as industrial 
applications. Hence considering the importance of this method we have focused 
our attention on simulation and experimentation with In-Line phase contrast 
imaging technique on the laboratory scale.    
 
3. Simulation Studies on In-Line Propagation based method: 
 
The effects on propagation of the X-ray wave can be conveniently described by the 
refractive index n, which is a complex quantity5-6, 
  n = 1- δ - iβ                                                                                   

Fig.4. Evolution of wavefront as a function of distance in In-Line phase imaging method 



The real part δ corresponds to the phase shift due to scattering and the imaginary 
part β to absorption of the wave. 
δ= [re h2 c2 / 2πE2] Ν0 fR                       
β =[re h2 c2 / 2πE2] Ν0 fIm = (hc/4π E)[2rehc/E] Ν0 fIm= [hc /4π E] μ(E)                                     
Where re = e2 / mc2 = 2.818 × 10-15 m the electron classical radius, λ is the X-ray 
wavelength, fR is the real part of the atomic scattering factor, fIm is the imaginary 
part of the atomic scattering factor, N0 the number of atoms per unit volume, h 
the Planck constant, c the velocity of light, and µ (E) the linear absorption 
coefficient at photon energy E.Over a distance z, the X-ray beam is attenuated by a 
factor exp (-<µ> z), where 
  <µ> = (4π /λ) ∫ β dz              
And the phase shift of the wave changes by 
 ϕ = (2π /λ) ∫ δ dz               
 
For simulation studies of phase contrast imaging, we have selected object with low 
atomic number. They are representative of various objects of interest in material 
science and biomedical research. All these objects contain only low Z elements and 
therefore have poor X-ray absorption contrast. Thus these materials are ideally 
suited for showing phase contrast effects. 
 
For these simulations following 2D & 3D objects have been chosen: 
(a) Carbon fiber – 2D & 3D object 
(b) Polystyrene with air bubble – 3D object 
(c) Lung tissue (ICRU – 44) – 3D object 
 
4. Basic Principle Of simulation: 
 
Figure 5 shows the basic experimental arrangement for simulation purpose. Let the 
object plane be a distance z1 from the source, with the image plane situated at a 
further distance z2. Let q(X) be the transmission function of the object [we assume 
one dimensional object for convenience but it can be easily extended for two 
dimensional object, q(X, Y) etc]. In particular, if the relevant features of the object 
are large compared to the wavelength λ the small-angle approximations of 
Fresnel–Kirchhoff integral can be used to calculate the wave function at the image 
plane as follows7, 
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Where 2 /k π λ=  and x  is the position coordinate within the image plane 1z  = 
source to object distance and  

2z  = object to image distance. 
Correspondingly the intensity in the image plane can be written as 

2
1 2 1 2( ; , ) | ( ; , ) |I x z z f x z z=                                                                    

We have used these formulas to determine the intensity of the image as a function 
of 2z . We have used following equation for the calculation of contrast: 
 C = (Imax – Imin)/ (Imax + Imin)                                 
Where, Imax (maximum value of intensity) and Imin (minimum value of intensity) are 
values obtained from the 1-D plot of radial distance and transmitted intensity of 
the object. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5. Geometry of phase-contrast imaging system for simulation purpose. zos 
is source-to-object distance, zod is object-to-detector distance.  



5. Some Simulation Results: 
 
Case I. Calculation of contrast for refraction images and absorption images 
(Carbon fiber): 
Figure 6 shows the images of carbon fiber object whose radius is 10 μm, at E = 
20.11 keV monochromatic X- ray. We have fixed source to object distance to be 
1m and object to detector distance = 0.1 cm for absorption image and & 50 cm for 
refraction contrast image respectively. The contrast in the refraction contrast image 
is 237 times greater than that in the absorption image for an object of radius = 10 
μm. Thus phase contrast technique is more advantageous in imaging of soft 
materials for determining the minor cracks and defects in such materials. 

 
Case II. Comparison of refraction contrast images over absorption images 
in terms of contrast (Polystyrene sphere with air bubble): 
 

 Fig.6 (a) Absorption image of Carbon fiber sphere whose radius is 10 μm, at E = 20.11 keV, 
 source to object distance = 1 m, object to detector distance = 0.1cm. (c) Refraction  
 image of same object at  object to detector distance of 50 cm. (b), (d) shows their  
 profile curves  of   intensity.  

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

 Fig. 7 Theoretical intensity distribution of spherical polystyrene object (C8H8) of radius
 (R) = 10 μm, with (r) = 1μm (air bubble). For spherical wave at E = 20.11 keV, object to 
 source distance = 1m  (a) absorption image, object to detector distance = 0.1cm; 
 (b) intensity profile of (a); (c) refraction image, object to detector distance = 25 cm; (d)  
 intensity profile of (c).  

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



Figure 7 shows the simulation for spherical polystyrene object of radius R = 10 μm 
with air bubble radius r = 1 μm at energy E = 20.11 keV. In this simulation we 
have taken source to object distance (zos = 1m) and object to detector distance 
(zod = 0.1cm) for absorption imaging & zod = 25 cm for phase contrast imaging, 
and other parameters, δ = 1.07665e-6, β = 2.07612e-10 for polystyrene sphere and 
δ & β = 0 for air bubble. We have taken 1-D plot of the intensity for the 
calculation of contrast (from eq.7). Following table shows the contrast calculated 
with an absorption image and that obtained in refraction contrast imaging. 
 
Table.1 Comparison of contrast at E = 20.11 keV with absorption and refraction 
imaging methods.  
 

Object size Contrast in 
refraction  

Contrast in 
absorption 

10 micron 0.1683 8.4198e-4 
1 micron 0.05459 1.0016e-4 

 
Case III: Variation of contrast with object to detector distance (polystyrene 
sphere with air bubble): 
 
Figure 8 shows the relation between the contrast and object to detector distance 
using a given X-ray energy . Figure 8 also shows the images of a 10 μm object with 
an air defect (1μm) obtained when object to detector distance is changed from 0.1 
cm (absorption) to 1 m. The contrast is observed to increase with the increase in 
object to detector distance 
 



 

Case IV. Dependence of the Contrast on energy (polystyrene sphere with air 
bubble): 
 
Figure 9 shows contrast enhancement depending on the decrease in energy from 
51.2 keV to 30.01 keV and 10.32 keV to observe an object with a radius of 10 μm 
& air bubble radius is 1 μm. The dependence of contrast on energy is shown with 
the object to detector distance at 103 cm, 60.5 cm, and 20.8 cm. The contrast 
decreases according to the increase in energy. The long object to detector distance 
along with the lower energy intensifies the contrast. However, the lower energy 
intensifies the contrast by absorption, diminishing the advantage of contrast by 
refraction. 
 

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

  (e)   (f) 

 Fig.8 Object to detector distance dependence of refraction contrast compared with absorption
 imaging. (a) & (c) are absorption image of polystyrene object cm at energy 20.11 keV& 51.2 keV       
respectively, (b) & (d) are refraction images of same object at object to detector distance = 100 cm. 
Figure (e) &(f)show contrast variation with change in  the object -to-detector distance.  



  

  

 
 6. Experimental Results on Phase Imaging: 
 
These simulations studies were used as an initial tool for further development of 
this technique. As stated earlier, due to economy and simplicity of its 
implementation, we are working on In-Line Phase contrast imaging technique8. As 
a part of development of this technique we have set-up a laboratory based facility 
for micro-tomography and phase-contrast imaging. It consists of micro-focus x-ray 
source and high resolution x-ray detector among the other accessories (Figure 10). 
We have used FXE160.50 Fein-Focus microfocus X-ray source and Fiber-optically 
bonded CCD camera in our all the studies.  

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

 Fig.9. Energy dependence of refraction contrast. (a) is absorption image of 
 polystyrene sphere, whose radius is 10 μm, and air bubble radius is 1μm, source to 
 object distance = 1 m, object to detector distance = 0.1cm, and (b), (c) & (d) are 
 refraction images of same object at object to detector distances are 20.8 cm, 60.5 cm, 
 and 103 cm respectively.  Figures (e) &(f) show that, with object to detector distance 
constant, energy reduction improve contrast.  

(e) (f) 



 

 
 
The results of the experiments are shown in figures 11-15. The result shows that 
this system gives fairly good phase contrast images within the limitations of 
detector-resolution.  We have chosen 
samples such as carbon fibre, carbon composites, carbon coated matrix for these 
experiments. These were chosen for our experiments as the conventional imaging 
methods fails to produce reliable results for this class of materials. We have 
demonstrated that phase contrast technique has great potential in revolutionizing 
the imaging of such low absorbing materials. 
 
 
 

Fig. 10. Photograph of experimental set-up at Purnima Labs,BARC 



 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cancerous growth under the skin of a mouse 

Fig.11. Phase contrast image of Cancerous growth under the skin of a mouse. Cancerous 
h d h ki f



 

 
 
 

Fig.13. Phase contrast image of   Carbon Fiber 
showing the internal details within the structure. 

Fig.12. Image of a bee and Mosquito taken in Phase radiography mode



 
 
 
 

 
 
7. Experimental Results in Microtomography: 
As a part of development of quantitative retrieval of phase, we are working on 
phase-contrast tomography, holo-tomography and other phase-retrieval 
algorithms. In the course of the development of micro-imaging facility we have 
set-up micro-tomography laboratory. Tomography is a method of reconstructing 

Fig.15. A shows the magnified x-ray radiograph of a carbon composite sample
used in aircraft industry and Fig.13. B shows the phase contrast image of the
red-circled portion revealing the fibers.

Fig.14. Zirconia ball (diameter ~ 500μ ) with pyrocarbon coating of 
~ 40μ (the portion between the zirconia ball and white circular line). 



the inner structure of an object without physically cutting it. This term includes 
non-invasive techniques, and usually appears in the combination computerized 
tomography (CT) or computer assisted tomography (CAT), since a digital computer is used to 
carry out the reconstruction.  
 The mathematical foundation of tomography dates back to Abel who described a 
procedure allowing reconstruction of axially symmetric objects from their 
projection. The seminal work of Radon generalized these ideas to objects of 
arbitrary shape. However, Radon’s paper remained unnoticed until first practical 
implementation of tomography began to appear, which lead to several 
rediscoveries of the Radon transform by Russian and American mathematicians.   
 The first working prototype of a CT scanner using ionizing radiation was 
implemented in 1972. In 1979, the inventors Hounsfield and Cormack were 
awarded the Nobel Prize in medicine for the development of computer assisted 
tomography. Later, other methods of tomography based on different types of 
radiation were developed9-10. 
We have also developed cone-beam reconstruction technique with circular beam 
data for conventional absorption based imaging technique. The circular cone Beam 
geometry has beam chosen to utilize the entire flux of the x-ray generator. The 
basic arrangement of the data collection geometry is shown in the figure 16.  
 

 
We have used convolution-backprojection algorithm to obtain the reconstructed 
data from the measured data-set in all the experiments. Although the circular cone 
beam geometry does not satisfy Tue-Smith condition of data-sufficiency, however 
it gives good quality result for all the practical purposes. The FDK algorithm has 
been used in all the data reconstruction. It consists of following three major steps: 
 

Fig.16. Schematic arrangement of cone-beam Microtomography set-up 



1) Weighting of the Collected data 
2) Filtering of the data 
3) Backprojection along the voxel 

The computational complexity of FDK algorithm is biquadratic and the most 
computationally expensive part is the backprojection step. 
 However in earlier experiments we could not achieve micron resolution because 
of large focal-spot of available X-ray generator. With the availability of micro-focus 
source we have done some very beautiful experiments on un-polished diamonds 
and obtained the distribution of impurities and cracks within the object. The 
experiments were conducted in collaboration with IIT, Mumbai. These 
experiments were conducted to determine volume distribution of impurities within 
diamond and then these data were fitted to other program which generates the 
maximum permissible volume of polished diamond that can be obtained from it by 
avoiding the impurities (see figure-17). 
 

 
 
 
8. RESULTS OF EXPERIMENT CARRIED OUT AT SYNCHROTRON 
SOURCE 
We have done some experiments at Elettra synchrotron source. This is 2.5Gev, 
300mA Electron machine which can deliver X-rays ranging from soft X-ray region 
to Hard X-ray region. For our experiments we have used a Si (111) 
monochromator to select X-ray from 10-20 keV range. We have used CCD 
detector and fiber-optic combination which gives effective pixel pitch of 4.5µm, 
for collecting high resolution images. As stated earlier synchrotron provides a high 
coherence X-ray Source and hence they are ideal sources for conducting these 
experiments. We have used pyrocarbon coated metallic matix for these studies. We 
have investigated zirconia coated pyrocarbon microspheres which were prepared 
under different environmental conditions. This technique provides a useful tool to 

Fig.17. Results obtained with microtomography experiments. Volume was  then 
generated with FDK algorithm. The optimized shape of the polished diamonds 
that can be generated is also shown by connected lines. 



make estimates about coating thickness, uniformity of coating, estimating correct 
deposition environment etc (see figure-18).  
 

                     
 
 
 
 
 

                                
 
 
 
 

 
 
We have also collected some images of mammography Phantom. This phantom is 
standard test phantom for testing the sensitivity of a technique for mammography 
application. It is made up of tissue equivalent material. It contains many features 
which are used for assessing the novelty of a technique for mammography 
examination. The image was collected on a Fuji Imaging plate and was read with 
scanner with 25micron pitch. The sensitivity of this technique in detecting fine 
features of this phantom has been clearly brought out in the figure 19. 
 
 
 
 
 
 
 
 
 

Fig.18(a). Image of zirconia microspheres coated with pyrocarbon. The 
estimated coating thickness of pyrocarbon is about 40-50µm  

Fig.18(b). Image of alumina microspheres coated with pyrocarbon. The 
estimated coating thickness of pyrocarbon is about 40-50µm  



 
 
 
 
9. Development of Imaging Beam-Line: 
As stated earlier in introduction, this new imaging technique exploits the coherence 
property of the x-ray source. The third generation x-ray sources viz. Synchrotron 
Radiation provide highly coherent x-ray source with added advantage of tunability 
of radiation, high x-ray flux etc. Hence these sources are suitable for use of such 
techniques. With availability of INDUS-II operating at 2.5Gev @300mA, we can 
use this source for the development of these techniques for both medical and 
material science application. These can be further developed as international 
facility for medical and material research11-16. Since phase imaging is relatively new 
technique, the development of beamline for such facility also requires considerable 
attention in terms of coherence and beam quality. Since the imaging technique is 
highly sensitive to phase variation, any malfunction in the property of the optical 
components will lead to unsatisfactory performance of the whole beamline. As a 
part of development of imaging facility we have done considerable work in design, 
heat-load calculation, and procurement of various sub-components. At 
synchrotron facility all three types of phase contrast methods can be implemented. 
However keeping in the view of cost factor and the world-wide trend we have 
decided to implement following two imaging modality in the proposed beamline: 

 Fig.19. Phase contrast image of mammography QA phantom



 
1. Diffraction Enhanced X-ray Imaging 
2. In-Line Phase contrast X-ray Imaging 
 
The proposed medical imaging beamline at INDUS-II synchrotron source will be a 
state of the art facility for material science as well as medical science applications. 
The list of possible applications that such a beamline are as follows: 
1. Study of advanced materials having low x-ray absorption using Phase contrast 

technique. 
2. Absorption based micro-tomography using both polychromatic and 

monochromatic x-rays 
3. Development of new detectors suited for synchrotron radiation imaging 
4. Study of biological materials for development of improved x-ray diagnostic 

techniques 
Following section deals with various such aspect of the system. 
 
10. Optical Design of the Beam-line: 
 
The schematic diagram of optical layout of the beam line is shown in the figure 20: 
   

 
 

Fig.20. Optical layout of imaging beam-line.



11. Important features of the beamline 
 
1. It will have provision to use both monochromatic as well as polychromatic 
(white) x-rays. 
2. Absorption and phase imaging techniques can be employed on the same 
experimental hutch.       
3. Phase contrast and Diffraction enhanced x-ray imaging can be carried out in the 
same experimental hutch without any major modification. 

 
The beamline uses maximum horizontal divergence of 6 mrad to cover large area 
of the sample in the same scan. Hence the sizes of Be-windows are larger than 
those used in other beamlines. The same criterion applies to all other components 
like slits, crystal monochromator etc. As this beamline is to be used for phase 
contrast imaging applications, the surface finish & quality of Be-window and 
monochromator crystals have been chosen with stringent specifications, so that 
even slight imperfections in these do not introduce additional artifacts in the 
acquired images. The beamline being designed would cover energy range from 6-
35 keV using a fixed exit DCM with beam offset of 25 mm. 
 
12. Major optical and mechanical components 
 

1. Water-cooled Be-window assembly  
2. Vertical and horizontal entrance slits with baffles 
3. Double crystal Monochromator 
4. Vertical and Horizontal exit slits   
5. Integrated Shutter and stopper 
6. water cooled exit Be- window  
7. Fast shutter and Beam monitor 
8. Analyzer Crystals with special mounts for Diffraction enhanced imaging 

setup 
 
Basic Design Parameters: 
 
• Distance between storage ring and shielding wall  : 12172 mm 
• Thickness of shielding wall                                    : 3428    mm 
• Total length from shielding wall to railing              : 26903 mm 
• Acceptable horizontal divergence                           : 6 mrad  
• Acceptable vertical divergence                                : 0.5mrad 
• Height of the orbit plane from ground level           : 1400mm 
 
The beamline serves the purpose of delivering selected x-rays at the sample 
position with a well defined energy range. The beamline starts from the front-



Beryllium window (appx. 17000mm from source) and is terminated by water-
cooled exit Beryllium windows that assure ultra high vacuum in the beamline while 
x-ray is on. The schematic of the beam-line is shown in figure 21. 
  
 
 
 
 
 
 
 
 
 
 
 
13. Brief Description of the various sub-components: 
1. Water-cooled Be-window assembly: It is the first component consisting of 
water cooled Copper mask with Beryllium foil. It isolates the beam-line vacuum 
from storage ring vacuum. The Cu mask defines the divergence and beam size of 
the beam for the next component of the beamline (see figure-22). 
 
 

 
 

Fig.21. Proposed optics hutch of medical beam line at INDUS-2. 

Fig.22. Water-cooled Be-window assembly.



2. Vertical and horizontal entrance slits with baffles: Water cooled slit system 
further refines the divergence and beam size of the beam, which is controlled by 
slit aperture (see figure-23).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Baffles attached to the slits avoid contamination due to scattered beam. 
 
3. Double crystal Monochromator: It consists of two Silicon (111) crystals 
mounted in pseudo channel cut geometry that monochromatizes the beam. The 
beam bounces off the diffraction face of the first crystal, gets monochromatized 
according to the incident angle selected and falls on the second crystal, which then 
renders the beam parallel to the incoming beam with an offset of 25 mm (see 
figure-24). 

 

Fig.23. Vertical and horizontal entrance slits with baffles.



 
 
4. Vertical and Horizontal exit slits: Water -cooled exit slits precisely define the 
beam size at the exit end of monochromator and at the sample in experimental 
hutch. 
 
5.  Integrated Shutter and stopper: This system blocks the white beam and 
Bremsstrahlung radiation from leaving the beamline optics. It also allows to access 
experimental hutch without shutting the beam at the front end of beamline (see 
figure-25).  
 
6.  Water cooled exit Be- window: This Be window consists of Cu mask with 
two Be-foils separated by 25 mm vertically. One foil allows white beam to pass 
while the other passes the monochromatized beam to the sample. Rectangular 
nipple connects the shutter–stopper chamber to the exit Be-window assembly. 
This Be-window defines the end of the beamline vacuum (see figure-26).  
 
 
 
 
 
 
 

Fig.24. Double crystal monochromator.



 

 
 

 
7. Fast shutter and Beam monitor: Fast shutter determines the exposure time of 
the X-ray falling on the sample, which is controlled by the opening time of the 
shutter. Beam monitor monitors the beam intensity thereby determining the dose 
delivered to the sample (figure-27).   
 

Fig.26. Water cooled Be-window

Fig.25. Integrated shutter and stopper 



 
 
 
 
8. Analyzer Crystals with special mounts for Diffraction enhanced imaging 
setup: The analyzer crystals [Si (111)] mounted beyond the sample is used in the 
diffraction enhanced imaging technique using monochromatic X-ray radiation. The 
radiation scattered by the sample falls on these crystals and is subsequently 
analyzed on both sides of its rocking curve by controlled rotation of crystals. 
 
14. Heat Load Calculation: 
 
The optical components like Be-window, slits, silicon crystal get heated due to 
thermal load from the incident X-ray from Synchrotron. This may lead to 
unsatisfactory performance of these components as the repeated change in the 
heat-load changes the mechanical and optical properties of these components. 
Hence a thermal analysis is mandatory for few critical components. Heat load 
calculations were carried out for following components: 
 

1. Be-window-1 (at front end of beamline) 
2. First Silicon crystal  
3. Be-window-2 (at back end of beamline) 
 

Fig.27. Fast shutter and beam monitor



Be-window (see figure-28) consists of beryllium foil brazed on Cu-block and 
cooled by water flowing in bent tube. Thin beryllium foils have excellent 
transmission properties for X-rays and are strong enough to sustain pressure 
differential of one atmosphere or more on the two sides of the foil. The beryllium 
foil used as a barrier between vacuum (inside the tube) and the ambient pressure 
(atmospheric pressure, outside of tube) and in addition beryllium foil also helps in 
cutting the lower energy part of the incident spectrum, which is not useful and 
reducing the heat load on the optical components of the beamline. Beryllium 
window in turns get heated up because of the absorption of low energy photons 
and it has to be properly cooled to maintain its transmission and optical properties.  

 
Beryllium windows are used in the front end and also before the experimental 
station (back end) in a hard X-ray beamline. Therefore, different heat loads are 
absorbed by the windows, depends upon the radiation source, and thickness of the 
foil and the distance of the window from the source point. 

 
Fig.28 Schematic View of Beryllium Window 

 
Absorbed power for the component depends up on the linear absorption 
coefficient, thickness of the material and beam energy. Heat flux distribution was 
evaluated by computer program and applied on illuminated surface. 
 
The heat deposited or absorbed is a function of the beam energy. The scattering of 
the radiation or maximum dispersion distance from center depends upon the 



energy and distance from the source .i.e. higher energy beam will be less dispersed 
from the center. The illuminated area for any component depends on the 
divergence angles in the vertical and horizontal directions. To calculate the heat 
flux for a given component the power input at various energy (eV) say at interval 
of ( = 10 eV)  is divided uniformly over the illuminated area (considering 
maximum dispersion distance from center for the given energy). 

 
The incident, absorbed and transmitted power for one of the component (Be-
window-1) is shown in Table-2. Table-2 shows that Incident power for a 
component is equal to transmitted power of predecessor component  

 
Table-2: Incident, Absorbed and Transmitted Power of Optical components 

 
 Due to symmetry and to reduce computational effort, only 1/4th of Be-window 
and crystal has been model. Calculated heat flux were applied on the illuminated 
surface, Convection heat transfer coefficient which depends upon the flow rate 
and fluid has been evaluated by heat transfer correlation and applied on the inner 
surface of the cooling tube. Cooling tube of 8 mm diameter has been considered 
and water is used as coolant.  Energy absorbed within the component is applied as 
heat flux on the surface. Finite element mesh for Be-window is shown in figure-29. 



 
Fig.29 Finite element mesh of Be-window 

 
Temperature distribution in the Be-window is depends upon the coolant flow 
rate. Figure 30 and 31 shows temperature contour plot for flow rate of 1.94 and 
4.6 lpm respectively for which heat transfer coefficient are 2500 and 5000 
W/m2-K respectively.  
 

  
Temperature (in oC)= 45.4 (Max. ) & 33 
(Min.) 
Fig.30  Temperature contour plot for  
h=2500 W/m2-K 

 
Temperature (in oC)= 43.5 (Max. ) & 31.2 
(Min.)  
Fig.31 Temperature contour plot for  
h=5000 W/m2-K 

 
After evaluating temperature distribution, stresses have been evaluated using 
finite element method. Only temperature loading has been considered (because 
differential pressure across this window is very less) is for first Be-window. 
Stress contour plot in X-direction are shown in figure-32 and 33 for temperature 
loading obtained for flow rate of 1.94 and 4.6 lpm. Maximum stress is obtained 
in X-direction which is compressive in nature (in contour plot stress shown with 
–ve sign are compressive and with +ve sign are tensile in nature). These stresses 
are less then the yield point of the material. However for the case of flow rate of 
1.94 lpm the maximum stress is close to yield point. Hence flow rate higher then 



1.94 lpm should be considered for the first window.  Stresses are also shown in 
Table-3. 
 

 
Fig. 32  Stress contour plot for h = 2500 
W/m2-K 

 
Fig. 33 Stress contour plot for h = 5000 
W/m2-K 

 
 

Table-3: Stress generated for Beryllium window-1 
Maximum 

stress 
(MPa) 

Temperature loading 
 

For h = 2500 W/m2-K                5000 W/m2-K 
Compressive 172.8 in X-direction 99.8 in X-direction 

Tensile 31.5 in Z-direction 18.1 in Z-direction 

Von Mises 
stress 

147.0 85.2 

Maximum  
translation 

(mm) 

0.004928 0.002665 

    Reference temperature for thermal loading=30o C 

 
Similar analysis has been carried out for Beryllium window-2. Maximum 
temperature obtained are 32.9 and 32.6 for the flow rate of 1.94 and 4.6 lpm for 
which heat transfer coefficient (h) is 2500 and 5000 W/m2-K respectively. After 
evaluating temperature distribution, stresses have been evaluated for thermal, 
pressure (equal to one atmospheric) and combined loading of thermal and 
pressure. Temperature loading has been considered for temperature obtained for 
1.94 lpm flow rate for which, h = 2500 W/m2-K Resultant deflection and 
maximum stress contour plot are shown in figures 34, 35, 36 for deflection and 
37 , 38 and 39 for stress respectively and also given in table-4. These stresses 
(with individual and combined loading) are with the limit.   
 
 



Stress and deflection contour Plots for Be-window-2  
 
Thermal loading                         Pressure loading               Thermal + Pressure loading  

 
Fig.34 Resultant Deflection for 
thermal loading 

Fig.35 Resultant Deflection 
for pressure loading 

Fig.36 Resultant Deflection 
for thermal and pressure 
loading 

 
Fig.37 Stress contour plot for 
thermal loading 

Fig.38 Stress contour plot for 
pressure loading 

Fig.39 Stress contour plot for 
thermal and pressure loading 

 
Table-4: Stress generated for various loadings Beryllium window-2  
Maximum 
stress 
(Mpa) 

Temperature loading Pressure loading of one 
atmosphere (0.101325 
MPa) 

Temperature and 
pressure loading 

Compressive 30.1 in X-direction 9.3 in X-direction 31.7 in X-direction 

Tensile 5.5 in Z-direction 7.9 in X-direction 5.3 in Z-direction 

VonMises 
stress 

25.6 8.01 27.7 

Maximum  
translation 
(mm) 

0.000839 0.0047 0.00396 

Reference temperature for thermal loading=30 C, h = 2500 W/m2-K 

 
Similarly Si (111) crystal is used in monochromator system. It is essential to cool 
the first crystal so that its optical properties do not deteriorate as the time passes. 
The silicon crystal is generally mounted on copper block and it is in contact with 
silicon through an intermediate layer of high thermal conductivity medium and is 



cooled by water flowing in the 8 mm diameter cooling tube. The silicon crystal is 
cooled indirectly by passing the cold water through copper block. Similar analysis 
has been carried out for the crystal. Finite element mesh is shown in figure 40.  

 
Fig.40 Finite element mesh of Si-crystal 

 
Temperature contour plot for heat transfer coefficient (h) of 2500 W/m2-K are 
shown in figures 41 and 42.  
 

Fig.41 Temperature contour plot for 
Si-crystal 

 
Fig.42 Temperature contour plot for 
Si-crystal 

 
Effect of variation of heat transfer coefficient is shown in table-5. Thermal 
deflection is also obtained for the thermal loading which is shown in figure 43. The 
maximum thermal deflection is 0.63x10-3 mm in vertical direction (bump) (see 
figure 43) and resultant thermal deflection contour plot is shown in figure-44.   
 
 
 
 



Table-5: Max. & Min. Temperature of Si -crystal ( oC) 
Temperature of  

Si-crystal  
Flow rate (lpm) Heat Transfer 

coefficients 
W/m2-K Min. Max.  

250   
500 83.1         77.8  
1000 59.0         53.7  
1500 50.9         45.7  
2000 46.9         41.7  
2500 44.5         39.3 1.94 
5000 39.7         34.5 4.6 

 

 
 
Fig.43. Thermal deflection in 
vertical direction 
 

 
 
 
Fig.44. Resultant thermal 
deflection  

 
 
Conclusion: 
A systematic approach towards the development of phase imaging has been 
demonstrated. We have developed both the theoretical and experimental tools for 
carrying out phase imaging experiments. Its potential application in imaging of soft 
materials and biological materials has been demonstrated using a variety of suitably 
chosen samples.   
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