
Lecture 3 

X-ray optics 



1. Collimatotors 



Detector with out collimation (FoV ≈ 2 sr) Mechanical collimator 

Lausy angular resolution  > 1o 



 Collimators 

Collimators were the only devices used for limiting of the field-of-view 

(FOV), as well as for imaging of X-rays in astronomy until 1960’s.  

 

There are several types of mechanical collimators, which apply the same 

general principle. 
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A0 = (D/(D+d))2  (usually 0.75- 0.8) 

Maximum angle for transmitted rays 
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Rotation collimator 

Wire collimator 

Angular  (spatial) resolution   < 1’ 





Limitations 

 

1) For low energy end of  transmitted radiation, reflection 

of light from inner walls of collimator may cause extra leakage of light with 

incident angles larger than critical angle C .  

 

2) For high energy end of X-ray radiation, collimator may become 

transparent to radiation (real danger for hard X-ray and gamma-ray 

detectors). 

 

3) For mechanical collimators, imaging resolution is of the order of a few 

arcminutes at best. Also, large detectors are needed to collect enough 

signal.  Therefore, focusing optics is necessary, if high angular resolution 

or high S/N is required, or small detectors with spatial resolution are used.  
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Photon counting obyes Poisson statistics: p(n) = f ne –f/n! =  ft 



Minimum detectable flux in a background dominated observation of a point source 





Grazing incidence X-ray telescopes 

Total external reflection of soft X-rays: 

 
    The index of refraction n at the soft X-ray range is below 1. The factor n is         

    composed of real and imaginary parts, like  
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      re is the classical radius of electron, and  Na is the average atom density of the     

      material. 

 

 

      We can assume that  ≈  0 , because  << and this yields Snell law 

 

       nvac cos (  C ) = n cos (  ) , where naturally nvac  = 1 and  = 90o   (Angles are        

       measured from the tangent of the surface.) 

       Hence,   
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SINGLE REFLECTION, E.G. PARABOLOID CONCETRATOR 









X-ray imaging optics can be based on the grazing incidence reflection in 

Kirckpatrick-Baets mirror system. 

Two stacks of paraboloid mirrors are placed orthogonally  



Wolter type 1 optics is mostly used 

within X-ray astronomt. Mirrors can be  

nested inside one an other. 

Possible Wolter telescope mirror configurations 



Wolter type 2 optics migth be used in 

Mutimirror telescopes. 



Wolter type 3 optics has never been  

used in X-ray astronomy. 







Wolter-1 X-ray telescope mirror configuration 

Focal length: F=R/4            Collection area: A=2 RLp

is the grazing angle 



Aluminum Z=13 Nickel Z=28 Gold Z=79 

Reflection at the constant angle of 0.5o as a function of a photon energy 

Reflection at the constant energy of 6 keV as a function of a grazing angle 



HEAO B (Einstein 1978- 1982) mission was the first use of high-resolution X-ray 

optics for an experimental investigation of objects outside the solar system. 

Mirror material: fused quartz coated with Ni 

Number of con-focal mirrors: 4 nested  

Aperture diameters: 33 -56 cm 

Focal length: 3.4 m 

Effective area: 400 cm2 at 0.25 keV and 30 cm2 at 4 keV  



ROSAT X-ray  telescope 

Focal length: 2.4 m 

Number of mirrors: 4 nested W-1, 

(8 mirrors in total, i.e. 4 parabo- 

loid/hyperboloid pairs) 

Mirror coating: Au coated zerodur 

Aperture diameter: 83.5 cm 

Grazing angles: c < 2o 



Image of a single X-ray mirror 



X-ray Multi Mirror telescope 

XMM  Newton (ESA) 

XMM contains three identical Wolter-1 telescopes each having 58 mirror plates 

in one module. (Total number of mirrors is 2  x 58 = 116 pcs.)  

XMM straylight shield 

(baffle) 



XMM telescope assembly 
XMM effective area with and 

without (solid line) the RGA 

(Reflection Grating Assembly).  

The discontinuity at about 2 keV is 

Au M edge 



XMM NEWTON (ESA) 



                         XMM Newton Telescope Specifications 
 

   Telescope focal length                        7500 mm 

    Number of mirrors per telescope       58 

    Outer mirror radius                             350 mm 

    Inner mirror radius                             153 mm 

     Axial mirror length                             600 mm 

    Outer mirror thickness                       1.07 mm 

    Inner mirror thickness                        0.47 mm 

    Minimum packing distance                1 mm 

    Mirror substrate material                    Nickel 

    Reflective Coating                             Gold  

 

     In-flight on-axis PSF of the XMM-Newton telescopes 

 

Mirror Module Number    2 (pn)          3 (MOS1+RGS1)     4 (MOS2+RGS2) 

                                 1.5 keV 8 keV        1.5 keV   8 keV          1.5 keV 8 keV 

FWHM (arcsec)        6.6        6.6             6.0         5.1               4.5        4.2 

 



                      CHANDRA Telescope Specifications 
                Optics                                                 Wolter-1 

                       Mirror coatings                                   Iridium   

                       Mirror material                                    zerodur (glass-ceramic, thermal expansion nearly zero, easy to                            

                                                                                    polish and coat) 

                       Mirror diameters (1,2,3 and 4)           1.23, 0.99, 0.87 and 0.65 m 

                       Mirror lengths                                     0.84 m 

                       Aperture area (unobscured)              1145 cm2 

                       Focal length                                        10.066 m  

                       Plate scale                                           48.8 m/arcsec  

                       PSF (FWHM)                                        0.5 arcsec  

                       FoV                                                       30 arcninute 

                       Effective area: 

                       @ 0.25 keV                                            800 cm2  

                       @ 5.00 keV                                            400 cm2 

                       @ 8.00 keV                                           100 cm2                                                                                                                      



CHANDRA X-RAY OBSERVATORY (NASA) 



POINT SPREAD FUNCTION (PSF) 

Inperfect alingment of optics, scattering effects and molecular contamination 

Plane scattering is due to 

Irrelarities in the surface  

roughness  



Comparison of the spatial resolution between three different X-ray telescopes 

X-ray images of Crab nebula 

HEAO-B (Einstein)                       ROSAT                               CHANDRA 

~15”                                          ~5”                                       ~0.5” 



Comparison of gold, platinum and iridium as mirror materials 



Derivation of the effective area for the Wolter-1 approximation telescope equipped 

with two mirror system  (= four frustums) and a focal plane X-ray CCD: 



Reflection coefficients for the both mirrors: 



Effective area of the telescope mirrors: 

The telscope geometric area is the area of the two annuli in the aperture 

entrance  for on-axis photons to hit the first mirrors.   
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Quantum efficiency of a silicon X-ray CCD 



Total effective area of the CCD-telescope system 

The plot above represents the effective area of the telescope-CCD detection system  

and it would be the information included in the Ancillary Response File (ARF) while 

doing spectral fitting e.g., with XSPEC S/W.   





Focal length: 

~25 -30 m 



For very high energy radiation (from about 20-30 keV) the grazing angles 

become so small that even grazing incidence cannot be effectively 

applied. Other techniques, in addition to pure collimators and active 

mechanical shields, have to be used.  

 

The devices for imaging in hard X-rays and gamma-rays are called coded 

masks. A coded mask is placed in front of the detector usually together 

with a mechanical collimator. The mask is basically a plate with a well 

defined pattern of equally sized holes (usually thousands) in the plate. The 

holes pass a radiation pattern to the (position sensitive) focal plane 

detector, and the pattern can be decoded to produce a unique solution of 

the original image of the sky.  

Limitations for the use of grazing incidence optics 



                   Multi layer mirrors (normal incidence reflection                       

                               at EUV and soft X-ray bands) 

Thinner  layer of 

high Z material  

and  thicker layer 

of low Z material 

 

Period = dL+dH 

Ratio = dH/(dL+dH) 

 

Number of periods: 

around 40 -100 

 





Transition Region and Coronal Explorer (TRACE) 

The telescope has a Cassegrain optics. 

D=30 cm and f=8.66 m 

CCD: 1024 x 1034 Lumogen coated (-65oC) 

FoV: 8.5 x 8.5 arcminute 

Spatial resolution: 1 arcsec 

Filter wheel 

 

 

Fourth quadrant 

mirror is normal 

incidence optical and 

UV mirror. 



TRACE EUV MIRRORS Mo2C/Si: 

Line      temperature

173 Å     Fe IX    0.16 - 2.0 MK 

195 Å     Fe XII   0.50 - 2.0 MK 

284 Å     Fe XV   12.5 – 4.0 MK  

Plots: B. N. Handy et al. 



TRACE EUV IMAGE OF THE SUN AT 171 Å, (600000K Fe IX) 



Microchannel Plate optics 

Microchannel plates are made of high lead  content  

glass, which consist of a closely packed array of pores 

with square cross-section. 

(Glass material is Si6O17Pb2K with a density of 4 g/cm3) 

Typical dimensions:  channel side ≈ 10 m, axial length 

≈ 10 mm and septal thickness ≈ 2 m   

 

MCP optics is based on the vision of the eye of lobsters 



Conventional lobster-eye optics 

is composed of a single curced MCP with  

square pores of sqare array. This optics 

requires only one reflection to form an image 

In a spherical focus. 

Wolter 1 approximation 

is made of two bent MCPs 

with radial pore arrays aligned 

so that the channels in the first 

plate meet up with those in the  

second and fixed together to  

form the desired tandem pair  

structure . 



MCP optics for X-ray applications are under investigation and there are several 

technical problems to be solved:ly reflected 

1. Coating of the square pores with high Z material (Au or Ir) 

2. Surface roughness of the pore inner walls are too high 

3. Metrological challenge to align tandem pairs to form Wolter-1 approx. optics 

4. Focal spot suffers from singly reflected  photons (tandem pair) and 

      unreflected photons (multi componet PSF).  

Point source image in focus of a tandem pair MCP consists of three 

components. 1. A point in the middle of the focus, 2. cross-shape pattern 

composed of single reflected photons and 3. a diffuse halo pattern spread 

all over the the focal area composed  of unreflected photons.   



Lobster eye X-ray optivs enables large FoV systems. ISS columbia modle is planed to 

be equipped with a LOBSTER EYE ALL SKY X-RAY MONITOR based MCP optics 

Courtesy: Arthur Peele, Univ. Of Melbourne 



Design & Optimisation of 

Coded Mask Telescopes 

A.J.Dean 

Physics Department 

University of Southampton 



Pinhole  
mask 

Detector 

SIMPLE PINHOLE CAMERA 



Multiple 
Pinhole  
mask Detector 

MULTIPLE PINHOLES 



COMPUTER RECONSTRUCTION 

The computer reconstructs the image from the detector plane image. Note that the 

detector plane image is not a replica of the object as in conventional optical systems 

Object Aperture Detector       Decoding Procedure         Deconvolved  

Plane  Plane Image           Image 



PATTERN CROSS CORRELATION : 1D 

Mask Pattern 

Direction to distant 

point source 

Shadow pattern cast 

by distant source 

Sliding template of 

mask pattern 

Cross correlation of 

data with mask 

template  

Position for which data pattern and template  

are in phase 



Coded aperture image of the Galactic Centre 40keV-1.3MeV 

PATTERN CROSS CORRELATION : 2d 



MASK DETECTOR CONFIGURATIONS 

Mask and detector are the same size. with this 

configuration the (1D) field of view does not have a 

truncated triangular response, but rather a straight 

triangular response. 

Undersized mask configuration. Here the 

instrument will have a flat top field of view, but only 

a fraction of the detection area is employed in the 

imaging process. Sensitivity will drop as the square 

root of the mask/detector area ratio. 

Oversized mask. The field of view is a truncated 

triangle. All of the detection plane is used for a 

single point source image, and hence full 

sensitivity achieved. Normally the mask size (for 

rectangular geometry) is roughly four times the 

detector area. (4x less 1 column and less 1 row of 

the pattern). 



Ideal PSF 

Smaller Detector Pixels 

POINT SPREAD FUNCTION 

Mask Element 

D 

d 

If we consider a single mask element 

which has a  linear dimension d, then if 

the mask is a distance D from the 

detection plane the basic angular 

resolution is 

Tan
d

D

1

This is called the point spread function. The shape is the same as the triangular one  which 

characterises the cross correlation profile. However the triangular profile will only be 

reproduced in an image if the detection plane has a sufficiently fine positional resolution 

such that the pixels are considerably smaller than the dimensions of the mask elements. 

The ideal point spread function corresponds to a  near infinite number of detection 

element. 



IMAGE RECONSTRUCTION 

Mathematically 

Convolution and deconvolution of a coded aperture image 

Convolution S x y A x y P x y( , ) * ( , ) ( , )

Deconvolution P x y G x y S x y( , ) * ( , ) ( , )

G(x,y) is known as the deconvolution array and is generally derived from the mask Pattern. Combining 

the two equations gives : 
S x y S x y A x y G x y( , ) ( , ) *[ ( , ) * ( , )]

For a perfect imaging system S(x,y) =S(x,y), and the final image is identical to the initial object. To get 

this A(x,y)*G(x,y) must be a d-function. A(x,y)*G(x,y) is called the system point spread function 

(SPSF) and is the deconvolved image of a point source. If the SPSF is a d-function then the system 

is called a perfect imaging system. If the system does not have  a perfect SPSF the additional noise 

spikes are known as sidelobes. 

^ 

     S( ) A( ) P( ) G( )           S( ) ^ 



RECONSTRUCTION BY BACK PROJECTION 
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Coded mask patterns 

IBIS 



                                 IBIS-detector mask 

          -Tugsten (W) squares  (2 mm x 12 mm) with a thichness of  16 mm  

              -Total mass 200 kg , mask 3.5 meters above the detector plane  

              - Energy range: 15 keV – 1 MeV 

              -Two parallel layers of pixellated CdTe and CsI on the top of each other 

              - Spatial resolution: 12 arcmin  

              - Energy resolution: around 10% 

              - FoV 8.3 deg x 8.0 deg              



SPI gammaray telescope onboard INTEGRAL 

Energy range: 20 keV – 8 MeV 

Coded mask of 3 cm tugsten composing of 

127 hexagonal elenets (63 opaque and 64 

tranparent).  Spatial resolution: 2o 

19 Ge detectors 

are coolad down 

at 90 K with a  

Stirling cooler. 

The anticoincidence (veto detector) 

covering the system is made of BGO 

bismuth permanganate). 


