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1. Introduction 

For many astrophysicists the study of supermassive black holes in multiple wavelength bands will 

be a high priority science objectives for the 2020’s decade. X-ray telescopes with much higher 

angular resolution than current high resolution X-ray telescopes are required to obtain the full value 

of X-ray studies of super massive black holes. However, the 0.5 arc second resolution of the 

Chandra X-Ray Observatory is near the best that can be expected from grazing incidence optics. 

Even though much larger area higher resolution grazing incidence telescopes can be and should be 

built they are not likely to be able to improve upon the resolution of Chandra by a large factor. Long 

baseline interferometry has enabled radio telescopes to image black hole environments with sub 

milli arc second resolution (GRAVITY Collaboration, Abuter et al, 2018). X-ray measurements 

with a similar level of angular resolution would be complementary.  For example Schwartz et al, 

2018 find that at the level of arc second resolution the X-ray emission from high redshift jets extend 

beyond the region of radio emission.   

 

Because the focal plane scale is very large, making particle background significant, and that the 

bandwidth is only 10 to 15% the telescope described in this paper is not more sensitive that current 

focusing telescopes.  Its virtue is much higher angular resolution.  

 

This paper describes the high angular  resolution system very broadly. The details appear in two 

attached papers (Skinner, 2010, and Gorenstein, 2008). 

 

We advocate for the development of a different type of  X-ray telescope technology, which consists 

of diffractive and refractive transmitting components and is capable, in theory, of much higher 

resolution than grazing incidence telescopes. They are effective within an energy band with a width 

of 10 to 15% at 6 keV. They function by transmission rather than by grazing incidence reflection. 

The X-ray optics components will be light weight compared to grazing incidence optics and are not 

expected to be difficult to construct but ~ meter size components will be difficult to test. The reason 

is that the system focal lengths are several thousand kilometers. Mission operations such as 

acquiring and changing targets would be complex procedures. Because of the long focal lengths the 

optics and detectors would be aboard two spacecraft separated by thousands of kilometers. The 

degree of lateral offset between the center of the optics to the source and to the center of the 

detector array should be measurable at all times with an accuracy of a few millimeters and kept 

within a centimeter. We propose that NASA support the development of the X-ray optics and 

propulsion system technologies that allows two widely separated spacecraft, one with optics the 

other with detectors, to stay aligned along the source direction while maintaining the correct focal 

length distance between them.  

 

To change targets the optics are pointed at the new source while a propulsion system propels and re-

stations the detector spacecraft at the new source’s focus. We recommend that a NASA space center 

be responsible for developing the propulsion systems. We also recommend that NASA support the 



development of the new diffractive-refractive X-ray focusing telescope technology at academic and 

other research laboratories. 

 

This paper contains a broad summary of the nature of the optics and its operation. More details are 

provided in the attachments. 

 

2. Diffractive-Refractive Focusing X-ray telescopes 

All of the focusing X-ray telescopes that have been in space observing cosmic sources are based 

upon grazing incidence reflection, including the Chandra X-Ray Observatory and XMM-Newton. 

Their success motivates the current effort to develop, Lynx, the next generation high angular 

resolution X-ray telescope with much larger effective area than Chandra.  However, only a modest 

improvement upon Chandra’s 0.5 arc second resolution is likely to be achievable with grazing 

incidence reflection. It will not be possible for a single grazing incidence telescope to come close to 

milli arc second resolution.  For that another telescope technology is needed. The most promising 

technology is a diffractive-refractive pair consisting of a Fresnel zone plate and a refractive lens. 

They operate by transmitting rather than by reflecting X-rays. Simulations indicate that a meter size 

diffractive element in direct contact with a similar size refractive lens is capable of achieving milli 

arc second resolution over a limited but significant energy band. By separating the diffractive and 

refractive components by a distance of the order of half the focal length the resolution can be less 

than a mili arc second over a 10 to 15 % bandwidth. The principles and processes are described by 

Skinner, 2010 (Attachment). 

 

Figure 1 illustrates the configurations.  

 
Figure 1. The upper left section illustrates the wavelength dependence of the position of the focus of a Fresnel zone 

plate. The focal length varies as the square of the energy. If the zone plate is placed in direct contact with a refractive 

lens (upper right) whose focal length is minus twice that of the zone plate at a certain energy there is a 10 to 15% 

bandwidth where the resolution is better than a mili arc second. The lower section of the figure shows the refractive lens 



separated from zone plate by an amount such that both the first and second derivative of the image position  as a 

function of energy are zero, resulting in much better than milli arc second theoretical resolution.   

 

In both the first order and second order configurations X-rays must pass through the refractive lens 

with minimum loss to absorption. The lens must be a light material such as Beryllium, which is a 

weak absorber at 6 Kev. To minimize absorption, the refractive lens is cut back to form a Fresnel 

lens (not to be confused with the zone plate). The zone plate is 50% open and if the thickness of the 

lens is an odd number of wavelengths then the entire lens contributes to the image in a significant 

wavelength band.  

 

X-rays that are transmitted by a lens are less affected by figure errors than X-rays that are reflected 

by a mirror, especially if the focal length is very long. The error in the direction of a reflected ray is 

twice the slope error in the figure of the mirror. If the difference in the index of refraction between 

the lens material and vacuum is very small as it is in the soft X-ray band, where it is about 10
-5

 at 6 

keV as it is for beryllium, then the error in the direction of the refracted transmitted ray is about 10
-5 

of the error in the figure of the lens, which would probably be much  less than an arc minute.  

 

3. Angular Resolution, First and Second Order 
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Figure 2. Theoretical angular resolution, in arc seconds of a diffractive-refractive pair, as a function of energy. The blue 

dotted curve is the first order correction in which the diffractive zone plate is in direct contact with the refractive lens. 

The red, solid curve is the expected result from a second order correction where the two components are separated a 

distance about half of the focal length. In this simulation the dimensions are rather extreme, the diameter of the optics is 

25 m and the focal length is 27,000 km. However, much smaller diameter, shorter focal range components can have 

similar resolution. 

 

3. Mission Operations, Pointing at Targets and Changing Targets 

The major technical challenges are not the construction of the X-ray optics; they are mission 

operations. Only one of the two spacecraft can be in a true orbit, for example, orbiting about the 

Sun-Earth L2 point. The optics spacecraft is pointed at the target. To keep the detector on the source 

the other spacecraft containing the detector has a propulsion system that exerts the power needed to 

follow the first spacecraft. The image need not be always in the same position on the detector if 

there is a system that measures the lateral offset of the two spacecraft.  The design of such a system 



has not been done but very likely it would be based upon optical interferometry. With a system 

focal length of 2000 km, for one milli arc second accuracy in the measurement the system has to 

measure their linear alignment with an accuracy of 5 millimeters. The optics acts like a very thin 

lens so pointing accuracy is less demanding as is maintaining the correct distance between the two 

spacecraft. The depth of focus is of the order of tens of meters and the distance between the two 

spacecraft is relatively easy to measure and to correct when necessary.  

 

The propulsion system has to maintain the optics-detector alignment during an exposure as the 

optics spacecraft orbits over, for example, the Sun-Earth L2 point, To do so requires that the 

detector spacecraft to exert a force, presumably by an ion propulsion system, of several micro 

newtons. The propulsion system also has to exert a force of several mili newtons for target changes, 

initially to propel the detector spacecraft to the focus of the new target followed by a period of 

deceleration to arrive at the new focus with zero velocity.  

 

4. Objectives for the 2020’s  Decade 

At the start of the next decade the Chandra X-ray Observatory is likely to still be operating as the 

main facility for high resolution imaging of cosmic X-ray sources.  Lynx, the next generation high 

angular resolution X-ray telescope with about ten times larger area and hopefully better resolution 

than Chandra will probably be in space by the end of the decade.  If after more detailed analytic 

studies of diffractive-refractive X-ray imaging no surmountable problems are found that affect the 

instruments described in this paper we can plan for a mission at end of the decade that could have 

more than 50 times better angular resolution than Chandra 
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