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Ultra High Throughput X-ray X-Ray Astronomy
EM Band: 80 - 1 Angstroms or  0.15 to 12 keV

X-ray Emission Comes From Regions With One or More 
of the  Following Conditions:

High Temperature, 1E06 to 100E06 K

High Energy Particles

High Magnetic Fields

Very Strong Gravity
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Importance of X-ray Astronomy-Major Objectives
•Detect  Most Distant Objects, i.e. Youngest, in Universe 

Hubble Deep Field                        Chandra Deep Field
Galaxies Black Holes
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Importance of X-ray Astronomy-Major Objectives

•Detect Black Holes at the Centers of Active Galaxies

Type 2 Quasar                          Galactic Center

Chandra X-ray          HST   Optical Chandra X-ray
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Importance of X-ray Astronomy-Major Objectives

•Observe Evolution of Structure: Clusters of Galaxies

Abell 2142 3C294 Perseus Cl. w. NGC1275

Markevich et al, 2000
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Importance of X-ray Astronomy-Major Objectives
•Image the Major Component of Baryonic Matter in the Universe

Measure absorption lines from 
intergalactic medium in the  spectra 

of quasars

F. Nicastro, Ph. D. thesis
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1980’s 1990’s 2000’s, Currently Operating

Einstein 
Observatory

ROSAT

ASCA

Chandra

XMM-
Newton

High 
Thoughput

High Angular

Resolution
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Performance Requirements Upon the “Generation-X” Ultra 
High Throughput X-ray Observatory

• Effective Area of 2 million sq. cm. at 1 keV
• Angular Resolution of the order of 1 arcsec to avoid source confusion 

and for imaging
• Accommodating unlimited number and large variety of detectors
• Replacing detectors that are exhausted, failed, or obsolete
• No long period of construction required prior to use
• Not dependent upon single launch for success
• Long life, at least 15 years
• Moderate cost, should not exceed current large space programs
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Importance of Better Angular Resolution

Central 1 arcmin region in M31 (Andromeda Galaxy)

Chandra X-ray Observatory   ROSAT

< 1 arcsec                                              5 arcsec

Black Hole
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Evolution of High Throughput X-ray Telescopes

Einstein Obs.
ASCA

XMM

Con-X XEUS

Year

Area(cm^2)
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Optical and Radio Astronomers are also Thinking Big

ELT                                   Square Kilometer Array    
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Program Objectives

Program Objectives

Define the ultimate high throughput X-ray observatory

“Generation-X” and how it should be developed

•Type of optics

•Geometry of the optics

•Observatory architecture

•Site
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Mission Arch. Hi Thput, Hi Res

Mission Architectures
Ones that Are Radically Different from Current Practice 
Are Needed to Achieve the Ultimate in:

•High Throughput

•High Angular Resolution

It is not likely that a single facility can provide the 
ultimate performance in both throughput and resolution. 
Each is a subject of a separate NIAC mission concept 
study.
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Advantages of Being In Space

Advantages of Being in Space

•Above the Absorption of the Atmosphere

•Zero Gravity (permits in situ construction)

•Err…Space  (allows giant structures and very long focal lengths

All missions to date have utilized only the first property
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The Chandra X-ray
Observatory
High Angular Resolution

XMM-Newton
High Throughput

Their conventional spacecraft

and mission architectures are

inadequate for the future.
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Con-XThe next generation Constellation X-ray Mission with an order 
of magnitude higher throughput than XMM-Newton is a  
significant change in mission architecture by using multiple 
identical spacecraft. However it is not a model for future 
generations with another order of magnitude more throughput.
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The Approach

The Approach

•A new mission architecture where the telescope and each detector are 
abroad their own spacecraft and can be launched independently
•“Formation Flying” between between telescope and active detector
and in some cases an intermediate wavelength dispersive grating
•Long, very long, or extremely long focal lengths, depending on the 
optics
•Telescope with 30 meter diameter or larger
•Telescope is:

•Segmented into many modules equipped with angle and 
position controllers
•Constructed in situ
•Functional while under construction
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Advantages of the New Mission Architectures

•One launch of a very large mass is replaced by multiple launches of 
smaller mass payloads 

•Not dependent upon success of single launch

•Simpler integration of telescope with detectors

•Allows in situ construction of telescope and use by observers while 
under construction

•Allows unlimited number of detectors and their replacement

•Facilitates collaborations and participations by smaller institutions 
and cost sharing with other agencies
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Five Options:Telescopes and Mission Architectures

•Familiar Wolter 1 Optics, (parabola + hyperbola), filled aperture, 
segmented into modules with controllers, focal length of ~ 200m

•Kirkpatrick-Baez Optics, (orthogonal parabolas) filled aperture, 
segmented into modules with controllers, focal length of ~ 300m

•Kirkpatrick-Baez Optics, sparse aperture, segmented into panels, 
focal length of ~ 10 km

•Fresnel Zone Plate + Fresnel Type Lens with correction for chromatic 
aberration and                          focal length of ~ 1000 km

•Lunar Based Observatory for Wolter or KB filled aperture

focal length of ~ 200m
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Physical Area of Grazing Incidence Telescopes

Aperture 700= m2

Graze Angle θ 1.5deg=

Packing Fraction 0.6=

Efficiency Reflect ivity2 Packing⋅=

2 Aperture⋅
Sinθ Efficiency⋅Total Area  = 

Total Area 2.5 105×= m2

Reflectivity = 0.6

Fraction

Telescope Diameter = 30 m

1.5 deg
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Challenge of X-ray Optics 2

Total Reflector Area = 250,000 square meters

Lightest material may be 7 mil (175 micron) tensioned plastic

Density with framing to provide tension and slight curvature 

is estimated to be ~ 0.5 kg/sq. m.

Total Mass = 125 Tons
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Wolter 1 Optics

Every X-ray telescope that has been or is now in 
orbit is a Wolter Type 1 optic.
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European Space Agency’s XMM

XMM Mirror (1 of 3)
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300 Micron Gold Coated Nickel Foils, Media Lario, Italy
For Segmented Filled Aperture Wolter Telescope
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Kirkpatrick-Baez Optics, Orthogonal Parabolas
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Kirkpatrick-Baez Mirror, Orthogonal Parabolas, 
Single Module or Entire Array
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Linear Segment Approximation to Parabola

Single Parabola

A Few  Curved 
Segments

More Linear Segments
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Segmenting a KB Mirror
Into Equal Size Modules
Segmenting a KB Mirror
Into Equal Size Modules
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Filled Aperture Segmented Telescopes with 
Controllers for Aligning Angle and Position

Kirkpatrick-Baez Wolter

XEUS Mirror (ESA)
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Comparison of Wolter and KB Segmented Optics

•There is more experience with the Wolter and Con-
X will add to it

•The theoretical resolution of the Wolter is superior, 
especially off axis

•The Wolter optic has a superior geometric 
efficiency

•The KB can be made of flats or near flats which 
may result in better angular resolution in practice

•Segments of a KB are rectangular and can have 
identical exterior dimensions resulting in fewer parts
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KB FF Obs
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Sparse Aperture KB Telescope

Focus
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Growth of Sparse Aperture 1



Ultra-High Throughput X-ray Observatory with a New 
Mission ArchitectureNIAC June 5, 2001

Growth of Sparse Aperture 2
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Growth of Sparse Aperture 3
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Growth of Sparse Aperture 4
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Steward Obs. (U. of A.) Tensioned Membranes
For Sparse Aperture K-B Telescope
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Fresnel Zone Plate and Fresnel Telescope

Converging Lenses

Diffractive                                             Refractive
All energies                                             > 3 keV                        
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Refractive X-ray Lenses
Converging Lens Fresnel Equivalent  Compound Lens (1D)



Ultra-High Throughput X-ray Observatory with a New 
Mission ArchitectureNIAC June 5, 2001

Advantages of the Fresnel Zone Plate /Lens

•Focuses by selective transmission rather than reflection 
•Surface condition and figure fidelity are not critical
•Need not be perfectly flat
•No polishing required 

•Normal incidence
•Physical area is the actual aperture area
•Material need only thick enough to absorb X-rays
•Relatively low mass, ~ 1 ton as compared to ~ 100 tons

•Small volume, can be folded or rolled for launch
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Extreme Chromatic Aberration of Fresnel Zone Plate and 
Fresnel Lens

Low Energy High Energy.

Foci

Focal Length:  ~ E for Zone Plate,  (~ E^2 for Lens)
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Strategies for Coping with the Fresnel Lens/Zone Plate Chromatic Aberration

A. For Imaging and Source Detection: Combine Convergent Fresnel 
Zone Plate and Divergent Fresnel Lens (L. Van Speybroeck)

B. For Non-Dispersive Moderate Resolution Spectroscopy (~2 eV) : Non-
Imaging Concentrator with Microcalorimeter at the Focus

C. For Dispersive High Resolution Spectroscopy (~0.1 eV) : Variable 
Space Reflection Grating , In-Plane or Out of Plane, Between the 
Fresnel Zone Plate and Detector

Each of the following is effective only in a narrow band of wavelength. 
However the total bandwidth can be increased by applying each multiple 
times and simultaneously at various distances from the telescope.

First Strategy
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Correcting Chromatic Aberration In Finite Band of Wavelength
By Combining Converging Zone Plate and Diverging Lens

Several Diverging Lens Stations

For Several Energy Bands

Effective > 3 keV, Limited 
By  Absorption In Lens
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Two Imaging Stations
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Second Strategy

Strategies for Coping with the Fresnel Lens/Zone Plate Chromatic Aberration

A. For Imaging and Source Detection: Combine Convergent Fresnel 
Zone Plate and Divergent Fresnel Lens (L. Van Speybroeck)

B. For Non-Dispersive Moderate Resolution Spectroscopy (~2 eV) : Non-
Imaging Concentrator with Microcalorimeter at the Focus

C. For Dispersive High Resolution Spectroscopy (~0.1 eV) : Variable 
Space Reflection Grating , In-Plane or Out of Plane, Between the 
Fresnel Zone Plate and Detector

Each of the following is effective only in a narrow band of wavelength. 
However the total bandwidth can be increased by applying each multiple 
times and simultaneously at various distances from the telescope.

A.
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Non-Dispersive Moderate Resolution Spectroscopy with Wide Field 
Non-Imaging Concentrator, “Waveguide” + Polycapillaries

Microcalorimeter

High Energy X-ray

Medium Energy X-ray

Low Energy X-ray
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Third Strategy

Strategies for Coping with the Fresnel Lens/Zone Plate Chromatic Aberration

A. For Imaging and Source Detection: Combine Convergent Fresnel 
Zone Plate and Divergent Fresnel Lens (L. Van Speybroeck)

B. For Non-Dispersive Moderate Resolution Spectroscopy (~2 eV) : Non-
Imaging Concentrator with Microcalorimeter at the Focus

C. For Dispersive High Resolution Spectroscopy (~0.1 eV) : Variable 
Space Reflection Grating , In-Plane or Out of Plane, Between the 
Fresnel Zone Plate and Detector

Each of the following is effective only in a narrow band of wavelength. 
However the total bandwidth can be increased by applying each multiple 
times and simultaneously at various distances from the telescope.

A

B.
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Reflection Grating

Higher Energy Focus of 
Fresnel Telescope

Higher Energy Focus of 
Conventional Telescope.

Dispersion Plane Is Rotated When Fresnel Zone Plate 
Replaces Grazing Incidence Telescope
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Spectroscopy Configuration
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Summary
Strategies for Coping with the Fresnel Lens/Zone Plate Chromatic Aberration

A. For Imaging and Source Detection: Combine Convergent Fresnel 
Zone Plate and Divergent Fresnel Lens (L. Van Speybroeck)

B. For Non-Dispersive Moderate Resolution Spectroscopy (~2 eV) : Non-
Imaging Concentrator with Microcalorimeter at the Focus

C. For Dispersive High Resolution Spectroscopy (~0.1 eV) : Variable 
Space Reflection Grating , In-Plane or Out of Plane, Between the 
Fresnel Zone Plate and Detector

Each of the following is effective only in a narrow band of wavelength. 
However the total bandwidth can be increased by applying each multiple 
times and simultaneously at various distances from the telescope.
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Filled Aperture Wolter

Will be extremely difficult to satisfy the 1arcsec  requirement. Best so far is 
15arcsec by XMM with substrates that are complete cylinders of revolution, 
whereas UHT large diameter requires the substrates to be segmented, which are 
inherently much less stiff

Best hope is that research for Con-X and ESA’s XEUS will provide solution

Filled Aperture KB

Prospects are possibly better because the substrates can be all flat or nearly so

However  approximating a parabola adequately requires an extremely large 
number of them

Packing efficiency is less than the Wolter

Conclusions on the Telescope 1
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Sparse Aperture KB
Appears to have better chance of satisfying the 1arcsec  requirement. 

Without nesting, reflectors there are no limits on thickness of rear support frame

Long focal length allows larger and fewer reflectors to make a good linear 
approximation to a parabola. 

Flat mirror technology developed for TPF by Steward Observatory applicable here

Fresnel Zone Plate/Refractive Lens

Possibly the most interesting optic but least studied option
Relatively low mass, relatively easy to fabricate and deploy
Can satisfy angular resolution and throughput requirements but only in one narrow 
wavelength band at a time. However, can operate in multiple bands simultaneously
Focal Length is extremely long, resulting in the most complex operations

Conclusions on the Telescope 2
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Rating the Optics, Qualitatively

B

C

C

C

Fabrication
Difficulty

B-

C+

C+

C+

Average
Rating

Launch,
Deploy

Field 
Size

Ang. 
Res.

Eff. 
Area

MassOptic

BDADAFresnel ZP   F. Lens

CCBBCSparse Aperture, KB

CACBDFilled Aperture, KB

CACADFilled Apert. Wolter
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Sites for the Ultra-High Throughput X-ray Observatory

LEO HEO

L2 L2
Halo

Helio-
centric Moon
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Moon As a Site for the
Ultra-High Throughput X-ray Observatory

The Moon is desirable or at least competitive with other sites only if a lunar 
base is established for other purposes and there is an infrastructure which 
provides power and construction services plus a reliable mode of
transportation from the Earth for bringing the telescope modules and 
detectors.

Otherwise, the Moon is at a disadvantage because:

•Soft landing an instrument on the Moon requires more energy than
placing it at the other sites.
•Lack of power during lunar night
•High temperatures during lunar day
•Severe thermal cycling between lunar day and night
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Elevating Telescope for Moon

Higher Target Elevation Lower Target Elevation
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EElevating
Telescope

Roving Detector
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Compatibility of the Various Optics Architectures with Several Possible Sites

NoYes?YesNoNoFresnel 
ZP/Lens

NoYesYesYesNoNoSparse 
Apert. 
KB

YesYesYesYesNoYesFilled 
Apert. 
KB

YesYesYesYesNoYesFilled 
Apert. 
Wolter

MoonHelio-
Centric

L2 HaloSun-Earth L2HEOLEOOptic
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Propulsion Requirements of the Ultra-High Throughput X-ray 
Observatory

• Launch of the telescope segments and multiple detector spacecraft into 
low Earth orbit (LEO)

• Transport from LEO to Sun-Earth L2

• Navigation to and rendezvous with the observatory site
• Station keeping and traffic control at L2 of telescope spacecraft and 

multiple detector spacecraft 
• Formation flying between the telescope spacecraft and the selected 

detector spacecraft which is at the focus
• Changing targets: which requires a rotation of the telescope axis to the 

new pointing position while simultaneously a detector spacecraft is 
displaced to its new position

• Attitude Control of the telescope pointing direction to better than one 
arcminute and the detector orientation to 10 arcminutes


