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Background: What is an X-Ray?

• X-Rays: A type of electromagnetic 
radiation 
• Small Wavelength : 1×10-11 to 1×10-8 Meters
• High Frequency : 3×1016 Hz to 3×1019 Hz
• High Energy: 0.1 to 100 KeV

• Objects that emit X-Rays: Black holes, 
neutron stars, binary star systems, 
supernova remnants, the Sun, and even 
some comets.

Composite image of Crab Nebula. 
“Blue” light represents X-ray radiation



Illustration of Electromagnetic Spectrum



How do we observe X-Rays?

• X-rays are so energetic that they pass 
through most matter

• X-rays are absorbed by Earth’s 
atmosphere

• To collect X-rays, mirrors must be 
aligned nearly parallel to the incoming 
x-ray source, only “grazing” mirror 
surface.



Illustration and Picture of X-Ray Telescope Mirror Assembly



• Three parameters characterize X-ray optic 
technology:

1. Angular Resolution: The ability of an image 
forming device to distinguish between two 
objects that are separated by a small angle. 
[arcseconds]

2. Effective Area per unit mass: Unrestricted 
photon-collecting area of an optical, infrared, or 
X-ray telescope divided by mass. [cm^2/kg]

3. Production cost: Determines financial feasibility 
of telescope [USD]

Technology Development



Notable X-Ray Astronomy Missions

Chandra XMM Newton NuStar Hitomi

Agency NASA ESA NASA JAXA/NASA

Angular Resolution (“ HPD) 0.5 15 58 75

Collecting Area cm^2 (at 1 KeV) 800 4500 1000 (10 KeV) 160

Production Cost [USD] 1.65B 689M 170M 290M



• Future X-Ray astronomy missions will require 
thousands of nearly perfect segments to produce 
an X-Ray optical assembly with < 5 arcsecond HPD 
resolving capability and a large photon collecting 
area.

• This feat is impossible with traditional glass 
mirrors.

• Solution: Single-Crystal Silicon Mirrors
• No internal stress
• Low coefficient of thermal expansion 
• High thermal Conductivity
• Highly available, at low cost

The Problem

Silicon Boule Being Spun



Silicon X-Ray Optic Manufacturing



Silicon X-Ray Optic Slicing & Lapping

• Slicing: Conical form milled into 
silicon block with a CNC mill using a 
precise cut path.

• Lapping: Rubbing two surfaces 
together with loose grit between 
them. Mirror is lapped against a 
rotating cylinder until desired surface 
roughness is achieved.



Silicon X-Ray Optic Slicing

• Slicing: Using a bandsaw, a thin 
(<1mm thick) substrate is 
released from the block through 
a process known as slicing. 



Silicon X-Ray Optic Etching and Polishing

• Etching: Mirrors are bathed in 
hydrofluoric acid, removing any 
surface defects and relieving the 
substrate of any stress.

• Polishing: Mirrors are polished using a 
cylindrical tool, with diamond shape 
polishing pads to achieve 2nd order 
curve.



Silicon X-Ray Optic Trimming

• Trimming: Finally, mirrors are 
trimmed down to the correct size by 
waxing the substrate to a mandrel 
with grooves correlated to the 
desired trim path. 



Mirror Meta Shell Assembly Concept

• Once optics have been manufactured, they 
are added to a mirror assembly.
• Optimized to minimize mass, mirror distortion, 

and maximize collecting area.
• Assembly must survive rigors of launch and 

orbit environments.

• Meta-Shell approach: stacking mirrors on a 
cylindrical support, with spacers between 
each layer of mirrors. Several different sized 
meta-shells are then aligned concentrically 
to create the final assembly. 



Summer Work: Lapping Tool Measurement

• For High quality lapping, it is 
critical to understand the precise 
large and small diameters of the 
conical tool. 
• Measurement process is 

cumbersome

• A new lapping machine was 
built, and a measurement 
technique was devised to only 
require one person.



Summer Work: Spacer-Bond Characterization

• During the mirror assembly 
process, each mirror is placed on 
four spacers. 
• Posts must align each mirror 

segment
• Bonding is used to preserve this 

alignment throughout the rigor of 
space flight

• Question: Which epoxy works 
best with silicon posts?

• Lap shear and tensile test 
techniques were devised to 
determine epoxy-silicon spacer 
bond strength



Summer Work: Spacer Bond Characterization

• Which epoxy works best 
with silicon posts?
• Low outgassing, fast set time, 

low viscosity, high lap shear 
and tensile strength.

• Lap shear and tensile test 
protocol were devised to 
determine epoxy-silicon 
spacer bond strength



Conclusions

• Improvements have been made in the manufacturing and 
process to eliminate labor intensive processes, prepare for 
higher volume production, and develop systems to integrate 
new design components. 
• Improvements include the construction of a new lapping machine, 

and devised protocol for the testing of silicon spacer-bond 
strength.



Questions?


