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Electroformed Nickel Replication (ENR)
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ENR– Current and Recent Programs

ART-XC instrument on Spectrum 
Rontgen Gamma Mission FOXSI (Rocket) IXPE Small Explorer

HERO

Non-Astronomical Applications

Neutron Imaging Plasma Diagnostics

FOXSI Small Explorer 
(Phase A study)
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New Developments 
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Challenge
• The optical figure of mandrels used to produce replicated nickel cobalt grazing 

incidence optics directly impacts performance of the optic.  

Objective
• Reach sub-arcsecond half-power diameter (HPD) mandrel figure error to enable 

future missions.

Approach:
• Test methods for aligning Zeeko CC polishing machine coordinates with mandrel 

coordinates with mandrel fiducials.
• Continue improving surface roughness and polishing wear function stability by 

adjusting abrasive slurry parameters.
• Polish mandrels with Zeeko machine for shape correction and super polish with 

large laps to achieve final surface roughness.
• Estimate finished mandrel performance with mandrel metrology on Zygo

interferometer at MSFC. 

Computer Controlled (CC) Polishing
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Computer Controlled (CC) Polishing

CC polishing process loop
1. Characterize machine/bonnet wear 

function
2. Map optic/mandrel surface error
3. Deconvolve surface error map with wear 

function to generate toolpath
4. Polish optic
5. Iterate
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Computer Controlled (CC) Polishing

TRL Level
Currently at ~ 3

Challenges and future work
• Complete test mandrel polishing and quantify surface quality 

improvement.

Applicable to Athena
Yes, for direct polishing of full-shell optics.
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Challenge
• Future X-ray missions require large effective area, lightweight, high angular resolution 

grazing incidence optics.
Objective
• Using high specific stiffness metal materials (Be, AlSi, AlBe), produce sub-arcsecond

grazing incidence full-shell optics approximately 3 mm thick.

Approach:
• Diamond turn inner and outer surface of as-purchased metal/metal-composite 

shells.
• Implement in-situ metrology to measure the shape of the shell while mounted in the 

polishing machine.
• Directly polish shells in the Zeeko machine at MSFC.
• If needed, apply differential deposition in chamber at MSFC to improve mid-spatial 

frequency shape error.

Thin-shell direct fabrication
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Thin-shell direct fabrication

Aluminum surrogate shell Shell support structure

Shell support structure 
mounted to diamond 
turning machine
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Thin-shell direct fabrication

TRL Level
Currently at ~ 2

Challenges and future work
• Delivery of 3 mm thick figured and polished NiP plated aluminum shell
• Design of X-ray test support fixture, and cross-calibrated verification of in-

situ metrology system.  Delivery of X-ray test support fixture and verification 
of the 3 mm and 1.5 mm thick mirrors via X-ray testing.

Applicable to Athena
Yes, for direct polishing of full-shell optics.
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Differential Deposition - Overview

Objective
Develop a process to provide post-
fabrication improvement to x-ray optics

Approach
Use physical vapor deposition to 
selectively deposit material on mirror 
surface to reduce figure errors
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Differential Deposition - Process

Surface profile 
metrology

Develop correction 
profile “Hitmap”

Simulations – translation 
velocity of shell 

Differential deposition

Surface profile 
metrology

X-ray testing

Simulation of successive corrections with finer slitsDifferential deposition 
process flow
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