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• Outline

– Radiation effects physics of optical materials

– Examples 

– Challenges for EJSM radiation environment 

– Approach to qualification & testing

– The literature & data sources (Citations to get you started)

– Conclusion and recommendations

Radiation Hardness of Optical Materials 

Dominic Doyle, ESA-ESTEC, Optics Section
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Radiation effects on Optics, 
Basic Phenomenology & Examples

• Radiation effects on optical glasses, crystals, coatings 
and (mirror) substrates may include:

– Induced colour centres (spectral absorption impact => darkening)

– Density changes => ref. index, & dilatation or compaction

– Birefringence (Crystals)

– Charging => Lichtenberg figures, fracture

– Fluorescence, Luminescence and Scintillation

– Dielectric breakdown

See also Willis presentation OPFM Workshop June 2008, 
https://opfm.jpl.nasa.gov/europajupitersystemmissionejsm/tutorials/Tutorial_5/player.html

https://opfm.jpl.nasa.gov/europajupitersystemmissionejsm/tutorials/Tutorial_5/player.html
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Overview of Glass Damage 
Physics
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Radiation Damage 
is a Complex Phenomenon

(After Griscam, 1985, SPIE Vol

 

541)
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Induced Absorption
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Induced Absorption

• Normalised parameterisation is very useful, e.g.

• The radiation Induced Absorption Spectrum (IAS) 
is defined from transmission spectra measured 
before (T0 ) and after (T1 ) irradiation


 

= (1/L) ln(T0 /T1 ), L – sample thickness
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Induced Absorption
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IAS Example

SF15 Spectral Transmttance before and after irradiation
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Refractive Index 1

Bulk transmitted WF (Induced OPD Changes), 400 krad Gamma, BK7 Series

• Different behaviour for BK7 series, notably induced OPD sign change 
between normal and “rad-hard”

OPD (nm)  = + 22 - 16 - 13

NB Rad-hard = 
resistant to
Darkening ONLY!

BK7G25BK7G18BK7
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Refractive Index 2
Bulk WFE (Induced OPD Changes), p-600 krad, LaK9 series

Normal Glass:
no RI damage 

detectable

Rad-Hard Analogue 

OPD = - 92 nm !

(Significant damage)
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Refractive Index

Example of measured radiation induced 
Refractive Index changes

Glass (Type) OPD (nm) RI change (@633 nm) Predicted RI change RI Dose Coeff. 
(x10-5) (x10-5) (x10-11 per rad)

LaK9 N N.M. < 0.1 1.1 < 0.15
LaK9G15 RH -110 +2.20 4.0 3.25
BK7 N +22 -0.45 3.0 - 0.74
BK7G18 RH -16 +0.32 0.53
BK7G25 RH -13 +0.26 0.43
Fused Silica N.M. < 0.1 < 0.15

Is this important?

Depends on the refractive index tolerances in your optical design (transmissive optics).
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Density - Dilatation
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Density – Compaction 
of Glass Ceramics

 Compaction due to oxygen hole centers in single and 
multi-component glass and glass-ceramics

Effects of radiation on the properties of low thermal expansion 
coefficient materials: A review.

Rajaram & Friebele, J. Non Crys. Sol. Vol 108, (1989)
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Zerodur – SILEX Example

Silex M1
Radius of Curvature Reduction vs 
Electron Irradiation  Dose in Geo

The effect of electron radiation on the radius of curvature 

of a Zerodur mirror. Doyle et al SPIE Vol. 2775, 1996

1 Mrad Surface Dose
Energy rage 0.75 – 2.5 Mev
@ ~ 10^12 e/cm^2
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Birefringence
Radiation induced stress-birefringence due to Proton irradiation (non-uniform) of 
Cerium doped glass Lak9G15. Pictures show polarised light transmitted by the samples when 
placed between crossed polarisers under illumination with a Sodium d-line spectral lamp (589 
nm). The characteristic cross shaped pattern is in accordance with theoretical predictions.

(After Rothschild et al, 
App. Phys. Lett. 55, 1989)

Doyle, ESTEC
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CaF2 @ 10 Mrad

Beware Lead 
Contamination!
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Fluorescence, Luminescence 
& Scintillation
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Dielectric Breakdown

Known since 1957!

Lichtenberg figures
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Filters & Coatings

Colour Glass, with annealing 
recovery over days (at room temp)

Interference Filter
Delta tx post p+ irradiation

SSR, 128, 2007

Naletto et al App. Opt. 42, 2003

Rosetta, OSIRIS Camera
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Peculiarities of the EJSM JGO 
Radiation Environment

• Trapped electrons are the dominant ionising radiation component
>50 MRad surface dose equivalent
• Dose rate estimate for Glass 30 mRad/s (for 10 mm Al equiv shielding) 
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Approaches for Qualification and 
Testing

• Differential testing essential
– Baseline before irradiation
– Incremental dose accumulation
– Measure performance loss after each step
– Maintain unirradiated control sample(s)

• Test for annealing impact (long term)
• Temperature and environment 

(air/vacuum) may be important
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Literature, Sources

• Check complimentary reports from testing of materials 
in other domains e.g. 

– Plasma Fusion reactor programmes (e.g. ITER, where doses 
of >100s GRads are reached!)

– Laser fusion programmes 

– X & EUV optics for lithography projectors

– Particle accelerators e.g. LEP at CERN 

– Glass fiber radiation responses (V. long path lengths)
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Some Data and Literature 
Resources

• ESA Radiation Effects Unit web site  “ESCIES”
– https://escies.org/ReadArticle?docId=227

• NASA Photonics web site “Miss Piggy at Goddard”
– http://misspiggy.gsfc.nasa.gov/photonics/

• IEEE Radiation Effects Data Workshops
– http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=7606

• SPIE Digital Library
– Conference series on Photonics for Space & Radiation 

Environments (Ed. Taylor) 
– http://spie.org/x648.html?product_id=382659

https://escies.org/ReadArticle?docId=227
http://misspiggy.gsfc.nasa.gov/photonics/
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=7606
http://spie.org/x648.html?product_id=382659
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Selected References 4 
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28 3rd Europa Jupiter System Mission Instrument Workshop, ESA ESTEC January 2010, D. Doyle, ESTEC, Optical Materials

Conclusions & 
Recommendations

• Always carefully review the literature

• Leverage optics design lessons from previous (deep space) missions

• Design to be RADIATION TOLERANT vs performance requirements at EOL

• Select materials and alternatives (availability can be a problem)

• Design test campaign to qualify materials against TID requirement
– Consider Dose rate, Annealing and Energy spectrum
– Synergistic effects may also be important; temperature environment, thermal cycling, 

surface charging and dielectric breakdown, UV, molecular contamination, air- 
vacuum, etc

• Measure induced degradation of the driving optical performance parameter 
for each material

• Test early and often to secure results and evaluate thoroughly to convince QA
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Thanks for your Attention

• Dominic Doyle

– Optics Section ESTEC (TEC-MMO)
– Room Dg002
– Telephone +31 71 565 3634
– Email: dominic.doyle@esa.int

mailto:dominic.doyle@esa.int
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