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What are we looking for?

• What components?
– Motors
– Feedback systems
– Limit switches, reference switches
– Connectors
– Cables
– Frontend electronics

• What materials?
– Conducting materials: Metal (Cu, Al, Fe etc.)
– Magnets, springs
– Isolating materials: Polymers, rubber, resins etc.
– Optical materials: Glass, polymer etc.
– Electronics: Semiconductors, passive components
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What types of radiation do we have ?

• Applications in Neutron Scattering require resistance to a combination of 
gamma radiation, neutron radiation and in some cases high temperature. 

• All radiation produces some damage, therefore, the issue becomes how much 
radiation and what kind of radiation can an object sustain while maintaining its 
operation specification.

• Next problem of Neutron flux is activation of material: not covered in the talk!!
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What radiation levels do we expect?
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MGy
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kGy

Analysis Report ESS-00840361 Gy = 100 rad

• Total Integrated dose (TID) calculations for sealing materials in bunker 
area (for 10 years)



How to find?   1. Ask your colleagues!

• Other radiation facilities and applications:
• Reactor and Spallation Sources
• Fundamental physics facilities
• Fusion technology projects (ITER)
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Gamma Thermal n Fast n Max. 
energy

ILL 101+ 1 10-5 20 MeV

SNS 10-2 200 MeV

ESS 1 1 1 200 MeV

CERN 101+ *) TeV

ITER n.a. n.a. 10 6+ **) 14 MeV



How to find?   2. Ask your supplier!

• Military applications (one shot)
– Communication electronics
– Launch control, remote control (robots, drones)
– Nuclear Event detector
– Cables, connectors

• Space applications (continuous)
– Communication electronics
– Remote control, remote handling
– Sensors for scientific experiments
– Cables, connectors

• Nuclear Power Plant (NPP) applications, ITER
– Remote control of actuators and valves
– Remote handling of nuclear waste
– Remote replacement of parts in vacuum (ITER)

• High temperature industrial applications
– General automation applications > 100℃

• Polymers in medical use
– Tools and containers to be sterilised with gamma radiation
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Radiation dose levels – Wittenstein DC motor
“rad resistant”, 10kGy, “rad hard”, 10MGy
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Radiation dose levels – TE LVDT 
“Mild radiation resistance”, 100kGy, 1012 NVT
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Radiation dose levels – AMCI resolver
“Tefzel insulation for radiation applications”

Radiation dose rate limits for ETFE (tables 
from different suppliers)
• 100kGy (Lapp cable)
• 1MGy (Nordion)
• 10kGy (AXON 2014)
• 100kGy (in air, AXON 2017)
• 300kGy (in vacuum, AXON 2017)
• 1MGy (crosslinked, AXON)
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Radiation dose levels – DDC motion electronics 
for space applications: “radiation tolerant”, 1kGy
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Radiation dose levels – Glas lenses
for space applications: “Radiation-Hard”, 9kGy
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Radiation Hardness of Optical Materials 
Dominic Doyle, ESA-ESTEC, Optics Section 



Radiation dose levels – MAGICS electronics 
for remote handling at ITER: “Rad-hard”, 1MGy, 300kGy/h
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https://www.magics.tech/portfolio
/cases/motor-control/

https://www.magics.tech/portfolio/cases/motor-control/


Radiation dose levels – NAMCO limit switch 
for valves in nuclear power plants

• Harsh Environment: “Radiation resistant”, 3.6MGy
• Mild Environment: “Low dose radiation resilience” , < 1MGy
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Nuclear qualified components

14



Nuclear qualified components
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Nuclear regulations and qualifications
All qualifications are for safety related components!
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USA:
IEEE 323 / IEC 60780: IEEE Standard for Qualifying Class 1E 
Equipment for Nuclear Facilities
IEEE 383: IEEE Standard for Qualifying Electric Cables and 
Splices for Nuclear Facilities

France:
AFCEN: RCC-E 2012 
EDF: CST 74 C 068 00: Cahier des Specifications Techniques 
- Cable Electriques pour Centrales Nucleaires



Areas of a nuclear power plant (NPP)
Safety classification according to RCC-E
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K1

K3

K2

No safety 
classification



Typical 40y-doses in a nuclear power plant
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Nuclear qualification
Dose rates for radiation tests
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projec-
ted 
lifetime

Harsh 
environment 
(lifetime rad + 
accident)

Harsh 
environment 
(lifetime 
radiation)

Mild 
environment
(no or very low 
radiation)

no radiation,
no safety 
requirements

Areas of 
NPP

Reactor building Safeguard 
building

Turbine Hall, 
Substation

Offices, 
Workshops

IAEA C, D B A
IEEE 323 1E LOCA not specified 1E non-LOCA non 1E
RCC-E K1 (severe 

accident)
K2 K3 no class

IEEE 383 40Y 0,5 + 1,5 MGy (0,5 MGy) - -
IEEE 383 60Y 0,75 + 1,5 MGy (0,75 MGy) - -
CST 74C068 60Y 0,2 + 0,65 MGy 0,2 MGy - -



How to find?   3. Choose and test!
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• Choose standard components with „promising“ materials.
• Define carefully test environment (radiation type, flux, spectrum, specimen volume, source 

access etc.) and choose source accordingly.
• Performance tests before >>  irradiation >> performance tests afterwards.
• Check with supplier when he introduces changes in material.

More details in :
M. Bulavin et.al. Irradiation facility at the IBR-2 reactor for 

investigation of material radiation hardness, NIM B 343 (2015) 26-29

IBR-2 reactor in Dubna, Russia



Cables in radiation environment
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Radiation Resistance definition in IEC 60 544 

• For flexible plastics and elastomers the most restrictive property is usually the strain or 
stress at break. 

• End-point criterium for «radiation resistance value»: Loss of 50% of the initial strain or 
stress at break of the material. 

• Note that this does not necessarily refer to an end-of-life condition, especially for 
materials with high initial strain at break (>200%) including TPU, ETFE, crosslinked or 
uncrosslinked polyolefins. 

Effect of radiation on cables

• Most critical parts of the cables are the insulation of the wire and the sheath around.
• Insulation must have certain dielectric properties and the sheath needs to fulfill additional 

mechanical requirements.
• Plastics and polymers loosing their flexibility and get brittle. 
• Radiation tests are concentrating on that property.
• Most tests of cables are done with a Co60 source (Gamma) and with accelerated lifetime.



Test conditions in IEC 60544-4 
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Test results for Huber Suhner RADOX 125
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Test results for Eaton XLPO
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More details in the presentation:
Condition Based Qualification

Robert Konnik, Chief Technology Officer,
Marmon Innovation & Technology Group 



Review of radiation tests
Combination effects
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• In particular, three of the aging assumptions used were found to be 
overly simplistic. 

• Thermal aging was typically carried out at a few high temperatures, 
then they were modeled with an Arrhenius function to derive an 
Arrhenius activation energy Ea and finally the results were extrapolated 
to ambient conditions assuming no change in Ea. Recent studies show 
that Ea often drops at low temperatures, reducing the extrapolated 
lifetime.

• For radiation aging, an equal damage, equal dose assumption (e.g., no 
dose rate effects) was used. Careful studies have now shown that dose 
rate effects that reduce extrapolated material lifetime are both 
common and expected and come from several different mechanisms.

• Finally, for simulating combined radiation plus thermal environments, 
sequential aging (usually thermal aging followed by room temperature 
radiation aging) was allowed whereas recent studies show that 
simultaneous aging is usually much more severe. 

More details in:
Kenneth T. Gillen and Robert Bernstein -

Review of Nuclear Power Plant Safety Cable Aging Studies with Recommendations 
for Improved Approaches and for Future Work, SAND 2010-7266 



US suppliers for nuclear cables
Environmental Qualification Data Base (EQDB)
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• xx

More details in this presentation:
Leo Fifield, PhD (PNNL):

LWRS Cable Aging and Cable NDE 



Certified cable IEEE-323, class 1E
HABIA
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Certified cable RCC-E, class K1
Prysmian
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Tested with 
850 kGy



Custom cable for ESS PSS systems
Huber Suhner
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Cables in Radiation Environment
Helukabel
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Cables for aircraft and space applications
ASNE0261CF – Drake, Nexans
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• Some cables according to 
ASN-E026x (Airbus) and 
other aircraft specs are 
composed of Polyimide 
(Kapton) isolations

• ASNE0261CF cable is used 
by LTN for a CERN-
application resolver 
specified to 40 MGy



Example of customised cable
Axon
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Cables in Radiation Environment 
Air (standard atmosphere)
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Some typical numbers from suppliers:

Lapp-Kabel (PU) 0.5 MGy

Lapp-Kabel (EPR) 1 MGy

Helukabel (PU, HM2, TM7) 1 MGy

Huber+Suhner RADOX® (RX125-XLPolyolefin Copolymer) 1 - 3 MGy

Marmon (XLPE + CSPE, certified to Class 1E, IEEE-323) 2 MGy

Habiatron (XLPolyolefin, certified IEEE-323 + 383) 2.3 MGy

Axon (Poliax®-PEI) 3 MGy

Huber+Suhner RADOX® (TPU) 5 MGy

Axon (Neutrax®-PEEK) 5 MGy

Axon (Kapton®-Polyimide) 10 - 20 MGy



Lessons Learned
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1. Understanding the material mix of the component is key; not always easy to 
get from the supplier and absolutely crucial for the activation analysis.

2. Best way of avoiding problems in high radiation environment is to avoid 
optics and electronics as materials.

3. In the last time quite a number of high performance plastics emerged in the 

market (PEEK, PEI, PPS, PPA, TPU) to accompany PI (Kapton) as isolation in 
radiation environment.

4. Nuclear qualified components are often too expensive as they cover more 

requirements than necessary (safety, temperature, shock, water level).

5. Often suppliers offer cheaper “brothers” of the nuclear components with 
similar properties in terms of radiation hardness (examples of this in 
Kristinas talk on Wednesday).

6. Some suppliers give dose numbers “for free” with their standard products.

7. For very high doses you need to take a customized solution from a 
specialized supplier.

8. Using standard components with a “promising” material mix requires tests 
campaigns under carefully chosen conditions.



Thank You!
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Cables in Radiation Environment
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Cables in Radiation Environment - AXON

38



Cables in Radiation Environment - AXON
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Radiation resistance 
based on IEC 60544-4

Absorbed dose in 
Mrad = 10 kGy



Cables in Radiation Environment - AXON
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Cables in Radiation Environment - RADOX
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More details
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More details
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Tavlet, M. and Ilie, S.

“Compilation of Radiation Damage 
Test Data
PART I: Halogen-free cable-
insulating materials”
CERN, Geneva, 2nd Edition 1989



Radiation resistance of polymers –
Publication NASA (1969)
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from:
C. L. Hanks and D. J. 
Hamman, “Report on 
the Effect of 
Radiation on 
Electrical Insulating 
Materials”, NASA, 
1969

as reference in ESS-
0039408

“NOSG Handbook”



CERN 1982-10 – Cable insulation
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https://radiation-
damage.web.cern.ch/cont
ent/radiation-damage



CERN 1982-10 – Elastomers
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https://radiation-
damage.web.cern.ch/cont
ent/radiation-damage



CERN 1989-12 – Overview
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https://radiation-
damage.web.cern.ch/cont
ent/radiation-damage



Radiation resistance of polymers –
Publication CERN (1999)
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from:
M. Tavlet and S. Ilie, “Behaviour of Organic 
Materials in Radiation Environment”, IEEE 
2000



Radiation resistance of polymers –
Presentation ORNL (2013)
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Duckworth, R., “Radiation Resistant 
Electrical Insulation Materials for Nuclear 
Reactors Using Novel Nanocomposite
Dielectrics ”, DOE-ORNL 2013



Radiation resistance of polymers – AXON 
(2014)
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Radiation resistance of polymers – AXON 
(2014)
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Radiation resistance of polymers - LAPP

52



Radiation resistance of polymers - LAPP
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PVC 0.8 MGy
PU 0.5 MGy
NR (Nat. Rubber) 0.8 MGy
EPR (≈EPDM) 1.0 MGy



Radiation resistance of polymers - LEMO
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Radiation resistance of vacuum cables - VACOM
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Higher resistance of the “enameled” wire is probably due to the fact that it is applied on solid wire and 
intended for fixed installations, i.e. it works also with a slightly damaged isolation.



Radiation resistance of cables at CERN - SPS 
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Radiation resistance of cables at CERN - SPS 
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Radiation resistance of cables at CERN - SPS 
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