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For that purpose, CERN

• operates the Large Hadron Collider (LHC).
 proton-proton collision at 14TeV, 40MHz

• hosts High Energy Physics (HEP) experiments.
 ALICE, ATLAS, CMS, LHCb, etc.

• develops required technologies.
 (opto)-electronic data links, sensors, vacuum, cooling, etc.

CERN conducts research to find answers to 
fundamental questions about our universe
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Radiation-hard fiber optic links are the 
backbone of the experiments’ read-out systems

10,000s of fiber optic
links (<200m)

...
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read-out & control 

electronics
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back-end 
electronics

commercial off-the-shelf
optical transceivers



proton-proton collisions 
create sub-particles

Radiation inside detectors induces damage in 
chips and degrades their performance
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 Effect of radiation on optical transceivers needs to be mitigated



LHC/HL-LHC upgrade plan

5x higher levels of radiation in innermost detector regions

1-MeV neutron fluence up to 3 × 1016𝑛/𝑐𝑚2

Total Ionizing Dose (TID) of at least 1𝑀𝐺𝑦

larger amounts of data to be carried by optical links

bit-rates of >10Gb/s per channel

HL-LHC luminosity upgrades will 
entail even more particle collisions
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during 10-year operational lifetime

we are here

we plan for here
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What does this mean e.g. for CMS?

CMS Detector

proton-proton
interaction point

silicon pixel & strip tracker

calorimeter

cross-section (1 quadrant)
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Lasers degrade too fast and thus cannot be used for tightly integrated read-out modules in 

harshest radiation environments in CMS.

 ICE-DIP’s work package 1: radiation-hard Silicon Photonics (SiPh) for data intensive 
communication links

Current technology cannot be used in 
innermost detector regions

# of neutrons per cm2 (from [1])

laser exclusion (>6e15n/cm2)
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Idea: 

Fabrication of photonic devices in silicon in existing and mature CMOS infrastructure

Promise: 

Production of chips with increased functionality, reduced power consumption at lower cost

Our hope:

Radiation-hardness similar to those of silicon sensors currently used in HEP experiments

Silicon Photonics: CMOS-compatible 
electro-optic integrated circuits

from https://ic.tweakimg.net/ext/i.dsp/1109883395.png



Module with reduced mass and volume

Easier integration with electronics could 
open up new paths for read-out systems
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Si particle sensor

Si electronic driver

SiPh transmitter

Less material in detector  higher precision physics measurements



• Single-channel data rates 10–50Gb/s have been demonstrated. 

 5-14Gb/s for current technology

• Multiplexing of multiple channels into one fiber offers way to increase bandwidth 
w/o need for new fiber installation. 

 not possible w/ current technology

• Transmission distances of up to 2km.

 200m for current technology

SiPh would also offer further 
advantages over current technology
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Silicon Photonic (SiPh) Mach-Zehnder Modulators (MZMs) show no significant 

performance degradation due to displacement damage caused by high neutron fluence.

But: devices are very sensitive to Total Ionizing Dose (TID) damage.

First tests showed promising results 
for radiation hardness of SiPh



 Can MZM design be changed to increase resistance against ionizing radiation?

Device design directly affects 
performance degradation
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performance prediction from simulations

SiPh chip with different designs 
has been devised and tested
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“deep etch”
low radiation hardness

SiPh transmitter with a 5x higher 
radiation-hardness could be identified
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before irradiation

Data transmission quality of SiPh transmitter 
is not impaired by ionizing radiation

after TID of 2655kGy

Data transmission tests made at 10Gb/s don’t show degradation of transmitted 
signal after irradiation.

Demand for high bit-rate and radiation-hard transmitters can be met by SiPh

SiPh technology could be adapted to CERN’s needs!



Regions that were inaccessible for optical 
links before could now be reached with SiPh
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Currently used bulky copper wiring could be removed to access innermost sensors in detector.

less material in detector

possibility to read-out large amounts of collision data from innermost detector via optical 
links tightly integrated with particle sensors

laser based technology SiPh transmitters



Application of SiPh could be extended 
to other radiation sensitive fields
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Possible fields of application

Civil nuclear industry

Medical applications

Air & space

1 10 100 1000 10000

earth-mars-earth mission (3yrs)

fission reactor maintenance

hot cell operation

SiPh (current status)

HL-LHC

ITER in-vessel

nuclear fuel manipulation

max. total dose for various application areas (kGy)
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Could potentially be used to generally enhance performance of commercial SiPh transmitters

Performance of SiPh transmitters
can be enhanced through ionizing radiation
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Electro-optical sensor for ionizing radiation

Changes in device’s electrical characteristics 
could be exploited for radiation sensing

20

0 200 400 600 800 1000 1200

10µ

100µ

1m

10m

fo
rw

a
rd

 c
u

rr
e

n
t 

@
 1

V
 (

A
)

Dose (kGy)

 2V bias

>700x



21

Radiation-hardened, high bit-rate optical transceivers are required for future CERN 
experiments.

Silicon photonics (SiPh) technology was investigated because high bit-rate 
transmitters had already been demonstrated and a high radiation tolerance was 
expected.

SiPh test chip was designed and tested.

A SiPh transmitter design showing 5x higher radiation hardness over other designs 
could be identified and is candidate for deployment in HEP experiments.

SiPh allows transmission over longer distances & channel-multiplexing

Improvements made could open up new design paths for optical read-out systems 
at CERN enabled through integrated modules that could be in innermost detector 
regions.

Research on SiPh will be continued after ICE-DIP by EP-ESE-BE Opto-Team.

Such SiPh transmitters could also be used in radiation sensitive applications in air 
& space and civil nuclear industry or for radiation sensors.

Summary
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