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CERN conducts research to find answers to

CERNoseniab fundamental questions about our universe

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.



Radiation-hard fiber optic links are the
CERNopenlab backbone of the experiments’ read-out systems

custom-made,
radiation-hard
optical transceivers

commercial off-the-shelf
optical transceivers

back-end
particle sensors electronics

read-out & control
electronics

experimental cavern computer control cavern
(radiation zone) (no radiation)
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proton-proton collisions

create sub-particles

“optical

transceiver

chip

Radiation inside detectors induces damage in
chips and degrades their performance

sub-particles create 2 kinds
of microscopic changes in
transceivers’ material

Displacement damage
incident heavy

particle (e.g. n)

PY vacancy defect
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Q000 O 0 G0
chip’s atomic lattice interstitial /

atom defect

lonizing damage
high energy
photon (e.g. y)

®
BEES | Y
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(VCSEL/pin) transceivers
eventually stop working
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=>» Effect of radiation on optical transceivers needs to be mitigated



R HL-LHC luminosity upgrades will
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CERNopeniab entail even more particle collisions
LHC/HL-LHC upgrade plan
we are here
LHC | HL_LHC
we plan for here
13-14 TeV —— LA — P

S5to7x

SPS ([ Eeits cryolinmit nominal
cryo Point 4 Yol HL-LHC installation
\ cC DS collimation IP2 Hwﬁggagﬂgm ' Ium@
radiation
damage pl

2 x nominal luminosity

—

nominal luminosity || experiment upgrade | ! experiment upgrade

/_ phrase 1 phase 2

5x higher levels of radiation in innermost detector regions
1-MeV neutron fluence up to 3 X 101°n/cm?

during 10-year operational lifetime
Total lonizing Dose (TID) of at least 1M Gy

larger amounts of data to be carried by optical links
bit-rates of >10Gb/s per channel



What does this mean e.g. for CMS?

CERNopenlab

CMS Detector

—~ cross-section (1 quadrant)

proton-proton
interaction point

calorimeter



S Current technology cannot be used in

CERNopeniab innermost detector regions

laser exclusion (>6e15n/cm?)

1.0 / 200 1-MeV neutron-equivalent in Si @ 3000fb” (CMS)
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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



» R Silicon Photonics: CMOS-compatible
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CERNopenlab electro-optic integrated circuits

Silicon Photonics

Modulator

Photodetector

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

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



e Easier integration with electronics could

.\" ] m

CERNopenlab open up new paths for read-out systems

Electronic IC

Si-Photonic IC

SiPh transmitter

Si electronic driver

Si particle sensor

Module with reduced mass and volume

\ 4

Less material in detector =» higher precision physics measurements
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SiPh would also offer further
CERNopeniab advantages over current technology

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
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S First tests showed promising results

CERNopenlab for radiation hardness of SiPh

1-MeV neutron fluence (n/cm?)
("displacement damage")

1E15 1E16 1E17
|
1.0 _/%\-\:_ i
|
i | ]
> |
“ 08| :
@ imin. levels
E |
= |
O 06} I
Q |
n
o |
.g- |
|
o 04 |
= '
et |
i |
Q |
= 02} I
|
|
|
0.0 |- | 3
|
1 " 1 i L " 1 L 1 " [ i 1
0 200 400 600 800 1000 1200
TID (kGy)

("ionizing damage")
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 lonizing Dose (TID) damage.
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e Device design directly affects
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CERNopeniab performance degradation

I I T T l T T T T

1.0 = design A —
m— design B

rel. performance (a.u.)
o
0]

0.0

0 500 1000
TID(kGy) (min. required)

=» Can MZM design be changed to increase resistance against ionizing radiation?
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.: x SiPh chip with different designs

'

CERNopenlab has been devised and tested

"Deep etch" waveguide
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R SiPh transmitter with a 5x higher
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CERNopeniab radiation-hardness could be identified

T T T T T T T T T
15} min. level 7 " 2
i ] deep etch

— low radiation hardness

1.0

(old) design A
design C (deep etch)
design D (shallow etch) i

0.5

relative performance (a.u.)

0.0
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=>»improved radiation hardness for SiPh transmitters
with shallow etch depth
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Data transmission quality of SiPh transmitter

before irradiation

File Control Setup Trigger Measure Analyze Utilities Help 13 Jun 2016 10:45 AM

46.0 GSa/s 1.60 kpts i B

222mv % i

V amptd(1)

"
Cal

0

us | Scales

Eye height(cg) V top(1) V base(1)
0.0 Vv 92.591 mV 23.529 mV 69.062 mV

65.2985 mV

lin 6.91067 Gb/s 0.0 v 76.923 mV 21.119 mV 47.543 mV

lax__ 18.547 Gb/s 12.6 mV 98.397 mV 46.275 mV 74.599 mV

Gb/s 2.67 mvV 92.7712 mV 27.4728 mV

is not impaired by ionizing radiation

after TID of 2655kGy

File Control Setup Trigger Measure Analyze Utilities Help 13 Jun 2016 12:08 PM

22mv % i

V amptd(1)

e [0 (01010 Caiste 10 T ) R o)
of 2, 1
| e cales

leasurements | k]

V top(1) V base(1)
105.171 mV .308 m 96.863 mV
leal 105.365 mV 90.2796 mV
in  6.8168 Gb/s - 81.291 mV .837 m 61.060 mV
lax 19.928 Gb/s 112.148 mV 5 m 99.884 mV

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!
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S Regions that were inaccessible for optical

s

CERNopeniab links before could now be reached with SiPh

radial distance from collision point [cm]

laser based technology SiPh transmitters

1-MeV neutron-equivalent in Si @ 3000fb™" (CMS)
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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
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Application of SiPh could be extended
CERNopeniab to other radiation sensitive fields

max. total dose for various application areas (kGy)

nuclear fuel manipulation’ I
ITER in-vessel* I

range of interest
HL-LHC

SiPh (current status) I
hot cell operation’ I
fission reactor maintenance ' I
earth-mars-earth mission (3yrs)® N

1 10 100 1000 10000
Possible fields of application
=>» Civil nuclear industry
=>» Medical applications
=> Air & space

1) F. Berghmans et al., “An Introduction to Radiation Effects on Optical Components and Fiber Optic Sensors,” in Optical Waveguide Sensing and Imaging SE - 6, 2008
2) M. Van Uffelen, L. Mont Casellas, “Radiation damage studies at F4E for ITER - from policies to case studies”, in 22/05/2014 — RadWG @ CERN
3) N. V. Kuznetsov et al., “Estimates of radiation effect for a spacecraft on the Earth-Mars-Earth route,” Advances in Space Research, vol. 30, no. 4, pp. 985-988, 2002.
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https://indico.cern.ch/event/317531/contributions/734234/attachments/610653/840244/05._Radiation_damage_studies_at_F4E_ITER_xxxxxx_v1.0.pdf

> Performance of SiPh transmitters

.\".

CERNopenlab can be enhanced through ionizing radiation
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=>» Could potentially be used to generally enhance performance of commercial SiPh transmitters
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Changes in device’s electrical characteristics
could be exploited for radiation sensing
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=>» Electro-optical sensor for ionizing radiation
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7 Summary
CERNopenlab

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.
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