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Abstract 

This document reports on the results of the subgroup working on topic b: Radiation tolerance and reliability of 
optoelectronic components.  It summarizes in an informal way several discussions among ATLAS SCT, ATLAS 
Pixel, ATLAS LAr and CMS tracker optical link designers. This document summarizes the agreement on 
irradiation guidelines for the optoelectronic systems at the SLHC. It covers lasers, p-i-n diodes, fibres, LLD, 
TIA-LA and SERDES ASICs. 

V 2.6, 12.11.07 

https://edms.cern.ch/document/882783/2.6


 



 
 
1 Introduction ........................................................................................................................ 4 
2 Radiation Environment at the SLHC ................................................................................. 4 
3 Irradiation Guidelines......................................................................................................... 7 

3.1 Samples and Sample Sizes ......................................................................................... 7 
3.2 Failure Criteria ........................................................................................................... 8 
3.3 Evaluation of Devices under Test before Irradiation ................................................. 8 
3.4 Laboratory Simulation of the Radiation Environment ............................................... 8 
3.5 Radiation Tolerance Validation: total dose and fluence ............................................ 9 

3.5.1 Fibres.................................................................................................................. 9 
3.5.1.1 Radiation Exposure of Optical Fibres ............................................................ 9 
3.5.1.2 Test Setup at Gamma Sources...................................................................... 10 

3.5.2 Lasers ............................................................................................................... 11 
3.5.3 P-i-n Diodes...................................................................................................... 12 
3.5.4 Optical Transmitter (OTx) and Receiver (ORx) Modules and ASICs: LLD, 
TIA-LA, Serializer and Deserializer Chips...................................................................... 12 

3.6 Radiation Tolerance Validation: Single Event Upsets............................................. 12 
3.6.1.1 SEU tests of the Serializer and Deserializer Chips ...................................... 13 
3.6.1.2 SEU tests of OTx and ORx .......................................................................... 13 

3.7 Effects of Irradiation on Ageing and Long Term Reliability Tests ......................... 13 
3.7.1 Lasers ............................................................................................................... 14 
3.7.2 Photodiodes ...................................................................................................... 14 

4 References ........................................................................................................................ 15 
5 Appendix A: Radiation Sources....................................................................................... 16 
6 Appendix B: Irradiation Checklist ................................................................................... 17 
7 Appendix C: History of the Document ............................................................................ 18 
 
 



 

1 Introduction 
 
Optoelectronics has been used at an unprecedented industrial scale for LHC detector readout and control.  
During the complex R&D phase which preceded the construction of the experiments, very little know how was 
available in the community to guide the designers.  This was due to the lack of experience with large optical 
systems and resulted in long test campaigns and difficult decision processes in many cases.  Now that the data 
transfer systems have finally been built and installed by all experiments, it is important to share and critically 
review the gathered experience and draw if possible some lessons for the future. 
To this purpose, the joint ATLAS-CMS working group on optoelectronics for SLHC was formed in 2005.  In 
September 2006, the group decided to focus its collaborative effort on three topics:  

a) Lessons learned and to be learned. 
Collect info on successes and mistakes of the groups involved in building the optical links for the 
present detectors.  Follow up on the technology choices made over 10 years ago.  Produce a transparent 
account of the costs incurred.  Create a repository for all publications.  Monitor and follow up the 
performance and ageing of the installed links. 

b) Radiation hardness and reliability of optoelectronic components 
Establish common procedures and common ways to represent the irradiation test data, share facilities 
and coordinate irradiation runs, avoid redundant tests and share results. 

c) Common optical link reference test bench 
Define a reference test system for multi-gigabit/s optical links.  Define test procedures and evaluation 
criteria.  Specify the interface to the links to be tested.  Develop hard, software and FPGA-IP blocks.  
Purchase test equipment and build reference test bench.  Test proposed SLHC links on common 
reference bench and evaluate with common criteria. 

 
This document reports on the results of the subgroup working on topic b: Radiation tolerance and reliability of 
optoelectronic components.  It summarizes in an informal way several discussions among ATLAS SCT, ATLAS 
Pixel and CMS tracker optical link designers.  It is neither complete nor exhaustive, but highlights in a rather 
pragmatic way some of the salient conclusions from these meetings, in the hope of providing some guidance to 
the groups who will design optical links for the next generation of experiments. This document summarizes the 
agreement on irradiation guidelines between the ATLAS and CMS experiments for the optoelectronic readout 
system for detectors at the SLHC. Protocols about quality assurances will be published in a future document of 
the Joint ATLAS-CMS working group on optoelectronics for the SLHC.  The components this document covers 
are summarized in Table I.  
 
Table I: Components covered in this document.  

Components total dose and annealing SEE accelerated ageing Effects of irradiation on 
long term reliability  

Lasers X  X X 
p-i-n diodes X X X X 
Fibres X    
LLD1, TIA2-LA3, 
SERDES ASICs 

X X X X 

 

2 Radiation Environment at the SLHC 
The devices located inside a detector at a SLHC experiment will be exposed to a very harsh radiation 
environment resulting in displacement damage and ionization damage in all susceptible parts. It is expected that 
parts located inside the detector will be inaccessible and therefore required to have high reliability. 
 
The radiation environment is dominated by a pion flux centered at energies around 100 MeV, in addition to 
spallation neutrons having energy ~1 MeV nearer the surrounding calorimeters. Figure 1 shows the predicted Si 
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total fluence as function of radius for CMS for an integrated luminosity of 500 fb-1. For a radius of 30 cm CMS 
fluence values are 8.47·1013 cm-2. This number is agreeing within the errors with the ATLAS Si total fluence 
prediction, which is 10.67·1013 cm-2 for a radius of 30 cm and an integrated luminosity of 500 fb-1 (corresponds 
to a dose of 52.51 kGy). These numbers do not include any safety factors.  
 
Uncertainties in the particle fluences and doses meant that a safety factor was applied in order to evaluate the 
radiation tolerance of devices for the LHC. Both experiments, ATLAS and CMS, assumed a safety factor of 1.54 
for LHC and will use the same factor for SLHC. This value will be eventually refined based on the experience 
gained during LHC running. 

 
Figure 1: CMS Si total fluence for 500 fb-1 in 1 MeV neutron equivalents as function of radial distance. 
There are no safety factors applied [1]. 
 

                                                 
4 Uncertainties assumed at the LHC: event generator ~20%; transport codes ~20%; displacement damage cross 
sections ~50% [2]. 



 
Figure 2: ATLAS Si total fluence for 3000 fb-1 in 1 MeV neutron-equivalents as function of radius from 
the beamline for different z positions for a geometry with 5 cm of neutron moderator lining on all the 
calorimeters [2]. There are no safety factors applied. 
 
Detectors for the SLHC will be designed for 3000 fb-1 [3, 4]. Figure 2 shows the ATLAS predicted total fluence 
for the SLHC as function of radius and for different z values. The chosen detector geometry for Figure 2 has a 5 
cm neutron moderator lining on the calorimeters in order to compensate for the neutron moderation of the 
missing Transition Radiation Tracker (TRT), which will be replaced by silicon detectors at the SLHC. The 
fluences at small radii (< 20 cm) are dominated by particles from interaction point and fluences at larger radii (70 
– 80 cm)  are dominated by neutron-albedo which are greatest near endcaps. 
Table II shows the total fluences for Si and GaAs for different radii for 3000 fb-1 where a safety factor of 1.5 
was applied to the last two columns of this table. These fluence estimations were derived from the study in [5] 
which was used to estimate the LHC fluences for ATLAS.  
 
 
Table II: Fluences in 1 MeV neutron equivalents per cm2 for 3000 fb-1 for Si and GaAs based on [5]. The 
first column for Si has no safety factor applied where as the second column for Si and the column for 
GaAs have safety factors of 1.5 applied to them.  
 
 Radius 

[cm] 
Si Fluence no safety 
factor applied 

Si Fluence with safety 
factor 1.5 

GaAs with safety 
factor 1.5 

B-Layer 5.05 80.0E+14 120.0E+14 96.0E+15 
1st Layer 8.85 30.0E+14 45.00E+14 31.8E+15 
2nd Layer 12.25 16.0E+14 24.00E+14 13.8E+15 
PP0 18.00 10.0E+14 15.00E+14 8.40E+15 
SCT 1 29.90 6.40E+14 9.600E+14 4.08E+15 
SCT 2 37.10 4.80E+14 7.200E+14 2.82E+15 
SCT 3 44.30 4.00E+14 6.000E+14 2.16E+15 
SCT 4 51.40 3.56E+14 5.340E+14 1.68E+15 
 
Based on these predictions we recommend that Si components for the SLHC should be irradiated up to 15·1014 
1MeV neutron equivalents/cm-2 corresponding to a dose 0.5 MGy. In case of compound components care needs 



to be taken and the fluence values in the last column of Table II should be taken as guidelines. Compound 
components should be irradiated at different radiation sources and NIEL scaling should be verified for them.   
 

3 Irradiation Guidelines 

3.1 Samples and Sample Sizes 
Poisson sampling curves are normally used to establish limits on the failure probability based on tests on a 
limited number of samples. For example, in a test using 10 devices where there are no failures, the upper limit on 
the probability of failure is 23% with 90% confidence level. To reduce the upper limit on the failure probability, 
more devices need to be tested. Table III summarizes the minimum sample size needed to establish an upper 
limit on the failure probability of less than 10% at the 90% confidence level for various numbers of failures. 
These calculations assume that the numbers of failures follow Poisson statistics. However it is known that for 
some devices such as VCSELs, the distribution of the number of failures follow a Weibull law [6]. 
 
Table III: Minimum sample needed to establish an upper limit on the failure probability of less than 10% 
at the 90% confidence level for various numbers of failures. 

Failures Sample 
0 23 
1 39 
2 54 

 
During the first exploratory tests on a given component, small numbers of samples, e.g. 5, should be used to 
avoid wasting money on potentially useless parts. However, solid conclusions cannot be established about the 
reliability or suitability of the devices that pass these first exploratory tests except that these devices are worthy 
of further, more detailed investigation. It should be pointed out that a very small percentage of the final numbers 
of devices are tested and a given test may be limited in practical terms to no more than 20 samples for example 
due to the number of measurement channels or physical space available. 
 
In all tests, several unirradiated samples from the same lot should be kept as control samples, i.e. not irradiated 
or aged. 
 
For SEE tests there is no special requirement on the test sample size in product identification and evaluation 
phase, although a sample size greater than 3 is recommended. In product batch testing phase for design and 
construction, a sample size of 10 from each batch with a control sample (those not put in irradiation) of 1 or 2 
modules is recommended.  
 
Table IV and Table V summarize the number of tested devices for the ATLAS’ and CMS’s inner detectors for 
the LHC.  
 
Table IV:  Number of tested devices for the radiation tolerance evaluation of the ATLAS inner detector 
readout components for the LHC.  
 Test Type Number of Tested Devices 
SCT 
VCSELs First Tests 130 
VCSELs Test on production wafer5 20 
PIN diodes First tests + production wafer tests 96 
Opto ASICs 
DORIC4A First Tests 20 
DORIC4A Production wafer tests6 64 
VDC First Tests 9 
VDC Production wafer tests 64 
PIXEL 
VCSEL Arrays (8 VCSELs) Production wafer tests7 16 

                                                 
5 All production devices came from the same wafer. 
6 4 ASICs of each flavour from each wafer; 16 wafers in total. 



PIN Arrays (8 PINs) Production wafer tests 23 
Opto ASICs 
DORIC I5e Production wafer tests8 44 
VDC I5e Production wafer tests 84 
 
Table V: Number of tested devices for the evaluation of the CMS inner detector readout components for 
the LHC. 
 Test Type Number of Tested Devices 
VCSELs First Tests 50 
EEL First Tests 110 
EEL Market Survey 105 
EEL Production wafers tests 390 
PIN diodes First Tests 57 
PIN diodes Market Survey 44 
PIN diodes Production wafers tests 90 
 

3.2 Failure Criteria 
 
Device failures are defined such that a device fails to function according to the system operating specifications, 
either failing during the test, or having characteristics that are outside the specifications following extrapolation 
of the ageing data to the full SLHC lifetime of the links.  
 
Any device failure should be analyzed post-mortem, in order to establish the cause of failure. Only failures that 
are intrinsic to the device-under-test will be counted in the statistics of the test. For example, failure of wire-
bonds to the test-board will not be counted. 
 
Irradiation tests are accelerated tests and an extrapolation of the measurements to the real environment will 
depend on the tests results. Annealing data will be necessary in order to be able to extrapolate results. 

3.3 Evaluation of Devices under Test before Irradiation 
Before an irradiation test the performance of to be tested devices should be measured.  In case of lasers, p-i-n 
diodes and chips the devices should be run for an extended amount of time in the test setup which will be used to 
perform the irradiation test. Their performance should be measured during this run in periodic intervals.  If 
possible the performance of the devices should be measured as function of temperature. In case one observes that 
the performance of the devices is strongly depending on temperature it is mandatory to measure the temperature 
during irradiation. Only burned in devices should be irradiated. 
 

3.4 Laboratory Simulation of the Radiation Environment  
In order to validate components for radiation tolerance within a reasonable time accelerated tests must be carried 
out. If no dose rate dependency is observed, the effects expected over the lifetime of the components are then 
determined by extrapolation of the damage and annealing results from the tests to the conditions expected at a 
given location in the detector.  
 
For radiation effects accelerated testing means using only a limited number of radiation sources with fluxes or 
dose rates well in excess of those expected in the detector.   
 
Radiation exposures take three forms: 

1. Charged hadronic sources. Typically this involves protons from beams, but pions or charged kaons 
might also be used. This source produces bulk and ionizing damage.  

2. Neutral hadronic sources, typically neutrons. This source produces bulk damage almost 
exclusively. 

3. Gamma rays or electrons. This source produces Ionizing damage. 
                                                                                                                                                         
7 Production devices came from a different wafer. 
8 Devices came from the wafers of a production run. 



 
In the case of ionization damage testing, cobalt-60 gamma sources are the most suitable for irradiation of 
packaged devices, since the photons are penetrating and strong sources are available. X-ray sources are suitable 
only for tests of unpackaged chips. Accumulated effects are characterized in terms of the total dose received, 
which is measured using standard techniques, e.g. PAD dosimeters or by pre-calibrating the radiation source.  
 
It should be noted that for displacement damage, the effects are often compared with reference to the non-
ionizing energy loss (NIEL) of a given particle in a given material, which is then normalized using the NIEL of 1 
MeV neutrons to relate the tests made to an equivalent fluence of 1 MeV neutrons. The number of defects 
created in the irradiated material is hypothesized to be proportional to the NIEL, which is also a function of the 
incident particle energy. Many calculations have been made of NIEL in common semiconductor materials such 
as silicon [7,8] and gallium arsenide. Some evidence for approximate NIEL scaling in GaAs Truelight VCSELs 
is seen in [9,10]. 
 
Care is required when using NIEL to make judgments. It does not take into account any non-linear effects e.g. 
due to secondary device-level behavior such as responsivity or leakage current change in a photodiode due to 
field modification inside the active region. It does not account for annealing during irradiation. Also care is 
required for any extrapolation to complex devices like modern lasers where the laser diode internal structures is 
for example a very complex structures made of strained layers of GaAs/AlGaAs with engineered doping or a 
mixture of very thin layers of n- or p-doped InGaAsP and InP on an InP substrate, plus additional diode 
structures to confine the injected current to the active volume. In such devices it is not known exactly where the 
most important radiation damage occurs, i.e. whether in a given layer or at certain interfaces, or the 
characteristics of the defects. It is therefore not possible to predict or extrapolate the susceptibility of some types 
of devices using NIEL calculations and damage measured for example with one radiation source.  
 
A wider experimental approach should be followed to determine the radiation tolerance of devices for SLHC 
detectors, ideally involving a sufficiently wide series of radiation damage and annealing and wearout tests with 
in-situ measurements made under different operating conditions, i.e. bias, temperature, on different types of 
candidate samples. A variety of radiation sources (24 GeV protons, 200 MeV pions, 1 MeV neutrons) should be 
used to test the effects of the most important parts of the spectrum expected in the detector.  
 
Based on a detailed comparison of the damage and annealing data, the relative damage of the various sources for 
each type of component under the different operating conditions can be compared and extrapolations of the 
expected damage in SLHC conditions can be made. The validity for NIEL calculations for a given device can 
then also be checked. 

3.5 Radiation Tolerance Validation: total dose and fluence 

3.5.1 Fibres 
Common wisdom exists regarding the procedures for testing optical fibres for use in various types of radiation 
environments. This section is meant to be an overview or summary of that wisdom which is largely collected 
from other sources [11,12,13,14,15,16,17].  

3.5.1.1 Radiation Exposure of Optical Fibres 
There seems to be no clear way to predict how radiation will damage optical fibre, consequently the procedures 
to date have involved actual exposure of test lengths of fibre identical to the production version to levels 
expected over the fibre’s lifetime. 
 
Optical fibres for data transmission are almost universally made of SiO2 (silica) which is doped with various 
elements to obtain the changes in refractive index for the propagation of optical signals. The common doping 
element considered at CMS and ATLAS is Ge. ATLAS has a bespoke fibre with a fluorine dopant. Past tests 
where there was Phosphorous dopant did not turn out well for even low-level radiation environments. 
 
Past experience in tests at both experiments and in a wide range of nuclear and space-based applications indicate 
that, even in environments with a high level of hadronic radiation, it is the ionizing component of that radiation 
which affects the performance of optical fibres. This effect is through the creation of colour centres reducing 
transmission efficiency. As a result, all fibres currently in use in the ATLAS and CMS detectors are either pure 
silica or doped with Ge and Fl.  



 
Sources of gamma rays, providing only ionizing radiation damage, are thus favoured for fibre tests. These 
sources are often from the decays of radioactive elements with Co60 being a popular source. Such exposures 
have the benefit of large luminous volumes which can accommodate many meters of fibre in the exposure 
chamber or target area. Gamma sources have another key benefit of being incapable of activating the test rig or 
the fibres themselves thus permitting easy transport off the radiation site after the proper contamination surveys. 
 
Tests in a neutron source might point out problems with mechanical stability if high integrated doses can be 
obtained. There is also concern about the integrity of the fibre buffer and the mechanical stability of any cabling 
that will be subjected to high dose rates. These ancillary issues are reasons for neutron-source tests. 
 
Table VI shows a summary of the radiation tests results for different types of fibres which were evaluated for 
the LHC. 
 
Table VI: Fibre radiation test results performed for the LHC. 
Experiment Fibre Description Dose received Fibre length tested Total loss measured 
CMS Step-index Single-

Mode, Ge Doped 
core 

100 kGy and 
1x1014 n/cm2

100m 0.02 dB/m, 
including annealing 

ATLAS Step-index Multi-
Mode, pure silica 
core, F cladding 
dopant 

330 kGy and 
1x1015 n(1 MeV 
Si)/cm2

10m 0.05 dB/m 

ATLAS Graded Index Multi-
Mode, Ge Doped 
core 

800 Gy(Si) & 
2x1013 n/cm2

10m 0.1 dB/m 

ATLAS Graded Index Multi-
Mode, Ge and P 
Doped core 

4.9 kGy, 3x1012 
n/cm2

10m >1 dB/m 

 
Recommendation: Tests for radiation tolerance at SLHC fluences can be performed in gamma sources alone. 
But the full integrity of the final cabling structure, including any sheathing, should be exposed to neutrons to 
check for mechanical stability problems. 

3.5.1.2 Test Setup at Gamma Sources 
 
Several elements are required for testing optical fibres for losses due to radiation damage. Below is a list of the 
more common elements. 
 
Source: This is typically either a laser (VCSEL or edge emitting) or a Light Emitting Diode (LED). LED 
sources have the advantage that they can emit light over a broad range of wavelengths so damage can be broadly 
assessed. Lasers launch a high energy density of light down fibres which might aid bleaching or even annealing 
effects. Lasers can also provide a high loss tolerance so a longer length of fibre may withstand testing. 
 
It is important that the source’s light output be independently monitored so that power fluctuations can be 
monitored during the test.  
 
Detector(s):  
Typically these are p-i-n diodes if a test is being performed at high speed or Large Area Photodiodes (LAPD’s) if 
overall transmission is of interest. LAPD’s can experience temperature dependent effects that take some time to 
stabilise due to their large packaging and active area.  
 
Test set-up:  
Figure 3 shows a diagram of a suggested set-up for in-situ optical fibre testing. The laser supplies light to a fibre 
splitter which then sends approximately 50% of the optical power down two fibres, the test and the control. (The 
exact percentage of light launched down the test or control fibres is largely irrelevant but the time-stability of 
this coupling is very important.) 
 



The test fibre runs into the exposure volume where the length to be tested is coiled. The control fibre makes the 
same run, as near as possible, but does not coil in the radiation volume, rather it returns directly to the optical 
detector(s). Ideally there would be one optical detector with some mechanism of switching which fibre’s light 
output is being recorded on the same optical sensor. However, many sensors show excellent stability 
characteristics, so continuous monitoring on two different optical receivers might be desired. This is a 
description of a test system for a single fibre channel. It is always desirable to replicate this system over many 
channels to test ribbon fibres and to mitigate the effect of variations within fibre batches and optical coupling 
into and out of the fibre. 
 
Important Considerations:  
As one can see by bending a bit of plastic located between crossed polarisers, stress causes changes in that 
medium’s optical properties. Several groups who have performed optical tests have also reported significant 
effects depending on the bending radius [18,19,20,21]. Consequently it is important to record the bending 
radius of the fibre spool during any tests. During any exposures it is recommended that the fibre be subjected to 
minimal stresses and indeed, even removed from any support if possible. All types of cables foreseen should be 
tested not only bare fibre (if it is foreseen to make jacketed cable). Coil size should reflect size available in 
radiation source and be such that it is within fibre bending spec and can be shown not to affect the results of the 
damage.  Attention must be paid to the recommended minimum bend radius from the fibre manufacturer and 
also account for the likely bending that will be experienced in the final system [21,22].  
 
Exposure times and monitoring intervals will depend on the radiation rate of the source and the total dose 
desired.  
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Figure 3: Test set-up for fibre exposures. 
 

 
 

3.5.2 Lasers 
During early sample validation a small number of devices, e.g. 5 per test, from each supplier should be irradiated 
under a variety of conditions, e.g. with ideally different levels of radiation, with different radiation sources, with 
and without electrical bias, e.g. 3 parts biased at ‘normal levels’ and 2 others unbiased, and if possible at 
different temperatures, e.g. room temperature and the final intended operating temperature. 
  



Samples should be packaged in the final form to facilitate mounting and testing and checking for any radiation 
damage effects to the packaging. The lasers should be irradiated with gamma rays and then neutrons up to the 
worst-case doses and fluences9 unless it is known how to extrapolate with good confidence to higher dose and 
fluence levels.  
 
Once the dependence on radiation source, temperature, bias and time have been understood, later qualification 
tests on larger numbers of components can be made using only gamma and neutron sources at room temperature. 
In the later tests the sample sizes should be larger and sufficient to validate each wafer-lot of parts. 
 
In-situ monitoring of the device output power vs current (L-I) and voltage vs current (V-I) characteristics should 
be made at periodic intervals before, during and after irradiation. The rates of degradation and annealing of the 
important parameters e.g. laser threshold current, and efficiency can therefore be determined. The rise and fall 
times of the devices at various currents should be measured before and after irradiation and also during the 
irradiation if possible. The ambient temperature should also be monitored during the irradiation. 
 
The thermal resistance of at least one device must be measured. If measurements suggest that the device will be 
significantly heated internally during the radiation, e.g. by running at higher currents whilst measuring large 
damage effects, then the laser spectrum should also be measured during the irradiation on at least one device in 
the same test. This allows the thermal effects to be separated from the radiation damage effects. 
 

3.5.3 P-i-n Diodes 
In-situ monitoring of the dark current vs voltage and photocurrent vs incident optical power characteristics, 
ideally at different voltages, should be made at periodic intervals before, during and after irradiation. The rates of 
degradation and annealing of the important parameters, e.g. leakage current and responsivity can therefore be 
determined under final operating conditions. The rise and fall times vs voltage and photocurrent should be 
measured before and after irradiation and also during the irradiation if possible. 

3.5.4 Optical Transmitter (OTx) and Receiver (ORx) Modules and ASICs: LLD, TIA-LA, Serializer 
and Deserializer Chips 

TID tests can be performed with gamma (from Co-60) or X-rays (if the chips are not in a package). Chips and 
modules under tests need to be powered with the supplying current monitored as a function of total dose, if 
possible as a function of dose rate as well. PCBs and modules designed specially for irradiation tests should also 
provide the possibility to monitor supply current to the analog and digital part of the chip and to each active 
component (driver chip, VCSEL, TIA, etc.). Dose rate needs to be planned in a way that dose rate effect can be 
studied with different dose rate steps. Irradiation facilities usually provide the dosimetry. A full scale of 
characterization measurements of the device under test (serializer, deserializer, OTx or ORx)  and of the system 
with it inside need to carried out before and immediately after the irradiation, and periodically after the 
irradiation should annealing effects are expected.   
 
If the TID effect is dose rate depending, and the annealing depends on other stimulus like high temperature or 
UV light, more studies will be needed to understand the causes of the TID effects in order to draw conclusions 
on whether this component is radiation resistant in real operational environment. If low dose rate effect is 
expected, then a low dose rate safety factor needs to be applied.  
 
OTx and ORx can be packaged in various ways, in either a commercial or a custom-made packaging. The 
packaging material may affect the way a test is set up and conducted. Irradiation source should be chosen in such 
a way that radiation can reach all active parts (laser, driver, PIN diode, TIA, etc) that are inside the package. The 
laser and PIN diode packaging often also serves as fiber coupling alignment guide to the laser and to PIN diode. 
Deformation of this packaging material under irradiation may affect the performance of the optical system hence 
change the test results.  

3.6 Radiation Tolerance Validation: Single Event Upsets  
This section summarizes the guidelines for single event upset (SEU) tests on (de)serializer chips, OTx and ORx 
modules. SEU are not relevant for lasers and fibres but for p-i-n diodes and ASICs. 

                                                 
9 'Worst-case doses and fluences' are 1.5 times the expected total gamma dose plus 1.5 times the expected 
neutron fluence. 



 
Single event upset (SEU) tests are carried out with protons above 60 MeV. SEU cross section as a function of the 
linear energy transfer (LET), measured with heavy ions, is  not required (not relevant in HEP experiments). To 
avoid mixing the SEU with TID effect, the proton flux needs to be kept low (< 106 proton/cm2/sec.) 
 
Details about the test setup and signal quality can be found in [23].  

3.6.1.1 SEU tests of the Serializer and Deserializer Chips 
SEU tests on the serializer and deserializer are to be performed with a complete link operated at the design data 
rate during the irradiation tests. Electrical connection between the transmitter and receiver is recommended. 
Dynamic data, either a simulation of the actual event format or pseudo-random, are to be sent through the link 
and the BER is recorded as a function of the flux. Different flux steps need to be used in the test to study 
possible flux effects. Radiation induced BER is assumed to be proportional to flux so linear extrapolation is used 
to predict radiation induced BER in real operational environment. The accepted BER depends on the detector 
and physics requirements.  
 
BER may also be affected by the incident angle of the proton to the chips under tests. It is recommended to 
perform the BER measurements at normal and grazing incidence. 
 
A detailed discussion about how to construct a setup for the BER measurement with boards of the reference link 
can be found in [23]. 

3.6.1.2 SEU tests of OTx and ORx 
SEU tests on the OTx and ORx are to be performed with a complete link operated at the design data rate during 
the irradiation tests (see the test procedure discussed in [23]). It is essential to expose only the device (OTx or 
ORx) in the beam. It is believed that fiber has no SEU effect, so a short section of fiber in the proton beam is 
inevitable and accepted. A radiation tolerant fiber should be used. Dynamic data, either a simulation of the actual 
event format or pseudo-random, are to be sent through the link and the BER is recorded as a function of the flux. 
Different flux steps need to be used in the test to study possible flux effects. Radiation induced BER is assumed 
to be proportional to flux so linear extrapolation is used to predict radiation induced BER in real operational 
environment, unless this assumption is found not true in the tests with different flux steps.  
 
BER may also be affected by the incident angle of the proton to the active components inside the OTx or ORx. It 
is recommended to perform the BER measurement at normal and grazing incidence.  
 
There are three types of BER: the single bit flip, the multi-bit error in one data word, usually due to a bit error in 
the link system that is within the framing of the parallel data and that results in an invalid frame for the 
deserializer to decode, and the bit errors from the link frame loss. Only type one error can be corrected with error 
correction schemes imbedded in the data transmission. In the tests for OTx and ORx, we decide to use 8B/10B 
encoding scheme in the serializer so that test results on these three types of errors can be compared. More 
detailed discussion about these BER types and their measurement methods can be found in the subgroup C 
document. The accepted BER depends on the detector and physics requirements.  
 
It is recommended that one performs a reliability test, or at least a life test on the OTx and ORx modules after 
they pass the TID. Radiation effects should not greatly affect the expected reliability and the life time of the OTx 
and ORx. 

3.7 Effects of Irradiation on Ageing and Long Term Reliability Tests 
For qualification of devices that are being seriously considered for the final system at least 20 irradiated and at 
least 20 unirradiated devices per wafer-lot should be passed through a thermally accelerated ageing step.  
 
The devices will be operated at least at 80°C for at least 1000 hours to determine the rate of long-term wearout 
degradation. The inclusion of both irradiated and unirradiated samples allows a control of any possible 
degradation mechanisms that are due to radiation damage. 
 
Failure criteria should be defined with respect to operating specifications. It is also useful to use the failure 
criteria recommended by Bellcore [24], e.g. > 50% change in operating current, in order to be able to make 
comparisons with other or manufacturers’ tests. 



 
Wear out failure mechanisms are normally assumed to be temperature dependent, being thermally activated 
following the Arrhenius law. In any case where the activation energies for wearout failure and random failure of 
the lasers are not known a value of 0.4 eV will be assumed, following Bellcore recommendations.  
 

3.7.1 Lasers 
In-situ monitoring of the device output power vs current (L-I) and voltage vs current (V-I) characteristics should 
be made at periodic intervals during ageing. The rise and fall times at various currents should be also measured. 
In between measurement cycles, the lasers should be biased at a current representing the maximum that is 
expected to be used in the final application.  
 
If the laser is inoperable at 80°C, e.g. due to thermal rollover, then the temperature can be reduced briefly to a 
reference value, e.g. 20°C, for the measurement at periodic intervals. If thermal resistance measurements suggest 
that a laser diode will be significantly heated internally during the test this additional heating should be taken 
into account when extrapolating the wearout or lifetime to other temperatures or biasing conditions. 
 

3.7.2 Photodiodes 
 
In-situ monitoring of the dark current vs voltage and photocurrent vs incident optical power characteristics, 
ideally at different voltages, should be made at periodic intervals during ageing. The rise and fall times vs 
voltage and photocurrent should also be monitored. 
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5 Appendix A: Radiation Sources 
 
An extensive list of radiation sources can be found at 
http://atlas.web.cern.ch/Atlas/GROUPS/FRONTEND/radhard.htm#Radiation%20Facilities. 
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General administration 
 

 
Details involving test facility 

 
Test/Instrumentation preparation 

Personnel paperwork: medical certificate, dosimetry 
paperwork (radiation passport) 
 
Foresee personal dosimeters at source facility 
 
Local contact details (phone, fax, e-mail) 
 
Obtain quote(s) 
 
Launch order for irradiation (or series of tests) 
 
Confirm schedule and access to source 
 
Confirm length of annealing period 
 
Confirm storage space 
 
Confirm office space 
 
Equipment shipping/transport papers 
 
Plan travel: Car rental and/or flights 
 
Car insurance if own car used 
 
Accommodation (local recommendation?) 
 
CERN Travel requests + ordre de mission 
 
CERN EDH official leave request 

Define source flux/dose-rate requirements 
 
Confirm source flux/dose-rate profile 
 
Confirm useful test volume  
 
Determine if test volume is cooled or not and if 
temp/humidity are controlled and/or monitored. 
 
Check if dosimetry provided 
 
Confirm level of flux/dose away from source 
 
Collect dosimeters (if needed) 
 
Confirm mechanical support and interfaces if any 
present already in source 
 
Confirm cabling passages 
 

Define cabling and connection maps 
 
Define remaining mechanical structure 
 
Define cooling method 
 
Integrate PT100 or similar thermal sensors 
 
Prepare PCBs  
 
Prepare mechanical supports  
 
Prepare cables (electrical optical) plus spares 
 
Prepare short-circuit connections to avoid ESD 
before/after test and during handling 
 
Set-up in lab with final mechanics, instruments and 
cabling 
 
Develop and test software drivers and overall 
measurement software 
 
Develop and test analysis routines 
 
Prepare transport packaging 
 
Prepare tools and other spare parts 
 
Make final soak test in lab before packing 

6 Appendix B: Irradiation Checklist 

 



 

7 Appendix C: History of the Document 
Version/date Comment 
1.0/26.07.2007 This document was discussed at the Proposal B Meeting on the 27.07.07: 

http://indico.cern.ch/getFile.py/access?resId=1&amp;materialId=0&amp;confId=19
327

2.0/08.08.2007 Comments of the Proposal B Meeting on the 27.07.07 were implemented. See 
minutes for details: 
http://indico.cern.ch/getFile.py/access?resId=1&amp;materialId=0&amp;confId=19
327

2.1/15.08.2007 Added section about evaluation of DUT before irradiation. 
2.2/27.08.2007 Comments from the Proposal B Meeting on the 17.08.2007 implemented. See 

http://indico.cern.ch/conferenceDisplay.py?confId=20018. 
2.3/03.09.2007 Work on the structure of the document and took out QA out of the title in section 3. 
2.4/16.10.2007 References fixed, Worked on the whole document and tried to smooth it out. 

Included KK’s comments. Included numbers for components testing from ATLAS 
Pixel and CMS.  

2.5/07.11.2007 Implementation of Francois Vasey’s and KK’s comments. 
2.6/12.11.2007 Implementation of Francois Vasey’s, KK’s and Jingbo’s comments. 
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