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● Radiation Qualification of optical links during 
development and production provided rich dataset to 
determine survivability of links during nominal 10 years 
of operation in the Tracker
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Background

K. Gill, R. Grabit, J. Troska and F. Vasey, "Radiation hardness qualification of 
InGaAsP/InP 1310 nm lasers for the CMS Tracker optical links,"  

IEEE Transactions on Nuclear Science, vol. 49, no. 6, pp. 2923-2929, Dec 2002.

● Predictive model used to 
extrapolate accelerated 
test data to 10 years of 
operation 
● Conclusion limits laser 

threshold increase to 
reasonable level
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● Radiation environment simulation for 500 fb-1 from Tk TDR (1998) 
produced Particle fluences split into:  

● Neutrons > 100 keV 
● Other fast hadrons 

● Did radiation testing of laser diodes at different sources to determine 
relative damage factors of different particle species and energies: 
● Gammas : 0.8 MeV neutrons : 20 MeV neutrons : 300 MeV pions 
● Relative damage factors are 0 : 0.12 : 0.53 : 1 
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Details of damage prediction (2002)
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Figure 15: Average threshold current increase compared for various sources: ~0.8MeV neutrons, 330MeV/c pions, 
 and  ~20MeV neutrons. The data have been averaged over the devices in each test and then normalized to a total  

fluence of 5x1014/cm2 in a 96hr irradiation period. 
 

 

4.2 Prediction of damage expected in the CMS Tracker 
An estimate of the damage expected in this type of laser operating in the CMS Tracker can now be made, based on the 
combined radiation damage and annealing measurements and some assumptions about the LHC accelerator performance 
and the extrapolation of the observed damage effects to long lifetimes.  
There is a cocktail of particles contributing to the flux at any given point in the Tracker3 and we will make an estimation 
of expected damage in the lasers based on the assumption that all charged hadrons cause the same amount of damage as 
300MeV/c pions, used in Test A.3 at PSI, and that all the neutrons cause the same damage as the ~20MeV neutrons 
used in Tests A.4, and Test B, at CRC.  
The first assumption given here is justified by consideration of the laser positions at the lowest radii in the Tracker 
nearest the proton-beam interaction point. Here the damage will be greatest and the hadron flux is dominated by charged 
pions with energies around 300MeV. Although this is higher than the energy of the pions used in PSI (where the 
momentum of 300MeV/c corresponds to a kinetic energy of ~200MeV), it is not expected that the non-ionizing energy 
loss contribution will be significantly different to 300MeV/c pions for a given pion-nucleus collision. In fact the 
300MeV/c pions in Test A.3 probe the worst-case expected for pion damage, since this beam momentum corresponds to 
the largest resonant peak in the pion-nucleon interaction cross-section20 and therefore the use of the data from the pion 
irradiation for a long-term prediction should be very conservative.  
The second assumption relating to the neutron damage maintains a conservative approach to these predictions. In the 
outermost regions of the CMS Tracker neutrons dominate the incident particle flux, with the energy of the neutrons 
being ~1MeV since these particles are products of spallation reactions occurring in the electromagnetic calorimeter 
(ECAL),3 rather than particles created at the beam-interaction point where the energy can be much larger. The CRC 
neutron source (~20MeV) was ~4.4 times more damaging than the Prospero neutron source (~0.8MeV), therefore using 
the CRC data should add an extra safety margin in the calculation of the expected damage due to neutrons in the 
Tracker. 
A third assumption is that we can extrapolate the annealing observed in a short time at –13°C to the much longer times-
scales associated with the final application, as mentioned in Section 3.2.2. The results of annealing at the higher 
temperatures suggest that this is a good assumption for annealing of up to 65% of the damage introduced (during any 
given 3.5 hour irradiation period).  
As a further (conservative) approximation we will assume that the annealing at –10°C will be the same as the annealing 
at –13°C. Even at the longest annealing times envisaged, i.e. 10yrs, or ~90000 hours, the projected annealing at –10°C 
will only be ~10% more than the annealing that was experimentally observed (in the 500 hours at 60°C in Test B.2) 
therefore we do not extrapolate very far beyond the measured annealing. Moreover, the ageing data of Test C indicated 
that the annealing of the damage in the lasers would continue even further. 

→ Define radiation qualification level 
(for 500 fb-1) at 20 MeV neutron 
source for laser diodes from Tracker 
TDR fluences as follows: 
● (1x Neutrons > 100 keV + 2x Other fast hadrons) 

* 1.5 [safety factor]



● Measured radiation damage (threshold increase) at neutron source to 
radiation qualification level + annealing at elevated temperature to 
confirm long-term annealing behaviour 

● Use measured data for damage and annealing, scaled linearly to 
annual estimated lumi profile, to predict in-system laser threshold 
increase
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Details of damage prediction (2002)

 
The results for the annealing steps at the various temperatures are shown in Fig. 13. The data from one laser in the group 
that was annealed at 20°C was not included in this analysis since the fibre pigtail was broken during transport. The 
duration of each temperature step was 500 hours. The data have been normalized to the original total amount of damage 
measured at the end of the irradiation, i.e. the same scale as in Fig. 12(b). This was done by measuring the remaining 
damage at -13°C before and after each annealing step. These reference points were then used to normalize the data 
measured at the given annealing temperature.  
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Figure 13: Annealing of laser threshold damage at various temperatures. 

 
Also plotted in Fig. 13 is an extrapolation of the annealing at –13°C, based upon the linear dependence of annealing 
with log(time) that was observed towards the end of the annealing period at –13°C in Fig. 12(b). A starting point of 80% 
damage is assumed and a final annealing rate of 15% annealing per decade is used, consistent with that observed after 
irradiation. The time scale used in this extrapolation does not include the 14 hours already passed just after irradiation. 
This therefore allows a direct comparison with the devices that were annealed at the different temperatures (that had also 
previously been annealed for 14 hours at –13°C following irradiation). The lower rate at early times in the extrapolation 
at –13°C in Fig. 13 is simply due to the annealing that has already occurred after the irradiation (i.e. the recovery shown 
in Fig. 12(b)). 
Further analysis is required in order to determine whether this annealing data is consistent with the annealing activation 
energy model that which was used in an earlier study of 1310nm lasers from another manufacturer.7 Nevertheless it can 
be concluded from this set of results that the annealing behaviour of irradiated lasers inside the CMS Tracker, at around 
–10°C, can be expected to continue towards very long-time periods. A similar linear dependence of annealing with 
log(time) is found to prevail at higher temperatures and approximately 66% of the damage is annealed at 60°C after 500 
hours. It is therefore reasonable to assume that the extrapolation of the –13°C data could be extended much further, up to 
a point in time where the total damage remaining would be ~33% of the initial damage. This time is at around 50000 
hours, which is similar to the total operational lifetime of the lasers in the CMS Tracker optical links of 10 years (or 
88000 hours). 

3.3. Test C – Aging at 80°C of irradiated lasers 
The final step of the experimental study was the accelerated ageing for 2400 hours at 80°C of the lasers that were 
irradiated to 4x1014/cm2 (and then annealed) in Test B.2. L-I characteristic measurements were made at hourly intervals 
and the threshold current is plotted in Fig. 14.  
None of the lasers exhibited any wearout-related degradation, which is typically manifested as an increase in threshold 
current. In this set of measurements it is clear that the annealing continued, masking the beginning of any wearout. In 
this test it was not possible to calculate a mean-time-to-failure (MTTF), even by extrapolation, since no degradation was 
observed. However, based on the Bellcore activation energy model, the 2400hr period is equivalent to a period of 106 
hrs at –10°C, with an assumed activation energy for wearout of 0.4eV.18 During the CMS Tracker lifetime it is therefore 
unlikely that any lasers will fail due to an increase in threshold current caused by wearout.  
 

The data from Test A.4 were also included in these plots for comparison purposes. After taking into account the 
different fluences received there is more damage, in addition to greater annealing, in the Test B.1 devices. These effects 
can be explained by the greater amount of annealing occurring during the irradiation for the Test A.4 devices, since 
these devices were biased during irradiation. This reduced the amount of total damage, and in addition reduced the 
amount of annealing  taking place just after irradiation since the short-lived defects annealed already during irradiation. 

3.2.2 Test B.2: Neutron irradiation at low temperature and annealing versus temperature 
In this part of the investigation 12 lasers were irradiated to between 3.5 and 4.4x1014/cm2 at the CRC ~20MeV neutron 
source, at a temperature of approximately –13°C. The L-I characteristics at –13°C are shown in Fig. 11 before and 
immediately after irradiation. This lower temperature is close to that expected for the CMS Tracker (–10°C), therefore 
simulating more realistically the thermal environment of the final application. After the irradiation step, which lasted 3.5 
hours, the devices were kept at –13°C for 14 hours, after which time the lasers could be removed safely from the source. 
The lasers were then stored in a refrigerated compartment at –35°C for up to 6 months.  
The annealing study consisted of taking the devices in groups of 4 lasers, and measuring their annealing behaviour at 
temperatures of 20, 40 and 60°C. Fig. 12 shows (a) the threshold current before, during and up to 14hrs after the 
irradiation with the temperature and (b) the normalized annealing at –13°C.  
The devices were kept unbiased between L-I measurement cycles to minimize the annealing during irradiation. These 
data can therefore be compared directly with the 0mA data from Test B.1. The threshold values before and after 
irradiation are lower overall than in Test B.1, due to the threshold dependence on temperature. According to equation 
(1), at –13°C the threshold current is a factor 1.7 lower than at 20°C. However the actual damage (per unit fluence) is 
about 20% greater at the lower temperature. Based on the following observations, it is likely that extra damage at –13°C 
occurs because of the suppression of some of the annealing that would take place in an irradiation at 20°C. 
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Figure 11: L-I characteristics of lasers irradiated in Test B.2. 
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Figure 12: (a) Threshold current during Test B.2, at -13°C and (b) annealing at -13°C following irradiation. 

 



● “Optoscan” procedure is run periodically to set-up 
correct operating points for the analogue optical links 
in the tracker (2 or 3 links per detector module)
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Optical Link Gain Calibration
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● Varying laser bias setting and 
gain allows determination of 
laser threshold and slope 
efficiency which are both 
expected to change with 
irradiation



● Take laser threshold measured in-system by averaging 
per-layer in Tracker Inner Barrel as a function of time 
● Highest level of damage yields most interesting data… 

● Take CMS delivered lumi data from LPC website 
● Split lumi data into 3.5 hr segments corresponding to 

original irradiation duration. 
● Scale amplitude of measured threshold increase after 

qualification level fluence (500 fb-1) linearly to actual 
delivered lumi 

● Sum irradiation steps with ongoing annealing based on 
measured annealing behaviour 

● Adjust relative lumi scaling to “fit” fine-grain prediction 
to measured threshold increase.
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Comparison of Data to Prediction



● Model matches (remarkably) well with average observation 
● Comparison with TDR radiation map is within original 1.5x safety 

factor
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Comparison of data vs model
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● Analogue optical links provide unique means to track 
radiation effects on the laser threshold and slope 
efficiency 

● Assessing required level of safety factor is useful for 
future upgrades 
● We had lots of margin for radiation effects at Phase 0, whereas we 

are uncomfortably close to the ultimate limits at Phase 2 
● This is needed now to guide detector design choices 

● Will continue monitoring as fluence accumulates
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Conclusion


