1CMS TN/95-005May 1995Ionising radiation damage of optical fibre data linkcomponents in the CMS Inner TrackerK. Gill1, N. Green2, N. Try2 and F. Vasey31 Imperial College, London, UK.2 GEC-Marconi Defence Systems, Stanmore, Middlesex, UK.3 ECP Division, CERN.AbstractResults are presented from cobalt-60 photon irradiations of multi-quantum well (MQW) modulators (to~20Mrad) and optical fibres (to ~30Mrad). These components form part of the optical data-link fortransfer of signals from the silicon microstrip and MSGC elements in CMS. Measurements of thereflectivity of the modulators at different bias voltages were made before and after irradiation showingnosignificant change. The modulators were irradiated under bias with the dark current in the devicescontinuously monitored during and for several days after the irradiation. Increases in the dark current wereobserved due to radiation damage though the devices were fully annealed after several days. The resultssuggest that the modulators are sufficiently resistant to ionising radiation for use in CMS, though furthertests are required. The transmission of the fibres was monitored throughout the irradiation and for partthe recovery period after irradiation. The radiation induced attenuation losses in the fibres was fittedwith a model describing the time and dose dependence of different defect states. The data obtained herefor the fibres could therefore be projected over a ten year lifetime at LHC, resulting in only smalltransmission losses in fibres used in CMS.

2IntroductionOptical fibre data-links for the transfer of data from the front-end electronics ofdetectors in LHC experiments are currently under development bythe RD23collaboration[1]. These links are the baseline method of data transfer from the MSGCand silicon microstrip detectors in the CMS Inner Tracker[2]. As with all the materialsused in the tracking region, the radiation hardness of the modulators and fibres mustbe demonstrated to be capable of withstanding the large radiation doses that will beaccumulated during the running periods of the LHC.MQW modulators and optical fibres have previously been irradiated with neutrons byRD23[1]. The modulators were unaffected in terms of their reflectance. The leakagecurrent, which does not affect their performance, increased from ~5nA to ~100nA. Ofthe fibres that were irradiated, pure silica core fibres were found to be more radiationhard than Ge-doped fibre. This result was expected as the induced losses in the fibresare believed to be related to the defects introduced by dopants such as germanium. Thedose rates used were around two orders of magnitude greater than those expected atLHC. Therefore, taking fibre annealing into consideration, the pure silica core fibres aresufficiently resistant to non-ionising radiation damage for LHC use.In this investigation we aimed to measure any changes in the properties of MQWmodulators and different types of optical fibre as a result of exposure to ionisingradiation to a high dose (in our case ~1MeV gammas to >~ 20Mrad). It was found thatthe MQW device performance was unaffected bygamma irradiation, the reflectancewas unchanged and increases in dark currents annealed within several days of theirradiation. Radiation induced losses of around 100-120dB/km were observed in thefibres, which received varying doses. The attenuation could be fitted with a �kineticmodel�[4] which describes a build up of several defect states linearly with dose,combined with exponential decay of these states with different lifetimes for thedifferent states. Knowing the ionising dose rate profile at LHC, this model allowed usto predict the evolution of the induced losses in fibres used in CMS. It was found, forthe fibres tested, that one could expect losses of between 2-5dB/100m in a ten year spanof high luminosity operation of LHC.1) MQW modulator radiation damageThe modulators are based on III-V semiconductor electro-absorptive multi quantumwell structures grown between asymmetric Fabry-Perot mirrors. The electro-absorptionin the devices tested was tuned to obtain a maximum modulation depth at awavelength of 1.54mm. Reflectivity of the device is modulated byvarying the appliedelectric field across the quantum wells. The devices tested here were configured as alinear array of 8 channels, with active MQW areas of 30mm diameter at 125mm pitch.Two 8-channel MQW modulators were irradiated with gammas using theexperimental arrangement shown in figure 1. The devices were irradiated at room

3temperature to a total dose of ~20Mrad at a dose rate of 205krad/hr. A 20-channel dataacquisition unit was used to monitor the modulators as well as to store the data o n disk until it could be analysed.

Data-loggerConcrete shieldingCo-60 source rods2 x 8-channel modulatorsBias and readout cables

Biassupply

Figure 1: Schematic arrangement of apparatus for MQW modulator irradiationThe modulators were reverse biased at -7V during the irradiation, and for thesubsequent three days, in order to monitor any annealing of the leakage current whichwas measured and recorded every 60 seconds. Figures 2 and 3 show the leakage currentdata from the devices during irradiation and the three days after irradiation. Radiationdamage caused the leakage current in most of the channels to increase to about 100nA.In comparison, the photocurrent generated by the modulator under normal operatingconditions is in the range of 10 to 100mA. In most cases the leakage current was fullyannealed in the three days after irradiation. The channels which had not annealed i n this time were remeasured later and the leakage current was found to have decreasedto pre-irradiation levels. The increases in the leakage current are thought to beassociated with radiation induced charging of the polyimide layer used to isolateneighbouring MQW structures[5]. This hypothesis may be confirmed by future tests o n similar devices without polyimide.

0.110100

MQW reverse current (nA)

2015105060Co dose (Mrad)

M1 M3 M5 M7 M2

M4M6 M8Site 1 chipref# E6

706050403020100Recovery time (hours)

M1 M2

M4 M3 M5 M6 M7 M8Site 1 chipref# E6Figure 2: Leakage current results for modulator E6

0.110100

MQW reverse current (nA)

2015105060Co dose (Mrad)

Site 2 chipref # E7

M2 M3

D4 M5 M6 M7 M80.110100

706050403020100Recovery time (hours)

D4 M5 M6 M7 M8Figure 3: Leakage current results for modulator E7The reflectance spectra were measured before and after the irradiation (and recoveryperiod), with the results[3] shown in figures 4 and 5. It can be seen that the reflectancespectra were not significantly changed by the irradiation, or that any radiation inducedchanges had completely recovered bythe time the second measurement was made.Further tests are therefore required to determine whether the optical properties areaffected during irradiation. The small deviations observed were attributed todifferences in measurement conditions.2) Fibre radiation damageWe aimed to measure, in situ, the radiation induced attenuation characteristics ofthree different optical fibres; Lycom MCSM (Match Clad - Single Mode), Lycom PSCF(Pure Silica Core Fibre) and Sumitomo PSCF (Pure Silica Core Fibre). From the resultswe were able to extract parameters describing the evolution of the radiation inducedattenuation, using the kinetic model of Kyoto et al[4], detailed in Appendix I, whichenabled predictions to be made of the attenuation expected during operation in an LHCexperiment.Figure 6 shows a schematic diagram of the arrangement of the apparatus. The laserlight was split four ways and transmitted along the four fibres to fourphotodetector/amplifier units, where the output voltage was measured every 60seconds with the data acquisition unit (also used to monitor the modulators).Typically, the optical power level in each fibre was 60mW. The laser and monitoringequipment were situated in the control room and the three fibres under investigationwere threaded through access pipes into the source cell. An 88 metre length of eachfibre had been wound on a spool, which was placed in the centre of the source toobtain the highest dose rate available. The dose rate at each fibre position wasmeasured using a calibrated photodiode, estimated to be accurate to better than 10%from earlier studies. The fourth fibre was not irradiated and was used to monitorfluctuations in the laser output.

5Figure 4(a): Reflectance results before irradiation for modulator E6Figure 4(b): Reflectance results after irradiation for modulator E6Figure 5(a): Reflectance results before irradiation for modulator E7Figure 5(b): Reflectance results after irradiation for modulator E7For copies of these figures contact:-k.gill@cern.ch

6The three fibres were then irradiated for six days, such that the accumulated doseswere: 29Mrad for the Lycom MC-SM, 24Mrad for the Lycom PSCF and 36Mrad for theSumitomo PSCF fibre. After the irradiation, measurements were made for a further 32hours to investigate the annealing behaviour of the fibres.

Concrete shieldingCo-60 source rods88m spool of fibres

Data-logger4 x receivers stabilised laser source l=1.55mm1 x 4 splitter referencefibre

Figure 6: Schematic arrangement of apparatus for fibre irradiationThe following is a brief summary of the extracted parameters (refer to Appendix I fordetails of the fitted expressions). Figure 7 shows a plot of the full data set and fittedcurves for the fibres, along with tabulated results for Ki and ti extracted from the fits tothe data. Some points lie below the fit, corresponding to intervals when the source wasturned off for access. The dose rates for the different fibres are given below in Table 1.These are used, with the Ki and ti values to extract the damage constants ai, shown i n Table 2.FibreDose rate(krad/hr)Dose rate(Mrad/s)Lycom MCSM211–6(5.46–0.13) x 10-5Lycom PSCF175–3(4.46–0.08) x 10-5Sumitomo PSCF268–9(7.44–0.23) x 10-5Table 1: Dose rates received by fibres

121086420

Attenuation increase, DA (dB)

600x103

4003002001000Time (s)

Lycom MCSM

Lycom PSCF

Sumitomo PSCF fit to dataComplete data set plus fitsDamage fit coefficientsRecovery fit coefficientsK1 t1K2 t2K3 t3K4 2.120880.4454050.8927722371.8811546.814813.63.367184.387877.6682211571.81537281870742.216231.25587e-058.84335e-061043724.99607e-06 D A 1 t2DA2 t3DA3 t4DA4 0.1192470.8261660.987891732.94447.331453.8120.6969470.736790.79101412261.63991.874993.64.361482.216632.3714856738356682.261798.44.978757.024538.25695 LycomMCSMLycomMCSMLycomPSCFSumitomoPSCFLycomPSCFSumitomoPSCF

8Figure 7: Full data set and fit parameters for fibre irradiation and recovery

9FibreLycom MCSMLycom PSCFSumitomo PSCFa1 (dB/Mrad)t1 (s)15–12400–1000.8–0.211500–13000.8–0.115000–1000a2 (dB/Mrad)t2 (s)5.0–0.211500–3000.6–0.1(1.5–0.1) x 1050.55–0.03(1.9–0.1) x 105a3 (dB/Mrad)t3 (s)0.36–0.01(1.1–0.1) x 1050.21–0.04¥0.13–0.01¥a4 (dB/Mrad)t4 (s)0.08–0.005¥Table 2: Damage constants and time constants extracted from the irradiation periodPredictions for LHC applicationsWe take each year at LHC to be an annual cycle of:(i) Six months (1.58x107s) of irradiation with a dose rate of 500rad/hr (1.39x10-7Mrad/s)(ii) Six months of annealingIt should be emphasised that the evolution of the defects on these long timescales isdominated by the purely dose dependent linear contribution to the inducedattenuation. The contribution from the other terms is very small due to their dose ratedependence, plus their induced attenuation recovers quickly in the six month recoveryperiod. Estimates of the increase in the induced attenuation, DA, at LHC, based on thedose dependent damage constant for each fibre, are shown in the following table. Theconversion from dB to dB/km was made assuming the irradiated length of the fibresto be 88m.FibreDA (dB/km)after 1 yearDA (dB/km)after 10 yearsLycom MCSM2.020Lycom PSCF5.353Sumitomo PSCF3.434Table 3: Estimates of induced attenuation during LHC operationThese values therefore represent the worst case that could be deduced from our results,where the damage is dominated by the linear, dose dependent contribution, where theinduced attenuation does not recover. For comparison, Kyoto et al predict an estimatedinduced attenuation of 22dB/km for a pure silica fibre irradiated at 100rad/hr for 40years (which is equivalent to 14dB/km after 10 years at LHC).

10One should note that the results from our irradiation could have been equally wellfitted with an expression that had no linear contribution, but instead had a dose ratedependent contribution with a very long time constant (~106-107s). If this is indeed thetrue parameterisation, it would have implications for LHC operation as the inducedattenuation would be decreased overall due to the eventual saturation of thedominant dose rate dependent contribution. However, the results in [4]stronglysupport the existence of a dose dependent linear term in the kinetic model.Summary and ConclusionsTwo multi-quantum well modulators were irradiated to around 20Mrad. Thereflectance of the devices was unchanged and increases observed in the leakagecurrents were fully annealed within several days following irradiation. These resultssuggest that the modulators tested are sufficiently radiation resistant for use in theoptical data link in the CMS Inner Tracker. Further tests will be undertaken to confirmthis conclusion.Measurements of fibre attenuation were made during irradiation and the subsequentrecovery period of several days. The results could be fitted with the kinematic model ofKyoto et al[4] and the extraction of the linear dose dependent contribution (i.e. n o annealing) was found to be the most important point for predicting the radiationinduced losses in fibres used in CMS, where the longer recovery timescales and muchlower dose rate dilute the effect of the dose rate dependent contributions.The results presented here suggest that standard telecommunication fibres such as theLycom MCSM are more resistant to low ionising dose rates than pure silica core fibres;a 10m length of Lycom MCSM fibre will have an induced attenuation of only 0.2dBafter 10 years in CMS, whereas a similar length of pure silica core fibre will have anattenuation of around 0.4 to 0.6dB. However, pure silica core fibres have been shownto be more resistant to non-ionising radiation loss (e.g. from neutron damage) thanstandard telecommunications fibre (e.g. Lycom MCSM)[1]. Pure silica core fibres wouldalso be more resistant to high dose rate ionising radiation damage, such as i n accidental beam losses in CMS, than the standard telecommunications fibre. Tosummarise, the radiation induced losses in the fibres used for readout of the front endelectronics in the CMS Inner Tracker are expected to be small, around 0.4-0.6dB after 10years, for the ~10m lengths of pure silica core fibre that will be used in the highestradiation region.AcknowledgementsWe would like to thank Lycom for donating the fibre samples used in our tests.Thanks also to Richard Wheadon for his help with the use of the Datalogger and toPeter Clay for the prolonged use of the Imperial College Co-60 source. K. Gill wouldlike to acknowledge the financial support of the UK Particle Physics and AstronomyResearch Council.

11References[1] Optoelectronic analogue signal transfer for LHC detectors.(a) 1993 RD23 Collaboration Status Report, CERN/DRDC 93-35.(b) 1994 RD23 Collaboration Status Report, CERN/DRDC 94-38.[2] The Compact Muon Solenoid Technical Proposal, CERN/LHCC 94-38[3]Report on radiation effects in multi-quantum well modulators for the LHC, A.J.Moseley et al., GEC Marconi Materials Technology Internal Report, October 1994[4] Gamma-ray radiation hardened properties of pure silica core single-mode fiber andits data link system in radioactive environments, M. Kyoto et al., IEEE Journal ofLightwave Technology, Vol. 10, No. 3, March 1992[5]Reliability of InGaAs/InP Long-Wavelength p-i-n Photodiodes Passivated withPolyimide Thin Film, Y. Kuhara et al., IEEE Journal of Lightwave Technology, Vol. 4,No.7, July 1986.

12Appendix ITheory and Kinetic Model(a) Attenuation and radiation damageThe attenuation, A, in a fibre, length l is given by:-A(l ) = ˚signalout˚˚signalin˚

= exp(- ˚l˚˚L˚

)(1) where L is the attenuation length.If the attenuation is assumed to be caused bypresence of n species of defect state, withpopulation N1, N2...Nn, each defect type gives rise to different characteristicattenuation length L1, L2,...Ln inversely proportional to the linear concentration ofdefects Ni:Li a ˚1˚Ni˚

(2)The fibre can be considered as a composite structure with the attenuation, A, given by:A(l) = exp(- l [˚1˚˚L1˚

+ ˚1˚˚L2˚

+ .... + ˚1˚˚Ln˚

] )(3)A(l) = �i=1n˚exp[-˚l˚ci˚Ni˚]˚ = �i=1n˚exp[-˚ci˚Ni˚]˚ (4) where ci is a constant.If the fibre is then irradiated to some ionising dose, F, the population of each defecttype changes, modifying the fibre attenuation:A(l, F) = �i=1n˚exp[-˚ci˚Ni˚(F)˚]˚ (5)Compared to before irradiation: ˚A(l,˚F)˚˚A(l,˚0)˚

= �i=1n˚-˚exp[˚ci˚{˚Ni˚(F)˚-˚Ni˚(0)˚ } ](6) ˚A(l,˚F)˚˚A(l,˚˚0)˚

= �i=1n˚-˚exp[˚ci˚DNi˚(F)˚ ](7)where DNi is change in the ith defect population.

13In dB units: A(dB) = 10 x log10 [ signalout˚˚signalin˚

](8)The magnitude of the radiation induced attenuation is given by the summation:DA (dB) = �i=1n˚˚ci˚DNi˚(F)˚ log e(9)(b) The Kinetic Model [4]According to Kyoto et al, the data taken during irradiation can be fitted with thefollowing formula:-DA (t) = �i=1n-1˚[˚ Ki ( 1-exp (-t/ti) ] + Kn t(10)The constants K1,2...n-1 therefore correspond to the saturation values of the differentcontributions to the induced attenuation. The terms containing K1,2...n-1 are dose ratedependent, whereas the linear term Knt is only dependent upon the total dosereceived. The linear term can be included in the summation with tn = ¥.For the period (time t�) after irradiation, equation (11) is used to parameterise therecovery of the induced attenuation:DA (t�) = �j=1m-1˚[˚ DAj exp (-t�/tj) ] (11)Expressions (10) and (11) can be derived based on two assumptions:(i) The change in the number of each defect type DNi, without allowing for annealing,increases linearly with dose, F:d(DNi) = ai F dt(12)where ai is the damage constant.(ii) The defects anneal according to a first order reaction,d(DNi) = - Niti

dt(13)It can then be shown that for a constant dose rate, such that

14F = ˚dF˚˚dt˚ t(14)the evolution of the defect population is given by:DNi(t) = ai ˚dF˚˚dt˚ ti [ 1 - exp (-t/ti) ] (15)hence:DN(t) = �i=1n˚ DNi(t) = �i=1n˚[˚ ai ˚dF˚˚dt˚ ti ( 1 - exp (-t/ti) ] (16)substituting this expression into (9) gives the induced attenuation:DA (dB) = �i=1n˚[˚ci˚ ai ˚dF˚˚dt˚ ti ( 1 - exp (-t/ti) ] log e =�i=1n˚[˚a i ˚dF˚˚dt˚ ti ( 1 - exp (-t/ti) ] (17)where ai is the damage constant in units of dB/Mrad, if the dose rate units are Mrad/sand the time constants are all in seconds.The kinetic model for fitting the data during irradiation, expression (10) can thereforebe obtained by making the substitution: Ki = ai tidFdt

(18)(c) Predicting the induced attenuation for other irradiation conditionsThe ai and ti values can therefore be extracted from the fit of equation (10) to the datafrom the irradiation period. These values can then be used to predict the inducedattenuation during any other ionising radiation exposure where the dose rate profile isknown.Note that the time constant values may also be determined from a fit to the recoveryperiod; however the results from Kyoto et al do not suggest that these time constantsshould correspond exactly to those of the irradiation period. This is indeed the case i n our results and the cause of this apparent discrepancy is unknown.