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ABSTRACT. Optical links are used for the readout of the 888icon microstrip modules that
make up the SemiConductor Tracker of the ATLAS expent at the CERN Large Hadron
Collider (LHC). The optical link requirements areviewed, with particular emphasis on the
very demanding environment at the LHC. The on-detemomponents have to operate in high
radiation levels for 10 years, with no maintenarmeg there are very strict requirements on
power consumption, material and space. A novel ephfor the packaging of the on-detector
optoelectronics has been developed to meet thepgirements. The system architecture,
including its redundancy features, is explained #mal critical on-detector components are
described. The results of the extensive Qualityufesce performed during all steps of the
assembly are discussed.

KEYWORDS Optical detector readout concepts; Electronicedter readout concepts (solid-
state).
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1. Introduction

ATLAS will be one of two general purpose detectopgrating at the CERN LH@]. The LHC
has been designed to produce proton-proton coiksai a very high centre of mass energy of
14 TeV, with a luminosity of 1 cm®s®. The SemiConductor Tracker (SCT) forms the
intermediate layer of the ATLAS Inner Detec[a]jd is used for the precision tracking of
charged particles produced in the proton-protoarautions. The SCT detecting elements are
silicon microstrip senso@]. The sensor strips AC-coupled to binary readout electronics,
with the ABCD3TA custom ASI@] providing the freend amplification, discrimination and
pipeline functions. The sensors and front-end ASiesassembled within modules, which are
mounted on carbon-fibre structures within the eixpent. The sensors within modules are
glued back-to-back around high thermal conductisitpstrate$ [9],[] to provide two-sided
readout, with six 128-channel ABCD3TA ASICs on eaate. The SCT consists of barrel and
endcap regions. The barrel region contains fouerkyf co-axial carbon-fibre cylinders on
which are mounted 2112 rectangular barrel mod@sﬂhe endcaps are formed from nine
carbon-fibre disks on each side of the barrel,yiragr a total of 1976 wedge-shaped endcap
moduled [6].

Figure 1(a) shows a close-up view of barrel modutesinted on one of the carbon-fibre
cylinders, and[ figure J1(b) the module mounting Unes and the network of services lying
beneath the barrel modules. This paper describesveny important component of these
services, the transmission of data and controlasggiia optical links. These are used in the
SCT to transmit data from the detector module¢oaff-detector electronics and to distribute
the Timing, Trigger and Control (TTC) data from tbeunting room to the front-end electro-
nics[[2])

All the SCT on-detector components have to be wf heass and use materials with long
radiation lengths in order to minimize performauegradation through the multiple scattering
of particles. Mechanical clearances are small, #ximize the geometrical coverage and
hermeticity of the SCT, and so there are very tigiguirements on the space available for the
on-detector components. The inner detector siteinvia 2 T uniform magnetic field provided
by a superconducting central solenoid, and heneethdetector materials used must be non-
magnetic, both to avoid magnetic forces and distost of the magnetic field. These
requirements have led to the development of cuspawkaging for the optoelectronics,
described in sectidn] 4.



Figure 1. (a) Close-up view of barrel modules mounted on lingdgr [[5], connected to all electrical,
optical and cooling services; (b) View of mountibgackets and service distribution underneath the
modules on the cylinder.

There will be very little possibility of maintenamdor the on-detector components during
the 10 years of operation with the presently apptdolHC, and the optical links will have to
operate in the hostile LHC radiation environmemotighout this period. Radiation tolerance is
discussed in sectioh 2.2.1. As well as surviving thtal radiation dose, the detector has to
operate correctly while exposed to a high partii®, which will cause Single Event Upsets
(SEUSs), as outlined in sectipn 2.p.2.

The overall system architecture and specificatafrise SCT optical links are reviewed briefly
in sectionl::k, and the mechanical and thermal extes in sectioEl 3. The on-detector opto-packages
are described in sectiph 4. The optical fibre cotiors and cable scheme are summarised in section
E| The performance of all on-detector components weasured during extensive Quality
Assurance (QA) testing, both before and after mingranto the carbon fibre support structures, and
a summary of the results is given in sect@n 6. Témults of the QA for the off-detector
optoelectronics are presented in seqﬁbn 7. Sortteegroblems encountered during the project are
outlined in sectiof J8. The optical links have besed in very successful SCT system tests.

2. System ar chitectur e and specifications

2.1 System architecture

The communication between each SCT module andffkaetector data acquisition system is
made by individual optical links. The total lengththe fibres, for each optical link is around 80
m (the lengths for the different sections are giwersectiond 4.311] 4.32, 3.2 ahd]5.3). The
system is illustrated schematicalle 2thathe upper part of the figure showing the data
links and the lower part the TTC links. The linke &ased on GaAs Vertical Cavity Surface
Emitting Lasers (VCSELshemitting light around 850 nm, and epitaxialpSin diodes” These
devices were chosen because of their excellent mitynto radiation damage (secti.l),
and because of the low power required to driveMBSELS, due to the low laser threshold
current (typically around 4 mA).

! The VCSELS used for the SCT on-detector are of HBD-8A12 supplied by Truelight, Taiwan.
2 The epitaxial Si p-i-n diodes used for the SCTdetector are of type Apex 10, supplied by Centrodi€.
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Figure2. The ATLAS SCT optical links system architecture tloe data links (top) and for the TTC links
(bottom). Equivalent systems are used for the barré endcap SCT, but for the barrel there is onig
optical patch panel, PPB1, while for the endcapetlaee two, PPFO and PPF1.

2.1.1 Thedata links ar chitecture and components

The binary data from each channel of an SCT modrtdestored in a pipeline memory of the
ABCD3TA ASIC and those corresponding to a firsteletrigger signal are read out. The data
from each side of the module are read out senddlya “master” ABCD3TA [4]. Two data links
operating at 40 Mbits/s transfer the data fromtii® master ABCD3TA ASICs of each module
to two channels of a custom ASIC, the V [7], whdrives two VCSEL channels. The VDC,
developed specifically for the SCT project, tratetathe approximate LVDﬂS] signal
produced by the ABCD3TA into the drive signal reqdito operate the VCSEL. The nominal
VCSEL drive current is 10 mA, but this can be ims®d to up to 20 mA. These higher drive
currents may be required to achieve faster anrgealirradiation damage to the VCSEL, or to
provide additional safety margin for the opticaiygo budget (secti.3).

The VCSEL is contained within the on-detector opémkage indicated ip figure] 2 and
described i sectioﬁl 4, where the light is coupted a step index multi-mode (SIMM) custom
optical fibreﬁwith a pure silica core (50 um diameter) to ensadiation hardne@]. The data
are sent in non-return-to-zero (NRZ) format to &iBaf Crate (BOC) card in the counting room
which provides the interface between theagdtsignals and the off-detector electronics in
the SCT Readout Driver (ROD). In the BOC pSin diode arrays provide electrical signals that
are discriminated by another custom SCT ASIC, tiRXEL2 , which provides the LVDS
data used in the ROD.

3 The optical fibre (Fujikura 50/60/125/250) was ligd by Fujikura, Japan. The fibre cabalisatiom dime MT-12 termination
were performed by Fujikura, udner the supervisibthe KEK group.



The bandwidth of the data links is calculated tosh#icient to ensure that any queuing
losses of data will be negligible provided the meansor strip occupancy is lower than 2%.
This figure gives a contingency of more than adacdf two in the worst case expected at high
luminosity.

Some redundancy is built into the data links irt tiae independent links are provided for
each SCT module. In normal operation, each linkseaut one of the sides of the module, but if
one link fails then all the data can be read oat thie working link. The redundancy mode
reduces the available bandwidth, but this will natise any loss of data at the expected rates.
The data redundancy scheme has been used sudgetsfallow for the cases of data link
failures which occurred during detector integratiomd could not be repaired (see secﬁbn 8). A
limitation of this scheme is that if the data lirddundancy scheme is used for an unmodified
barrel SCT module, then the data from one ABCD A8UECof 12 on the module will be lost. If
the failure in the data link occurred after all evices were mounted on a barrel but before the
corresponding module was mounted, then the modak modified to allow the readout of all
12 ABCD ASICs through the working link.

2.1.2 The TTC links architecture and components

Optical links are also used to send the TTC datanfthe RODs to the SCT modules, as
indicated in the lower part 2. Within tB©OC, the custom BPM-12 ASIE [10] uses
biphase mark (BPM) encoding to send a 40 Mbitsfgrobstream in the same channel as the 40
MHz LHC bunch crossing clock [1D]. The outputs bé tBPM-12 ASIC drive an array of 12
VCSELSs which transmit the optical signal into 1248 fibres. The signals are converted from
optical to electrical form by the on-detectopSin diodes within the Opto-package indicated in
figure 3. Finally, these electrical signals areeieed by the SCT custom DORIC4A AS|C [11]
which decodes the BPM data into a 40 MHz bunchsingsclock and a 40 Mbit/s control data
stream, for transmission to the front-end ABCD3TA&I&.

Redundancy is built into the TTC system by havilegteical links from one module to its
neighbour. If a module loses its TTC signal for aegson, an electrical control line can be set
which will result in the neighbouring module serglm copy of its TTC data to the module with
the failed signal. For the barrel part of the S@iE, redundancy system is configured as a loop
of 12 modules, each connecting two adjacent b&metesses (secti.l). For the endcap
SCT, the redundancy loops join detectors in a dnga disk and consist of 40 or 52 modules.
The TTC links redundancy scheme was also used ssfodly to allow for cases of TTC link
failures which occurred during detector integratisee sectioE|8).

2.2 System specifications and requirements
2.2.1 Radiation hardness

The anticipated radiation levels within the ATLASer detectom] require that the on-detector
optical link components are specified to withstantbtal ionising dose of up to 100 kGy(Si)
and an equivalent fluence for silicon of up to 26 (1 MeV n) cm®. Care was therefore
taken to select plastics and adhesives that wererkrio be radiation hard, while the radiation
hardness of all active components and fibre waili@@iby the SCT using appropriate radiation
sources. The latter wef&Co gamma sources to provide the required ionisosgdnd beams of
protons and neutrons to study the displacement gamaused by high energy particles. To
compare results across beam type and energy, thaggawas assumed to scale with the Non-
lonising Energy Loss (NIEL), a hypothesis that isllwerified for silicon devic]. There



were less previous data for GaAs devices, but tladlected by the SCT collaboration for
GaAs with different beam types and energies wese &und to be compatible with NIEL
scaling[[13][14].

There are extensive manufacturers’ data on théntieeof VCSELs ang-i-n diodes, but
little data on the reliability of these deviceseafirradiation to LHC levels. Therefore reliability
testing was performed on irradiated samples ahallon-detector optoelectronics. The full SCT
programme of radiation and reliability tests |[71)[91])[14]] showed that the system
components fully satisfy the radiation requiremdatsoperation within ATLAS.

The optical fibre uses a pure silica core and aikesdoped claddirfigand thus avoids the
use of dopants in the core which can lead to aedser in attenuation length with ionizing
radiation. This fibre is thus radiation hard by igasand this has been verified by extensive
radiation testing[9d].

As well as surviving the total radiation requirensgrit is essential that the system should
operate correctly during high luminosity runningsgite the very high flux of charged particles.
This flux will cause Single Event Upsets (SEU). Shias been studied in high intensity pion
and proton beams and it has been determined taakominant effect is due to localised energy
deposition in the-i-n diode and the SEU cross sections have been medaije

2.2.2 Bit Error Rates and Single Event Upsets

The rate of single bit errors in the data and TTitkd must be sufficiently low to give a
negligible degradation in detector performance.

Single bit errors in the data links will cause tbes of valid hits from the silicon detectors
or the creation of spurious hits. The upper linmittbe Bit Error Rate (BER) is specified as’10
as an error rate at this level would still giveegligible contribution to the detector inefficiency
or to the rate of spurious hits. In practice, thmrerate in the system has been measured to be
much lower than this value (sectiEh 6). Since stesn involves a very large number (8176) of
data links in total, it needs to be simple to getand operate, with a minimal number of
adjustments. It is therefore important that theespsshould work with a low BER over a wide
range of the adjustable parameters.

Single bit errors in the TTC links will corrupt tltemmand data sent to the modules. The
most serious impact of rare errors in the TTC dateurs while sending the level 1 trigger
signal. As the length of this packet is only 3 bitsorder to minimise the dead time between
triggers, a single bit error can cause a loss wélldl trigger. This can lead to loss of
synchronization in the pipelined system, until atahle reset signal is sent. It has been
established that the specified maximum BER of il cause a negligible loss of da@S].
From test beam data, it is estimated that at higiC luminosity a BER of ~ I8 would be
expected due to Single Event Up15]. Thereitoi® not anticipated that SEUs will have
any significant adverse effect on the quality of ®CT data. Without beam, the BER for the
TTC links has been measured to be more than am ofdeagnitude lower than specification
(section@). As for the data links, it is importahat a low BER can be achieved for the TTC
links over a wide range of the adjustable pararaeter

In the binary system used for the readout of th& 8€tectors it is necessary to assign hits
to the correct bunch crossing, while allowing fbe ttime walk of the signal in the front-end
electronics. Therefore any jitter on the clock sigwould lead to decreased SCT efficie [2]
so the specification is that the RMS clock jitteogld be less than 0.5 ns.



2.2.3 Specificationsfor the data links

Standard practice in optoelectronics is to desiggysiem to have a minimum excess power
margin in the range 6-8 6]. This excess powargim ensures that the system will operate
reliably even if there is some deterioration witleimg or some unexpected losses. No error
correction is used in the data links in order tmify the on-detector electronics. No error
correction can be used for the TTC system as tlosldvincrease the trigger latency by an
unacceptable amount. This power margin requireothdetector VCSELs to have a coupled
power into the 5Qum core SIMM fibre of greater than 8@®V for a drive current of 10 mA.
The attenuation loss in the fibre is measured toldss than 15 db/km and a negligible
deterioration is expected for the full LHC radiatidose. The minimum responsivity of the off-
detector Sip-i-n diodes is specified to be greater than 0.4 A/WeA&llowing for additional
losses in the optical connectors this gives a mininexcess power margin of 9.6 dB (allowing
for radiation damage), as required. If necessas/dan be further improved by increasing the
VCSEL drive current from 10 mA up to a maximum @& @A. The provision of a maximum
value as high as 20 mA is motivated by the possitded to achieve faster annealing of
radiation damage rather than power margin.

The data link reliability requirement is set by derding that the fraction of link failures
after 10 years of LHC operation should be less ttfan For the VCSELSs, ageing only occurs
when the current is being drawn. Since NRZ dataused, this only happens 25% of the
running time because, to reduce queuing losses, wdit only be sent 50% of the time on
average and there will be an approximately equaibars of “0”s and “1”s in the data stream.
This leads to a specification that the data lidlabdity should be better than 1400 FIT, where 1
FIT is defined as one failure in L@perating hours. This specification is a factordofess
stringent than it would have been if the VCSELs badn on all the time. This analysis only
accounts for long term wear out and not for randaitures. It is very difficult to predict the
rate of random failures as this is very dependenthe precise details of how the links are
installed and operated. The redundancy systems(set@n) provides a good protection
against a low but non zero rate of random failures.

2.2.4 Specificationsfor the TTC links

Again considering the minimum excess power margithe system, the off-detector VCSELs
are specified to have a coupled power into therOcore SIMM fibre of greater than 7OV
at a drive current of 10 mA. The minimum resporigiaif the on-detector Si-i-n diodeq [7] is
also specified to be greater than 0.4 A/W befodgateon damage. Allowing for the attenuation
in the fibre and the losses in the optical connmsctiois gives a minimum excess power margin
of 6.4 dB. This can be increased if necessary ®ngthe drive current from the nominal 10
mMA to a maximum of 15 mA.

The reliability requirement for the on-detecfwi-n diodes is set in a similar way to that
for the VCSELSs, but allowing for the fact that tthevices will be powered on all the time. This
leads to a reliability specification of better tHz60 FIT.

3. Mechanical and thermal interfaces

In the design of a hermetic SCT detector with aimmiim area of silicon, the space available for the
on-detector optical and electrical services is Viamted. The power dissipation of the on-detector
optoelectronics for the readout of one SCT modsll860 mW, which is much lower than that

consumed by the SCT module itself (which is inrdrege 5.5 — 8.5 W). Nevertheless, it is essential



that the heat from the optoelectronics should dresported efficiently to the cooling system for two
reasons; firstly it is important to avoid excesatimg of the silicon detectors, which could lead to
thermal runaway following type-inversion due toiasidn damagm], and secondly the lifetimes of
the VCSELSs will decrease with increasing tempeeatihese mechanical and thermal interfaces are
described below for the barrel and endcap SCT megio

3.1 Barrel interfaces

The SCT modules are mounted on carbon fibre bradkigure (b)) which are rigidly attached
to the carbon fibre barrels. The on-detector optiebnics components are mounted on
copper/kapton flex cables, which are also attatbete carbon fibre brackets and are visible in
figure 1(b). The space envelope for the optoeleatshas a height of 1.6 mm, providing a
vertical clearance to the neighbouring module 81mm. This clearance is critical to avoid
damage to exposed wire bonds on the modules. Trerdie thicknesses were measured at
several stages during the assembly of the optogggcknd opto-flex circuit. As a final check,
after the assembly of the optical and electricaVises to the barrel, mechanical “envelope”
modules were mounted on each location to verifyctharances.

The cooling of the on-detector optoelectronics amal through the copper/kapton flex
cable. Thermal vias are used to conduct the heat the opto-package to power and ground
layers in the copper/kapton flex cable. An AIN erer@piece is glued to the flex in order to act
as a stiffener and also to improve the thermal patthe end of the flex cable, which is in
thermal contact with the module heat sink. Thesfa an aluminium cooling block, soldered to
the Cu/Ni cooling, pipe seen 1(a). Thertha connection is made using thermally
conducting greaseThis provides a sliding grease joint, which is desk because the cooling
block moves by a distance of up to 1 mm when thealer is cooled down. A specially
designed plastic clip was used to ensure that pive-flex keeps good thermal contact with the
cooling block. Extensive thermal cycling tests shdvihat this thermal connection was very
reliable and no problems with a thermal grease edtion have been seen in ATLAS operation.

3.2 Endcap interfaces

The SCT endcap on-detector optical interfaces memged differently from those of the barrel.
The endcap opto ASICs are mounted on the hybridhefendcap modules themselves, as
shown in the photograph 3. As also sedfigure 3, there is an electrical power tape
connector on the endcap SCT hybrid, and the endpappackage (secti.2) is designed to
connect to this. Therefore the cooling of the olgtcteonics is ensured by the thermal
connections of the endcap mod [6] to coolingepipttached to the endcap disks.

4. On-detector optoelectronics

The on-detector opto-packages have to be asserfibladhon-magnetic materials, to fit in the
available space and to contribute a minimum amuuttie radiation length of the detector. The
overall mechanical assembly, as well as the opttreleics, must be able to withstand the
expected radiation from 10 years of LHC operatibherefore custom opto-packages were
developed. The on-detector opto-packages contain M@SELs and one epitaxial $Fi-n
diode. The opto-package for the barrel SCT is desdrin sectiol, and the variant used for
the endcap in sectidn 4.2.

4 DC 340 thermal greasBow Corning http://www.dow.com/



Power tape connector Opto-plug in and cover DORIC4A VDC ABCD3TAs

Figure 3. Photograph of part of the hybrid of one side ofeadcap module, carrying the 6 ABCD3TA
readout ASICs, showing the opto-ASICs (the DORIGHA VDC), and the opto plug-in (sect4.2).

Fibre Clamp

Protective
Cover

Enlarged schematic view of
45° angled fibre receiving

VCSELs light from VCSEL surface

p-i-n diode

Figure 4. The barrel opto-package (left), of dimensions X249 x 1.46 mrh with the exploded view
(right) showing the positioning of thein-n diodes, the VCSELs and the fibres, and the immditating
the positioning of the fibre above the surface-gngtVCSEL.

4.1 Barrel opto-package

The key issues for the opto-packages are how tpleatne light from the surface emitting
VCSELs into the fibre and how to maintain the veaw profile, so as to fit in the available
radial space. These problems were addressed bpchd# - angle polished fibres above the
VCSELSs and using the reflection on the cleavedasarto transfer the light to the fibre core. In
a similar way, 4%- angle polished fibres were also used to trartketight from the TTC fibres
to the Sip-i-n diodes. The assembly of the barrel opto-pac@tagélustrated schematically in

figure 4|, and a photograph of a package is shovfigume 5.

5 The opto-packages were assembled by Radianteihaia



Figure 5. Photograph of a barrel opto-package, with proteatiover removed, showing the fibres held in
place by glue, the VCSELs and thé-n diode.

Within the package, the VCSELs andpSin diodes are mounted on a small PCB and wire
bonded to tracks on the PCB. The fibres are lodatgehrooves on a plastic build-up component.
Active alignment is used to ensure that the optifimk positions relative to the VCSELs are
achieved, with a UV-curing glgehen fixing the fibres in place. The cover is dasd to protect
the active components and the clamp at the batkeopackage ensures that the fibres are well
strain-relieved. The overall height of the packagenly 1.46 mm, which is within the allowed
space envelope (secti.l). Extensive tests pagfermed to ensure that there is no significant
optical or electrical cross talk between the VCSEhQd the Sp-i-n diodes within the package.

Any small light leak can lead to significant excessse in the silicon sensors because
silicon has a high quantum efficiency for radiatam850 nm. The effect was observed during
the first system test of the SAT [11], [IL8] befaeitable precautions had been taken to
minimise light leakage. To overcome this probleime fibres were placed inside 9Q@n
diameter black furcation tubingwhich minimizes any light leakage from fibre tdicgin
sensor. In order to reduce the light leakage frbendpto-package itself, custom plastic parts
were manufactured, using plastic injection mouldiagd carbon fibre loaded PEEK
(polyetheretherketone), which is known to be radiahard. This material is black and strongly
absorbs infra-red radiation. Because of the tigintieal clearance, the top of the cover is made
using 25um thick aluminium foil (which also prevents thertsanission of infra-red radiation).

4.2 Endcap opto-package

The endcap readout uses a similar opto-packadeetbdrrel, but includes an 8-way connector
for electrical connection to the endcap modileufig3). Custom plastic covers are used to
minimise light leaks. These are different in defiam those for the barrel because there is more
vertical clearance in the endcap, but consideriasly available lateral clearance.

5 Epotek OG-124 http://www.epotek.com
" Hytrel furcation tubing (OD 900m, ID 500um), supplied by The Light Connection, U.S.A.
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Figure 6. Photographs of endcap fibre harness. Right, theeka consisting of 6 opto-packages and two
fibre ribbons, terminated in MT connectors insidéleon SMC housingSLeft, close-up views of: top,
the end of the harness with two Infineon SMC haogssirbottom, the electrical connector inside thevopt
cover that connects to the endcap module.

4.3 Opto-har nesses
4.3.1 Barrel harness

The on-detector optoelectronics, fibres and low sra&laminium power tapes serving six SCT
barrel modules are combined into one opto-harnBEss. photograph ol(b) shows an
assembled barrel harness, with four opto-flex @scuisible (out of the six on the harness), and
the associated fibres. The lengths of fibres batvike opto-package and the MT-12 connector
are in the range 0.892m to 1.889 m.

A total of 352 barrel harnesses are used in the, e in 46 different flavours. These
flavours are required in order to accommodate redi@om the two ends of the barrels,
different module orientations on different barréfe redundancy scheme (sec.l.l) and the
variations in length of the fibres and tapes regfliito reach the patch panels. The very large
number of different flavours made production difficand also meant that it was impractical to
produce sufficient spares for each flavour. Instepdre sub-assemblies were manufactured and
they were made into complete spare harnesses dedjeen request. This of course had the
disadvantage of introducing delay into the SCT mfdg sequence. The TTC redundancy
scheme (sectio.2) was implemented by conrgaigighbouring flex cables within a
harness, or using special short flex circuits toraxt the ends of two adjacent harnesses.

4.3.2 Endcap fibre harness

For the endcap a more modular scheme was usedtheitfibre harness assembled separately
from the electrical harness. An endcap fibre harmemsists of between 4 and 6 endcap opto-
packages (sectio@.Z). The data and TTC fibregibb®nised and are then fusion-spliced to
12-way fibre ribbons. The individual fibres are f@cied by the same type of furcation tubing as
used for the barrel harnesseBhe fibre ribbons are wrapped in aluminium foil ive endcap

8V23867-29999-W904, Infineon, Germany.
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disks because they are positioned very close t&SB€& modules and light leakage from the
ribbons must be prevented. The lengths of fibremfthe opto-package to the MT-12 connector
are in the range 0.672m to 3.375m.

A total of 354 endcap fibre harnesses were requatestributed over 7 different flavours.
This smaller number of flavours, compared with lizerel, simplified production and allowed
20% spares of each type to be produced. A photbgran endcap fibre harness is shown in
. For the endcaps the TTC redundancy sysemplemented using cables to connect
neighbouring modules in a ring on a disk.

5. Fibre optic connector s and cables

Single SIMM fibres from the opto-packages are riibed and fusion-spliced to the ribbon
fibre that extends to the first patch parlel (figéleFor the barrel harnesses (secfion 4.3.1), each
servicing 6 modules, 12 data fibres are fusionesplito a 12-way ribbon. In a similar way, the
fibres from the endcap fibre harnesses (sea'fe ribbonised and spliced to ribbon fibre.
Since some of the endcap fibre harnesses consistlp# or 5 opto-packages, this results in ~
3.6% in total of unused “dark fibres”. The TTC figr are also fusion-spliced into 12-way
ribbons.

5.1 Fibre connectors

The fibre ribbons are terminated with MT-12 (Mecicaily Transferable splice) connectgjrs.
The standard MT guide pins are, however, made fragnetic stainless steel, which cannot be
used within the ATLAS solenoidal field. They aretifore replaced by custom, non-magnetic,
guide pins, machined from Zircoriialhe standard MT spring clips are also magnetid, sm
these are also replaced by custom spring clipsufaatured using beryllium coppet.These
non-magnetic spring clips are used for the fibnenaztions at the patch panels PPB1 and PPF1
(figure 3). However, the PPFO patch panels arkeattige of each endcap disk, where the use of
these spring clips would not be practical becadidaak of access. Here a push-pull connector
is required, and Infineon SMC connectors and adshéoe used. The MT connector fits inside
the SMC, which can then be connected to the SM@®@tadaA non-magnetic version of the
spring inside the SMC connector was manufactureleiryllium copper and a non-magnetic
version of the adaptor plate was manufactured froom-magnetic stainless steel using
photolithography.

5.2 Short fibreribbons

For the endcaps, short 12-way fibre ribbons arel tigeconnect the optical PPFO patch panels
on the edge of the disks to the PPF1 patch paneésesmhe connection to the fibre cable is

made. There are a total of 710 of these short fillm@ons, with lengths between 1.456 m and

3.191 m. There are no such short fibre ribbonédarrel SCT; the barrel harnesses extend
directly from the mounted modules to the PPB1 patatel.

9 AT-12MT-FER-GI, NTT Advanced Technology Corporatidsukuba, Japan.
0 Eguide UK Ltd.
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Figure 7. Fibre protective cable: (a) layout (not to scaléje orientation of the ribbons to the GFRP rods
is that used during the cable assembly. The riblamadoose inside the cable and will tend to oatnt
themselves to minimise the strain when the cabler. (b) A photograph of the end of a fibre ribpo
showing the rip cords, the GFRP rods and the filtgons.

5.3 Fibrecable

The fibres from the patch panels PPB1 and PPFhea@ounting room are inside a protective
cable, which is illustrated ip figurd 7. The catfias an outer diameter of 10.5 mm and is made
of a flame retardant polyethylene. Two glass fibenforced plastic (GFRP) rods provide
strength to the cable, and the resulting maximummgssible tensile strength of 220 N allows
the cable to be pulled during installation in thELAS experimental cavern. The cable can be
bent out of the plane of the two GFRP rods withiaimum bend radius of 10 times the cable
diameter. Two rip cords are provided so that gasy to remove short lengths of the protective
cable from the end to expose a longer length of fire ribbons. This feature was invaluable
during cable assembly. The cables contain eitr@r&of the 12-way ribbons. There are a total
of 144 of these fibre cables installed in ATLAS ahdir typical length is around 80 m.

6. Tests of on-detector optical link components during production and assembly

6.1 Phases of testing

A very simplified flow diagram illustrating the digrent phases of testing and assembly is shown
in figure § This diagram only describes the tdststhe data links but equivalent tests were
performed for the TTC links. The diagram referghie barrel harnesses and a very similar scheme
was used for the endcap fibre harnesses. The(JAsivas performed during production (section
and a full set of tests was made on recetidrarnesses at the SCT detector assembly sites
(sections[ 6.3 anfl 64). Quicker and simpler testeewmade after mounting the services to the
SCT carbon fibre support structure (sectipns a8d{6.4). Finally, the functionality was verified
after the SCT modules had been mounted on thetmtesdsectio@S).

- 13-



Assemble O

pto-package

A 4

A

y

Measure fibre

coupled power

A

A

Burn-in 72 hours @50C

A

y

Full reception test

A 4

Mount harness on barrel

A 4

Simplified reception test

A 4

Functional test of harnesses

Measure fibre coupled power

on receipt of barrel at macro-
assembly site

\ 4
Mount opto-packages and

ASICs on flex circuit A 4
mount modules to barrel

A\ 4
Measure fibre coupled power v
and BER Functional test of harnesses

A 4

Assemble 6 flex circuits and
fibres to one harness

A 4

Repeat functional test of

harnesses on receipt of
barrel at CERN

A 4

Measure fibre coupled power
and BER

A 4
Repeat functional test of
harnesses after SCT
installation in ATLAS

Figure 8. Simplified flow diagram for the assembly and QAtloé barrel harnesses.

6.2 Measurements during production

All optoelectronic components (VCSELSi p-i-ndiodes and the opto ASICs) underwent burn-
in before assembly. For the on-detector VCSELs im®lved operation for 72 hours at a
temperature of BT, with a current of 10 mA. The optical power obtNWCSELs and the
responsivity of the Sip-i-n diodes were checked to be within the SCT spetifina
(section§ 2.2.B ar{d 2.2.4). A Bit Error Rate teas werformed to verify the digital functionality
of the data and the TTC links for the barrel haseesThis involved a “loop-back” test in which
the recovered clock and data from the DORIC4A vesmt to the two VCSEL channels in the
same opto-package. The BER was measured by comgpgherreturned data with the reference
data. The BER tester was clocked using the retuampidal clock, so that it verified the full
functionality of the data and TTC links. The regumirent was that there should be no bit error in
10 minutes of 40 MHz operation.
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Figure 9. Distribution of measured fibre couple light outfrgm the VCSELSs on barrel harnesses.
data give the measured optical power and are noeaed for the 50% duty cycle. The entries in
overflow bin are mainly due to a malfunction of ttest system. (b) Distribution of the measupen
diode responsivities, not corrected for the insertoss of the MT-12 connection.

6.3 Barrel harnesstests
6.3.1 Reception tests

A full reception test was performed by the &Eefore the harnesses were mounted on the
barrel carbon fibre support structures. A VME-basest system was used, and custom VME
boards were designed to measure the BER for betata and TTC links.

The analogue performance of the data links wasdesy measuring the light output of the
VCSELs at the nominal operating current of 10 mAijlev sending pseudo-random data. The
results are shown 9(a).

There is a very broad distribution, which is du¢hbio the spread in total power from the
VCSELs and also the spread in coupling efficierlye typical value of the coupled optical
power, after correcting for the 50% duty cycle ('Em:) is around 1600W, which is a
factor of two greater than the minimum specifieelc('mn). The yield was therefore very
high. The responsivity of the $ii-n diodes was measured at -6V bias, while sendingduse
random bi-phase mark encoded optical signals. Tioeled show very little spread in
responsivity [figure P(b)) and the coupling effivdy is uniformly good because of their
relatively large active area (a diameter of p5f).

The digital performance of the data links was fitsisted by performing BER
measurements as a function of the DAC (Digital-ttaldgue Conversion) values which set the
thresholds for the DRX-12 receiver ASIC (sectigng.d and[}). The scan was done very
quickly, with only 32 kbits of data at each scamnpoThis crude measurement gives an upper
(RXmax) and lower (RXmin) limit for the DAC settirfgr which no bit errors were detected.
The width of the working region was defined as dlifference between RXmax and RXmin,

™ The sites for harness testing during SCT assemblg, for the barrel, the Rutherford Appleton Lattory and the University of
Oxford, and for the endcaps, NIKHEF, the Rutherfappleton Laboratory and the University of Liverpoo
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Figure 10. (a) Distribution of RX DAC working margin, defineas RXmaxRXmin, for data links; (k
Distribution of TX DAC working margin, defined as<max-TXmin, for TTC links. The nomstatistica
fluctuations are because measurements for diffdrantesses used the same set of VCSELSs in tt
system, and a brighter VCSEL results in a loweuneaf TXmax.

and the optimal setting was selected to be theageeof RXmax and RXmﬁ The distribution
of this width, [figure 1p(a), shows some spread Wwhic correlated with the brightness of the
VCSEL, with the very low values corresponding tawhels with low output power VCSELSs. A
minimum value of 100 counts was required for therkivi margin, so that it should be
straightforward to set an appropriate RX DAC vahuthe final system.

The digital performance of the TTC links was meaduin a similar way. A quick BER
scan was performed for the TTC links as the valuthe® BPM-12 ASIC (sectioh 2.1.1 afdl 7)
DAC, controlling the drive current to the VCSELsasvchanged. This was used to determine
the minimum (TXmin) and maximum (TXmax) TX DAC valdor which no bit errors were
detected. The optimal value of the TX DAC was daiirio be the average of the TXmin and
TXmax values. The distribution of the width of therking region is shown if figure 10(b).
The spread in the distribution on the low side ltssiiom the fact that brighter VCSELSs can
cause saturation in tHBORIC4A. Since there will be an additional attemoratn the fibres in
ATLAS operation, the width of the final working rieg should be larger. For the cases in
which any of the TX or RX links failed the QA, thlentire harnesses were returned to the
manufacturer for re-work, which usually implied lagng the opto-package and its associated
kapton flex circuit.

With the RX and TX DACs set to their optimal valyégse BER for the data and the TTC
links were measured for 10 minutes, with the rezyugnt that there should be no bit errors for
either link. This ensures that the BER is less @#&nx 10'* at 90% confidence level, which is
an order of magnitude lower than that requiredhgydpecifications (secti.2).

6.3.2 Tests after mounting on the barrels

Simpler and more rapid tests were performed aftenming the harnesses on the carbon fibre
support barrels, to check for any damage causeldeirmounting procedure. The fibre-coupled
output power of the VCSELs and the responsivitthefSip-i-n diodes were again measured, and
another BER test was performed, using a custom ®Eter, in order to verify the functionality of

2|t has subsequently been established in SCT rgrthiat more stable operation can be obtained lijngehe RX threshold to be
RX(optimal) = 0.7 x RXmax + 0.3 x RXmin.
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Figure 11. Photograph showing part of an endcap disk aftecamdibre harnesses, kapton flex pc
circuits and cooling pipes have been mounted.

the data and TTC links. The BER was again meadoreti0 minutes with the requirement that
there be no errors. The TTC redundancy systemtic(s) were then turned on and the BER
measurement repeated with the same requirementtitbed should be no errors during 10
minutes. There were 11 out of 352 barrel harnetssfailed one or more optical tests after
mounting on barrels. The most common cause ofréaikas due to fibre damage.

6.3.3 Reception tests at barrel macro assembly site

In order to verify the functionality of the optichhks on receipt of the barrels at the barrel
macro assembly sitg,very simple tests were performed. A series oflléviigger signals was
sent to the modules on the TTC links and it wasck&e that the correct data were returned on
the data links via a special “loop-back” PCB on tletector. If necessary, the RX or TX DAC
value was changed. In a few cases it was also faubd necessary to change the VCSEL drive
current from the default value of 10 mA. These dastvealed some problems (sect 8.2)
which could not have been rectified without a majmassembly which would have impacted
the overall SCT schedule. It was therefore decidetdto make any repairs at this stage, but
rather to use the data redundancy system (seZor the dead data links and the TTC
redundancy system for the dead TTC links (sedtidr2p. At this stage 0.3% (0.1%) of the data
(TTC) links were dead.

6.4 Endcap harnesstests

The endcap fibre harnesses were téstading systems and criteria similar to those far th

barrel. The harnesses were again tested thorooghigception, with similar results to those for
the barrel, and more rapidly after mounting on émelcap carbon fibre support disks. After
these tests on the disk were successfully completesl remaining module cooling and

powering services were added. The tests were #y@eated, in order to verify that no damage
had occurred. A few cases of fibre damage werecthtedue to the complexity of the overall

layout, as illustrated ip figure 11, and the copresling fibre harnesses were replaced.

3 Modules were mounted on the barrels at the Urityen$ Oxford.
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Figure 12. Photographs of (a) the two sides (left, top, rigbttom) of a TX plugn and (b) similarly fo
an RX plug-in. The multbACs mounted on the bottom sides are used to se!@SEL channel currer
for the TX and the DRX channel thresholds for thé R

6.5 Tests after modules wer e mounted
6.5.1 Initial test

After the SCT modules were mounted on the barrdl emdcap structures, very simple tests
were performed to verify the functionality of thetizal links. The modules were placed in a
mode in which they returned fixed data patternsegponse to triggers. Triggers were sent 10
times and the returned data were checked for selfistency. If there were no bit errors, the
same data pattern would always be read back. Flasnscan a minimum (RXmin) and
maximum (RXmax) value of the RX threshold DAC (seftthe threshold on the DRX-12
receiver) for which there were no bit errors watedained. The values correlated well with
those obtained at earlier stages of testing, awirig both the reliability of this procedure and
the stability of the system.

6.5.2 Module operation

The assembly of both the barrel and endcap SCTtdetehas been completed, and the SCT is
now inserted within the Transition Radiation Tradi@|and installed in the ATLAS experiment.
The barrel and endcap modules, together with the dad TTC links, have been operated
successfully during all the test and first comnaisisig phases of the assembled $CT{[5],][17].

6.6 QA for fibre cables

The insertion losses of the MT-terminated fibrdoabs in the fibre cables were measured by the
manufacturer and verified to be compatible with atenuation loss of 15 dB/km, plus a
maximum loss of 2 dB per MT connector. After thieré cables were installed in the ATLAS
cavern at CERN, the insertion loss measurements regeated to check that the fibres had not
been damaged during installation.

In order to enable the timing of the SCT to beldi&hed for cosmic ray data-taking before
the first LHC operation, it is necessary to know #ignal delays in all the TTC fibres. These
were measured by using a VCSEL to send an optigisepnto one end of a ribbon, with a
“reflector ribbon” connected at the other end thet the signal back down a different fibre. A
fast optical probe was used to detect the retumase. The time delay between sending and
receiving the pulse was measured with an oscillescand after correcting for the propagation
time in the reflector ribbon, the propagation dedéyhe fibre was determined.
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A similar system was used to measure the insehtiss of the endcap short fibre ribbons
(section). As the attenuation in these shdmtefi is negligible, it was checked that the
insertion loss of each ribbon was less than thB &#am each MT connector.

7. QA for the off-detector optoelectronics

The 12-way VCSEL arrays and the BPM-12 ASIC weraumbed on TX plug-in PCBs, with
connectors to connect to the BOC PCB (sedtioh asljjustrated ifi figure 12. Similarly, the 12-
way p-i-n arrays and DRX-12 ASICs were mounted on RX pluBs. The tests performed
during production of the off-detector RX and TX glims are described in sectil.l, while the
reception tests before mounting the plug-ins inlbBOCsare outlined in sectio.2.

7.1.1 Production testsfor the off-detector RX and TX plug-ins

The component ASICs were tested before assembbhet®X and TX PCB@I For the DRX-12,
simple testing was performed to verify that allct#annels were functional. For the BPM-12, a
full set of tests was carried out, checking thattil@ VCSEL driver currents could be adjusted
over the required range for all 12 channels, () dbrrect waveforms were generated and (c)
the rise and fall times were within specificatioBsans of the coarse and fine delays were also
performed, the mark-to-space ratio register waswrsed, and the output duty cycle was
measured. This was to ensure that it will be pésdtbachieve a 50% duty cycle optical signal
from the VCSELSs, which is required in order to ntain low jitter on the bunch-crossing clock
recovered by the DORIC4] [1]i] (sectipn 2]1.1).

The optical power outputs of the VCSEL chips whilethe wafer were measured by the
manufacturer, so that 12-way arrays could be cth Wigh yield. In order to eliminate infant
mortalities, a burn-in test was again performedopgrating the VCSELs for 72 hours at a
temperature of 78C. A DC measurement of the fibre-coupled powetttier 12 VCSELs on the
arrays was made after the arrays were mountedesndaughter PCB[ (figure 12(a)). For AC-
testing, a fan-out fibre ribbon was used to connket12 VCSELs to 12 individual $i-n
diodes with trans-impedance amplifiers. The ‘eyiepa’ and the rise and fall times of the
BPM-encoded signal were checked on an oscilloscbpé¢est the RX assemblies, a TX plug-in
was used for the optical sources and a fixed R¥sthold was set. The ‘eye patterns’ of the
output LVDS signals were verified on an oscilloseop

7.1.2 Reception testsfor the RX and TX plug-ins

Measurements were mddef the optical power for the VCSELs and the resjpdty of the Si
p-i-n diodes. For these, test fibres with Infineon SMihrectors mounted over the MT-12
connectors were used, as employed in the experi(oatike the measurements made by the
manufacturer which used the bare MT-12 connectdisg mechanical latching mechanism
for the connector is incorporated in the BOC c#gseudo-random data stream was sent to
the BPM-12 ASIC in the TX plug-ir| (figure 12(a)lch that the duty cycle of the signal was
50%. Each TX was tested by connecting its outpwat teference RX plug-in and determining
the coupled optical power by measuring the curienthe RX Sip-i-n diode. In order to
minimise effects due to thermal variations, allMQSELs were powered on and then one was
switched off at a time for the measurement. Thegdier the channel that was switched off

4 Production tests of the RX and TX plug-ins were tasponsibility of Academica Sinica, Taiwan. Reicgptesting was at the
University of Cambridge.
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was determined from the decrease in the measured@ntuin the Sip-i-n diode. The
measurements were performed at a VCSEL drive cuafeh0 mA, and the results are shown
in figure 13. The measurements were repeated WMCSEL drive current of 15 mA and
showed an average increase in coupled optical pofv@8% compared to that of 10 mA.

The main reason for some VCSELSs having low valdebaoptical power|[(figure 13) was
the difficulty in fully mating the optical conneatodue to the fact that not all plug-ins
conformed to mechanical specification. The BOC gamthanics have been adjusted to allow
greater variations to be accommodated, but nedeghesome TX plug-ins were rejected or
reworked because the coupled power was below $peeai.

In a similar way, the responsivities of the [Bi-n diodes on the RX plug-ins were
measured by sending them the optical signal fraeference TX plug-in, with VCSELSs set to
achieve a coupled optical power of 50/. The required VCSEL settings in the reference TX
were determined by measuring the mean power witbpgical power meter. The spread in the
measured responsivity was small and consistenttivitimeasurement errors.

Simple BER tests were also carried out to verigyftimctionality of the RX and TX plug-ins.
Timing scans were also performed to check the spé#tk VCSELs and PINs, as were tests of
writing to all the registers on the BPM-12. The aleyield from the reception tests of the TX
(RX) plug-ins was 89 (93)%. For the TXs, 92% pasedoptical power requirements and the
remaining losses in yield were mainly due to PC&athly problems and a few cases of BPM-12
problems which were not covered by the checks dBiAM-12 testing.

The accepted arrays were connected to the BOC RGBshown ir] figure 34(a). Each BOC
services 48 SCT modules, and so requires 8 RX ah¥ plug-ins. The SCT off-detector readout
electronics are now installed within ATLAS, andufig 14(b) shows the back of one of the eight 9U
VME readout crates, with the data and TTC fibresmeoted to the plug-ins of the 11 BOCs in the crate

8. Optical link problems encountered during assembly

Several problems were encountered during the cafrgee assembly of the SCT barrel and
endcap optical links and the most significant amamarised below.
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Figure 15. Microscope photograph of a part of a DORIC4A AS$ipwing clear evidence of ESD.

8.1 Fibre breaks

The black furcation tubing did not provide very thuarotection for the fragile single fibres. It was
not easily visible on the endcap carbon fibre diskd, despite extreme care, some fibres were
damaged during the assembly of further servicab@disks. There were also 6 (4) dead data (TTC)
channels found after the final integration of tberfSCT barrels within their thermal enclosure.
These are probably due to fibres damaged durindirtak assembly and for which access is no
longer possible. The corresponding redundancymegstéll be used for these channels.

8.2 Damaged ASICsand VCSELs

The VCSELsp-i-n diodes and ASICs are well known to be sensitiveléatrostatic discharge
(ESD). Therefore, standard precautions against &8 implemented at all stages. The first
ESD problems found were with the DORIC4A ASICs, ethivere tested on the wafer before
being assembled onto the flex circuits. A low yiefdthe DORIC4As after this assembly was
eventually traced to ESD. A classic example of E&inage on an ASIC is shown in the
photograph if figure 15. All the opto-flex circuitdready assembled with these ASICs were
discarded, and the ESD precautions improved. Tblelgm has not recurred.
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VCSELs are patrticularly sensitive to ESD, and maotufrers’ studies have shown that
most early field failures of VCSELs were due todequate ESD precautions. An ESD pulse
will start to melt the layers in the Distributedagg Reflector mirror, increase its opacity, and
hence reduce the light outp@O]. Further dameaye also increase the leakage current and
hence shift the IV curve. Imaging damaged VCSElmglires transmission electron microscopy
on a slice, but a simple test for ESD to VCSEL®ravided through measuring the reduced
forward voltage. A low rate of ESD damage was olestfor the VCSELSs in the endcap opto-
harnesses. These VCSELs passed the initial buamdnsubsequent QA during production and
SCT reception tests (sectidﬂ 6), but some damage abaerved when the modules were
operated after being mounted on the disks. The R&Igedures at all assembly sites were
thoroughly reviewed and several minor improvemewtse implemented, but it has not been
possible to localise the origin of the problem. Hoer the fact that similar rates of ESD were
found at different assembly sites, despite diffeesnin the details of the ESD precautions used,
suggest that the damage must have occurred durinigigtion.

When damaged components are found on disks orlgaiter all other services and the
modules have been mounted, it is not possible nmve the faulty harness without extensive
disassembly. It has therefore been decided thaddteeor TTC redundancy system will be used
for opto-packages with one non-functional data ®CTink, since there is no resulting loss of
module readout. However, there is still a concéat tore widespread, lower level ESD may
have reduced the long-term reliability of the VCSEh ATLAS.

8.3 Slow turn-on VCSELs

Apart from the clearly dead VCSELSs, a few were fbtm have a “slow turn-on”, for which the
amplitude of the optical signal increases signifigaduring the start of a burst of data, with a
timescale of the order ofis. This effect was studied by performing scans hickva fixed data
pattern was read back from the data links, whigevhllue of the RX threshold DAC was varied.
An extreme example of such a slow turn-on is shawthe scan illustrated ifi figure J16. The
upper plot shows a normal channel and the lower gilows that the light output is increasing
significantly at the start of the burst of data fiois VCSEL, and that no value can be set for the
RX threshold DAC that will ensure that there arebitcerrors. This effect was not seen in any of
the QA tests because these were either DC, orpssaio-random bit streams which did not have
a long gap between data. For these extreme casisiofurn-on VCSELS, the data from that side
of the module will be read out using the VCSEL cf&ron the other side. There are also less
severe examples of slow turn-on VCSELSs for whidtable values of the RX threshold DAC can
be set, but the operating window is greatly redwmadpared with normal channels.

In order to quantify the magnitude of the slow tomVCSEL problem, the distribution of
the ratio of the amplitude of the first bit compar® the last bit in a ms pulse train was
measured. The results for the working links from émdcaps are shown[in figurd 17. Most links
have a value for this ratio close to 1. However dimribution has a significant low tail and
from different scans the same VCSELs suffer from stow turn-on problem. The spike at a
value of 1.0 is due to the fact that most linkseéhlvight enough VCSELs so that the measured
light output is always equal to the maximum DACu&bf 255. The links for which this ratio
had a value lower than 0.4 were found to be unesafl the data redundancy system was used.
The links with DAC ratios slightly larger than thialue should in general be usable in ATLAS
operation, provided that the value of the threshRlil DAC is carefully optimised. Some
understanding of the origin of these slow turn oobfems has been developed by the ATLAS
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Figure 16. BER scans of RX DAC threshold for the two VCSELadkiks of a nodule. The lower pl
shows an example of a slow tusn-VCSEL and the upper plot shows a normal charired. horizont:
axis represents time in units of 25 ns clock cyeleg the vertical axis is the RX DAC value. Theott
code represents the fractiohtimes that a data “1” was detected in a givaretbin for a fixed RX DA
value. The thin horizontal lines show the valueRdmin and RXmax and the thick horizontal |
shows the value of RXoptimal. For the lower plbiere is no visible separatidietween the values
RXmin and RXmax (see sectipn 63.1).

pixel group who have seen very similar effects heit oxide implant VCSELs. From
measurements of the amplitude of the first pulsthentrain as a function of distance between
the VCSEL array and the fibre, they believe tha thajor contribution to the slow turn-on
effect is due to the VCSEL transverse modes changjming the start of the bul]. It is not
known for sure what causes this change in the veaee modes but it is probably due to a
thermal effect at the start of the burst of data.

8.4 Current status of optical links

A summary of the numbers of non-functional links tiee barrel and endcap regions is given in
fable 1, up to the point when the fully-assembl&T Svas inserted within the ATLAS detector.
Most of the cases of dead VCSEL channels are thawgbe due to ESD, although some are
due to broken fibres and LMTs. Most of the casesleddp-i-n channels are due to broken
fibres but in the case of the barrel some are dumdken tracks on the low mass tapes. In total,
0.8% (0.20%) of the data (TTC) links are not fuontl and the readout of the corresponding
modules will require the use of either the datd b€ redundancy systems.
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Figure 17. Distribution of ratio of pulse amplitudes for thest and last bit of a burst of data, for working
data links from the two End caps.

Failure mode Barrel SCT Endcap SCT
Number % of barrel link§ Number % of endcap links
Dead VCSEL channels| 24 0.57 18 0.46
Slow turn-on VCSELs 1 0.02 22 0.56
Deadp-i-n channel 6 0.28 2 0.04

Table 1. Failure rates for the data and TTC links.

9. Summary

The optical links for the ATLAS SCT have been ddémst. The components, and their
assembly, have been summarized. A summary of thirpence of the optical links as
measured during extensive QA has been given. Allsérvices for both the barrel and endcap
SCT have been mounted on their carbon fibre sumgprttures. A few cases of fibre breakages
and non-operational VCSELs were discovered ate dtdge in the assembly process, but in
these cases the data and TTC redundancy systdhaisiv the corresponding modules to be
read out. The optical links have been demonstr&tetie functional and to meet the SCT
requirements and specifications. They have alrdsyn used for very successful readout tests
of all the modules on the completed barrel and apdtructures.
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