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Introduction

A discussion was held on 06/09/05 concerning the work carried out at RAL on the ATLAS SCT Optical Links, encompassing both the barrel and end-cap Optical Links. This is required as part of Engineering and Instrumentation Department's Quality Assurance system. There were a number of problems encountered during the assembly and testing of the Optical Links and it is hoped that documenting these will be useful in avoiding such occurrences during future upgrades.

Overall SCT design issues
The overall philosophy of the design of ATLAS was felt to be flawed in that the detector modules were designed, followed by the support structure and only later was the placement of services considered. This left problems such as inadequate space for services installation. It is clear that services should have been considered from day one as part of an integrated design.

Choice of Links operating wavelength and light leakage

The SCT optical links operate at a wavelength of 850nm. This allows the use of silicon photodiodes in the links, which are cheap and radiation-hard. However, the silicon tracking detectors of the SCT are sensitive to light of this wavelength. This means that any light escaping from the optical links can induce spurious signals in the SCT. This was first demonstrated at the CERN system test. 

For both the barrel and end-cap harnesses, methods have been introduced to stop light escaping. This has entailed running single fibres in black Hytrel furcation tubing and modifications to the design of the opto-packages. The barrel opto-packages were positioned beneath a light shield made from black plastic and aluminium foil, whilst the end cap opto-packages were place inside black plastic shells which, in addition, provided mechanical support for their connectors. The individual fibres are joined to a ribbon tail for both types of harness; this tail lies outside the region in which light leaks are critical, in the barrel region. In the end caps, the ribbon is wrapped in aluminium foil. 

It is clear that if a change in operating wavelength could be considered, the links could operate in a region where the silicon detectors are not sensitive. This would preclude the use of silicon photodiodes in the links; the use of other semiconductors would require careful consideration of the radiation hardness issues.

Barrel Optical Links architecture

It was felt that the basic architecture of the Opto-Links system was over-complicated. Short and long opto-flex cables for low and high modules were found to be interchangeable in practice. The redundancy system doubled the number of opto-flex types. Alternate barrel layers utilised different tilts on the module connector. This added complexity and led to an error requiring the addition of a PCB (the so-called "tPCB") to 50% of the opto-flexes, which had inadvertently been made with an incorrect tilt. It has never been demonstrated that the alternating tilt angle was necessary in terms of the physics performance of ATLAS. If the number of opto-flex cable types could have been reduced to 2 (left and right hand), that would have made the system significantly easier to construct.

There are too many connectors in each opto-harness; problems arise due to poor mating, poor soldering and cracking of flexible circuit tracks near rigid connectors. In the case of the present harness design, despite the profusion of connectors, a modular solution was not achieved. Thus, it was not easy to replace a single opto-flex cable due to the requirement of re-ribbonising fibres and fusion splicing. 

The opto-flex cables could have been made as a tail on the detector module assembly, removing one level of interconnection. It is also conceivable that a solution involving optical connectors as part of the opto-packages might have been made. Amongst the electrical connectors used, the horizontal mating type seemed to be the most troublesome. Their tendency to rock during the soldering process resulted in dry solder joints and, in addition, mated connectors tended to pull apart easily. For this latter reason, the horizontal mating connectors were retro-fitted with plastic clips to hold the male and female parts together.

End Cap Optical Links architecture
For the end cap, there were also issues with the complexity of the system; too many different types of harness (7 types) and wiggly power tapes (18 types) were used. If a design of disc made up of identical wedges could be envisaged, this would have advantages in ease of construction and ease of rework in the event of failure. Assembly and testing were also made difficult by the complex layout. Once cooling pipes were installed on the discs, it became very difficult to remove a harness in the event of subsequent failure under test.

The opto-packages were connected to the end-cap modules via a Samtec connector. Before the light-tight cover was specified, the weight of the opto-package tended to pull apart the mating connectors. The cover was designed to be an interference fit around the Samtec connector, to provide mechanical support. However, the tolerance on the connector dimensions was insufficiently accurate as supplied, so that connectors had to be filed by hand to fit. This was rather labour-intensive. It is also another indication of a lack of thought as to the system level of the design, since space should have been made available on the forward module for a clipped or screwed support for the opto-package. Alternatively, the optical components might have been mounted permanently on the PCB with some form of optical connector to interface to the fibres.

Opto-flex cable design

The layout of the opto-flex cables violates the design rules for flexible circuits. PCB tracks join connector pads with an abrupt change of width, in some cases at an angle. Adequate teardropping of the tracks should be included in future designs to prevent fractures. Stiffeners were added to the opto-flex cables late in the day, after fracturing had become apparent. These should have been incorporated from day one. The avoidance of stiffeners was an example of the use of poor engineering practice, in order to gain an unquantified increase in detector physics performance. In this case the stiffeners were originally omitted in order  to reduce the mass within the SCT.

Although design changes might have been made to reduce the possibility of fractures, time pressure meant that production was started after the testing of only a small number of prototype harnesses. It would have been preferable to spend additional time in the prototype phase and to have subjected the prototype harnesses to a more exhaustive qualification procedure. This could have included vibration and thermal shock to highlight possible problems with tracks and electrical connections throughout the system. 

Additional problems with opto-flex cables were cause by dealing with the cheapest available manufacturer, who did not have the necessary ability to make the cables. Two manufacturer changes were undergone before approaching CSIST in Taiwan, who modified the design slightly in order to enter into production successfully. This outcome highlights the importance of involving component or subassembly manufacturers in the design process at an early stage, to make use of their experience in designing for manufacture. 

The thermal design of the opto-flex cables is poor, with an aluminium nitride heat spreader below the active components, to conduct heat towards the cooling block. The heat flow must be through the thickness of the flex, which is not a good thermal conductor. Vias filled with solder ("thermal vias") were added to provide a heat path; however the thermal design should been made adequate without this. 

Low Mass Tapes

The low mass tapes (LMTs) are aluminium on Kapton; the use of aluminium conductors reduces the mass within the detector volume but they are less robust and more difficult to solder than copper conductors. 

A region near the end of each tape was plated to allow for soldering. Many fractures have been observed in this region and it has been suggested that hydrogen may have been introduced during the plating process, causing embrittlement. If this is the case it could be cured in future by a suitable bakeout. Otherwise the current design is too fragile; the use of copper tapes would have been better. 

Fragility could be reduced by using wider tracks; this could not be done in this instance due to insufficient space being available for the services.  There are control and sense lines incorporated on the LMTs in the current design, the deletion of which would have provided more space. In any case, the sense lines need not have been carried right up to the silicon modules. The robustness of the wide tracks on the present LMTs seems adequate. A potential problem is that the detector HV is carried on a single narrow track at the edge of the LMT. It is therefore vulnerable to damage and there is no redundancy in the event of failure. As it is critical, redundancy should have been implemented. 

Three methods of soldering  LMTs to PCBs were attempted; thermode soldering, hot plate soldering and the use of a hot air gun. The glue between the aluminium and Kapton should not be subjected to very high temperatures; this may not have been well controlled for the latter two techniques. The hot air gun method was adopted, although the yield of the thermode process might have been sufficient if wider tracks had been used. 

An early problem which was experienced was that no mechanical clamping of the tape stack to the PPB1 PCB was foreseen; thus the solder joints took the stresses of tape motion and the tapes cracked near this point. Proper mechanical clamping was found to be essential to avoid this problem. 

The system of using one LMT for each module was used to avoid ground loops. However, if an alternative system could be devised with (e.g.) a single set of bus bars running at a higher voltage, the difficulty of assembly could be decreased substantially. 

Wiggly tapes

The wiggly tapes were rather fragile; presumably they would have been much more so, had they been made of aluminium, as originally proposed. The enamelled, copper-clad aluminium wires were a reasonable choice for the lines carrying supply currents. However, attaching these relatively rigid wires to the flexible Kapton tapes caused problems. It is possible to envisage keeping the two types of cable separate, with their own connectors; this would have had to be defined at the same time as the module design. The HV line on the wiggly tape is too close to the aluminium-copper wire.

As pins are removed from the connectors on the wiggly tapes to improve HV isolation, there is an unbalanced force due to surface tension in the solder, during soldering. This tends to cause misalignment of the connector relative to its solder pads and methods of holding the connector should be investigated for similar applications in future.

Samtec changed the type of cover layer during production; although this led to an improvement in the robustness of the tapes, it was not made clear that the company had any concerns about the robustness initially. A more formal contractual agreement with Samtec might have improved matters.

Woven cables

The woven tapes used for the redundancy connection between adjacent end-cap modules worked well after the addition of a screen to cure initial noise problems. The noise problems would have been foreseen if adequate prototype testing had been carried out. This type of technology should be considered for wider applications in future. As an overall comment, there must be many such solutions already existing within industry and it would probably be a useful investment of time to liaise more with industrial suppliers rather than risk re-inventing the wheel.

Electrostatic Discharge

Some problems were experienced with electrostatic discharge (ESD) damaging components. It is important to use a "belt and braces" approach and use the standard ESD precautions at all times. The LVDS inputs of the VDC ASICs did not incorporate ESD protection; such protection should be applied to all ASIC bond pads on which it is possible to implement it. Early ASIC failures were found to be due to operators using a conducting implement to press the chips down onto their mounting adhesive. Although the operators were wearing wrist straps, the jig holding the opto-flex cables was not grounded, allowing a discharge to occur. Both operators and fixtures must be grounded; this is of particular concern since, if one component from a batch fails due to ESD, it is standard practice to reject the entire batch. This is done in case latent failures are present in the remaining components. In this case, the ESD problem was rectified and the affected batch rejected in its entirety. 

A very small number of VCSELs failed due to ESD damage. It is essential that ESD precautions be considered at every stage; although electronic engineers and physicists might be assumed to have some knowledge of ESD precautions, the same cannot be assumed for workers with a mechanical engineering background. Good communication is therefore necessary with designers and builders of all jigs, fixtures and transport boxes to ensure the correct selection of materials and grounding techniques.

ESD problems were worse for the end-cap harnesses than for the barrel harnesses, due to the exposed pins of the opto-packages. On average there was one VCSEL failure per disc at the time of module installation. A similar number of failures was experienced at Liverpool and NIKHEF, indicating that ESD damage was occurring at some earlier stage. This underlines the need to take precautions at every stage, not just during assembly. In this case it was not possible to identify unambiguously the source of the problem. Nor was it possible to reject entire batches of components, due to the problem becoming apparent late in the assembly schedule and the difficulty of rework on the discs. A more modular disc design would have allowed easier rework.

Handling of fibres

Some improvements could have been made to fibre handling procedures. When mounting harnesses on barrels, excess fibre and tape lengths were stored in metal boxes, mounted on the barrel services cage. These were of a very poor design, presumably due to a lack of communication between the future users and the designer at an early stage. The boxes were barely large enough for the task and it was almost impossible to ensure that the LMTs were folded in a controlled way, respecting their minimum bend radius. Similar problems occurred for the optical fibres; however, in addition, the box lids were difficult to fit, resulting in an increase in the likelihood of fibre damage.

Test procedures

It would be an improvement if the same testing procedures were applied at all collaborating institutions. At the very least, test systems should be cross-calibrated. Unfortunately NIKHEF were not prepared to make an investment in VME test modules supplied by RAL. The RAL bit error rate test system was versatile and hence very useful in the prototyping phase, but was rather expensive. 

A batch of badly polished MTs was accepted at Radiantech and subsequently failed at RAL; this was due to Radiantech measuring VCSEL output at the MT, whereas RAL used a patch fibre between the MT and power meter. Only the RAL test picked up the bad polish, though this problem was easily corrected. It does, however, illustrate the necessary attention to detail in testing. Radiantech amended their test procedure after this problem was understood.

Radiantech used a number of pass/fail criteria which were then difficult to relate to quantitative measurements performed at RAL. Quantitative measurements are useful in some circumstances - e.g. ESD-damaged VCSELs show a slow reduction in light output before outright failure. This particular failure mode also requires long-term measurements, so that a single point in time is not adequate. There is a trade-off here between traceability and the speed needed in a production environment. 

An unexpected fault mode was discovered during the testing of completed barrels at Oxford. If an extended series of zeros was sent over an optical link, followed by a pattern containing ones and zeros, a "turn-on" effect was seen. The output of the VCSELs was observed to rise from their low to high level over a period of many clock cycles, following which it stabilised. This had not been seen at RAL, where random data were used for testing. A test for this fault would have been easy to implement using the RAL test system.

In the pre-history of the project it had been suggested that reception testing be contracted out from RAL. We consider that the resulting increase in the difficulty of closing the feedback loop between those specifying the project and those manufacturing the harness assemblies would be unacceptable.

Traceability and documentation

For QA purposes it is important that components are traceable throughout the production and assembly process; the LMT production was very good in this respect but the overall harness assembly was not. Proper numbering and labelling of components would have helped here. Some early test data were lost at RAL due to a failure to back up data which had been stored on hard disc. 

The problems experienced in traceability and documentation were largely due to time pressures and were improved as the project proceeded. The yield of harnesses was very bad at the beginning of production, once again highlighting the need for thorough prototyping. 

Resources

In the early stages of the project at RAL there were problems getting the necessary resources, both in terms of equipment and people. Once reliable test systems had been assembled and suitable testing technicians recruited the testing proceeded reasonably smoothly. Taiwan also loaned highly valuable additional manpower to the UK, without which the addition of the tPCBs would have been impossible.

Problems are currently being experienced with the supply of Infineon connector systems as these have been discontinued by the manufacturer. Although such items are not cheap, it should be considered at the time of purchase whether sufficient have been bought to cover all eventualities, including the need for additional prototyping work.

Summary

The production of the optical and electrical services turned out to be far more difficult than anticipated. The production remained a development project throughout with problems being discovered and solutions developed throughout the production. This resulted in large cost over-runs as the industrial production lines (Radiantech) and the QA and assembly manpower needed to be available for a long time. The most critical problems are summarised below:
· The design of the ATLAS SCT did not pay sufficient attention to the installation of the services.

· The Opto-Links architecture was over-complicated and difficult to manufacture. Better communication with manufacturers is needed from the design stage.

· Too many connectors were used in the design, without the additional benefit of modularity.

· More time spent in the prototyping phase would have reduced the number of problems encountered later.

· The trade-off between mechanical robustness and low mass led to the adoption of solutions that were too fragile.

· Fractured tracks on flexible circuits and LMTs constituted the single biggest source of failure during the Opto-Links production. For HV tracks there is no redundancy so this failure mode is fatal for the module concerned.

· All workers need to understand the importance of ESD precautions.

On the positive side thanks to a lot of hard work the project was successfully completed in time for the assembly of the SCT. There was very good collaboration between all the parties involved which was the critical factor in overcoming the many technical problems that arose during production. In particular it was very useful to have regular video meetings. We also benefited enormously from the following:

· The system engineer had excellent contacts with the manufacturer (Radiantech).

· The production manager at Radiantech was a post-doc at Academia Sinica and therefore a member of the collaboration.

There were several successful aspects to the project:
· Identification of VCSELs and silicon PIN diodes as extremely radiation hard devices which were easy to operate.
· The use of the Fujikura 50/60/125/250 radiation hard fibre.

· The development of very cheap but adequately radiation hard ASICs using bipolar transistors in the AMS 0.8 um BiCMOS process.

· The development of novel packaging solutions was very successful. The 45 degree cleaved fibre allowed an extremely compact solution for the on-detector opto-package to be developed. The MT coupled arrays were very successful and this development was particularly impressive as a large Telecoms company had tried to develop this type of produce with limited success.

Finally the most important aspect of the project which allowed us to overcome the many technical problems was the willingness of all parties to work on quick and effective solutions as the problems arose. Some examples are listed below:

· Light leaks from opto-packages and fibres. Very low profile plastic covers were designed and fabricated.

· Cracks on “dogleg” flex circuits. The tooling for retro-fitting ceramic stiffeners was developed very quickly. An invaluable tool was made to allow the safe de-mating of connectors.

· Soldering LMTs. It turned out to be very difficult to achieve a high enough yield using the pulsed thermode. Simpler but more effective techniques were successfully developed.

· It was not easy to safely transfer a barrel harness from the bench to a barrel. A simple but very effective vacuum pick up tool was designed and built which picked up on all 6 doglegs in a harness. This worked very well.

· There was a mistake in the location of the module connector on the dogleg flex circuits for two out of the four barrels. The mistake was only discovered very late so it would have been a disaster if we would have had to remake half the barrel harnesses. An effective workaround solution with a transition PCB was prototyped and implemented very quickly thanks to a lot of extra effort.

· Cracks on End Cap Al LMTs. Once the severity of the problem was established, very rapid prototyping of a more robust solution with Cu LMTs was performed. All the Cu LMTs were then produced very quickly in industry.

