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EXECUTIVE SUMMARY


The Department of Energy (DOE) and the National Science Foundation (NSF) conducted a review of the U.S.-CMS Construction Project on April 11-13, 2000.  The review was completed at the request of the U.S. Large Hadron Collider (LHC) Joint Oversight Group co-chairs, Dr. John R. O'Fallon, Director, DOE Division of High Energy Physics, and 

Dr. John W. Lightbody, Jr., Executive Officer, NSF Physics Division.  The Review Committee was charged to carry out an integrated technical, cost, schedule, and management assessment of the project.


The CMS (Compact Muon Solenoid) will be a large, general-purpose detector used to observe very high energy proton-proton collisions at the LHC, now under construction at CERN, the European Laboratory for Particle Physics, near Geneva, Switzerland.  The detector is being built by a large international collaboration.  This collaboration includes over 335 U.S. physicists from 33 universities and 3 national laboratories.  The U.S.-CMS collaborators comprise over one sixth of the CMS collaboration and will provide a comparable fraction of the detector.  U.S. physicists are participating in many aspects of the detector, including important management roles.


The U.S. is collaborating on defined CMS detector subsystems and other elements defined as CMS common projects.  In addition, the U.S. has management responsibilities within the CMS collaboration for the hadron calorimeter, the end cap muon system, and the trigger.  The Review Committee concluded that the U.S.-CMS project is making good technical progress and is expected to complete their approved deliverables within the available funding.  Progress on CMS common projects and mechanical systems is excellent.  There are delays in the end cap muon electronics and hadron calorimeter (HCAL) front-end electronics that must be addressed in the coming months to keep the U.S. deliverables on a schedule consistent with CMS installation and assembly schedule.  It is expected that the U.S. scope will be completed in time to meet CMS requirements.


The U.S.-CMS Project Office at the host laboratory, Fermilab, and the U.S.-CMS collaborators are working to assure that the U.S. deliverables are completed on schedule and within the total available DOE and NSF funding of $167.25 million.  The project recently performed a revised Estimate to Complete (ETC) using a full bottoms-up cost estimate developed by the subsystem managers.   The Committee evaluated the ETC and contingency estimates against the available funding and concluded that the project is in good shape financially.   The U.S.-CMS Technical Director presented plans for potential additions to the baseline scope or scope restoration, beginning in FY 2001, should contingency budgets remain at roughly 50 percent of estimated cost of remaining work.  The Committee concluded that it would be appropriate to consider these items at that time. 

The major issue at the current time is the schedule, particularly in two areas:  the end cap muon chamber assembly and anode electronics and the HCAL front-end electronics.  The delay in the start of end cap muon chamber construction has used most of the available schedule float.  The chamber assembly process is complicated and involves many different sites in the U.S. and abroad. The HCAL electronics are on the CMS critical path.  Fermilab is responsible for this work but to date there has not been adequate laboratory engineering support.  The project has an action plan for addressing both of these issues and will discuss the status of this plan at the next DOE/NSF quarterly status meeting in July 2000.  In addition, the Committee recommended that the project establish additional completion milestones, especially in the end cap muon, HCAL, and electromagnetic calorimeter for schedule tracking purposes.


In conclusion, the U.S.-CMS construction project continues to make impressive technical progress and to maintain an adequate contingency budget.  The major issues relate to the schedule and within the next few months the project must start production of the end cap muon chambers and begin development of the HCAL front-end electronics in order to support the official CMS installation schedule.  The next review will be a mini-review scheduled for October 11, 2000.
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1. INTRODUCTION

The Large Hadron Collider (LHC), a hadron-hadron collider to be installed in the LEP tunnel at the CERN laboratory (the European Laboratory for Particle Physics outside Geneva, Switzerland), will be a unique facility for basic research.  It will provide the world’s highest energies to probe the structure of matter and the forces that control it.  In December 1996, CERN committed itself to the construction of the LHC accelerator with start‑up in the year 2005.  The CMS detector will be one of two large, general purpose detectors designed to find and study a wide variety of new phenomena made possible by the unprecedented LHC proton-proton collision energies and intensities.  

The U.S. scientific community has strongly and repeatedly recommended United States involvement in the LHC program.  Recommendations received support in the Congress and the Administration.  On December 8, 1997 the U.S. Department of Energy (DOE), the National Science Foundation (NSF), and CERN signed an agreement on U.S. participation in the LHC program, including U.S. participation in CMS.

The LHC will be the highest energy accelerator in the world for many years following its completion.  It will provide two proton beams, circulating in opposite directions, at an energy of 

7 TeV each.  These beams will collide with an event rate 1,000 times higher than that presently achieved at the Tevatron proton/anti-proton collider, currently the world's most energetic proton accelerator (nearly 1 TeV per beam) at Fermi National Accelerator Laboratory (Fermilab) outside Chicago.  Two large detectors, ATLAS (A Toroidal LHC Apparatus) and CMS (Compact Muon Solenoid) will detect and record the results of interesting collisions.  These detectors will be among the largest and most complex devices for experimental research ever undertaken, and the events that they record are expected to point to exciting, even revolutionary advances in our understanding of matter and forces.

The CMS detector will be a large, general-purpose detector roughly 22 meters in length, 

15 meters in diameter, and 12,500 metric tons in weight.  Its central feature is a huge, high field 

(4 Tesla) solenoid, 13 meters in length, and 6 meters in diameter.  Its “compact” design, will be big enough to contain the electromagnetic and hadron calorimetry, and makes possible a superb muon detection system.  CMS will be one of the most complex scientific instruments ever built.


The CMS collaboration is exploring new ground in the management of large international scientific undertakings, involving scientists from 141 institutions in 31 nations.  With DOE and NSF supporting over 335 CMS scientists from 36 U.S. institutions, the U.S. group comprises over one sixth of the full collaboration and plans to provide a comparable portion of the detector.  U.S. physicists are participating in many aspects of the detector, including important management roles. 

In a September 7, 1999 memorandum (Appendix A), Dr. John R. O’Fallon, Director, Division of High Energy Physics, U.S. DOE, and Dr. John W. Lightbody, Executive Officer, Physics Division, NSF, established the charge for a DOE/NSF review of the U.S. efforts on the CMS Detector.  The DOE/NSF Review Committee was chaired by Daniel R. Lehman, Office of Science.  The Committee was organized into six subcommittees with members drawn from DOE, DOE national laboratories, and U.S. universities.  In addition, there were observers from DOE, NSF, and CERN.  The Committee membership and subcommittee structure are found in Appendix B.  The review took place on April 11-13, 2000, at Fermilab.

2.
TECHNICAL SYSTEMS EVALUATIONS

2.1
End Cap Muon (WBS 1.1) 

2.1.1
Findings

The End Cap Muon (EMU) system has made good technical progress since the last review and is on the threshold of chamber production.  Panel production for the cathode strip chambers has started with roughly 350 panels (17 percent) milled.  Full-scale chambers have been fabricated using production tooling.  Workers at the Russian and Chinese sites have been trained at Fermilab using tooling developed by the U.S.-CMS group.  The U.S. chamber test sites, or “FAST” sites, are being commissioned. 

The readout and trigger electronics have been integrated with the chamber design and have been verified with test beam data.  Final prototype cathode and anode front end boards have been produced and tested. 

The end cap iron disks are under construction and are approximately one-third complete. Chamber installation and integration with the alignment system is being accomplished. 

The estimated cost to complete appears reasonable, with most of the cost in M&S— primarily in electronics ($7,900 K) and in chamber materials ($4,700 K).  The new cost to complete has increased by approximately $5,320 K (AY$), mostly from electronics trigger redesign, electronics scope increase, and rebaselining production labor rates.  The contingency is estimated to be 50 percent and seems to be conservative. 

Two major schedule variances of the EMU system, totaling $3,440 K, have occurred from the delay of the start of the chamber assembly factory and from the cathode front end board production.  

2.1.2
Comments

There are several areas of the project that are of concern. 

Close monitoring is needed for the non-U.S. end cap chamber production sites in order to carry out the U.S.-CMS end cap responsibility.  Only 40 percent of the chambers of the approved scope will be made in the U.S.  The remaining 60 percent will be made in China (40 percent) and Russia (20 percent).  The U.S.-CMS project will supply parts to make these chambers, as well as critical tooling and training of personnel.

A critical element of the end cap is chamber ME 1/1.  Although it is not a U.S. responsibility, it is required for the success of EMU for which the U.S. has responsibility.  It is being constructed with little coordination with the U.S.-CMS group.  At risk is the electronics for this chamber, an exposure of $2,000 K to $2,500 K.  It is not certain that the ME 1/1 constructors will be able to meet their commitments.  The plan of the U.S. group to purchase the front end application specific integrated circuits (ASIC) is prudent and funds should be reserved for fabricating the electronics if the need should arise. 

The ME 4/1 chamber station, while not in the approved scope of the U.S. project, is important for achieving good resolution and efficiency for the muon Pt—trigger, even for low luminosity running.  Not having the ME 4/1 station will result in a compromised system performance.  Both the ME 4/1 and ME 4/2 stations will be needed for high luminosity running. 

Startup of chamber production has slipped by about six months.  Most of the schedule float is now consumed and chamber production must start as quickly as possible in order to make the final installation date. 

2.1.3
Recommendations

1.
Start construction of cathode strip chambers at the Fermilab MP9 site as soon as possible.  Most of the float in the chamber construction time has been consumed by the delay for electronics design.  While it is good to have the chamber electronics completely integrated with the chamber mechanical design, it is also important to start the Fermilab chamber construction so that production methods can be determined and the FAST sites commissioned.  Means for the storage of chambers at Fermilab should be developed by July 2000 so that a buffer can be established in case the FAST sites are not able to receive chambers. 

2.
Directly monitor the chamber production sites at the Chinese and Russian sites.  It is critical that the U.S. Muon Project Manager start this direct monitoring immediately.  A set of milestones should be worked out with the Chinese and Russian groups to aid in the monitoring. 

3.
Purchase specific items needed for the construction of ME 4/1 as soon as possible—a cost of order $100 K. The performance of the PNPI group should be monitored closely in order to be prepared to construct ME 4/1 in 2003 if the actual funds permit (about $1,500 K). 

4.
Staff the UCLA FAST site as quickly as possible with UCLA personnel.  This site is needed to install the final chamber electronics and commission chambers and will carry roughly one-half of the U.S. requirement. 

2.2
Hadron Calorimeter (WBS 1.2)

2.2.1
Findings

 
The barrel and end cap Hadron Calorimeter (HCAL) are both on the critical path for installation in CMS and testing of the magnet.  With this in mind, the project has invested in component production as early as possible and has made excellent progress in absorber and scintillator tile production and is in good position for most sub-systems to proceed with remaining production on or ahead of schedule.  For most of the system, a new bottoms-up cost estimate was presented and compared to the original estimate.  The original base cost of $27.6 million has been increased to 

$33.6 million of which $14.4 million has been obligated or spent as of the end of FY 1999.

At the time of this review, an additional $5 million is (informally) reported to be complete and $6 million obligated.

The official cost to complete is $19.2 million with average contingency of 47 percent.  The cost increase from the original base represents a few major changes and the sum of many small changes.  The biggest changes are an increase in the electronics costs (about one-third of the increase) and increase in scope to cover former Russian responsibilities on HE and HF (about one-third of the increase).  In general, the cost performance of tasks completed thus far has been nearly on or under budget, permitting the decision to take on extra scope at the request of CMS.  The Committee finds that the costs and basis of estimate are generally complete and adequate.  The remaining contingency is generated from a bottoms-up analysis and is reasonable.  In general, the schedule is in good shape.

A very important and difficult exception in the schedule is the front end electronics. Although a schedule was presented which showed completion of that electronics “just in time,” the Committee finds that the schedule as presented has a high probability of additional slippage, which could result in an overall delay for completion of CMS.  A few other systems have delayed entering production to take advantage of schedule float to address remaining design details. Although these delays do not currently put these tasks on the critical path, this will not remain true for very long for any of the systems. 

Integration and installation is listed as a task for each specific sub-system.  No detailed installation plan has been developed at this time.  The time for installation is short and on the critical path.  Some centralized integration of the installation effort will be necessary and no current budget exists for this.

Absorber and Tooling

The absorber and tooling for handling/installation for HB are well underway and present no serious concern for completion schedule or cost.  The U.S. project increased scope to purchase the brass for the HE.  With this action, there appears to be no significant schedule or cost concern for this task.  The U.S. project has increased scope to take on design of the HF absorber.  The U.S. group has decided to modify the design from the original “bricks” to “wedges.”  The basic construction technique does not change in this design but many aspects of the “active” detector are simplified.

Scintillator Tiles and Optics

The production of mega-tiles for the HB is well underway.  At this time, the production output is 30 percent above the baseline estimate with the baseline manpower.  Estimates to complete for both cost and schedule appear reasonable.  Although the U.S. project does not have production responsibility for HE tiles, they are working to help keep the production of these on schedule.  Production of these tiles has not been started yet and does represent some schedule 

risk.  It does not appear that quartz fibers for the HF will present any significant cost or schedule risk beyond the estimates, even though some questions remain about the final diameter.  Finally, the change to the “wedge” absorber design simplifies the optical routing.

Read Out Boxes

The production of readout boxes has been delayed from the original schedule by a year.  An important reason for this delay is the changing environment into which the boxes must be installed in CMS and the implications this has for the accessibility of the boxes.  However, other design changes have been pursued in this time as well.  The most important modification in design is to make the boxes “modular” so that individual components can largely be manufactured in parallel.  It is argued that these changes will permit an accelerated production rate compared to the original plan so that no net schedule delay will result in delivery of the boxes for installation.  The Committee finds this to be a valid argument.  However, it will not hold for much longer.  The boxes do not represent a trivial assembly task and remaining “float” in the schedule may well prove essential.  A final bottoms-up cost estimate to complete awaits completion of the final design details.  However, sufficient prototyping has been presented to give reasonable confidence that the materials and manpower costs (including significant but necessary contingency on manpower) are valid.  No “reliability” analysis has been performed for the components within the readout boxes (primarily electronics and HPDs) comparing a physics demand for reliability versus expected performance. 

Photodetectors

The orders for HPDs for HB and HE have been delayed due to the need for an additional round of prototyping.  One issue addressed is a breakdown problem in the diode which would likely lead to an eventual lifetime problem.  Fortunately, the solution in the additional prototyping appears to fix the immediate problem with lots of room to spare—so much that running with an increased bias voltage (narrowing the output pulse) appears to be possible.  The second issue addressed is capacitive cross-talk at high frequencies between pixels.  The proposed solution is to add a thin aluminum layer on the front face (towards the photo-cathode) of the diode.  Prototype tubes implementing this solution should be available by July.  The changes produce some cost increase in the tubes.  DEP (the manufacturer) assures that they can increase the production rate to maintain the original completion of delivery.  The project has decided to double the HPD testing capacity to help keep on schedule.  The photomultiplier tubes for the HF appear to provide the necessary performance and do not present a schedule risk.

Front End Electronics

The HCAL front end electronics has been identified as a critical path item in a previous review but has not received appropriate engineering support until very recently.  Furthermore it is not clear whether the present support level will reliably be sustained as required.

A key high-performance chip for the front end electronics, the QIE, is at a very early design stage.  In order to detect source calibration signals a dynamic range exceeding 15 bits is presently required from a signal channel operating at 40 MHz.  The required performance may be very hard to achieve and can only be proven once a fully integrated QIE chip is tested.  That is scheduled for spring 2001.

The ECAL electronics may be suitable for the HCAL readout with some circuit modifications.  It is not clear whether the radiation hard Electromagnetic Calorimeter integrated circuits would need to be modified to meet HCAL needs or whether a relative simple custom input chip could be added for the HCAL system to provide the overall performance.  Reduced schedule risk may outweigh cost implications.

The HCAL front end electronics is located inside the detector and an experiment downtime exceeding ten days may be required to repair failures.  Presently it is not clear how much of the electronics is allowed to fail before a maintenance access is required.  Furthermore it is not clear what the expected failures-in-time are for the present design.  Analysis may impact the choice of components, architecture, and redundancy.

Trigger and Data Acquisition Electronics

A new conceptual design for the Trigger and Data Acquisition system has been completed and costed.  The design appears to be reasonable and the budgets and schedule adequate.  Due to the relatively new design, Level 3 milestones have not yet been defined for the system.  The manpower for completion of the design is mostly on-board and making good progress.

Calibrating Systems

The calibration systems are well-along in prototyping and production of the first systems which are used for testing during production and installation.  The cost, schedule, and contingency to complete appear reasonable and these systems are far from the critical path. 

Power Supplies and Slow Control

Design work on the low and high voltage power system appears to be proceeding well. The budget and schedule to complete is reasonable.  A CMS decision has been made that the U.S. groups will use the SCADA control system.  This imposes additional costs on the U.S. project compared to the original baseline.  The Power-Supply system needs a bottoms-up estimate to reflect the low and high voltage system planned.

2.2.2
Comments

The deliberate attempt to produce and cost as far ahead as possible for some subsystems (most notably the absorbers and scintillator tiles) is commended.  It is important that all sub-systems proceed to production in the very near future to avoid ultimate delays in the installation schedule.  For most systems, this will merely require sufficient fortitude to freeze the final designs and proceed to production. 

For the front end electronics, delays in bringing sufficient manpower to the problem, coupled with an initial underestimate of the total time and manpower required for the design, have produced a situation where no clear path exists to ensure the installation schedule.  Although it may not be possible to eliminate schedule risk, some action to mitigate the risk is essential.  The project appears to have sufficient monetary contingency to take some additional actions for mitigation of the schedule risk.  This is discussed in more detail below.

Absorber and Tooling

This work appears to be in good shape.  The Committee endorses the acceptance of additional scope as being a wise application of saved contingency, which will help keep the whole U.S. responsibilities on track.  The Committee further endorses the design decision between “bricks” and “wedges” for the HF.

Scintillator Tiles and Optics

The new HF design appears to be a good trade-off for this part of the task.

Read Out Boxes

It is important that a final design converge as soon as possible.  Work to finalize the “compact” design should be pushed to near completion, even in the light of some remaining environment uncertainty.  Given that it takes ten days of downtime to access and replace components in the readout boxes, it appears that a quantitative comparison of dead channel requirements for physics should be made with expected failures of the installed devices.

Photodetectors

Although the proposed solutions to the observed problems appear to be reasonable, it is difficult to know that all problems have been adequately addressed until several final tubes have been produced and adequately stress-tested.  The solution for the breakdown problem would appear to be a clear improvement.  The fact that these kinds of improvements continue on the HPD illustrates that CMS is pushing the requirements in new directions.  Although not necessarily predicting an additional prototype round, the Committee would not be surprised if the new prototypes might still show some problem, which could be improved.  However, with conservative operating conditions of the tube (at some cost to gain, pulse-width, etc.) the Committee does not believe that the tubes present intrinsic risks.  This suggests that one wishes to define a very clear order date and then resist the temptation to make just one last improvement prior to ordering.  At this point, the greater risk is that larger-scale production presents as-yet unidentified problems so that getting on with production is probably the most important thing to do.  However, if a real problem occurs, the schedule does permit one last prototype iteration, but with absolutely no remaining schedule float.  A decision to delay the order again should be taken only under the greatest need.  As long as the order specifications are adequate, proceeding with production with a remaining problem would likely result in a less-than-optimal yield and extra testing requirements—but this is just money for which a reasonable contingency remains.

Calibrating Systems

The proposed calibration systems appear to offer good redundancy in the final calibration. Because the demands on the front end electronics are in part driven by the need to measure the response from the wire sources, it seems that the project may wish to evaluate the need of having the critical path affected by good precision for sources.  The sources are used only to measure relatively slow, long-term changes so it is likely possible to interpolate with relatively coarse measurements over time.

2.2.3
Recommendations

1. Fermilab, U.S.-CMS, and HCAL Level 2 management must act immediately to mitigate the serious schedule risk in the front end electronics, which could effect the entire installation plan for CMS.

2. A detailed installation plan should start to be developed and an explicit installation/ integration manager should be budgeted and identified by the end of CY 2000. Additional electrical engineering resources should be added during installation and commissioning in light of the late production plan for electronics and the likely need for debugging during the installation.

3. The CERN Integration Group and HCAL Readout Box Group must converge on final integration details soon.  A delay beyond September will seriously jeopardize on-time delivery of these boxes.

4. A new bottoms-up estimate should be completed based on the final design.

5. Physics specifications for dead channels (HPD or electronic) should be developed and compared against expected performance.

6. Set an order deadline and stick to it except for the appearance of truly dire new problem(s).

7. The QIE chip design must aggressively be advanced and get/maintain full integrated circuit design support.

8. Investigated whether the conceptual design of the HCAL front end electronics can be modified to reduce the performance requirement for the signal channel of the QIE chip by, e.g., splitting off the source calibration function.

9. Pursue the alternative solution based on the Electromagnetic Calorimeter electronics.  A full detailed conceptual design of such an alternative solution must be engineered and the risk/schedule/cost/performance analyzed before any effort on the QIE can be reduced.

10. Establish Level 3 milestones for Trigger and Data Acquisition Electronics.

11. The Power-Supply system should provide new bottoms-up estimates.

2.3
Trigger and Data Acquisition (WBS 1.3)

2.3.1
Findings

The U.S.-CMS group has made substantial progress in the last year toward the approaching goals of Technical Design Reports (TDR’s) for the trigger and data acquisition systems.  The TDR’s are scheduled to be ready in late 2000 and late 2001, respectively, and these are important milestones in the development of these systems.  The recommendations of last year’s DOE review have been, or are being acted upon by the U.S.-CMS group.  Management of both systems is good, with close accounting of cost, schedule, and technical progress.  Both projects appear to be well integrated into international CMS.

Trigger (WBS 1.3.1)

The calorimeter trigger has made excellent progress in the last year, with prototypes of many of the components now constructed and being tested.

There are five digital ASICs which are needed for the calorimeter trigger.  These are being produced under a contract with Vitesse that has been placed in the last year.  The first of these ASIC’s has been manufactured, two more are ready for manufacture, and the design is complete on the last two.  These are pure digital ASIC’s designed with the Vitesse macrocell library, which though technically challenging due to the high clock speed, are on track to successful completion. The design team now has experience, and the same designers will complete the remaining ASIC’s. The schedule provides for an iteration on each design, which was not needed on the first one, leading to the expectation that they should all be complete well in advance of the milestone of October 31, 2003.  

The muon trigger group has been strengthened, in accordance with the recommendations of last year’s review, and has begun to make progress on all parts of the Level 1 trigger.  The muon trigger uses conventional packaging and FPGA designs, and does not require the design of any custom ASIC’s, and only a small amount of radiation tolerant electronics.

Data Acquisition (WBS 1.3.2)

There has been considerable progress in many parts of the data acquisition for CMS, including network switching technology and event manager software.  Prototype hardware and software has been built and tested, and measurements have been made which can provide useful input to the simulation.

The primary cost driver of the data acquisition system is construction of about 

500 “Builder Units.”  Several alternative technologies have been investigated for this device, which should result in a strong design by the time of the TDR. 

2.3.2
Comments

A major issue for trigger and data acquisition is manpower.  The base HEP program supports much of the manpower for hardware and software development of these systems, and it is essential that this support continue, since these resources are essential for the completion of the project.

Completion of the planned system tests of slices of the calorimeter trigger, the muon trigger, and the data acquisition system are very important steps in the development of these systems, and this has been recognized by the management of these systems.

The estimated contingency (46 percent overall for the trigger, and 54 percent for the data acquisition) should be adequate at this stage of the project.  

Trigger (WBS 1.3.1)

The sliding window jet finder is an important enhancement to the calorimeter trigger that should be investigated further.  Experience in other experiments has shown that this technique improves the capability of multi-jet triggering.

Much work is planned in the next few months on prototypes of the muon trigger components.  Although the plans are aggressive, adequate effort and expertise are being devoted to these important designs, which are needed to complete the TDR at the end of the year.

Trigger studies have shown that the fourth forward muon station is essential to reducing the single muon trigger rate at high luminosity.  This additional scope to the muon system and the associated scope restoration to the Level 1 trigger should be considered when the issue of restoring scope to CMS is confronted.

Data Acquisition (WBS 1.3.2)

The data acquisition group has chosen a mainstream architecture of high-speed networks and switches, and is investigating the technological choices that are now available and are likely to be available when the bulk of the procurement is done.  This should result in a mature design by the time of the TDR in late 2001.

The difficulty of developing a strong near-real-time online software should not be underestimated.  This group appears to be making good progress towards identifying the issues, and in some cases, writing software that can be incorporated into the final system, but there is much more work to do in error handling, error recovery, monitoring, and control, to name a few.  

Procurement and installation of data acquisition hardware is posited to be in FY 2003 and FY 2004, and so must be carried out quite efficiently to serve the needs of the detectors starting to come online at the same time.  It is important to begin building up the group now so that an experienced team can be in place when it is needed for installation, testing, debugging, and support.

Work on high-level triggers for CMS has begun and has already shown some results.  Strengthening this effort would be useful for helping to define the interaction with the data acquisition system and involving physicists in the design.

2.3.3
Recommendation

1. Add a physicist or software professional familiar with data acquisition to the data acquisition effort.  This project has made good progress with the manpower it has from the CMS project and the support of the base high energy physics program, but additional manpower, as recommended last year, is still important.  It would be best to hire an individual in the next year who could then participate in the development of the TDR for data acquisition and would remain committed to CMS through the turn-on of the data acquisition system in 2005.

2.4
Electromagnetic Calorimeter (WBS 1.4)
2.4.1
Findings and Comments
The past year has been a difficult one for the Electromagnetic Calorimeter (ECAL) team.  There has been substantial progress in the final R&D stages for the avalanche photodiodes (APDs), and pre-production has begun.  Electronics problems existing at the time of the last review have been solved, but new problems have arisen, leading to delay in performing the crucial long-term reliability tests of the readout chain.  Delivery of acceptable lead tungstate crystals from Russia has begun, but the pre-production phase for Chinese crystals has been delayed for nine months due to unexpected performance problems.  The monitoring system has progressed substantially after a six-month delay in delivery of the first laser.  The team’s scope has increased with the commitment of manpower for supermodule calibration.

Effort is now focused on producing the components needed for the beam test of the first supermodule in summer 2001.  The Committee commends the ECAL team on the fine job they have done in addressing problems that have arisen.

Avalanche Photodiodes
The APD production contract was placed with Hamamatsu in September 1999. R&D continued with the APD manufacturer till the end of 1999.  Substantial changes in the manufacturing process, including introduction of a high temperature annealing cycle, were required during this phase, in which over 20 different prototypes were produced and tested. Capacitance and gain voltage sensitivity were reduced.  The headroom between operating and breakdown voltages was increased.  Radiation hardness was assured.  The effects of doses expected in ten years of LHC operation have been measured on samples from the pre-production run.  Dark current and ionization current increase have been quantified as a function of dose.  The quantum efficiency is unchanged at the wavelengths of interest after irradiation.  Changes in bias voltage and in headroom between operating and breakdown voltage after irradiation are small. Excessive spread in APD capacitance at operating voltage was identified in the first batch of the pre-production sample.  Tracking down this problem to epitaxial layer resistivity has resulted in a two-month non-critical delay in APD delivery.  A recovery plan for this shortfall has been negotiated with Hamamatsu.

The quality assurance facility has been set up at CERN and a quality assurance protocol developed.  Accelerated aging studies performed on pre-production APDs uncovered lifetime problems at a two-percent level.  The source of these problems has been tentatively identified.  The Committee feels that it would be prudent to expand the capacity of the accelerated aging test facility in order to more quickly isolate problems occurring at the fraction of a percent level.

Stability of performance of both APDs and crystals depend strongly on control of the thermal environment.  Test of the support structure and its thermal isolation features has been delayed because of problems associated with manufacturing.  Although this is not a U.S. responsibility, swift completion of this work is encouraged.
The cost of APDs was less than budgeted, returning $300K to the contingency pool. Equipment for the test laboratory and travel for technical staff has been added to the budget, increasing it by $25K.  No downstream schedule impact is expected for the two-month delay in the pre-production phase. 

Front End Electronics


U.S. ECAL responsibilities include design of front end electronics, radiation hardness qualification of the electronics, and production of several components.  The design work is proceeding well.  Difficulties have been encountered with production of two of the chips that are U.S. responsibilities.


At the time of the last review, two technologies were under consideration for production of the Floating Point Pre-Amp (FPPA) chip.  Harris UHF1x technology was selected.  Fabrication of a set of chips was completed in May 1999.  Problems with these chips were quickly detected and traced to deletion of a power bus from the chip when the design was transferred to the multi-chip wafer by the chip consolidator.  A small number of chips were produced from backup wafers by the foundry.  Performance of the chip was verified.  Minor changes were made to avoid waveform distortion on range change and to improve linearity.  Preparation for a pilot run at the foundry (Intersil) is complete.  The FPPAs from this pilot run will be used in the long-term reliability test, for irradiation studies, and as components in the first supermodule.  Production will begin in September with a qualification process lasting till July 2001, when mass production starts.  If the pilot run FPPA performance is acceptable, this component will not delay the beam test of the first supermodule.  Cost estimates for production of this chip, based on a recent quote from the foundry, have adequate contingency to cover a lower than expected yield of these chips. 


At the time of the last review, the CHFET technology bit serializer chip, which prepares the data for transmission via fiber optics to the electronics cavern, was experiencing electrostatic discharge problems.  The electrostatic discharge problems were solved.  The bit serializer’s radiation hardness was verified.  Single event upset studies were performed.  Failures were traced to capacitors, rather than the chip.  Cost estimates had been developed on the basis of four-inch wafers.  Honeywell’s four-inch wafer run failed in the final passivation step.  Two runs for the four- and three-inch wafers were begun early this year, but were halted when problems were found with the gate material. After analyzing Honeywell’s yields on chips of comparable complexity, U.S. ECAL has decided to focus on three-inch wafers for production.  A plan has been developed with multiple interleaved runs that are started if failures are detected at intermediate points in the production.  Chips from these runs will be used for the long-term reliability test.  Production planning includes a ramp-up period in which yields will be stabilized.  The shift of focus to three-inch wafers has significant cost consequences:  the chip price at stable production will be about 35 percent higher than the estimate. The Committee expects that this will increase the estimated cost to complete by $560K.  If the bit serializer production plan is successful, it will not delay the beam test schedule for the first supermodule.  The team is beginning to consider workarounds if the CHFET technology proves unworkable.  Switching technologies is likely to entail delays of up to two years. 


U.S. ECAL is committed to provide the CTRL chip.  This has been developed and tested in DMILL and will be produced under CERN’s frame contract.  The quantity required is small. The team is also committed to procuring the VCSEL fiber driver.  This effort replaces production of the front end PC board, which has been taken on by ETH-Zurich. 


The Committee feels that manpower for the engineering effort is stretched very thin. Without additional engineering effort, the team may not be able to meet its current goals.  The effort to begin development of an alternative bit serializer would only exacerbate the problem.

An extra engineer should be hired.  The Committee expects that this will increase the estimated cost to complete by $200K.


U.S. ECAL added $400K to the electronics WBS in its bottom-up estimated cost to complete. This increase covers added personnel for testing and tracking of components.  The Committee finds this to be a reasonable increase.  

Monitor Light Source and Crystal Development


A test bench was assembled for the study of pre-production lead tungstate crystals during irradiation.  The best wavelength for monitoring was determined, and the specification for the laser developed.  The tunable pulsed laser was procured after a six-month manufacturing delay. The laser’s performance was verified.  Five issues were identified that are to be resolved by the manufacturer of the laser. 


The scope for the monitor light source was expanded by the recommended addition of a second laser as a spare.  Cost increase to cover the spare, an engineer to commission it, laser diagnostic equipment, and installation at CERN is about $200K.  Both lasers will be available for use in the supermodule test beam runs. 


Russian crystal production has been tracking the schedule established before the last review.  Reject crystals among those delivered are few due to the installation of a sophisticated quality assurance test station in Russia.  Small delays in the schedule developed while the crystal growers became familiar with operation of this test station. 

Chinese crystal pre-production has been delayed.  The crystal’s light yield was found to increase upon irradiation.  This problem, traced to crystal growth conditions, has been resolved. R&D during the last year have focused on optimization of light yield, radiation hardness, and fast emission component fraction. The pre-production run is now scheduled for the last quarter of 

CY 2000. 


The U.S. ECAL effort on crystal development is now complete.  An additional $50 K was spent during the last year to perform studies on the Chinese R&D phase crystals.

Substantial progress has been made in crystal production.  However, crystals continue to be the driving factor for completion of the ECAL.  The Committee is concerned that there is still considerable schedule risk associated with crystal production. 

2.4.2
Recommendation

1.
Add an electrical engineer to the electronics team within three months.

2.5
Forward Pixels (WBS 1.5)

2.5.1
Findings

The Forward Pixel Detector project includes sensors, significant portions of the readout electronics, and the mechanical support structure.  The group has made good progress since the previous review and appears to be solidly into the design and development stage of the project.  Prototypes of various key elements have either been received, or are soon expected.  

The Mechanical Support Structure is well advanced in prototyping and in thermal studies related to cooling capability and structural stability under temperature variation.  Budget and schedule are under good control.

2.5.2
Comment

This part of the project is in very good status.

Sensors have been prototyped with two vendors, but first wafers arrived only within the last two months.  Therefore evaluations, while certainly encouraging, are not too far along at this point.  The key design issue to be settled is the p-stop layout; secondary issues include crystal orientation and oxygenation of the silicon.  The wafer sets contain adequate test structures and variations to make all the necessary evaluations.  Radiation damage studies will also be made on these prototypes. A second submission is planned for the end of CY 2000 with final production submission in early CY 2001.

The prototype wafers are well thought out and contain sufficient variations and test structures to answer outstanding design questions.  Nevertheless, the schedule of submissions is tight, and the necessary studies on prototype wafers must be completed in a timely way.  The next submission should be the final design, in pre-production quantity.

Bump bonding has been carried out on the U.S.-CMS side by a U.S. vendor and tested by UC Davis.  Some whole-chip failures were seen, but successful chips generally showed better than 99.9 percent bump success rates.  Failing cases were reported by the vendor as known mistakes.

Bump bonding will eventually lie on the critical path, and whole chip failures will not be tolerable.  The vendor (or preferably, multiple vendors) should be fully qualified as soon as possible.  The effort on bump bonding needs to be strengthened as soon as possible.

Readout electronics is the largest single component of the Forward Pixel effort, comprising about half the budget.  This task includes a custom, mostly digital, radiation hard chip (TBM), an HDI substrate for the sensors and readout chips, and some conventional electronics, which include VME boards and optical links.  The TBM chip is in early stages of design and prototyping, and will be produced in an FPGA version for proof of principle and early system testing.  The HDI circuit is not yet started, in part due to manpower limitations.  It is expected to be a high density, four-layer device, and must meet nontrivial power and noise requirements. 

The conventional electronics seems to be progressing well.  The approach to TBM design seems reasonable, using the FPGA as a stepping stone; importing the DAC from the read out chip layout will save much valuable time.  Progress on the optical link is two years behind baseline.  The HDI circuit is possibly the most difficult component in this part of the project and easy to underrate.  The demands placed on this component are substantial and the final design may push the industry standards.  The HDI has been delayed from baseline by about one year, and continues in a holding pattern, but it needs to be advanced to high priority as soon as possible.  This will likely require additional engineering support.  The electronics team should strive to keep the HDI within the envelope of normal HDI design rules for best price and delivery, and should make every effort to advance the HDI schedule since iterations are inevitable.  The near-term obligations of the electronics task overall are significant and tightly compressed, but are not as adequately reflected in the existing schedule.  Near-term milestones tracking progress towards completion of at least the TBM and the HDI should be defined in the official schedule and assiduously followed.

Schedule and cost were also examined by the Committee.  Approximately a quarter of the total cost is well defined and has low contingency, while the remainder has very high contingency, for an overall average of 70 percent.  A key turning point in the schedule occurs in mid to late 2001 when final designs are in hand and production begins.

The schedule appears to be reasonable but any further delays in critical components will not be acceptable.  Costing looks good and 70 percent overall contingency is prudent at this stage of the project.

2.5.2
Comments

The group has made good progress in many crucial areas, including TBM and sensor development.  There are other components such as HDI and bump bonding which need to be given serious attention as soon as possible.

The development of the read out chip is not part of this review but the Committee heard extensive discussion of this task.  Clearly the U.S.-CMS pixel effort is dependent on receipt of working read out chip chips, but the Committee notes that the PSI and Aachen groups have deviated only four weeks from their schedule over the last two-year period, and that the history of chip design at PSI has averaged four submissions per year for more than ten years.  Although the read out chip is complicated, and the final submission is still more than a year away, there is good reason to believe this effort will be successful and on time.  

The Forward Pixel group as a whole appears to be somewhat understaffed, a situation that has impeded progress on the HDI and bump bonding.  Additionally, a significant part of the effort appears to be born by a small part of the membership.  Many members are listed at less than 

20 percent participation, which is normally below criticality for productive contribution.  

2.5.3
Recommendations

1.
Increase engineering support to ensure successful and timely completion of the HDI immediately.

2.
Update the near-term plan with specific and trackable milestones by July 1, 2000.

3.
Devote manpower, immediately, to the evaluation of sensors to ensure timely submission of the preproduction order this calendar year.

4.
Increase manpower on bump-bonding task.

2.6
Common Projects (WBS 1.6)

2.6.1
Findings


Within the CMS construction project there are a number of projects designated as international CMS common projects, in which the costs are shared by the collaboration.  The total estimated costs of the CMS common project pool remains at $121.8 million Swiss Francs.  The U.S.-CMS common projects consist of four elements extracted from the pool of international CMS common fund projects with a total value of $23 million (U.S. dollars).  They are:

· The Barrel Yoke Vacuum Tank is the payment of the U.S.-CMS portion of an existing contract for the fabrication of the vacuum tank ($7.9 million)

· The End Cap Iron Yoke is a design, fabricate, construct, and install project for the end cap portion of the return yoke of the CMS solenoid ($8.8 million)

· Superconduting Components is a joint venture with CERN, ETH-Zurich, and Fermilab for the procurement of the aluminum stabilized superconductor for the CMS solenoid coil ($5.5 million)

· Common Project Software is a procurement ($750 K)

All major items are under contract and are in production.  Estimated cost to complete, in FY 2000 and beyond, is $6.2 million.  Estimated contingency needs are $628K (ten percent of cost to complete).

2.6.2
Comments

The progress on common projects has been outstanding.  The awarding of all the contracts is a great accomplishment.

At the time of the last review, a recommendation was made to maintain the contingency level for the U.S.-CMS common projects at $5.75 million until such time as the totality of the dollar value of the international CMS common fund and the elements comprising it were better known.  There were two large uncertainties at that time:  the value of the contracts for items already in the common fund pool and possibility that new items might be added to the common fund pool. The contracts have now been placed and international CMS has not added any substantial additional items to the common fund pool.  Furthermore, at this time, international CMS does not intend to add any substantial items to the common fund pool.  This will allow approximately $5.2 million of contingency to be reallocated elsewhere.

2.6.3
Recommendations


None.

2.7
Silicon Tracker (WBS 1.8)
2.7.1
Findings 

The silicon tracker, so far committed to, involves the inner two layers and entails the assembly of 1,000 single-sided equivalent detector modules from components supplied by 

international CMS.  The module design and assembly procedures are very similar to those employed in the CDF ISL, and the scale of the project is estimated to be about six to ten percent of the CDF scale.

A proposal to extend the scope of the Silicon Tracker project to include a large part of the newly siliconized outer tracker was not formally reviewed, but was heard by the Committee.  This extension entails more assembly of single sided silicon units, increasing the number from 1,000 to 7,000 equivalents.  The Silicon Detector facilities would be required at about the 50 percent level.  Two schemes, one manual, one robotic, have been investigated as possible ways to accomplish this task, and both are feasible, with little cost difference between them.

2.7.2 Comments

This project makes excellent use of the experience and resources built up over many years of CDF construction.  Being single sided silicon, it is intrinsically simpler than the CDF ISL, and should require only a small fraction of the capacity of the Silicon Detector facility.  The principle point of concern is the exposure coming from the fact that the project has no control over that arrival schedule of parts from international CMS.  Otherwise this project appears sound.

Despite the daunting number of modules to be assembled, the Committee is persuaded that the design has been streamlined to a point where this is easily possible in the two-year timetable presented.  As with the two-layer silicon project, this one has no control over the arrival of parts from international CMS.  The robotic solution is probably less sensitive to variations in the parts arrival schedule.  Spin-off benefits to the Silicon Detector facility and future silicon efforts at Fermilab are evident.

2.7.3
Recommendation
1.
Establish with international CMS a clear schedule of sensor deliveries by July 1, 2000.

3.
COST ESTIMATE

3.1
Findings

U.S.-CMS presented a cost estimate of $167.25 million (then year dollars), with an overall contingency of $38.8 million (then year dollars, see Appendix D).  The total project cost for the project has not changed since the February 1999 review (Table 3-1).  The project has recently performed a revised Estimate to Complete (ETC) using a full bottoms-up cost estimate developed by the subsystem managers.  The ETC is dominated by Materials and Supplies (M&S) costs.  The project so far has had good M&S acquisition experience.


The project indicated that through February 2000 the total project obligations were $57.20 million, which represents 44 percent of the planned project cost. 

Table 3-1.     U.S.-CMS Cost Estimate


U.S.-CMS Baseline Comparison




Feb99 Base Cost (AY$)
Feb00 Base Cost (AY$)
Difference

WBS
System or Item
K$
K$
K$

1.1
End Cap Muon (EMU)
28,526
33,846
5,320

1.2
Hadron Calorimeter (HCAL)
33,234
37,032
3,799

1.3
Trigger and Data Acquisition (Tridas)
13,243
12,979
-260

1.4
Electromagnetic Calorimeter (ECAL)
8,794
9,454
660

1.5
Forward Pixels (FPIX)
5,680
5,980
300

1.6
Common Projects (CP)
23,985
23,000
-985

1.7
Project Office (PO)
5,625
6,125
500

1.8
Silicon Tracker (SiTkr)
0
0
0

U.S.-CMS Total Estimated Cost (AY$)
119,087
128,416
9,329

Contingency
48,163
38,834
-9,329

U.S.-CMS Total Project Cost (AY$)
167,250
167,250
0

** as per CR 1.2.x-023-1999 (D. Fisher)



3.2
Comments 

U.S.-CMS project cost baseline includes a 52 percent overall contingency for the remaining work.  This percentage was 47 percent at the last review.


U.S.-CMS reports cost and schedule performance using an earned value system.  Project obligations are used to determine cost performance variances.  This approach typically indicates better cost performance than if actual costs are used.  There are some delays in the tracking of actual costs due to delays in university invoicing.  


The total schedule variance for the project, as of December 31, 1999, is a negative 

$9.3 million indicating that the project is behind the planned schedule. 


Each Level 2 subsystem manager has estimated the contingency required to finish the project.  This estimate is approximately $5 million less than the contingency available.  The project does not plan to allocate additional contingency until the start of FY 2001.  The general approach is to maintain about 50 percent of the ETC in contingency.  The review team looked at the work to complete and the total contingency amounts appear to be reasonable.

3.3
Recommendations

None.

4.
SCHEDULE AND FUNDING

4.1 Funding

4.1.1
Findings and Comments

The funding profile provided to U.S.-CMS by the DOE and NSF is shown in Appendix E. 

This profile appears to be adequate for U.S.-CMS to meet its milestones and deliverables.  Existing schedule concerns (discussed below) are not funding-driven.  The recent bottom-up cost to compete estimate appears to have been performed reasonably.  It indicates an $8.9 million increase in the estimate at completion.  Adequate contingency (52 percent of the estimated cost to complete, with the project 42 percent complete) is being maintained.  The U.S.-CMS Project Office is managing these funds well.  They have good tools for timely cost performance reporting and appear to have good cooperation from their Level 2 managers in their use of these tools.  They have successfully exercised the change control system and are managing the contingency well.

Based on good cost performance, the project management is planning to request about $5.9 million in increased U.S.-CMS scope at the end of this fiscal year.  The process of reviewing and approving the scope increases was discussed at this review and appears to have been agreed to by DOE, Fermilab, and U.S.-CMS.  It will follow the normal change control process, which is working well.

4.1.2
Recommendations

None.

4.2 Schedule

4.2.1
Findings and Comments

The schedule is shown in Appendix E.  The U.S.-CMS project is complete September 30, 2005 with final delivery milestones in the summer of 2005.  Milestone performance, schedule variance, and critical path analysis was supplied for U.S.-CMS and for each Level 2 WBS element.


Unfavorable schedule variance and/or forecast delayed milestones are seen in a number of subsystems.  In particular:

· EMU—start of the cathode strip chamber fabrication, and anode electronics.

· HCAL—completion of front end electronics production 

· ECAL—500 channel test


Some of these represent substantial slippages on critical path elements and may not be addressable with funds (i.e., require access to specific expert individuals).  Also, some of the important completion milestones in these areas are not tracked as U.S.-CMS Level 1 or Level 2 milestones.

4.2.2
Recommendation

Recommendations on addressing the concerns over schedule performance are covered in Section 5, Management.

1.
Add completion milestones, especially in EMU, HCAL, and ECAL, to the Level 1 and Level 2 milestone list tracked by the U.S.-CMS Project Office.

5.
MANAGEMENT (WBS 1.7)

5.1
Findings

U.S.-CMS has been functioning under the Project Management Plan (PMP) finalized between DOE, NSF, and U.S.-CMS in November 1998.

Memoranda of Understanding (MOU) have been signed by all U.S.-CMS institutions and are used to generate an annual statement of work (SOW) for each institution.

Progress is tracked using Microsoft Project and a program, which integrates MS Project and actual cost date using a MS Access database.  It is the responsibility of the cognizant Level 2 manager to update his/her project file on a monthly basis.  All changes go through the change control process outlined in the PMP.

In preparation for this review, a bottoms-up cost to complete analysis was performed.

Contingency usage since the last review has totaled $8.9 million with respect to the initial baseline with $3.4 million coming from added scope and $5.5 from re-estimation.  All usage was handled by the change control process.

Schedules and milestones are traced using MS Project.  Most items are close to being on schedule with three exceptions:  the HCAL electronics showing a variance of 348 days and the EMU CSC assembly and anode electronics showing a variance of 103 days and 73 days respectively.

The U.S.-CMS Technical Director presented a plan for contingency use for scope increases of restoration during FY 2001.  By the end of FY 2000, U.S.-CMS should have obligated approximately $80 million and have less than $50 million estimated base cost to complete.  Also most major production lines should be operational.  At that time, he believes it appropriate to consider these scope increases to the baseline detector.

5.2
Comments

Financially, the U.S.-CMS project is in good shape and the entire U.S.-CMS project is to be commended for that.

The project management system seems to be providing accurate and timely cost and performance data.  The Level 2 managers appear to be using them.

Contingency usages since the last review have been moderate.

Given the moderate contingency usage thus far and the contingency available from the common projects, the Committee finds no problem with processing the proposed baseline scope increases through the normal change control process during FY 2001 if this trend continues.

The major problem that the Committee noted is the schedule, particularly in two areas:  the EMU chamber assembly and anode electronics and the HCAL electronics.

The slippages in the EMU system have used up most of the available float in the schedule and may result in a failure to meet the required completion date if this situation is not corrected soon.  The chamber assembly process is complicated and involves many different sites both in the U.S. and abroad.  All of the float should not be used up before the production lines even start.  The problem appears to be in the failure to finalize the integration of the chamber mechanics and the chamber electronics.

The HCAL electronics slippage is even more worrisome.  It may not be possible to completely recover from this slippage.  A 348-day variance is simply unacceptable.  It apparently arose from two causes:  1) an actual slippage of the work (approximately one half), and 2) a re-estimation of the difficulty of the work (approximately one half).  This work was flagged as being a critical path item in the Fermilab MOU of September 25, 1998, and funds were provided in the FY 1999 statement of work to Fermilab.  This problem was also flagged in the last U.S.-CMS project annual review.

This problem with the HCAL electronics must be solved.  U.S.-CMS has sufficient funding and may be able to buy its way out, but it is not obvious that it can be solved that way.

Already a great deal of time has been lost on this problem.  There is no longer the luxury of allowing problems to fester for a year or more without solutions being found.  Other problems will arise in the future and should be solved quickly.

5.3
Recommendations

1.
Get the production of the EMU chambers underway as quickly as possible.

2.
Solve the HCAL QIE problem.  Do something!

[Without these two actions the project has no schedule!]

3.
Review the action plan to address these schedule problems at the DOE Project Manager’s next quarterly status meeting in July 2000.

4.
Continue to process modest scope modifications through the normal change control process.

5.
Schedule an annual DOE/NSF review in 12 months.  At that time, an updated cost to complete analysis and a contingency analysis should be presented.
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