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Abstract

The Electromagnetic Calorimeter for the CMS experiment at the CERN Large Hadron Collider is a high resolution device incorporating 76000 lead tungstate crystals.  The design goals are given, the construction details are described and results of test measurements are presented.
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Introduction
CMS (Compact Muon Solenoid) [1,2] is a general purpose detector nearing completion for operation at the CERN LHC.  A key design feature is the high resolution electromagnetic calorimeter (ECAL), comprising ~76000 lead tungstate crystals covering almost 4 of solid angle [2,3].  The benchmark that has been used to set the design goals of the ECAL is the potential to discover a Higgs boson in the mass region below 130 GeV, by measuring the 
decay H → γγ.  For a low mass Higgs, the intrinsic decay width is very small.  Thus the measured width, which has a crucial influence on the significance of the signal above the expected large irreducible background, comes entirely from the ECAL energy resolution.

To achieve its goals, the ECAL must be reliable, fast, have high granularity and be radiation resistant to lifetime (~10 years) doses amounting to 4 kGy and 2x1013 n/cm2 in the Barrel and up to 50 times higher in the Endcaps. In addition, it must contribute to the first level trigger.
Figure 1:  Schematic view of the CMS ECAL.  It is 7.9m long, 3.6m in diameter and weighs ~100 t
2. ECAL design
A schematic view of the ECAL is shown in Fig. 1. It comprises a Barrel section and two Endcaps.  The Barrel is divided into two halves, each divided into 18 φ-sectors (‘Supermodules’) containing 1700 crystals.  Each Endcap is divided vertically into two ‘Dees’.  Each Dee carries 3662 crystals, grouped into units of 25 crystals (‘Supercrystals’).  All crystals are tapered and are arranged in a projective geometry, pointing approximately 3O away from the mean beam collision point, to minimise the effect of intercrystal gaps.  A Preshower detector, consisting of two orthogonal planes of silicon strip sensors interleaved with lead, improves γ/π° discrimination in the Endcap regions.  CMS has been designed with the entire calorimeter located within the magnetic field volume of the CMS 4 T solenoid, thus minimising the amount of material between the crystals and the collision region..

3.  Lead Tungstate Crystals
[image: image4.wmf]Lead tungstate [4] has a short radiation length (0.89 cm), and a small Moilère radius (2.19 cm).  This permits a design that has high granularity combined with compactness, a very important consideration for a detector located within the magnetic field volume.  Scintillation emission is fast (80% of light within 25 ns) and peaks in the blue (425 nm), simplifying photo-detection.  However, the light yield is rather low (~50 photons/MeV), and varies with temperature (-2%/OC at 18OC).  Thus the photo-detectors must have internal gain (in a strong magnetic field) and the temperature of the calorimeter must be stabilised to better than 0.1OC.  Furthermore, colour centres form and self-anneal under irradiation at room temperature, causing the light output to vary with dose rate. A very precise system for monitoring crystal transparency is therefore required.  The crystals are being obtained from two sources: the Bogoroditsk Techno-Chemical plant in Russia (~1100 month) and the Shanghai Institute of Ceramics in China (~130/month).

4.  Photodetectors
In the Barrel section, the chosen photo-detectors are Avalanche Photodiodes (APDs) [5], specially developed by Hamamatsu Photonics for CMS. They are 5x5 mm2 in area, with 75% quantum efficiency and an excess noise factor of 2.1 at the operating gain of 50. They are insensitive to shower leakage particles traversing them.  In the Endcaps, where radiation levels are higher and the magnetic field direction is within 25O of the crystal axes, Vacuum Photo-Triodes (VPTs) are deployed [6].  VPTs are photo-multipliers with a single gain stage and these particular devices were specially developed for CMS by RIE, St Petersburg. They are 280 mm2 in area, with 20% quantum efficiency and a radiation hard UV glass window. They have a typical gain of 10 at 4 T. 

5. On-detector electronics
The on-detector electronics [7] incorporates ASICs implemented in IBM 0.25 μm technology.  The photo-detector signal is processed by a 40 ns shaping preamplifier, followed by three parallel amplifiers with gains of 1, 6 and 12, providing a dynamic range of 20,000.  A multi-channel, 12-bit ADC digitises the three signals at 40 MHz and selects the largest unsaturated value.  The data are buffered and then transmitted through 0.8 Gb/s optical links to the off-detector electronics on receipt of a Level-1 Trigger.  The on-detector electronics also calculates trigger primitives from the digitised data and transmits them through dedicated fibres to the Level-1 trigger.  The noise per channel, measured on completed supermodules, is 40 MeV, with an rms spread of 3 MeV (Fig. 2).

Figure 2:  Electronic noise per channel measured on a completed supermodule

6.  Off-detector electronics
The ECAL off-detector electronics serves both the DAQ and the Trigger paths.  In the DAQ path, the Data Concentrator Card performs readout and data reduction based on flags generated by the Selective Readout Processor System.  In the Trigger path, the Trigger primitives received from the on-detector electronics are synchronised by the Trigger Concentrator Cards and transmitted to the Regional Calorimeter Trigger.

7.  Laser light monitoring system
Changes in crystal light yield under irradiation are tracked with a laser monitoring system [1,8].  Two wavelengths of light are used: one blue (440 nm) and one infrared (796 nm).  Normalisation is provided by a system of very stable PN diodes.  Changes in optical transmission measured with the blue laser are strongly correlated with changes in the amount of scintillation reaching the photodetectors (Fig. 3), allowing precise corrections to be made.  Transmission in the infrared is hardly affected by irradiation, thus measurements made at 796 nm provide a cross-check of the system.
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The light pulses are distributed through a system of optical fibres.  An optical switch directs laser pulses to one of 88 calorimeter regions, and a two stage distribution system in each region delivers light to each crystal.  The lasers will be pulsed during the beam gap that occurs every 89 s during the LHC beam cycle.  The entire ECAL will be scanned every 30 minutes.

[image: image6.wmf]Figure 3: Relation between changes in light yield for electrons and laser light transmission.

8. Preshower detector
The Preshower detector identifies neutral pions and improves electron identification in the Endcaps, within a region 1.65 < |η| < 2.60.  It consists of two orthogonal layers of silicon strips interleaved with two planes of lead.  The lead converter before the first sensor plane is 2 X0 thick and the one before the second plane is 1 X0 thick.  There are 4300 detectors, with a total of 1.4x105 channels, covering an area of 16.5 m2.  The Preshower is designed to withstand a ten year radiation dose of 60 kGy and 2x1014 n/cm2, operating at a temperature of -10OC.

9. Intercalibration from laboratory measurements

During assembly, all the detector components are characterised.  This allows an intercalibration to be calculated for each channel from the combined response of each of the elements: crystal, photo-detector and electronics.  The inter-calibrations obtained by this method have been compared with the results of electron beam measurements.  The distribution of the ratio of the two quantities (Fig. 4) has an rms width of 4.2%.

Figure 4:  Distribution of the ratio of laboratory estimated inter-calibration coefficients with corresponding values measured in an electron beam.

10. Cosmic ray tests
After initial burn-in, each supermodule is operated with a cosmic ray trigger for a period of approximately one week.  A minimum ionising particle traversing the full length of a crystal deposits 250 MeV.  To provide a clear separation between signal and noise (Fig. 5), the APDs are operated at a gain of 200 (compared to 50) for this exercise.  The cosmic ray test also provides an inter-calibration of the individual detector channels with a statistical precision of between 1 and 3%.
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Figure 5:  Comparison of the measured response of the ECAL to a minimum ionising particle traversing the length of a crystal, with a MC simulation.  The peak is at approximately 250 MeV.

11.  Schedule
The Barrel section of the ECAL is on course for installation and commissioning before the LHC starts operation in 2007.  The schedule for completing the ECAL Endcaps is limited by the availability of crystals.  The performance has been verified in tests with preproduction crystals.  All the mechanical components are now in hand and final assembly will start in summer 2006 when the first production Endcap crystals are delivered.  The Endcaps will be installed together with the Preshower detector after the LHC Pilot Run.

12.  Summary
The CMS ECAL is a high resolution, fast, radiation tolerant instrument with good granularity.  It employs innovative technologies (PbWO4, APDs) that are now finding application elsewhere.  The Barrel section is on-course for operation in time for the start of LHC.  The Endcaps and Preshower detector will be installed after the LHC Pilot run. 
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