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the CMS Electromagnetic calorimeter: CRYSTALS and APD productions 
P.Bloch
Department of Physics, CERN
1211 Geneve 23 Switzerland
E-mail: Philippe.Bloch@cern.ch
After a brief introduction to the CMS crystal calorimeter, we focus on the challenges linked to the lead tungstate crystals and Avalanche Photodiodes  production  
1.
Introduction
Detection and precise energy measurement of photons and electrons is a key to new physics that is expected at the 100 GeV - TeV scale. The discovery of the postulated Higgs boson is a primary goal at LHC and H → γγ is the most promising discovery channel if the mass is between 114 and 130 GeV. In this mass range the Higgs decay width is very narrow, but the signal will lie above an irreducible background and so good energy resolution is crucial. A photon energy resolution of 0.5% above 100 GeV has therefore been set as a requirement for the CMS performance.

The CMS experiment has opted for a hermetic homogeneous electromagnetic calorimeter (ECAL) [1]  made of lead tungstate (PbWO4) crystals. Scintillating crystal calorimeters offer the best performance for energy resolution since most of the energy from electrons and photons is deposited within the homogeneous crystal volume of the calorimeter. Several large crystal calorimeters have been successfully operating in high energy experiments such as L3 at LEP, CLEO II at CESR or Babar at PEP2. However these detectors did not face the challenging requirements of LHC, in particular in terms of high speed and of the hostile radiation environment. Another important requirement was the need of a highly granular and compact detector: the CMS calorimeters are located inside the solenoid magnet coil and it was mandatory for both cost and technical reasons to strictly limit their dimensions. The choice of lead tungstate, a fast, dense and radiation hard material, has been dictated by these operating conditions.  

Though lead tungstate has been already studied in the 1940’s [2] , it was only at the beginning of the 1990’s that its scintillation properties were discovered, triggering a renewed interest and proposals to use it for electromagnetic calorimetry at LHC [3]. At that time, only few cubic centimeters samples of a rather yellowish material were available. The progress from this initial stage to the complete production of 75848 crystals, totaling 91 tons of lead tungstate material, is clearly one of the highlights of the CMS detector construction. 

The construction of the CMS ECAL has been an immense challenge in many technical domains. One could cite for example the light mechanics with minimal gaps between the crystals, the radiation tolerant low power readout and trigger electronics located inside the detector, transmitting signals through ~ 10000 optical links[4], or the laser based light-monitoring system, allowing a follow-up of the crystals transparency with a 0.1% precision [5].  Some of the developments (for example in electronics) were conducted in a common effort between subdetectors and are presented in other chapters of this review. Another genuine development, specific to the CMS ECAL, concerned the photodetectors used to convert the light emitted by the Barrel crystals into an electrical signal.  The light yield of lead tungstate is rather low (about 5% of CsI or BGO), requiring photodetectors with gain (to achieve a good noise performance) and insensitivity to ionising particles. The calorimeter has to operate in a 4 T field, ruling out the use of phototubes in the Barrel region where the field is transverse to the crystal axis.  The CMS ECAL group triggered therefore the development of large area Silicon Avalanche Photodiodes (APDs). 
This chapter will detail the innovative developments on crystals and APDs and the corresponding challenge of organizing a large R&D effort  and a mass production scale over a limited period of time and constrained budget. For completeness, section 2 presents a short description of the calorimeter layout. Section 3 is devoted to the lead tungstate crystals. In section 4 we focus on the development and production of the APDs. 
2.
Short description of the CMS ECAL [6]
The ECAL layout is shown in Fig.1. ECAL consists of a cylindrical barrel containing 61200 crystals, closed at each end with end-caps, each containing 7324 crystals. The barrel part of the ECAL covers the pseudorapidity range | < 1.479. It is made up of 36 supermodules (SM).
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Fig.1 : The CMS ECAL layout
The crystals have a tapered shape, slightly varying with position in .  The crystal cross-section corresponds to approximately 0.0174x0.0174 in - or 22x22 mm2 at the front face of crystal and 26x26 mm2 at the rear face. The crystal length is 230mm corresponding to 25.8 X0. They are mounted in a quasi-projective geometry to avoid cracks aligned with particle trajectories, so that their axes make a small angle (3°) with the respect to the vector from the nominal interaction vertex, in both the azimuthal and polar angle projections. The Barrel crystals are grouped into 5x2 matrices, held in a glass fibre alveolar submodule, of which 40 or 50 are then mounted into a module. The modules are held by an aluminum grid, which supports their weight from the rear. Four modules (of different types according to the position in ) are assembled together in a supermodule, which thus contains 1700 crystals.

The end-caps cover the rapidity range 1.479 < |  < 3.0. The endcap consists of identically shaped crystals grouped in mechanical units of 5x5 crystals (supercrystals, or SCs) consisting of a carbon-fibre alveola structure. The crystals and SCs are arranged in a rectangular x-y grid, with the crystals pointing at a focus 1 300mm beyond the interaction point, so that the off-pointing angle varies with . They have a rear face cross section 30x30mm2, a front face cross section 28.62x 28.62mm2 and a length of 220mm (24.7 X0) , slightly shorter than for the barrel because of the presence of a 3X0 preshower in front of them.. The supercrystals are mounted on rigid back plates to form four half end-caps or ‘Dees’, each with 3662 crystals.

Avalanche photodiodes (APDs) are used as photodetectors in the Barrel and vacuum phototriodes (VPTs) in the endcaps. In the first case, the orientation of the magnetic field rules out the use of phototubes and imposes using solid state devices. On the other hand, the radiation level prohibited using APD’s for the endcaps while VPTs suffer an acceptable gain loss when oriented quasi-parallel to the magnetic field.

Scintillation light detected by the photodetectors is read out by the Front End electronics, located in the detector behind the crystals. The signal is first shaped and then amplified in parallel by three amplifiers with nominal gains of 1, 6 and 12. Multiple gains are necessary in order to preserve the excellent ECAL precision over a dynamic range larger than that provided by the 12 bit ADCs used. This functionality is built into the Multi Gain Pre-Amplifier (MGPA) [7], an ASIC developed in 0.25 m technology. The shaping is done by a CR-RC network with a shaping time of ~ 40 ns. The three analog output signals of the MGPA are digitized in parallel by a multi-channel, 40MHz, 12-bit ADC, the AD41240 [8], also developed in  0.25 m technology. An integrated logic selects the highest non-saturated signal as output and reports the 12 bits of the corresponding ADC together with two bits coding the ADC number. The data consist then of a series of consecutive digitizations, corresponding to a sequence of samplings of the signal at 40 MHz. It is envisaged that a time frame of 10 consecutive samplings will be read out in LHC operation.

The electronic read-out chain follows a modular structure whose basic elements are matrices of 5x5 crystals corresponding to a trigger tower in the Barrel or a Supercrystal in the Endcap. The digitized data are locally stored in the Front End electronics board and the trigger primitives, which are elementary quantities such as the energy sum in a trigger tower, are generated and transmitted to the trigger electronics located in the service cavern by a 800 Mbit/s optical link system. On receipt of a level-1 trigger, with a latency of ~ 3 s, the data are transmitted to the off-detector electronics by a similar optical link. 

A Preshower detector with fine granularity is deployed in front of the end-cap crystals to improve the 0/photon discrimination:  indeed in this region the distance between the decay photons of a typical 50 GeV pt  0, which constitutes the main source of reducible background for the low mass Higgs search, is only about 6 mm.   The Preshower consists of a lead absorber, two radiation lengths deep, followed by a plane of silicon strip detectors with 1.9 mm pitch, followed by one radiation length of lead, followed by a second plane of silicon with the readout strips orthogonal to the first. The preshower detector is operated at −10°C, to keep the effects of radiation damage below an acceptable level. The device covers the rapidity interval 1.48 < |< 2.61.

3.
The lead tungstate crystals
3.1 Physical properties of lead tungstate
The main physical and optical properties of lead tungstate are given in Table 1 in comparison with other crystals widely used in high energy calorimetry.

On the positive side, one notes

· the high density and the small Moliere radius, allowing to build a compact and granular calorimeter,
· the fast response, with 85% of the light collected in 100ns and the absence of slow component or phosphorescence, which matches well the requirements for LHC where particles bunches cross every 25ns.
On the more negative side one finds

· the  low light yield, requiring an optimization of the light collection. The light yield plays a strong role in both the stochastic contribution to the energy resolution and the relative contribution due to the electronics noise; it also limits the timing resolution, particularly in the low energy domain
· the strong temperature dependence of the light yield, about 2%/°C at room temperature, requiring a very good temperature stabilization (typically 0.1°C)  in order to  guaranty the 0.5% energy resolution at high energy without the  need for time dependent temperature corrections.

One could also add that lead tungstate is relatively brittle, requiring careful design of the cutting and polishing equipment to obtain a high yield in the mechanical processing.
The crystallographic structure of synthetic lead tungstate synthetic crystal has been determined by X-ray diffraction and identified as sheelite-type with tetragonal symmetry.  The emission spectrum is shown in Fig.2 and peaks at 425nm. A detailed discussion of the luminescence centres and of the scintillation mechanism can be found in [9].
Table 1: Physical properties of the lead tungstate in comparison with other commonly used crystals: density (ρ), radiation length X0, light yield (LY) and its temperature dependence, scintillation decay time τSC, peak emission wavelength (λem) and index of refraction.
	
	(
g

/cm3
	X0
cm
	Moliere

Radius

cm
	LY
ph
/MeV
	LY temperature dependence 

%/°K @ RT
	(sc,

ns (%)
	(em,

nm
	Index of refraction 

	PbWO4
	8.28
	0.89
	2.2
	200
	-1.98
	5 (73%)

14 (23%)

110 (4%)
	420
	420nm : 2.36/2.24
600nm : 2.24/2.17

	BGO
	7.13
	1.12
	2.33
	8200
	-1.6
	300
	480
	2.15

	CsI(Tl)
	4.53
	2.43
	3.5
	52800
	+0.3
	1050
	560
	1.80


.
[image: image2.emf]
Fig. 2. Room Temperature longitudinal transmission (1) and radio-luminescence (2) spectra of PbWO4 (from [9])
3.2 Crystals production
The melting temperature of lead tungstate is 1123 °C. The production crystals were grown by two different suppliers using different growth techniques:

· At the Bogoroditsk Technical Chemical Plant (BTCP, Russia), crystals were grown with the Czochralski method. Figure 3 shows a picture of a typical growth oven. The melt is contained in a large open platinum crucible. The monocrystal grows at the interface between the liquid and the solid part which is pulled up by a rotating platinum rod. Each oven is used to grow one crystal at a time.  The cycling time for an oven to get an ingot suitable for a 23 cm long CMS crystal is typically 72 hours, with a growth rate of 6 to 8mm/hour. At the maximum rate of the production, 158 such ovens were used in parallel, allowing BTCP to deliver up to 1200 qualified crystals per month.

· At the Shanghai Institute for Ceramics (SICCAS, China) the crystals were grown using the modified Bridgman method. The components powder is included in a sealed platinum crucible of slightly larger and longer shape than the final crystal. The crucible is pulled down very slowly through a thermal gradient, the solid monocrystal being cooled from the one end where the seed crystal is located. The time to obtain an ingot suitable for a 23 cm long CMS crystal is 15 to 20 days. To increase the production rate, each oven contains up to 28 crucibles, allowing SICCAS to deliver 200 to 300 qualified crystals per month.
Altogether, after a 4 years R&D period mostly dedicated to radiation hardness improvement and industrialization of the process, the production of the 76000 crystals  took about 10 years, albeit about 55% of them were grown during the last 3 years. 

   .[image: image3.wmf]
Fig. 3: Picture of a BTCP oven, at the end of a CMS crystal growing cycle (courtesy of BTCP)
3.3 Mechanical processing and light collection uniformity

After annealing, the ingots are mechanically processed to give them the right shape and surface quality, using first a diamond cutting tool, then a lapping tool (yielding a surface roughness of 300 to 500 nm)  and finally an optical polishing equipment (to provide a roughness better than 20nm).
One of the challenges with crystal calorimeters is to obtain a good longitudinal light collection uniformity. The longitudinal development of electromagnetic showers fluctuates by about 1 radiation length (X0) and the absence of longitudinal segmentation prohibits measuring the longitudinal profile shower by shower. As a consequence, a non uniformity in the region of the shower maximum impacts directly the constant term of the energy resolution. The tapered geometry of the crystals produces a genuine non-uniformity in the longitudinal light collection:  the light is more focused towards the photodetector when emitted at the front part of the crystal. This focusing effect is only partially compensated by the light absorption within the crystal. In previous crystal calorimeters, the light collection uniformity was tuned crystal by crystal either by a differential wrapping or by painting. These techniques were found cumbersome and not flexible enough for the production of 76000 pieces and an alternative technique was developed. For the Barrel crystals, it was found [10] that by de-polishing in a controlled way one of the lateral faces, one could tune the non-uniformity and bring it down within a specified upper limit of 0.35%/X0 (see Fig.4). Thanks to the reflective coating inside the alveolae containing the Barrel crystals, the light loss is small.  The good uniformity of the production process, allowed the definition of a unique roughness parameter for each crystal geometry and de-polishing was applied during the mechanical processing directly at the supplier’s. Less than 1% of the crystals required a further treatment by CMS.  
Endcap crystals could not be de-polished, as the light loss was prohibitive in their black carbon-fiber, uncoated container. However, due to the very small tapering of the endcap geometry, the non-uniformity was acceptable without treatment. 
[image: image4.wmf]
Fig.4: Light yield as a function of distance from the photomultiplier for a fully polished crystal and after de-polishing one face with 2 different roughness, 0.34m and 0.24m
3.4 Production Quality control

A key point is such a large scale production is the quality control. It was clear right from the beginning that both automation and an excellent data base system were a necessity. The quality control and assembly work was shared between two “regional centers” located at CERN and at INFN (Roma, Italy). Robotic equipments were developed in both centers to provide automatic control of dimensions, of optical transmission, light yield and uniformity [11].  A picture of one of the two control devices located at CERN is shown in Fig.5. Each device was able to qualify 60 crystals in about 8 hours. Similar equipments were also installed at the producer’s sites, to allow a pre-screening before shipping. All measurements were stored in the CRISTAL data base [12], specifically developed to collect the CMS ECAL construction data and guide the operators during assembly.   Table 2 summarizes the optical and mechanical specifications for accepting a crystal [13].  Figure 6 shows the distribution of some of these parameters for the production samples. Radiation hardness qualification is discussed in the next section. 
	Criteria
	specification
	comment

	Longitudinal Transmission  at 360 nm
	T> 25%
	Radiation hardness

	Longitudinal Transmission  at 420 nm
	T> 55%
	At emission wavelength

	Longitudinal Transmission  at 620 nm
	T> 65% 
	Absence of core defects

	Wavelength spread along crystal axis of Transversal Transmission at 50% 
	 < 3nm
	Crystal uniformity and radiation hardness 

	Light yield  with a 60Co radioactive source
	LY > 8 p.e.
	measured with a PM

	Decay time
	90% of the light emitted in 1s collected  in 100 ns
	Absence of slow component

	Light Yield uniformity 
	|FNUF| < 0.35%/X0
	See section 2.2

	Dimensions
	[+0, -100] m
	Minimize intercrystal cracks

	Face planarity
	< 20m
	Minimize crystal to crystal stress transfer


Table 2 : optical and mechanical specifications for the CMS crystals
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Fig 5 : automatic control equipment ACCOCE  at CERN
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Fig. 6: Distribution on the whole barrel production of a) Light yield of BTCP Barrel crystals.         b) Light yield of SICCAS Barrel crystals.           c) Transmission at 420 nm (BTCP Barrel crystals). d) Transmission at 620 nm (BTCP Barrel crystals).
3.5 Radiation hardness and its control 
Another important challenge was to ensure the radiation hardness of the crystals and to control it during the whole production.

Operating at a peak luminosity of 1034 cm-2s-1, the LHC will produce a very harsh radiation environment for detectors. The ECAL will be exposed to fast hadrons, mostly pions, which, in interactions with the ECAL itself, produce secondary hadrons, and build up a flux of low energy neutron, with energies typically below 10 MeV. In addition, electromagnetic showers inside the crystals provide a significant dose. The radiation environment can be characterized by three quantities: the absorbed dose; the density of inelastic hadronic interactions (stars [14]); the neutron fluence below 20 MeV. 
Table 3 gives, as a function of pseudorapidity, these three radiation quantities for an integrated luminosity of 500 fb-1. Another important quantity is the dose rate which varies from 0.17–0.25 Gy/h at shower maximum and at nominal LHC peak luminosity in the Barrel to 5 Gy/h at =2.5 in the Endcaps.  

	pseudorapidity (η)
	0.1
	1.4
	1.7
	2.1
	2.5
	2.9

	Dose (kGy)
	ave 
	0.83
	1.32
	2.34
	9.73
	32.6
	115

	
	peak
	2.34
	3.51
	5.72
	22.2
	66.6
	166

	Star density (1011 cm-3)
	ave 
	1.03
	2.05
	3.10
	13.1
	37.1
	51.0

	
	peak
	1.64
	2.75
	3.56
	14.8
	40.8
	60.7

	n-fluence (E>20 MeV) (1013 cm-2)
	ave 
	3.86
	4.67
	11.7
	47.2
	115
	96.8

	
	peak
	4.56
	5.27
	15.9
	60.5
	165
	107


Table 3.: Radiation exposure of the ECAL crystals at some selected pseudorapidity values. All values are given for 500 fb-1 integrated luminosity.
It has been shown that under the LHC irradiation conditions mentioned in table 3 the scintillation mechanism of lead tungstate is not affected[15]. However when PbWO4 crystals are exposed to ionizing radiation pre-existing point-structure defects may act as traps for electrons or holes. The resulting charged defects have discrete energy levels and optical transitions can be induced, absorbing part of the scintillation light during its transport to the photodetector. This is the mechanism of radiation induced color centers, which is the main source of damage in lead tungstate at LHC. Up to five types of color centre have been identified in PbWO4 with corresponding absorption bands at 350-400, 470, 520, 620 and 715 nm. The induced absorption spectrum and relative intensity of these five bands strongly depend on the nature and density of pre-existing structural defects, which depend themselves on the crystal growth conditions. Undoped crystal grown from stoechiometric raw material have an absorption spectrum with two dominating broad bands peaked near 380 and 620 nm. Much effort has been spent during to optimize the quality of the raw materials and of the growth parameters in such a way as to reduce the density of point-structure defects at the origin of color centers under irradiation. Although significant, the improvement was not good enough to meet the severe radiation hardness specifications for the CMS ECAL crystals. It was therefore decided to use a doping strategy to charge compensate the remaining defects in the structure and to suppress electric carriers trapping on them.
After several R&D, the doping of PbWO4 crystals by specified impurities like La, Y, Nb at different stages of the growth process has been used for the production of CMS crystals to improve their radiation hardness. A very significant suppression of the electron/hole trapping processes is already observed for a doping concentration of the order of 100 ppm if the crystal stoechiometry is well controlled [9, 16, 17].
A parameter which describes well the damage of a crystal’s optical properties induced by radiation exposure is the radiation induced absorption coefficient (μ), defined as:
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where Tinit and Tirr are respectively the values of the crystal transmission measured before and after irradiation at the peak emission wavelength and L is the length of the crystal. For a given wavelength, the induced absorption coefficient is directly proportional to the total density of all color centers absorbing at this wavelength:
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The situation is however complicated by the fact that the radiation induced absorption in the crystal results from the balance between the creation of color centers and their destruction due to annealing at the detector operation temperature. At equilibrium under continuous irradiation at a fixed dose rate R the radiation induced absorption coefficient  is given by 
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where sati is the induced absorption coefficient at saturation due to defect of type i, bi  is the damage constant (related to the cross section of free carrier capture)  and ai  the  recovery rate, again of defects of type i.
As a consequence, two radiation specifications were defined [13]. The first specification is set up in order to prevent the total damage exceeding a certain level when the radiation damage in the crystal is fully saturated throughout its volume. This level corresponds to an induced absorption of 1.5m-1 at the peak emission wavelength. This maximum value prevents the change of front non-uniformity induced by irradiation becoming large enough to have an impact on the energy resolution of the calorimeter. The second specification is related to the operation of the calorimeter at typical LHC (Barrel) dose rates and the need to monitor it precisely.  The light loss in these conditions should not exceed 6%.
For the very large sample of crystals produced at BTCP, the radiation hardness could not be checked individually for each crystal.  Studies made during the R&D period allowed one to find correlations between radiation hardness behavior and initial optical parameters that can be measured easily for each crystal [13]. It was found that the presence of an initial absorption in the band edge region (350-360nm) is harmful for the radiation hardness [18]. Based on this correlation, certification limits were defined for transmission spectra at short wavelengths, which were systematically measured for each crystal using the automatic control machines. Crystals having one of the optical certification parameters close or above acceptance limits were subject to systematic irradiation tests. All other crystals were randomly irradiated either at high dose rate (350Gy/h) to induce damage saturation or under conditions comparable to those in the LHC (0.15Gy/h front irradiation with a 60Co source). Test irradiations for a sizeable fraction of the crystals were also performed directly by the producers. Figure 7 shows the two specifications parameters for randomly chosen BTCP crystals. 
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Fig. 7 (Left) induced absorption coefficient after high  dose rate (350 Gy/h)  irradiation,          (Right) distribution of relative LY loss after 1.5Gy at a rate 0.15Gy/h for  BTCP crystals randomly selected among those having optical parameters within ECAL specification

For the SICCAS crystals, no correlation between radiation hardness and initial optical parameters could be found. All crystals were therefore irradiated by the producer for 24 hours at a dose rate of 30 Gy/h. Sample irradiations were performed by CMS to crosscheck the producer results and to measure the damage at  low dose rate. Figure 8 shows the correlation between the SICCAS and CMS measurements, and the results of low dose rate irradiations. 
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Fig. 8 (Left) correlation between induced  absorption coefficient measured at SICCAS and by CMS. (Right) distribution of relative LY loss after 1.5Gy at a rate 0.15Gy/h for  SICCAS crystals randomly selected among those having optical parameters within ECAL specification

3.6  Conclusions

The CMS ECAL required an unprecedented production of more than 10 cubic meters of radiation hard lead tungstate crystals. Thanks to a large effort of the groups involved in the project, of the suppliers and of other academic partners, industrial methods for production and quality control were developed and successfully used. This achievement has not only allowed to install both Barrel and Endcaps ECAL in CMS in time for the first LHC beam, but  has also paved the way for future projects using large amount of lead tungstate crystals [19].  
4 Production and tests of 130000 Avalanche Photodiodes 

4.1 Introduction
In the CMS Barrel electromagnetic calorimeter, the photosensors needed to transform the light produced in  the crystals into an electronics signal have to fulfill very strong requirements. These include operation in a 4 T field, radiation hardness, high speed and of course compatibility with the demanding ECAL energy resolution requirements. The latter implies large area, good sensitivity to the light emitted by the crystal, stability and insensitivity to voltage and temperature fluctuations as well as low capacitance, series resistance, noise and dark current. Furthermore, the low light yield of the crystals brings in two further important requirements: gain and insensitivity to ionising particles traversing the diode. These last two points ruled out the use of standard PIN diodes as in previous crystal calorimeters. A final requirement is a very high reliability, since the mechanical construction of  ECAL  excludes a later replacement of broken or bad APDs. A reliability of 99.9% for 10 years of operation at LHC was set as a target.

Unlike PIN diodes, avalanche photodiodes (APDs) contain a region with high electric field so as to provide internal photocurrent gain by impact ionization. At the time when lead tungstate was chosen as active medium for the CMS ECAL, no APD with large enough area was available on the market (not to talk about the radiation hardness).  After 10 years R&D by producers in close contact with members of CMS ECAL, requiring the development and production of about 100 different prototypes of APDs, the model S8141 produced by Hamamatsu was selected [20]. The structure of this APD is shown in Fig.9. Incident photons are converted in a very thin layer at the surface and their electrons are amplified in a high field p-n junction. The n- layer decreases the capacitance and the sensitivity of the gain to the applied bias. The V-shaped grooves reduce the surface current. Electrons from ionizing particles traversing the diode are only amplified if produced in the conversion layer of 6 m effective thickness. Table 4 summarizes the properties of the S8141 APD. 
	Active area
	5x5 mm2

	Operating Voltage
	~ 380 V

	Maximum gain
	> 1000

	Capacitance
	80 pF

	Serial resistance
	3 

	Dark current
	< 10 nA

	Quantum efficiency at 430 nm
	75%

	1/M x dM/dV at gain M=50
	3.1 % 

	1/M x dM/dT at gain M=50
	-2.4%

	Excess noise factor at gain M=50
	2


Table 4: APD parameters
The gain is an exponential function of the applied bias voltage (Fig.10). In CMS, the APDs are operated at a gain (M) of 50. The breakdown voltage (VB) is defined to be that at which the dark current reaches 100 A. This occurs if the applied bias voltage is about 40V higher then the required bias voltage (VR) for a gain of 50.

As a compromise between light collection efficiency, capacitance (linked to the  noise for the front-end electronics) and cost, it was decided to use two APDs per crystal, connected in parallel to a single preamplifier,  requiring a total of 130000 devices to be produced. The serial production was launched during winter 2001 and took about 3 years. One of the most difficult issues during the production was the quality control linked to the radiation hardness. This is the subject of the next section.  
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Fig.9 APD structure
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Fig.10 Gain dependence on the applied bias voltage

4.2 APD radiation hardness and production screening [21][22]
Irradiation of APDs with hadrons could cause displacements of atoms in the silicon lattice resulting in a change of the doping profile in the bulk. This would modify the gain behaviour of the device. Extensive tests showed that the operational parameters (Gain, Quantum Efficiency, Breakdown) of the APD did not change due to irradiation with hadrons [20]. Irradiation with gammas causes modifications in the surface region like loss of quantum efficiency due to a clouding of the epoxy or high surface currents due to SiO2 break-up. Surface effects were tested by exposing APDs to gammas emitted by a 60Co source. It turned out, that VB-VR is a valuable parameter to judge if an APD is radiation hard. For initially developed samples, 10 to 15% had a strongly reduced breakdown voltage. After an intense R&D program, Hamamatsu Photonics modified the design,  especially in the region of the V-shapes grooves, and serial production could be started.
However it turned out that still about 5% of the APDs did not survive the irradiation. These problems occurred again only on the surface and were caused by defects in the masks or by dust particles. There is no way for the producer to control this down to the per mill level. A screening method had to be developed to reject unreliable APDs before they are built into the detector.

The screening was done in two steps. At the PSI institute (Switzerland), all APDs were irradiated with a 60Co source to 5 kGy at a dose of 2.5 kGy/h. After a relaxation time of one day, the breakdown voltage and the dark current as a function of gain were re-measured to detect APDs that had been damaged by irradiation. A few days later at CERN, the noise power was measured at frequencies up to 1MHz at gains from 1 to 300. Then APDs were annealed under bias in an oven at 80oC for 4 weeks. After this step, the breakdown and the dark current were re-measured. Based on these four measurements faulty APDs could be rejected. This treatment does not change the APD parameters. Only the dark current rises. It is less than 10 nA before irradiation, about 300 nA one day after irradiation and about 50 nA after the annealing.

APDs were rejected if, after irradiation or annealing, VB had changed by more than 5V, or if the dark current (Id) or the noise was anomalously large (see Fig.11 and Fig.12). The cuts were applied relative to the mean for the wafer, due to large wafer-to-wafer variations in the Id and the noise, and to accommodate measurement offsets in VB. APDs were also rejected if the ratio Id/M rises between M =50 and 400. If Id is due to surface currents, it will rise with bias voltage ohmicly, and thus Id/M  should fall steadily with M. A rise in Id/M well below the normal breakdown point could come from current at a local defect being amplified. Fig. 12 shows Id/M vs. M after irradiation for APDs from one wafer where most of them are well behaved but three are rejected due to rises in Id/M. 
In order to tune the screening procedure a number of APDs were screened twice.

The idea of these double screenings is that if the screening is effective, all weak APDs are found in the first screening and no new ones will be found in the second one. If the screening is efficient, a large fraction of APDs found weak in the first screening will again be weak in the second screening. For 834 APDs which passed the first screening, only 1 failed the second screening, implying a reliability around the required 99.9% level.  The behaviour of this APD suggests that it might become noisy in CMS, but not die.

On the other hand, for 221 APDs which failed the first screening, 102 (46%) also failed the second screening.

4.3 Performance in situ

Out of the serial production, 125800 APDs have been assembled in a form of capsules containing 2 APDs each and glued to the back face of the crystals. As 50 capsules are connected only to one HV bias channel, APDs reaching gain 50 at the same bias within ± 1 V have been grouped together.  The APDs were retested after capsule assembly and after gluing. No APD failure was observed. The CMS Barrel ECAL has been operated almost continuously from August till the end of October 2008 (often  with an APD increased gain M=200 to improve the signal to noise value for cosmic ray muons) and again no failure of APD has [image: image18.jpg]SN
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been reported.  
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Fig.11 Change in Breakdown Voltage (left) and induced dark current (right) for 3000 APDs.    The lines mark the rejection cuts,  set for each wafer.      
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Fig.12: Id/M vs M for APDs from one wafer. For good APDs , Id/M does not rise between  M=50 and 400.

5 Conclusions
In this short report, we have presented two of the most innovative developments for the construction of the CMS Electromagnetic Calorimeter. Mid August 2008, the complete calorimeter had been installed and fully commissioned and was ready for the detection of the first LHC beam interactions. Data recorded in test beams (for 25% of the Barrel) prior to installation [23] and with cosmic rays in situ have confirmed the excellent quality of the detector which is meeting all the specifications set at the start of the project.    
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