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Chapter 10: Calorimeter
[bookmark: _Toc166637441]Calorimeter
Introduction
The design of the Mu2e detector is driven by the need to reject backgrounds to the e conversion electron signal. A background of particular concern is false tracks arising from pattern recognition errors that result from high rates of hits in the tracker. These accidental hits could combine with or obscure hits from lower energy particles to create a trajectory consistent with a higher energy conversion electron. Even with modern computing resources, it is difficult to simulate this background to the level required to demonstrate that it is not a concern.  Thus the primary purpose of the Mu2e calorimeter is to provide a redundant set of measurements that complement the information from the tracker, and enable rejection of background due to reconstruction errors. A second important function of the calorimeter is to provide an efficient trigger for the experiment.
[bookmark: _Toc166637442]Requirements
The A set of requirements  for the calorimeter have been documentedhas been developed by the Mu2e collaboration [1]. The primary functions of the calorimeter are to provide energy, position and timing information to confirm that events reconstructed by the tracker are well measured and are not the result of a spurious combination of hits, and to provide thea potential experiment’s trigger for the experiment. This leads to the following requirements::
· 

· A pPosition resolution of r,z = ~1  cm or better in the calorimeter to allow comparison of the position of the energy deposit to the extrapolated trajectory of a track reconstructed in the tracker.
· An energy resolution of E = ~2% (FWHM/2.35, since the response is non-Gaussian) or better at 100 MeV is desirable to confirm the much more precise energy measurement from the tracker. The uncertainty in the energy scale should be small compared to the resolution;
· A timing resolution of ~1 ns is required to ensure that energy deposits in the calorimeter are in time with events reconstructed in the tracker, enabling rejection of backgrounds..
· The calorimeter should provide additional information that can be combined with information from the tracker to distinguish muons or pions near the conversion momentum from electrons with 99% C.L. 
· distinguish muons from electrons.
· The calorimeter must provide aProvision for a trigger, either in hardware, software, or firmware that can be used to identify events with significant energy deposits.
· The calorimeter must operate in the unique, high-rate Mu2e environment and must maintain its functionality for radiation exposures up to 200 50 Gy/year/cm2, surviving a .nominal run with a loss of light output of ≤ 10%;
· Have a temperature and gain variation such that the combined response of a calorimeter cell and its readout does not vary by more than ±0.5%, i.e., is small compared to the required energy resolution.


[image: ::Screen shot 2011-05-05 at 3.59.24 PM   May 5.png]The requirement on the calorimeter’s position resolution is based on the error associated with extrapolating a track from the tracker to the calorimeter (Figure 10.1Figure 10.1). There is no need for the calorimeter position resolution to be better than the extrapolation error, driven by multiple scattering in the tracker. Based on this study, a position resolution of 1 cm is sufficient.
[bookmark: _Ref164749958][bookmark: _Ref193261544][bookmark: _Ref164569771][bookmark: _Toc166231939]Figure 10.110.1. The error on the extrapolated position of tracks from the tracker to the calorimeter.  The tracks were fitted with a Kalman filter and extrapolated to the calorimeter using the full covariance matrix.  The z direction is along the solenoid axis and the r direction is transverse to the solenoid axis.
The energy resolution of a crystal calorimeter complements, but is not competitive with, that of the tracking detector. Even a coarse confirmation of track energy by the calorimeter will, however, help reject backgrounds from spurious combinations of hits from lower energy particles.  The Mu2e simulation is not yet at the stage where this can be explicitly demonstrated, but 5% energy resolution has been achieved by other experiments operating in a similar energy regime [2]. With an energy resolution of O(2%) we could use the energy information in combination with the tracker momentum to build a likelihood function for distinguishing signal from background events.


For real tracks, activity in the tracker and in the calorimeter will be correlated in time.  The time resolution of the calorimeter should be comparable to the time resolution of extrapolated tracks from the tracker, estimated to be a few ns [1]. A calorimeter timing resolution of about 1 ns is consistent with the tracker and can easily be achieved.


In Section 10.5, after introducing the calorimeter layout, we provide a few detailed examples to demonstrate the impact of the calorimeter performance on event reconstruction, and describe the acceptance for the signal in various detector configurations. In Section 10.6 we summarize our estimates for the background rate on the calorimeter and its effect on calorimeter clustering reconstruction. An estimate of the radiation dose is also shown.
[bookmark: _Toc166637443]Proposed Design

In the 100 MeV energy regime, a total absorption calorimeter employing a homogeneous continuous medium is required to meet the resolution requirement. This could be either a liquid, such as xenon, or a scintillating crystal; we have chosen to investigate the latter. Two types of crystals have been considered for the Mu2e calorimeter: lutetium-yttrium oxyorthosilicate (LYSO) and a new version of lead tungstate (PbWO4), called PWO-2. The design selected for the Mu2e calorimeter uses an array of LYSO crystals arranged in four vanes of 11  44 crystals that are approximately 1.35 m long.  A lead tungstate-based alternative will also be briefly described, as will an alternative disk-based geometry.  Electrons following helical orbits spiral into the side faces of the crystals, colored red in Figure 10.2Figure 10.2. Photo-detectors, electronics and services are all arranged on the opposite face. A lead tungstate-based alternative will also be briefly described, as will an alternative disk-based geometry for the crystals.  

The 
4-vane geometry has been optimized (see below) for the best acceptance at a given crystal volume (i.e. cost).  The alternative disk geometry allows a further improvement in acceptance. Each vane is composed of a matrix of LYSO crystals, described below.  The crystal dimensions are 3    3    13 11 cm3; there are a total of 2112 1936 crystals.  Each crystal is read out by two large area APDs.  Solid stateSolid-state photo-detectors are required because the calorimeter resides in the 1 T magnetic field of the Detector Solenoid (DS). Front end electronics reside on the detector and digitizers for each channel are placed inside the DS.  A flasher system provides light to each crystal for relative calibration and monitoring purposes.  A source system provides absolute calibration and an energy scale. The crystals are supported by a lightweight carbon fiber support structure.  Each of these components is discussed in the sections that follow.
[bookmark: _Ref193260860][image: ]Figure 10.210.2. The Mu2e calorimeter, consisting of an array of LYSO crystals arranged in 4 vanes.  Electrons spiral into the red faces.
[bookmark: _Toc166637444]Crystals
The basic calorimeter element is a lutetium-yttrium oxyorthosilicate (LYSO) crystal.  LYSO is an excellent match to the problem at hand: it has a very high light output, a small Molière radius (RM), a fast scintillation decay time, excellent radiation hardness, and a scintillation spectrum that is well-matched to readout by large area avalanche photodiodes (APDs) of the type employed in the CMS and PANDA experiments. LYSO is also the preferred option for the KLOE-2 upgrade and the forward endcap of the new SuperB detector being designed for the Frascati Cabibbo Laboratory Super B factory. 


LYSO is a material that combines excellent scintillation and physical characteristics. The properties of LYSO are summarized and compared to those of lead tungstate in Table 10.1. Electrons that hit the upstream face of a calorimeter vane in Mu2e will be poorly measured, so to maximize the acceptance of the calorimeter a high premium is placed on dense crystals with a short radiation length.  The short radiation length and the fast emission time of LYSO are well matched to the Mu2e environment. 

LYSO and PbWO4 share certain desirable characteristics: they have fast scintillation decay times, have similar Molière radii (RM), are not hygroscopic, and have reasonable mechanical properties. There are differences, however: LYSO has a slightly lower density and a slightly longer radiation length, but has a much higher light yield. The light yield of LYSO is a factor of ~200 better than the PWO-2 variant of PbWO4 at room temperature. It is more radiation hard, and the scintillation light output is not rate-dependent, as it is for PbWO4. The light emission spectrum of LYSO peaks at 402 nm, slightly lower that of PbWO4, but both are compatible with APD readout. LYSO has a slower emission time ( = 40 ns), but the optimal integration time of 200 ns is compatible with the expected signal and background rate.


	Crystal
	LYSO 
	PbWO4

	Density (g/cm3)
Radiation length (cm) X0
	7.28 1.14
	8.28 
0.9

	Molière radius (cm) Rm
	2.07 
	2.0

	Interaction length (cm)
	20.9 
	20.7

	dE/dx (MeV/cm)
	10.0 
	13.0

	Refractive Index at max
	1.82
	2.20

	Peak luminescence (nm)
	402 
	420

	Decay time  (ns)
	40
	30, 10

	Light yield (compared to NaI(Tl)) (%)
	85
	0.3, 0.1

	Light yield variation with temperature(% / C)
	-0.2
	-2.5

	Hygroscopicity
	None
	None



[bookmark: _Ref199585276]Table 10.1. Crystal parameters for LYSO and PbWO4.

LYSO is a material that combines excellent scintillation and physical characteristics. The properties of LYSO are summarized and compared to those of lead tungstate in Table 10.1. Electrons that hit the upstream face of a calorimeter vane in Mu2e will be poorly measured, so to maximize the acceptance of the calorimeter a high premium is placed on dense crystals with a short radiation length.  The short radiation length and the fast emission time of LYSO are well matched to Mu2e. 

	Crystal
	LYSO 
	PbWO4

	Density (g/cm3)
Radiation length (cm) X0
	7.28 1.14
	8.28 
0.9

	Molière radius (cm) Rm
	2.07 
	2.0

	Interaction length (cm)
	20.9 
	20.7

	dE/dx (MeV/cm)
	10.0 
	13.0

	Refractive Index at max
	1.82
	2.20

	Peak luminescence (nm)
	402 
	420

	Decay time   (ns)
	40
	30, 10

	Light yield (compared to NaI(Tl)) (%)
	85
	0.3, 0.1

	Light yield variation with temperature(% / C)
	-0.2
	-2.5

	Hygroscopicity
	None
	None


[bookmark: _Ref193261203][bookmark: _Ref164751005][bookmark: _Ref164750997][bookmark: _Toc166231994]Table 10.1. Crystal parameters for LYSO and PbWO4.
LYSO and PbWO4 share certain desirable characteristics: they have fast scintillation decay times, have similar Molière radii (RM), are not hygroscopic, and have reasonable mechanical properties. There are differences, however: LYSO has a slightly lower density and a slightly longer radiation length, but has a much higher light yield. The light yield of LYSO is a factor of ~200 better than the PWO-2 variant of PbWO4 at room temperature. It is more radiation hard, and the scintillation light output is not rate-dependent, as it is for PbWO4. The light emission spectrum of LYSO peaks at 402 nm, slightly lower that of PbWO4, but both are compatible with APD readout. LYSO has a slower emission time ( = 40 ns), but the optimal integration time of 200 ns is compatible with the expected signal and background rate.
The greatest advantage of LYSO crystals is the excellent light yield that, which allows one to achieve excellent energy resolution without having to operate the calorimeter at      -25 C, which is necessary if PbWO4 is employed. This greatly simplifies the calorimeter design.  Temperature stability requirements are also substantially less stringent. 


The much larger LYSO signals provides greater flexibility in the choice of photo sensors and front end electronics (FEE).  SThere are several alternatives possiblehave been considered: 

· Use of a simple voltage amplifier in place of a charge sensitive amplifier and shaper. Tests show that even a single APD per crystal can provide an Equivalent Noise Charge (ENC) of 100 keV.  
· Use of the front end electronics developed for PWO-2 together with a large area APD can reduce the ENC, due primarily to the APD leakage noise, to 30 - 40 keV.
· Retain the front end electronics developed for PWO-2 and reduce the APD area from 10    10 mm2 to 5    5 mm2, keeping the ENC at the level of ~150 keV. 

For any of these options the overall noise for a group of 25 crystals will be below 1 MeV, allowing the energy resolution to be pushed close to the intrinsic photoelectron statistics limit of 1%. 


A third advantage of LYSO is the excellent radiation hardness, which has been measured for both ’s and neutrons. Negligible deterioration of signals (10% loss in light yield) is observed with exposures of 10,000 Gy (i.e. 15 years of Mu2e running). A factor of 5 smaller induced absorption than PWO-2 is seen after irradiation with a flux of 1013 n/cm2. Therefore, with LYSO no stimulated recovery mechanism is required and there will be no reduction of running time due to this issue.


 Figure 10.3 Figure 10.3 shows the response to a 22Na source of a LYSO crystal read out by a conventional PMT to a 22Na source. The energy resolution is excellent.  The same technique is used to measure the Longitudinal Response Uniformity (LRU) by scanning the crystal along its axis [3]. Control of the cerium Ce concentration in the growing process has improved the longitudinal response uniformity in current production LYSO crystals to better than 2 - to 3%.
[image: ][image: ]

[bookmark: _Ref196985063]Figure 10.3. Charge response to a 22Na source for a LYSO crystal readout by a PMT (left). Longitudinal response uniformity measurement for a Saint-Gobain crystal (right).


The main disadvantage of LYSO is the cost. LYSO crystals are commercially available from Saint-Gobain, SICCAS (Shanghai Institute of Ceramics), and SIPAT (Sichuan Institute of Piezoelectric and Acousto-optic Technology) and Zecotek. An active R&D program is underway at Caltech, in cooperation with SICCAS and SIPAT, aiming to reduce the commercial price of LYSO. This effort has produced full size crystals of excellent quality that have been employed in beam tests at Frascati, CERN and MAMI. The Frascati group has also carried out an extensive search of producers for similar crystals (Saint-Gobain, Zecotek, SICCAS, and SIPAT), testing large and small samples for each of the producers. They have found that the Chinese producers provide good quality material at reduced cost. Both SIPAT and SICCAS are able to produce the ~ 2000 crystals in a time span of 1 - 1.5 years. The LYSO crystal cost is of the order of a factor 2 more than PWO-2. There are, however, compensating cost reductions. It is not necessary to cool the crystals to -25C, no provision for radiation damage recovery need to be provided, and the performance and running efficiency of the experiment will be improved.  INFN is interested in the use of LYSO and will surely participate, especially given the synergy with the development of the SuperB endcap calorimeter.


[bookmark: _Ref164751162][bookmark: _Toc166231941]Figure 10.3. Charge response to a 22Na source for a LYSO crystal readout by a PMT (left). Longitudinal response uniformity measurement for a Saint-Gobain crystal (right).
[bookmark: _Toc166637445]Photosensors
The presence of a 1 T magnetic field in the detector region precludes the use of conventional photomultipliers, requiring solid state photosensor devices that are insensitive to magnetic fields. Since PIN diodes show a large response to traversing charged particles (“nuclear counter effect”), their usage has been excluded: only large area avalanche photo diodes (APDs), and the newest type of Silicon Photomultipliers (SIPMs) have been considered. Large area SIPMs are still in the development phase at the moment and will be discussed only as an alternative to the basic design. 


Large area APDs, with an active area of 5    5 mm2 (Hamamatsu S8664-55) are used in quantity by the CMS experiment at the LHC, after a long R&D phase performed in conjunction with Hamamatsu Photonics [4] in the late ‘90s. APDs are reverse-biased diodes with an internal electric field used for avalanche multiplication of charge carriers. Typically a reverse type APD is composed of three parts, as shown in Figure 10.4Figure 10.4:

1. A conversion layer (~2 m thick) where the electron-hole pairs are generated.
2. A high electric field region (~6 m), where the amplification of carriers occurs.
3. A drift-region of ~ 200 m where the carriers drift towards the collection electrode. 
[image: ]
Larger area APDs, developed by Hamamatsu for the PANDA calorimeter [5] are now available in different sizes (10  10 mm2 and 7  15 mm2) in both standard and low capacitance versions. Other producers are able to provide similar size devices, such as Radiation Monitoring Devices (RMD) in the US, which offers 8  8 mm2 and 13  13 mm2  (S0814 and S1315) devices.














[bookmark: _Ref164751391][bookmark: _Ref165472773][bookmark: _Toc166231942]Figure 10.410.4. Schematic of the structure of a “Hamamatsu-like” APD.
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[bookmark: _Ref193339239]Figure 10.510.5. An RMD S1315 APD (left) and a Hamamatsu S8664-1010 APD (right).
Larger area APDs, developed by Hamamatsu for the PANDA calorimeter [5] are now available in different sizes (10  10 mm2 and 7  15 mm2) in both standard and low capacitance versions. Other producers are able to provide similar size devices, such as Radiation Monitoring Devices (RMD) in the US, which offers 8  8 mm2 and 13  13 mm2 (S0814 and S1315) devices.

Figure 10.5Figure 10.5 shows two photosensor candidates for Mu2e: the RMD S1315 and the Hamamatsu S8664-55-1010. The relatively low gain of these APDs requires the use of a front endfront-end amplification stage.  Table 10.2Table 10.2 lists the properties of these devices. The large area of these devices provides high light collection efficiency from the 30    30 mm2 area of the crystal: 19% for the S1315, 11% for the S8664-1010. The quantum efficiency of the two candidate APDs is shown in Figure 10.6Figure 10.6 as a function of wavelength.
[bookmark: _Ref192865482] (
Properties
S8664-55
S8664-1010
S1315 (RMD)
Active area (mm^2)
5
5 
10
10
13
13
QE (~ 405 nm)
0.65
0.65
0.65
I
d
 (nA)
5
10
Not measured
Capacitance C
d
 (pF)
80
270
120
Gain 
50  @ 350 V
50 @ 350 V
100 @ 1700 V
Excess noise F
2.0 @ gain =50
1.38 @ gain =50
Not measured
)

[bookmark: _Ref164752828][bookmark: _Ref164752822][bookmark: _Toc166231944]






[bookmark: _Ref192864857]Table 10.2. Properties of the RMD S1315 and the Hamamatsu S8664 APDs.
These APDs match most of the requirements needed for a LYSO based calorimeter, with a high quantum efficiency that is well- matched to the emission spectra of the LYSO crystal (402 nm). They are also fast and radiation resistant. The gain and the dark current, however, have a  strong temperature dependence. Measurements done by CMS and PANDA indicate a gain dependence of ~ 2%/C. Good temperature and voltage stability are therefore required. Temperature stability of  0.2 C and voltage stability of  20 mV are adequate to achieve a 0.4 per mil gain stability. This is not difficult to achieve in practice. Two other relevant parameters that drive the APD choice are the excess noise factor (F) and the nuclear counter effect (NCE). 
[image: ::Screen shot 2011-05-10 at 11.22.30 AM   May 10.png][image: normal QE vs]














[bookmark: _Ref192867279]Figure 10.610.6. Quantum efficiency as a function of wavelength for the Radiation Monitoring Devices S1315 (left) and the Hamamatsu S8664-1010 (right).
For a light yield (L) of Npe / MeV, evaluated at the APD conversion layer, the total signal for a shower of energy E is Q=MEL, where M is the gain. The standard deviation of the signal is

[bookmark: _Ref165475906][image: ]			(10‑1)                          

[bookmark: _Ref164753119][bookmark: _Toc166231945]due  to the combination of photoelectron statistics and fluctuations in the amplification process. The F factor is relevant for the achievable energy resolution and depends on both the device and on the applied voltage.  In Figure 10.7 tIn Figure 10.7 (left) the response of a 20    20    150 mm3 LYSO crystal illuminated with a UV LED and read out by a Hamamatsu S8664-1010 APD is shown. Correcting for  APD size ~ 2400 p.e./MeV are expected. A fit to the energy  resolution   following equation 10-1, after adding a constant term due to LED fluctuations is also shown in Figure 10.7. A test  shown in Figure 10.7. A test station is being designed to determine the Nuclear Counter Effect (NCE) in a more automatic way and compare the functionality of different APDs as a function of bias voltage and temperature.

The NCE is the charge produced by a photosensor when a charged particle directly hits its surface. When this happens, either from shower leakage or from external accidental background, the photosensor can generate unwanted signals that deteriorate the energy resolution. In the APD, only the carriers produced before the amplification layer experience full amplification; carriers produced in the avalanche region have an amplification that depends on their location at creation. A quantitative NCE measurement is given by deff (the effective thickness of the Si amplification layer). This is obtained by exposing the APD to a 90Sr source and by comparing the charge with that measured by a PIN diode of known thickness dPIN.  The NCE is reduced by using an APD with a smaller deff and, as an overall effect in the resolution, by increasing the crystal light yield. The normal capacitance of the S8664-1010 APD [5] shows a reasonably small NCE. However, to minimize the effect of the Nuclear Counter Effect, each crystal will be fitted with two APDs. This will also improve the overall number of photoelectrons/MeV, and the reliability of the calorimeter.
[bookmark: _Ref193512479][bookmark: _Ref193339279][image: :Screen shot 2012-03-13 at 12.50.13 PM   Mar 13.png]Figure 10.710.7. Response of a LYSO crystal read out by a Hamamatsu S8664-1010 APD to different amplitudes of a UV light source (left) and the energy resolution of the same crystal and APD (right). The fit parameters for the energy resolution are the excess noise factor F and the LED fluctuation, C, in %.
[bookmark: _Ref164753223]The NCE is the charge produced by a photosensor when a charged particle directly hits its surface. When this happens, either from shower leakage or from external accidental background, the photosensor can generate unwanted signals that deteriorate the energy resolution. In the APD, only the carriers produced before the amplification layer experience full amplification; carriers produced in the avalanche region have an amplification that depends on their location at creation. A quantitative NCE measurement is given by deff  (the effective thickness of the Si amplification layer). This is obtained by exposing the APD to a Sr90 source and by comparing the charge with that measured by a PIN diode of known thickness dPIN.  The NCE is reduced by using an APD with a smaller deff and, as an overall effect in the resolution, by increasing the crystal light yield. The normal capacitance of the S8664-1010 APD [5] shows a reasonably small NCE. However, to minimize the effect of the Nuclear Counter Effect, each crystal will be fitted with two APDs. This will also improve the overall number of photoelectrons/MeV, and the reliability of the calorimeter.








[bookmark: _Toc166637446]Electronics
[bookmark: _Ref164753750][bookmark: _Toc166231947]The general scheme for the calorimeter readout electronics is shown in Figure 10.8. in Figure 10.8. The front end electronics consists of a bias network for the photo-sensor followed by a preamplifier and shaping stage organized in FEE boards reading out 11 channels (one calorimeter column). Groups of 44 amplified signals are sent to a digitizer module, where they are sampled and processed before being optically transferred to the DAQ system.

[bookmark: _Ref193339331]
[bookmark: _Ref196812008]Figure 10.8. Overall schematic of the EMC readout electronics.
For test purposes, a preliminary version of a voltage preamplifier with a gain of 20 has been developed. The resulting noise level is ~120 keV, as measured in the laboratory and at the test beam. Recently, progresses has been made on the amplifier side. A novel low-noise low-consumption Voltage preamplifier has been developed by the Tor Vergata University, Italy, which shows characteristics well matching our needs. One prototype has been tested to measure the response to a Na22 source of a LYSO crystal readout by a S8664-1010 APD. The optimization of resolution has been found [6] when setting the APD at the standard gain, M=50-100 and the amplifier to a working point of 3.2 Volts, corresponding to a Gain of ~ 3000. A noise of 30 keV has been measured, which corresponds to an equivalent noise charge, ENC, of around 4000 e-, well matching a similar test done with a commercial charge preamplifier. We expect the next FEE prototype to improve this performance and reach a ENC of 1000 e- when working at a typical amplifier gain of 2000. The collected charge from the APD will be Q = LMe, i.e. (2400 p.e. / MeV)  50  (1.6  10-19 C) or 20 fC / MeV corresponding to 2 pC at 100 MeV. The total charge after amplification will be of ~ 4 nC at 100 MeV.  Shaping the signal to get a 200 ns maximum width, we will get a peak signal of ~ 5 mV/MeV.  
For test purposes, a preliminary version of a voltage preamplifier with a gain of 20 has been developed. The resulting noise level is ~120 keV, as measured in the laboratory and at the test beam. Recently, progress has been made on the amplifier design. A novel low-noise low-consumption voltage preamplifier has been developed by the Rome II University (Tor Vergata), which shows characteristics matching our needs. One prototype has been tested to measure the response to a 22Na source of a LYSO crystal read out by a S8664-1010 APD. The optimal resolution [6] was achieved at an APD standard gain setting (M=50-100), with the amplifier at a working point of 3.2 volts, corresponding to a gain of ~ 3000. A noise of 30 keV has been measured, which corresponds to an equivalent noise charge, ENC, of around 4000 e-, matching a similar test done with a commercial charge preamplifier. We expect the next FEE prototype to improve on this performance and reach a ENC of 1000 e- when working at a typical amplifier gain of 2000. The collected charge from the APD will be Q = LMe, i.e. (2400 p.e. / MeV)  50  (1.6  10-19 C) or 20 fC / MeV, corresponding to 2 pC at 100 MeV. The total charge after amplification will be of ~4 nC at 100 MeV.  Shaping the signal to get a 200 ns maximum width, we will have a peak signal of ~5 mV/MeV.  

[image: ]The FEE electronics (Figure 10.9Figure 10.9) will be placed very close (at a distance below less than 60 cm) to the APD in order to minimize pickup noise. The maximum power dissipation will be of order 30 mW / channel. Two boards of 11 channels/each will collect the output signals for a calorimeter column, one board serving the left, the other one serving the right APD of the crystals. The FEE will be located on the top of the support structure in the back side of the vane. Cooling for the FEE electronics will be in common with the one for the Digitizer and will be connected to the same cooling system used for the tracker.
[bookmark: _Ref199585349]Figure 10.8. Overall schematic of the EMC readout electronics.


[bookmark: _Ref193339351][image: ]Figure 10.910.9.  General schematic of APD cabling, the FEE stage and HV distribution.
The digitization electronics will be placed on circuit boards, DIGI, positioned as close as possible to the FEE electronics and integrated with the support structure for the vanes. Optical cables will transmit the digitized signals out of the Detector Solenoid to the data acquisition system. Each DIGI board will consist of 44 flash ADCs, FADC, which will sample the shaped signals from the FEE. An FADC, with 11-bit resolution, is needed in orderrequired to to reach a LSB of 25 keV. A zero-suppression algorithm will be performed in the processing stage, removing data for all channels below threshold (<3, 100 keV) and preserving only the samples related to the full signal width. A 200 msps FADC, for example the T.I. ADS58C48, is planned to execute the digital signal processing, DSP, via algorithms running in 4 low cost FPGA’s (Spartan-6 LX25). Each DIGI board will also have an additional, more expensive, layer of FPGA’s to drive the optical links and eventually form a trigger (Spartan 6 LXT45). The DSP should also provide mean charge and time by means of running averages. The total expected power dissipation perfor board is ~ 15 W, with 9 W for the FADC and 6W for the FPGA’s.  For a 200 ns signal shaping time, we will have about 50 samples per pulse (~80 Bytes), allowing for identification of pileup due to accidental activity in the offline analysis. Assuming an occupancy of about 10%, we expect an average of 17 kHz / channel of random hits. This corresponds to about 17    103    484 (crystals)    2 (L/R)    80 Bytes/sec/vane (1.4 GBytes/sec/vane, 11 Gbits/vane) when streaming all events. Since there are 22 DIGI boards/vane, the average throughput / board will be of ~ 0.6 Gbits. Groups of 4 DIGI boards will be organized in one optical ring so that, for each vane, there will be 6 rings for a total count of 24 optical fibers (2 MTP cables). 


For the entire calorimeter, we need 88 DIGI boards are required. About 1300W of power dissipation of ~1300 W is expected for the full system.  The cooling system will be in common with the FEE. 


To maintain the required gain stability, good voltage precision and stability are required of the bias voltage supplies. A typical bias voltage setting for the S8664-1010 APD will be of ~400 V with a dM/M/dV of ~ 3%/V, for an APD gain, M, of  ~ 50.  A 50 mV precision/stability is required to reduce the gain spread below 0.3%. In Figure 10.10, 0.3%. In Figure 10.10, dM/M/dV dM/M/dV as a function of the gain is shown for several APDs from Radiation Monitoring Devices (RMD).  A value of 2% / V is found for gains ~ 300, so a precision of 100 mV is sufficient in this case. 


A 12-channel prototype HV supply board has been developed for the S8664-1010, based on a novel DC-to-DC converter chip that is able to supply from 0 to 500 V with a residual ripple below 20 mV and a setting precision of 30-40 mV. The performance of this chip in a magnetic field and a radiation environment remains to be investigated. Pending such studies and for cost optimization, we have chosen the option of regulating the voltage close to the calorimeter. The HV regulation circuit will be inserted inon the FEE boards. The master voltage for every 4 FEE boards (44 channels), will be provided by a single DC-to-DC converter positioned in a board outside the Detector Solenoid by means of a HV cable via a feed-through. This granularity is reasonable for the chosen DC-to-DC converter, since we expect a maximum current of 100 A /channel x 44 channels = 4.4  mA for each chip.  A total of 11    2 = 22 HV cables/vane are needed, which corresponds to 88 cables for the entire calorimeter. The master voltage board will have 12 channels, so that 8 HV master boards, organized in a crate, will serve the calorimeter.

[image: ][image: ]
[bookmark: _Ref193512206][bookmark: _Ref193265145]Figure 10.1010.10. Fractional gain change with respect to Vbias as a function of gain for RMD devices.
Mechanics
 Figure 10.11Figure 10.11 shows the arrangement of the vanes inside the barrel support structure. The preferred option is to suspend each vane inside the barrel at a 45 angle to reduce the mechanical stress on the stainless steel rings supporting the vanes. This would also allows a more uniform weight distribution and uniform illumination to by cosmic rays for debugging and calibration purposes. We have designed a self-standing structure, without supports in the inner region, to minimize passive material where spiraling background events will be concentrated.  Two outer stainless steel rings are deputed to hold each vane in the right position. EachThe single vane is built up starting from a single unit composed by the crystal inserted in a 100 m thick carbon fiber case, sealed at the extremities by two support caps. The back cap, made of 5 mm thick plastic material, provides the housing for 2 APDs and for the fiber connector carrying laser light for calibration. The back cap is also connected to the cooling system to set the APD working temperature. A tilted orientation of the vanes, which can increase the acceptance, and is compatible with this mechanical design, is under discussion.

The layout of the calorimeter support structure is a cylindrical barrel, 1450 mm long, with an outer radius of 810 mm, holding four parallelepiped vanes of dimension 330  1320  110 mm3. Each vane consists of 484 crystals organized in 11 rows  44 columns, for a total of ~360 kg/vane). The two outer support rings are 50 mm wide stainless steel hoops that are 30 mm thick and connected by four 30  130  1360 mm3 stainless steel beams. The FEE boards will be located in the region of the outer support rings, on top of the vanes. In this outer region, special plates will also provide support for the digitizers and for the electronics cables, in order to place them outside the detector volume and avoid conversion electrons and physics background (Figure 10.12). This support structure will be installed and supported inside the Detector Solenoid by means of the common internal rail system discussed in Section 8.3.9.


[bookmark: _Ref193266152]Figure 10.1110.11. 3D view of the calorimeter barrel support structure for the vanes (left), and a cross section of the overall structure.
The layout of the calorimeter support structure is a cylindrical barrel, 1450 mm long, with an outer radius of 810 mm, holding four parallelepiped vanes of dimension 330  1320  110 mm3. Each vane consists of 488 crystals organized in 11 rows x 44 columns,  for a total of ~360 kg/vane). The two outer support rings are 50 mm wide stainless steel hoops that are 30 mm thick and connected by four 30  130  1360 mm3 stainless steel beams. In the region of the outer support rings, on top of the vanes, the FEE boards will be located. In this outer region, special plates will also provide support for the digitizers and for the electronics cables in order to place them outside the detector volume and avoid conversion electrons and physics background (Figure ). This support structure will be installed and supported inside the Detector Solenoid by means of the common internal rail system discussed in Section 8.3.9.

Each crystal is wrapped with a 0.1 mm thick layer of Tyvek and inserted in a 0.1 mm thick carbon fiber case ( Figure 10.13Figure Figure 10.13).; alternatively, weWe are also considering the option of painting the inner region of each case with a diffusing material the inner region of each case. 11 Eleven crystal cells are piled upstacked to forming one of the 44 vertical columns of crystals composing the vane. The 11 crystal cells are heold together by means of stainless steel profiles attached to the support caps of each carbon fiber case, as shown in  Figure 10.14Figure Figure 10.14. Once the vertical columns are assembled, they are paired to each other by means of horizontal bars pulled in the holes present in the vertical profiles and connected to the support rings through appropriate plates, thus holding the vane in position.  This layout ensures the rigidity to of the back face of the vane. To provide support to the front face of the crystals, they will be connected to each other with a thin carbon fiber plate that will be fastened at each cell edge. This supporting plate will also host contain the circulating tubes of the source calibration system.
  


[bookmark: _Ref193267011]Figure 10.1210.12. Single vane layout (left). Also FEE electronic boards (one per each column, 11 channel each) are shown. Top view (right) with a detail of the supporting rail. 
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[bookmark: _Ref193266070][bookmark: _Ref193462996]

[bookmark: _Ref193956618]Figure 10.1310.13. Exploded view of a crystal unit , with a carbon fiber case andwith APD holder (left)  and with a front face cover (right).

[bookmark: _Ref193266462]

[bookmark: _Ref193463495]Figure 10.1410.14. Details of the back (left)  and front (right) face of the vane. 


 

Expected Performance 
[image: ]The energy resolution of a calorimeter is usually parameterized by three terms added in quadrature as follows: 

The first term is the stochastic term related to fluctuations in the signal, in our case the Poisson distribution of the light yield, L. Assuming a light yield of 2000 p.e./MeV, results in athe  a term is negligible a term, even when the excess noise factor (F) is included.  In this case the Poisson fluctuations are negligible and in practice an empirically determinedn a/E1/4 dependence replaces the Poisson term, to accounting for intrinsic signal fluctuations that result from light attenuation and or non-uniformity in the crystals.


The second term, b, is due to the electronic noise. For a given readout technology (photosensors and front end electronics) the noise remains essentially constant, so its relative contribution to the resolution drops linearly for increasing energy. The noise is not a limiting factor to the energy resolution of a LYSO calorimeter for energies around 100 MeV. 


The third term, c, is due to leakage or calibration errors and describes the calorimeter’s intrinsic resolution limit, since it is the only relevant term at very high energies or for calorimeters with excellent light output and good uniformity.


To understand the relevance of these contributions, a GEANT 4 simulation of a LYSO cylinder, 15 cm long and 10 cm in radius (~5 RM) (see Figure 10.15Figure 10.15 left), was has been performed. Electrons with energies between 100 to 500 MeV, incident on the center of the LYSO cylinder were simulated.  A fit to the spectrum that results from a 105 MeV electron is shown in Figure 10.16 (top-left). The long tail at at low energy in the spectrum, is due to the longitudinal leakage, . In order to estimate the resolution, the spectrum was taken into account by fittinged with a standard log-normalG function. For a reasonable cluster size of 4 RM, equivalent to ~ 5    5 crystals in the baseline design, an intrinsic resolution limit of 1.2% results. In Figure 10.16 the dependence of the resolution as a function of energy and transverse dimension is summarized. To understand the impact of a non-uniformity in the longitudinal response of the crystal, the cylinder was sliced along the crystal axis, z. The energy was recorded for each slice and then smeared with an exponential attenuation along z. For a non-uniformity of 10% a contribution to the resolution of 1.8 % to 2.4% was observed for 100 MeV electrons with impact angles between 0 to 60 degrees. 


A GEANT4 simulation also has been performed to study a large 11    11 matrix of crystals [7]. The crystals had transverse dimensions of 20    20 mm2 and a length between 11 and 15 cm (Figure 10.15Figure 10.15 - right). The matrix was evaluated in a magnetic field of 1  Tesla.  A light yield of 200 p.e./MeV, distributed using Poisson statistics and an excess noise factor of 1.3 was simulated.  A gain spread of 1% was applied and a noise term with a  of 150 keV was added to each channel. 105 MeV electrons intersected the matrix center at an average angle of 55 with respect to the normal with a Gaussian spread of 1.5. The energy deposited in the crystal array was summed to form a cluster of energy (EClust). Only cells with energy above a 200 keV threshold were used.

[bookmark: _Ref193267285][bookmark: _Toc166231951]Figure 10.1510.15[image: ][image: G:\xfabio2\g4_03[4].png]. GEANT4 simulations of a large cylinder of LYSO (left), and a large LYSO/PWO-2 matrix (right) were performed. In each case, a 105 MeV electron impinging at 55 degrees is shown in red. Yellow tracks represent photons escaping from the shower.
In Figure 10.17Figure 10.17 (top-left), the energy sum distribution for the simulated events is shown with a log-normalG fit superimposed. An energy resolution of 1.7 MeV is obtained. The long tail at low energy is due to the escaping energy, i.e. lateral and longitudinal leakage plus “albedo” from back-scattered particles near the surface of the crystal, as shown in the correlation plot of Figure 10.17Figure 10.17 (bottom-left). An attempt to correct for the mean energy loss is also shown (bottom-right). This results in a Gaussian response with a resolution of 0.6 MeV, thus demonstrating the promise of such a calorimeter. 


Test Beam Results
To validate the reliability of the calorimeter simulation, a LYSO array was exposed to a test beam at the MAINZ Microtron (MAMI) in March 2011. For this beam test 9 new LYSO crystals were added to a crystal matrix built at Frascati National Laboratory (LNF) for the KLOE-2 experiment [8]. The new LYSO crystals, procured from the Shanghai Institute of Ceramics, Chinese Academy of Sciences (SICCAS), were 20    20    150 mm3 and were surrounded by a leakage recovery matrix of PWO4 crystals. Each LYSO crystal was read out by a single Hamamatsu S8664-1010 APD followed by a discrete voltage amplifier, while the PWO4 crystals were read out by conventional Hamamatsu PMTs.  The bias to the APDs was provided by a Mu2e prototype high voltage board while the PMT high voltage was supplied by a CAEN HV board. The total coverage for the matrix was ~ 2.5 RM. Each channel was calibrated to approximately 2% by means of cosmic rays. The APDs were operated at ~ 50 V below the break down voltage for at an average gain of ~ 300. The temperature stability of the APDs was maintained by adding two Peltier junction cCells to a copper mask positioned on the calorimeter face and monitored by means of two thermosensorsthermo sensors.
[bookmark: _Ref164756510][image: ::Screen shot 2011-05-11 at 1.57.41 PM   May 11.png]
[bookmark: _Ref193267375]Figure 10.1610.16. GEANT4 study of the intrinsic resolution limit for a 15 cm long LYSO crystal as a function of the crystal radius.
The data were taken with the APD temperature held at 24.5 C with an uncertainty of 0.5 C. The crystals were exposed to a tagged photon beam with energies ranging from 20 up to 400 MeV. A trigger was formed by a coincidence between the discriminated sum of the matrix and the reference  tagging signal. The beam spot was ~8 mm in diameter. Data were taken at twelve different energies over a period of 2 days. Approximately 10,000 events were collected att each energy. 


In Figure 10.18Figure 10.18 shows the dependence of the energy resolution as a function of beam energy is shown for test beam data (black points) and for the simulation (magenta curvered).  A fit to the data results in a stochastic term of 2.4% with an E1/4 dependence, a negligible electronic noise term and a constant term of 3.2% due to shower leakage. To obtain reasonable agreement with the data, the energy response of each crystal was smeared by 4% in the simulation using a Gaussian distribution. This was the fastest way to simulate the expected non-uniformity inside the crystals. Good agreement between data and Monte Carlo is found, as shown in Figure 10.18Figure 10.18 and  Figure 10.19 Figure 10.19, for the raw energy distribution of the 9 inner LYSO crystals and their sum.
[image: ::Screen shot 2011-05-19 at 2.45.11 PM   May 19.png]
[bookmark: _Ref193268324][image: ]Figure 10.1710.17. GEANT4 simulation of a LYSO Matrix for 105 MeV electrons: (top-left) energy sum distribution (MeV), (top-right) escaping energy (MeV), (bottom-left) correlation between deposited (horizontal) and escaping (vertical) energy, (bottom-right) energy sum corrected for mean energy loss..
[bookmark: _Ref193270254]Figure 10.1810.18. Test Beam results from MAMI. The measured energy resolution of the overall LYSO crystal matrix (black points) is compared to simulations (magenta curvered). To obtain reasonable agreement with the data, the energy response of each crystal was smeared by 4% in the simulation (red curveblue).
[bookmark: _Ref193270850][image: ::Screen shot 2011-05-19 at 3.42.20 PM   May 19.png] Figure 10.1910.19. Data taken with a LYSO crystal array using a tagged photon beam at MAMI. The three plots correspond to the 3 crystals in the center row of the LYSO array. The ratio of the crystal response to the beam energy is plotted in each case. The photons are incident on the center crystal (center plot). The raw energy distributions of the LYSO matrix (black data points) are compared to a GEANT4 simulation of the array (red histogram).
Data taken with a LYSO crystal array using a tagged photon beam at MAMI. The three plots correspond to the 3 crystals in the center row of the LYSO array. The ratio of the crystal response to the beam energy is plotted in each case. The photons are incident on the center crystal (center plot). The raw energy distributions of the LYSO matrix (black data points) are compared to a GEANT4 simulation of the array (red histogram).
[bookmark: _Ref193282617][image: ::Screen shot 2011-05-19 at 4.19.12 PM   May 19.png]   The position resolution of the LYSO array was also studied at MAMI and good agreement between data and Monte Carlo was obtained. Position reconstruction wais done using a simple energy weighted centroid method. Figure 10.20Figure 10.20 shows the average reconstructed position for 100 MeV electrons hitting the central crystal in the array at normal incidence. The reconstructed position as a function of the impact point exhibits a typical S-response curve response. Although the overall resolution is will be worse for larger transverse crystal dimensions, resolution below 1 cm can be achieved for the crystal sizes anticipated for Mu2e.
[bookmark: _Ref193339981]Figure 10.2010.20. Position reconstruction for 100 MeV electrons at normal incidence with the beam hitting the central crystal. Data was were taken at MAMI beam test.
Studies of the time resolution of the LYSO array at MAMI were limited by the large intrinsic timing jitter of the reference tagging signal (~800 ps). In a previous beam test at the Frascati Beam Test Facility [8], time resolution below 200 ps was obtained with an LYSO array exposed to 100 MeV electrons.
Calorimeter Optimization Studies
The baseline calorimeter geometry design (henceforth vane geometry) for Mu2e is similar to that originally proposed for MECO. The vane geometry presents minimal area for the interception of backgrounds to particles entering the Detector Solenoid and originating in the muon-stopping target or the beam dump.  This section will discuss the optimization of the vane geometry. An alternative disk geometry that can increase the efficiency for signal tracks by as much as 10% will also be discussed.


In optimizing the vane design, the variables considered are the number of vanes, the placement and orientation of the vanes, their length and width and the crystal depth. 

     The first question to be addressed is the optimal number of vanes. Versions with three, four, six and eight vanes have been considered. Figure 10.21 Figure 10.21 shows the cumulative efficiency for detection in the calorimeter of good signal electron tracks found in the T--tracker, as a function of the length of the vane, for differing numbers of vanes. A good hit is defined as a high quality T-tracker track that projects onto the front face of the vane. Hits on the lateral or bottom edges of the vane are not scored as good hits. We find that four vanes isare the optimum number and that a vane length of ~130 cm is required to reach the highest achievable efficiency of 73% after fiducial cuts, at a nominal vane height of 36 cm. These cuts ensure that showers originating on the face of the vane are contained within the crystal volume, by removing tracks within 3 cm (~1.5 Molière radii) of the edge of the vanes.
 

Since the conversion electron tracks enter the vanes at an average angle of about 50°, the next question is whether tilting the plane of the vanes can improve the efficiency for good hits by increasing the fraction of front face hits relative to lateral or bottom edge hits. Figure 10.22Figure 10.22 is a comparison of the nominal orientation in the four vanefour-vane case with a tilted vane configuration. The vanes are tilted about an axis parallel to the beam-line centered at 54 cm from the beam. Figure 10.23 demonstrates that tilting the vane by ~0.4 radians improves the reconstruction efficiency for good tracks after fiducial cuts to 78%, an improvement of 6.8%. The improvement is due to the reduction of the number of hits on the inner edge of the vane, with a corresponding increase of hits on the face. The downside of this configuration is that the effective thickness of the calorimeter in radiation lengths is reduced, since the tracks enter the vane face at closer to normal incidence. This effect will be addressed below. Reducing the length of the vanes from the nominal 132 cm to 126 cm, i.e., removing two rows, reduces the untilted/tilted reconstruction efficiency to 71% and 77%. 
[image: ]

Figure 10.23 demonstrates that tilting the vane by of ~ 0.4 radians improves the reconstruction efficiency, for good tracks and after fiducial cuts, to 78%, an improvement of 6.8%. The improvement is due to the reduction of the number of hits on the inner edge of the vane, with a corresponding increase of hits on the face. The downside of this configuration is that the effective thickness of the calorimeter in radiation lengths is reduced, since the tracks enter the vane face at closer to normal incidence. This effect will be addressed below.
[bookmark: _Ref193277385] Figure 10.2110.21. The cumulative efficiency for detection in the calorimeter of good signal electron tracks first found in the T-tracker, as a function of the length of the vane, for differing numbers of vanes.
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[bookmark: _Ref193277531]Figure 10.2210.22. Nominal four vane configuration (left) and tilted vane configuration (right).
 Reducing the length of the vanes from the nominal 132 cm to 126 cm, i.e., removing two rows, reduces the untilted/tilted reconstruction efficiency to 71% and 77%. 

      Another degree of freedom is the position of the axis about which the vane is rotated.  Figure 10.24Figure 10.24 shows the variation of reconstruction efficiency, after fiducial cuts, as a function of the radial position of the tilt axis for the nominal vane height of 36 cm (78% maximum at 54 cm) and a 30 cm vane with two fewer rows of crystals (maximum 75% at 50 cm). 


Note that it is also possible to tilt the crystals within the plane of each vane in order to have the nominal direction of incidence closer to normal in both directions. This variant has not been studied.
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[bookmark: _Ref193277887]
[bookmark: _Ref196988829]Figure 10.2310.23. Cumulative efficiency, after fiducial cuts, for four orientations of the vanes tilts.
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[bookmark: _Ref193339710]Figure 10.2410.24. Reconstruction efficiency, after fiducial cuts, as a function of the radial position of the vane tilt axis. 
By using the Mu2e software framework, a first version of a clustering algorithm has been developed. Each simulated hit contains information about the vane number, space position, time and energy deposits. A crystal with a deposited energy above 0 zero is defined as a hit cell. We have not yet simulated the noise and photoelectron statistics, which previous tests show to be negligible. Moreover, we have not yet inserted the time evolution of the scintillation light in the simulation. In the case of more than one contributing particle per cell, we sum all hits that arrive within 100 ns of one another. We define as a cluster a group of topologically connected hits, by joining contiguous crystals around the cell with maximum energy deposition. Once the cluster is formed, we estimate the energy sum (E) and the arrival time of the incident particle (T). To find other clusters, we exclude  the cells that have already been used, and repeat the procedure around any additional energy maxima until all hit cells have been considered. On average, we find around 8 cells/cluster. 


[bookmark: _Ref193279927]Using the first version of the clustering algorithm, we have obtained the best compromise between signal acceptance and cost in the baseline geometry of un-tilted vanes. In the following, we restrict our sample to conversion eventss with that reconstruct in the tracker and deposit energy in the fiducial volume of the calorimeter. A hit in the fiducial volume is defined as a cluster where in which the highest energy cell is located at least one row or one column away from an edge. In [image: ]Figure 10.25Figure 10.25 the reconstructed calorimeter energy divided by the reconstructed momentum from the tracker (E/P) is plotted.

[bookmark: _Ref193280492]Figure 10.2510.25. E/P distribution for conversion electrons that reconstruct in the tracker and deposit energy in the fiducial volume of the calorimeter.
In Figure 10.26Figure 10.26 shows the distributions of energy resolution and relative acceptance as a function of the crystal length are reported. The energy resolution deterioratesDeterioration of resolution is observed below 10 cm, while the acceptance shows a slight increase when with reduceding the crystal size. In the following, we use 11  cm long crystals as the baseline design. TUsing this baseline, the number of rows and the inner calorimeter radius have then been varied and the result evaluated. Matrices of 10    44, 11    44 and 12    44 crystals/vane have been evaluated studies, with inner radii of 360 and 390 mm. The optimum is 11    44 crystals with an inner radius of 360  mm, which provides an acceptance of 75% in the fiducial volume, in good agreement  with earlier studies.


 The dependence of the energy resolution as a function of row (Figure 10.27 Figure  - left) and column (Figure 10.27Figure  - right) has also been evaluated. The resolution is nearly constant along the vane, apart from the bottom row and the first column, justifying the a-priori definition of the fiducial volume. 
[bookmark: _Ref193280979][image: ][image: :Screen shot 2012-03-13 at 5.57.08 PM   Mar 13.png][image: ]Figure 10.2610.26. The energy resolution (left) and relative acceptance (right) as a function of crystal length. length.
  
[bookmark: _Ref193339631]
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[bookmark: _Ref201044552]Figure 10.2710.27. Dependence of the energy resolution on the row (left) and column (right) within a calorimeter vane.
A Calorimeter based trigger 
The DAQ system requires the development of a trigger/filter algorithm to reduce the data throughput while restricting the maximum data storage to OO(1 PB). The calorimeter can provides a robust, fast and simple method to accomplish this by applying appropriate thresholds to the reconstructed clusters. 


In order to evaluate the threshold response of the calorimeter, 100,000 signal events with DIO overlays were generated. It is assumed that DIOs deposit more energy in the calorimeter than any other background process. We have carried out this study for the nominal calorimeter resolution in the Mu2e simulation package and for 3 additional cases (2, 5 and, 10 MeV resolution), where it is assumed that noise or instrumental effects have degraded the resolution. A full description of the analysis can be found in reference [9]. The main results are summarized here.  In Figure 10.28Figure 10.28, the signal efficiency and the rate of surviving DIO electrons are shown as a function of the applied energy threshold. A rejection factor of ~200 is obtained with a threshold of 64 MeV, which corresponds to a signal efficiency of 91% for nominal energy resolution. The energy threshold is applied to the deposited energy, so conversion electrons (or DIOs) that strike near the outside edge of a vane have lower efficiency than those in the nominal fiducial volume. The efficiency (DIO survival rate) is reduced (increased) when the resolution deteriorates. A factor of ~ 10 increase in DIO survival rate is observed for an energy resolution of 10 MeV. 


The possible development of an additional trigger algorithm based on the tracker system could provide independent samples to determine the trigger efficiency. However, a calorimeter based trigger has many advantages. It is simple and can be implemented at the FPGA level to reduce the overall DAQ throughput, it does not suffer from spurious additional hits, and control samples can be collected by pre-scaling events with lower energy cuts.

[bookmark: _Ref193283526][image: ][image: ]Figure 10.2810.28. The signal efficiency (left) and the rate of surviving DIO electrons (right) as a function of the applied energy threshold in the calorimeter.
Muon Rejection
It is possible for muons passing close to the target to enter the tracker with the right correct pitch angle and momentum and be misidentified as electrons. These events could be due to either cosmic ray muons that escape detection in the Cosmic Ray Veto or primary beam muons that do not interact in the target and diffuse at wide angles. A small fraction of beam muons (~10-4) can reach momenta larger than 100 MeV. In reference [10], it was estimated that a small fraction (~10-5) of such muons could be diffused to angles larger than 30, corresponding to ~ 200 Hz of muons reaching the tracker and calorimeter. Fortunately, most of these events are prompt and are eliminated by the beam extinction, but there is a small probability that a few could survive,e and resulting in background to the experiment. It is possible to combine information from the tracker and the calorimeter to form a powerful /e discriminantte to reject any potential background from misidentified muons.

[image: ]The calorimeter can provide a powerful “standalone” means of separating muons from electrons based on the total energy deposition. A dedicated simulation was performed by firing 105 MeV/c - over the 5    5 crystal matrix described in Section.10.4. The resulting distribution of energy for the muons ranges from 44 MeV, corresponding to the kinetic energy lost by ionization, up to 65 MeV when nuclear remnants (n, p, ) from muon capture contribute. In Figure 10.29Figure 10.29 the evaluated /e rejection factors are reported shown as a function of the cut on deposited energy, for the case without (left) and with (right) application of the time window. A decrease of the rejection up to a factor five is observed when artificially deteriorating the calorimeter resolution (from 1 to 10 MeV). We obtain an /e rejection factor ranging from 80 to 400 with an energy cut of 100 MeV. An additional improvement factor between 3 to 5 is obtained when by applying the time window cut.

[bookmark: _Ref193286212]Figure 10.2910.29. Dependence of the /e rejection factor in the calorimeter as a function of energy threshold. The plot on the left is made without a cut on the signal timing window and the plot on the right is for events within the timing window.
Calorimeter Rates and Radiation Environment. 
One important requirement for the calorimeter is that it be able to survive the radiation environment expected in Mu2e. Dedicated studies of tracker and calorimeter rates have been reported in reference [12]. The main results are summarized here.


 The Mu2e GEANT4 simulation framework is used to produce single particle background sources and transport them through the detector. Typical statistical sample sizes are OO(107) events/background type, which is roughly what is expected for a micro-bunch. These studies were done for a 25 kW proton beam, based on an early configuration of Mu2e. The radiation dose results will be divided by 3 to account for the lower beam power that is now the Mu2e baseline (8 kW). The instantaneous rates remain unchanged, however, so the pile-up calculations require no modification. 

The radiation background is divided in two main categories: (a) activity associated with the flash that occurs in the first ~200 ns after the arrival of the proton pulse, and (b) activity due to the muons stopping in the target or in the muon beam dump. 

The radiation background is divided in two main categories: (a) activity associated with the flash that occurs in the first ~200 ns after the arrival of the proton pulse, and (b) activity due to the muons stopping in the target or in the muon beam dump. 

For the beam flash, the highest source of background are is electrons, positrons and gamma rays that contribute to an average rate/crystal of 9, 2 and 0.2 MHz, respectively. These rates are strongly reduced to 30, 70 and 40 kHz by the time of the live gate. The pileup contribution of due to the beam flash is small, and is highest on the calorimeter lateral edge pointing toward the target. We estimate single cluster pileup probabilities of 20% and 10% for positrons and gamma rays, respectively, with an average energy deposition of 300 keV and a large spread of values. The addition of thin lead sheets on the lateral edge of each vane will reduce this problem to a negligible level. 
 
	
Muon captures in the stopping target will produce neutrons and gamma rays that reach the calorimeter with estimated rates of ~300 kHz and 85 kHz, respectively. This corresponds to pileup probabilities of 40% and 20%, respectively. The average energy deposition from neutrons and gamma rays in the calorimeter is estimated to be 0.5 MeV and 0.7 MeV, respectively, with an RMS rms of 1.2 and 0.9 MeV.


From this simulation the dose/year along the calorimeter surface has been calculated, assuming a microbunch every 1700 ns for 107 sec/year.  For the beam flash, the maximum dose is  ~ 100 Gy/year at the calorimeter edge pointing towards the target (Figure 10.30Figure 10.30 - top) while 33, 16 Gy/year are expected in the bottom edge and front face, respectively. The maximum dose from the muon stopping target is from DIOs and protons that accumulate (Figure 10.30Figure 10.30 - bottom) in the innermost row and contribute a total dose of 40 Gy/Year. An additional 15 Gy/year is expected in the lateral edge due to neutrons from muon capture.  TAll of these calculations have been carried out with an old “transportation” code for neutrons and in the presence of a neutron absorber around the target. A more refined calculation of neutron related background is currently underway.
Calibration and monitoring methods
In order to provide a precise, independent crystal-by-crystal calibration, a relatively low energy source is desirable, but with an energy sufficiently high to be well above electronic noise. The 6.13 MeV photon line from 16O* is an ideal match to this requirement. Such an approach has been successfully used for routine weekly calibrations in the BABAR experiment [13], and we have drawn upon this experience for Mu2e. This system, shown schematically in Figure 10.31, is referred to as the “source calibration (system)”.
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[bookmark: _Ref193289602]
[bookmark: _Ref193510776][image: ]Figure 10.30. Radiation dose for a single microbunch distributed over a calorimeter vane due to the beam flash (left) and activity in the muon stopping target (right).
Figure 10.30. Radiation dose for a single microbunch distributed over a calorimeter vane due to `the beam flash (top) and activity in the muon stopping target (bottom).
Calibration and monitoring methods
In order to provide a precise, independent crystal-by-crystal calibration, a relatively low energy source is desirable, but with an energy sufficiently high to be well above electronic noise. The 6.13 MeV photon line that results from an oxygen transition is an ideal match to this requirement. Such an approach has bee successfully used for routine weekly calibrations in the BABAR experiment, and this experience is drawn on for application to Mu2e. This system is referred to as the “source calibration (system)”.

[bookmark: _Ref193510623]Figure 10.31. Schematic of the source calibration system.


The decay chain producing the calibration photon line is shown below:


[image: ]
Fluorine is activated with a neutron source, producing the 16N isotope. Theis 16N beta -decays with a half-life of seven seconds to an excited state of 16O, which in turn emits a 6.13 MeV photon as it drops to its ground state. 


     The source spectrum, as seen with a CsI(Tl) crystal (used in BABAR) with PIN diode readout is shown in Figure 10.32 Figure 10.31. There are three principal contributions to the overall peak, one at 6.13 MeV, another at 5.62 MeV, and the third at 5.11 MeV, the latter two representing escape peaks. It is important to note that all three peaks have well-defined energies and thusare all are useful in the calibration, providing both an absolute calibration and a measurement of linearity.

[bookmark: _Ref193289914]
Figure 10.31. Energy spectrum in a BABAR CsI(Tl) crystal irradiated with 6.13 MeV photons from an 16O* source [13]. Readout is with a PIN diode. The solid curve is a fit to the data, including Gaussian contributions at 6.13 MeV, 5.62 MeV, and 5.11 MeV, indicated by the dashed curves.
[image: ]The 
[bookmark: _Ref193510920]Figure 10.32. Energy spectrum in a BABAR CsI(Tl) crystal irradiated with 6.13 MeV photons from an 16O* source [13]. Readout is with a PIN diode. The solid curve is a fit to the data, including Gaussian contributions at 6.13 MeV, 5.62 MeV, and 5.11 MeV, indicated by the dashed curves.
The neutrons used to activate the fluorine are conveniently provided by a commercial deuterium-tritium (DT) generator. This device produces 14.2 MeV neutrons by colliding deuterons with a tritium target. Typical rates are several times 108 neutrons/second. The DT generator is surrounded with a bath of fluorine-containing material.


The fluorine, is in fluid form, so that it may beis circulated from its activation point to the crystals. There are many possible fluorine compounds available from the refrigerant industry, for example “Fluorinert FC77” [14], as which was used in BABAR.


The fFluid is stored in a reservoir. When a calibration run is started, the DT generator is turned on, as well astogether with a circulating pump. Fluid is pumped from the reservoir through the DT bath to be irradiated, and thence to the calorimeter. It is a closed systemThe system is closed, with fluid returning from the calorimeter to the reservoir. For an idea of the capabilities, in BABAR, the fluid is pumped at 3.5 l/s, resulting in a rate of approximately 40 Hz in each of 6500 crystals, where the crystals are approximately 12 m from the DT generator. A statistical uncertainty of 0.35% is obtained in 30 minutes [13] (this was later reduced to under ten minutes [15]). 



In BABAR, thin-walled (0.5 mm) aluminum tubing,  (3/8  inch diameter,) is used to transport the fluid across the crystals. The tubing was flattened to meet space constraints. One millimeter of Al is 1.2% of a radiation length. This material was in front of the BABAR crystals, as well aswas an additional 2mm of Al for the structural support of the tubes. Simulations are underway to determine the effect of locating source calibration material in front of the calorimeter. Unlike The BABAR system was designed after the calorimeter design had been finalized. , Mu2e has the advantage of designing the calibration system concurrently with the calorimeter;r, and there are variousseveral options therefore that can be pursued toexist to minimize the material as neededin the system, including better integration with the calorimeter structure and/or using carbon fiber for structural support. Another possibility is to locate the source behind the calorimeter, instead of in front, thus reducing the material to zero. 
 

     We plan to monitor, in a more continuous way than with the source, the variations of the crystal optical transmittance and of the APD gains by means of a Laser system, following a scheme similar to the one used for the CMS calorimeter [16]. To achieve this goal, we need to illuminate each crystal with blue and red light alternatively by transporting it, with optical fibers, in to the back of each LYSO crystal. A schematic diagram of the overall system is shown in Figure 10.33Figure 10.32. Two high- precision pulsed Lasers lasers will funnel light in a integrating sphere of 2” diameter through a dichroic prism outside of the DS. From each output channel of the sphere, a group of six 1 mm diameter fused silica fibers (BigFiber) will bring the signals inside the DS and back to a reference crate where PIN diodes will monitor the change of the calibration signal. Inside the DS, each BigFiber will send light inside an integrating sphere that uniformly distributes light over a bundle of 150 smaller size fibers ( 200 um diameter core). Four of such bundles will serve a vane, For each bundle there will be 121 fibers arriving to the back of the crystals and 4 fibers used as a reference; the rest will work as a sparebe spares. 
[bookmark: _Ref199585536][image: ]Figure 10.33. A schematic diagram of the calorimeter laser monitoring system that distributes laser light to each individual crystal.


[bookmark: _Toc166637450]Alternatives to the Proposed Design 
During the process of developing the conceptual design, several alternative designs have been considered. The most attractive is the alternative disk geometry., Tthe others, PWO-2 crystals and large area SiPMs are still under consideration.
Disk Disk geometry
The baseline vane geometry for the calorimeter of Mu2e is actually derived from the MECO experiment. MECO also relied onhad a  vane-based tracker geometry (L-tracker), which has been replaced in Mu2e by the planar T-tracker. It is then natural to explore calorimeter geometries for Mu2e to see whether improvements over the vane geometry are possible as well. The most promising direction appears to be a design based on two disks, spaced apart by one half wavelength of the conversion electron helical trajectory. This design provides improved reconstruction efficiency per unit volume of crystals and can reach absolute efficiency values higher than the vane geometry. Figure 10.34 sFigure 10.33 shows a the nominal placement of the two disk calorimeter placed downstream from the 
T-tracker.

[bookmark: _Ref193290366]Figure 10.32. A schematic diagram of the calorimeter laser monitoring system that distributes laser light to each individual crystal.
We now proceed to optimize the two disk configuration. Figure 10.35 Figure 10.34 shows that the angle of incidence of conversion electron tracks on the disks that is similar to the angle of incidence on the vanes. Thus appropriate clustering algorithms and crystal thickness optimization should be similar for the two options.


[image: :Screen shot 2012-03-14 at 9.36.40 AM   Mar 14.png]      We assume that the inner radius of the disks is the same as that for the vanes: 36 cm. The outer radius of the two disks does not have to be identical. Figure 10.36 Figure 10.35 shows the reconstruction efficiency for conversion electrons as a function of the separation between front faces of the two disks, for an outer radius of the near disk of 70 cm, and three choices of outer radii for the far disk. 
[bookmark: _Ref193510951]Figure 10.34. Two disk calorimeter configuration in position downstream of the tracker.
[image: :Screen shot 2012-03-14 at 9.36.48 AM   Mar 14.png]
[bookmark: _Ref193510981][bookmark: _Ref193296333] Figure 10.33. Two disk calorimeter configuration in position downstream of the tracker.Figure 10.35. The angle of incidence of conversion electron tracks on calorimeter disks.
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[bookmark: _Ref193511043]Figure 10.36. The reconstruction efficiency for conversion electrons as a function of the longitudinal separation between the front faces of the two disks, for an outer radius of the upstream disk of 70 cm, and three outer radii for the downstream disk. Figure 10.34. The angle of incidence of conversion electron tracks on calorimeter disks. 
An outer radius of 70 cm produces an efficiency of 84%, after fiducial cuts, at a disk separation of 80 cm. Reducing the outer radius to 65 cm lessens the efficiency to 83%, but uses a substantially smaller volume of crystals. This is a substantial efficiency gain over the maximum vane efficiency of 78% for four tilted vanes, albeit with an increased crystal An outer radius of 70 cm produces an efficiency of 84%, after fiducial cuts, at a disk separation of 80 cm. Reducing the outer radius to 65 cm lessens the efficiency to
 83% but uses a smaller volume of crystals. This is a substantial efficiency gain over the maximum vane efficiency of 78% for four tilted vanes, albeit with an increased crystal volume. It should be noted, however, that the maximum reconstruction efficiency for the disk 
This is demonstrated in Figure 10.37, which compares the reconstruction efficiency for a variety of four vane and two disk configurations of differing volume. The disks are shown as blue circles, the vanes as red squares. Clearly, at any given crystal volume the reconstruction efficiency of a two-disk design surpasses that of four vanes. In addition, it can be seen that the efficiency of a four vane design peaks at 78%, while the two disk design can achieve an efficiency of as much as 10% higher. 
[image: ]geometry always exceeds that of the vane geometry for a given crystal volume.
[bookmark: _Ref193296549]Figure 10.35. The reconstruction efficiency for conversion electrons as a function of the longitudinal separation between the front faces of the two disks, for an outer radius of the upstream disk of 70 cm, and three outer radii for the downstream disk. 
[bookmark: _Ref193511291]Figure 10.37.  This is demonstrated in Figure 10.36, which compares the reconstruction efficiency for a variety of four vane and two disk configurations of differing volume. The disks are shown as blue circles, the vanes as red squares. Clearly, at any given crystal volume the reconstruction efficiency of a two disk design surpasses that of four vanes. In addition, it can be seen that the efficiency of a four vane design peaks at 78%, while the two disk design can achieve an efficiency of as much as 10% higher. 
The nominal vane configuration is shown as a green star.
[bookmark: _Ref193296997]Figure T10.36. The reconstruction efficiency for a variety of four vane and two disk configurations  of differing volume. The disks are shown as blue circles, the vanes as red squares.
Since at the inner radius, there is a substantial background from DIO electron tracks, we have investigated the change in efficiency that results from increasing the inner radius of the disks and vanes by 3 cm, from 36 cm to 39 cm. The result is shown in shown in Figure 10.38. It Figure 10.37. It is clear that again, for a given volume, the disk design offers higher efficiency.
[bookmark: _Ref193511744][bookmark: _Ref193298033][bookmark: _Ref193297764][image: ]Figure 10.38. The reconstruction efficiency of several vane (squares) and disk (circle) configurations.Figure 10.37. The reconstruction efficiency of several vane (squares) and disk (circle) configurations.


While the obvious tessellation of a rectangular the plane of a vane is a square crystal face (we use 3  ×  3 cm2), the problem of tessellation of an annular disk is somewhat different. We have therefore considered the use of hexagonal faces, which provide a more natural tiling, as well as improved light collection efficiency. Figure 10.39 showscollection efficiency. Figure 10.38 shows an experimental study of light yield performed by the BABAR experiment on CsI(Tl) crystals [17]. The two crystals, one square and one hexagonal, had equal face areas, length and tapers. It can be seen that, due to the improvement in the average reflection angle compared to total internal reflection, the hexagonal crystal produces a 22% higher output, . This can be considered a bonus of the disk configuration.


The crystal volume also depends on the length of the crystals. If the crystal is not long enough to fully contain the shower, fluctuations in the leakage energy will influence the resolution. The non-normal incidence angle of the conversion electron tracks in either the vane or disk design is a help in this respect. The energy resolution for the disk system is similar to that for the vane; it is also clear that a crystal length of 11 cm suffices, representing a 15% reduction in volume over the original 13 cm long crystal design in either case.
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The crystal volume also depends on the length of the crystals. If the crystal is not long enough to fully contain the shower, fluctuations in the leakage energy will influence the resolution. The non-normal incidence angle of the conversion electron tracks in either the vane or disk design is a help in this respect. Also in the disk case, we find that the energy resolution is similar to what has reported for the vane and it is clear that a crystal length of 11 cm suffices, representing a 15% reduction in volume over the nominal design. 

[bookmark: _Ref193511520]Figure 10.39. BABAR results on light yield for a square and a hexagonal CsI(Tl) crystal of equal length and taper.
In choosing a hexagonal crystal size, there are three obvious choices: equal area, equal dimension across flats or equal dimension across points of the hexagon. Each choice has characteristics to recommend it. For the following, we have chosen hexagonal crystals that are 3 cm across flats. The crystal arrangement for the near disk, with an inner radius of 36 cm and an outer radius of 70 cm is shown in Figure 10.40. I Figure 10.39 It uses 1494 crystals. A far disk with an outer radius of 60 cm uses 954 crystals.

[bookmark: _Ref193299002]Figure 10.38. BABAR results on light yield for a square and a hexagonal CsI(Tl) crystal of equal length and taper.      
[bookmark: _Ref193300386]Figure 10.39. Tiling of the near disk annulus with hexagonal crystals that are 3 cm across the flats.
As of this writing, the main point that needs to be checked in the disk design is the tolerance of background, particularly for DIO events and for pileup with n and  produced in the muon capture process. Since the disk design sees the beam face on, it will have greater occupancy than the vane design, in which it is the edge that sees most of the background. This is currently being studied using the G4 framework.
PWO-2 Crystals
Lead tungstate, PbWO4, which has been used in the CMS, ALICE, PrimeX and PANDA experiments has been evaluated as an alternative to LYSO.  The light yield from standard lead tungstate is marginal at Mu2e energies.  The photon emission spectra have a maximum yield at 420 nm. The CMS experiment measured the light yield of lead tungstate with a standard bialkali photomultiplier tube with a quantum efficiency of ~20%, to be 8 - 12 p.e./MeV [18] for 23 cm long samples at room temperature. R&D carried out by the PANDA experiment over the past decade, in close collaboration with INP Minsk (Belarus) and the technical facilities at the Bogoroditsk Technical Chemical Plant (Russia), has led to the development of a new crystal, PWO-2, with a light yield that is double that of standard lead tungstate. The light yield was increased by improving the quality of the crystal structure and by modifying the lanthanum (La) concentration.  PANDA reports that over a large sample of crystals the light yield has been improved to 17 - 22 p.e./MeV [19]. 

[bookmark: _Ref193511792][bookmark: _Toc166637451]Figure 10.40[image: :Screen shot 2012-03-13 at 11.12.41 PM   Mar 13.png]. PWO-2 Tiling of the near disk annulus with hexagonal crystals that are 3 cm across flats.Crystals 

Lead tungstate, PbWO4, which has been used in the CMS, ALICE, PrimeX and PANDA experiments has been evaluated as an alternative to LYSO.  The light yield from standard lead tungstate is marginal at Mu2e energies.  The photon emission spectra has a maximum yield at 420 nm. The CMS experiment measured the light yield of lead tungstate with a standard bialkali photomultiplier tube with a quantum efficiency of  ~20%, to be 8 - 12 p.e./MeV [17] for 23 cm long samples at room temperature. R&D carried out by the PANDA experiment over the past decade, in close collaboration with INP Minsk (Belarus) and the technical facilities at the Bogoroditsk Technical Chemical Plant (Russia), has led to the development of a new crystal, PWO-2, with a light yield that is double that of standard lead tungstate. The light yield was increased by improving the quality of the crystal structure and by modifying the lanthanum (La) concentration.  PANDA reports that over a large sample of crystals the light yield has been improved to 17 - 22 p.e./MeV [18]. 

While the light yield of LYSO crystals has only a slight dependence on temperature, PWO-2 crystals have a strong dependence. Variations of 0.2%/C have been measured for LYSO; –2.5%/C variations have been measured for PbWO4. A LYSO crystal calorimeter can be operated at room temperature; for use in the 100 MeV regime, a PbWO4 crystal calorimeter must be operated at reduced temperature. 


In order to increase the functionality and the energy resolution at low energies, PANDA is designing a calorimeter that will operate at -25C. The benefits are three-fold:


· The light yield doubles, but is still less than 1% that of LYSO.
· A cooling system provides a means of regulating the crystal temperature to 0.1 C to reduce variations in light output.
· The same cooling system can also be used to cool the APDs to increase their gain and reduce the noise.
· 

The design for the alternative PbWO4-based Mu2e calorimeter would be similar to the design for PANDA; PWO-2 crystals, cooled to -25 C, with APDs and read out with APDs,  deployed in 4 vanes. 


The limiting factor in resolution for a PbWO4 calorimeter will be the electronic noise, which is expected to be of O (1 MeV)/channel. The NYU group from MECO [20][19] built a system with two 3.0    3.0    13 cm3 PbWO4 crystals read out by means of two 13    13 mm2 RMD APDs and their own charge preamplifier, achieving an ENC of 0.7 MeV and a light yield of 38 p.e./MeV in a cosmic ray test. From these numbers, they estimated an energy resolution of 4.1 MeV at 100 MeV. Moreover, a more dedicated test with a 3    3 matrix of 20    20    200 mm3 PWO-2 crystals has been performed by the PANDA collaboration. At 100 MeV, they measure an energy resolution of 5.5 MeV (3.9 MeV) with the crystals cooled to 10 (-25) C when reading them out with conventional PMTs [5]. A slightly worse result, 7.5 MeV at -25 C, is obtained when reading out each crystal with a 10    10 mm2 APD [1][20].


The crystals must also survive and function normally in an expected radiation environment of 160 Gy (16 krad)/year/crystal., or 2 – 3 rad/h/crystal. Many measurements have been carried out on radiation damage of these crystals by the PANDA collaboration [5]. The ionizing radiation creates a variety of color centers in the crystal with absorption bands in a wide spectral region. Figure 10.41 Figure 10.40 shows shows the light output for cooled and room temperature crystals. A loss of ~ 30% in two months of running could be extrapolated from this plot for the Mu2e calorimeter. 
[image: ]
[bookmark: _Ref193512061]Figure 10.41. Relative change of light output for two samples of PWO-2 at room temperature and at -25C, for two different doses.
When the irradiation stops, a spontaneous relaxation of the color centers takes place via thermo-activation, the recovery effect being slower in cooled than in room temperature crystals (from a few days to many weeks). The reasoning is that the thermo activation is a function of temperature as: 

[image: ]
where Ni, N0 are the current and initial population of color centers, wi the spontaneous relaxation probability, bj the interaction of a photon with the color centers, and Ij the flux of a specific photon wavelength. To recover the light output for a cooled crystal, it is  therefore possible either to warm them up, which is not a simple operation in a large size detector, or to inject energy in the appropriate way. A practical method, being developed for the PANDA calorimeter, uses the principle of “stimulated recovery”  by delivering photons of selected wavelength to the crystals. In Figure 10.42 the rIn Figure 10.41 the recovery time of the light output as a function of LED wavelength is shown for samples irradiated with 30 Gy, and a typical LED intensity of O (1016 photons/second). Even infrared light can fully recover the losses in 1-2 days of “stimulation”. This suggests that this procedure could be used to recover light output while the calorimeter is taking data.
[bookmark: _Ref193512106][bookmark: _Ref164761361][bookmark: _Toc166231959]Figure 10.42[image: ::Screen shot 2011-05-19 at 4.36.22 PM   May 19.png]. Stimulated recovery of PWO-2 crystal as a function of LED illumination time. The crystal  had been exposed to 30 Gy prior to exposure to laser light. The recovery is shown for different wavelengths of light.
Large Area Silicon Photomultipliers (SIPMs)
The second option is to replace the APDs with the new generation large area silicon photomultipliers (SIPM). The SIPM, or Geiger-APD, is a digital device containing a matrix of APDs working in Geiger Mode. Large gains are reached for these devices, of 
O(106), with functionality close to a conventional PMT. The dark noise of a SIPM is a general concern when running with many pixels. Non-linear response and saturation problems related to the digital nature of the device are additional concerns.  A few large area SIPMs have been tested, including the Hamamatsu MPPC with a 6  6 mm2 active area and an SMD device (4  4 mm2) from IRST/FBK (Trento, Italy). The gain has been tested along with the time resolution and rate-dependence when coupled to a LYSO crystal excited with a UV LED. A beam test of a new matrix prototype equipped with Large Area SIPMs is being planned. The results will be compared with beam test measurements already made on an array equipped with APDs. 

The second option is to replace the APDs with the new generation large area silicon photomultipliers (SIPM). The SIPM, or Geiger-APD, is a digital device containing a matrix of APDs working in Geiger Mode. Large gains are reached for these devices of O (106) with functionality close to a conventional PMT. The dark noise of a SIPM is a general concern when running with many pixels. Non-linear response and saturation problems related to the digital nature of the device are additional concerns.  A few large area SIPMs have been tested, including the Hamamatsu MPPC with a 6  6 mm2 active area and an SMD device (4  4 mm2) from IRST/FBK (Trento, Italy). The gain has been tested along with the time resolution and rate-dependence when coupled to a LYSO crystal excited with a UV LED. A beam test of a new matrix prototype equipped with Large Area SIPMs is being planned. The results will be compared with beam test [image: ] measurements already made on an array equipped with APDs.
[bookmark: _Ref193302759]Figure 10.40. Relative change of light output for two samples of PWO-2 at room temperature and at -25C, for two different doses.
[bookmark: _Ref193337695]Figure 10.41. Stimulated recovery of PBO-II crystal as a function of LED illumination time. The crystal had been exposed to 30 Gy prior to exposure to laser light. The recovery is shown for different wavelengths of light.


[bookmark: _Toc166637453]ES&H
The Mu2e calorimeter is similar to other crystal calorimeters that are commonly used at Fermilab. Potential hazards include power systems, mechanical hazards, lead exposure, and toxic fumes. These hazards have all been identified and documented in the Mu2e Preliminary Hazard Analysis [23][22].

The Mu2e calorimeter includes both low and high voltage power systems. During normal operation the calorimeter will be inaccessible, inside the enclosed and evacuated Detector Solenoid. Power will be distributed to the calorimeter through shielded cables and connectors that comply with Fermilab policies.  Fermilab will review the installation prior to operation.  


The size and weight of individual assembled vanes and the fully assembled detector require special precautions during handling. Explicit procedures for safely handling individual crystals as well as assembled arrays will be developed as part of a series of time-and-motion studies.


Lead sheets will likely be used for shielding the inner edge of the calorimeter from low energy photons. Standard handling precautions including PPE, ventilation, and disposal will be implemented for the use and handling of lead.  Help and guidance will be provided by the Division ES&H group. The lead will be deployed inside of the evacuated Detector Solenoid during operation and will not be easily accessible once installed. 
 

Small quantities of adhesive will be used in various applications including the attachment of photo detectors to crystals.  Ventilation appropriate for these quantities will be installed in the assembly area and personnel working with adhesives will wear the appropriate personal protective equipment.


A laser could be used as a calibrated light source for the calorimeter.  Lasers used for detector calibration will be completely enclosed in light-tight boxes that occupy permanent locations in the Mu2e detector hall.  These locations will be identified during the design process and appropriate safety measures (e.g. control of exposed beams) will be incorporated into the design of the facility.  All uses of lasers will be reviewed and controlled as required in national consensus standards and Fermilab regulations. Lasers will require written operating procedures. 

The source system includes a deuterium-tritium (DT) generator to activate a fluorinated liquid that is circulated to the crystals. The half-life of the activated liquid is 7  seconds, hence it is not a substantial concern when the DT generator is not operating. The DT generator produces 14 MeV neutrons at a rate of ~ 109/sec. Operation of the source will be done remotely, in a no-access condition. The DT generator itself will be shielded according to Fermilab regulations. The shielding will be interlocked such that the DT generator cannot be operated if the shielding is not in place. A reservoir capable of holding the entire volume of fluid will be installed.  Operation of the system is anticipated to occur approximately weekly. In the event of a fluid leak, the maximum exposure will be computed; the number for the similar BaBar BABAR system is a maximum integrated dose of less than 1 mrem. A detailed hazard analysis will be performed in collaboration with Fermilab ES&H.
[bookmark: _Toc166637454]Risks 
There are several risks that could jeopardize the success of the calorimeter subproject. The risks as well as potential mitigation strategies are described below.


There is a risk that deliveries of crystals from vendors could be delayed.  To mitigate this risk the crystal procurement should begin as early as possible.  This requires the crystal specifications to be finalized as early as possible. There is a preference for multiple producers to help mitigate this risk. Close communication with crystal vendors will be required to obtain crystals that meet the specifications in a timely fashion. 


The radiation hardness of lead tungstate crystals is a serious concern. If lead tungstate is ultimately selected the calorimeter will be shielded with lead on the side nearest the beam to minimize the dose from prompt-photon flashes and a stimulated recovery system using infrared light will be deployed.


Neutrons incident on the APDs could increase the dark current, deteriorating the calorimeter’s performance. The radiation hardness of candidate APDs to neutrons will be evaluated and the potential benefit of cooling the APDs to improve the radiation hardness will be evaluated. 


      Accidental hits in the calorimeter due to a flux of neutrons or albedo from the beam stop could add (pileup) unwanted energy to a cluster, deteriorating the energy resolution of the calorimeter. Events of this type will be simulated to understand the optimal detector granularity and to determine if the pileup can be identified in the offline reconstruction of the shaped signals.
[bookmark: _Toc166637455]Quality Assurance
For a calorimeter of such a complexity, quality assurance (QA) is a fundamental part of the procurement, fabrication and assembly phases. Quality Assurance will be applied to all components and subsystems and will build on the relevant experience from the CMS and PANDA calorimeters. Expertise in the construction of the KLOE-2 calorimeter upgrade, as well as the BABAR and SuperB calorimeters also exists within the Mu2e Collaboration.


Given the cost of the scintillation material a three-step QA procedure will be followed for all of the received crystals:

1. QA at the site of production: 
Crystals will be tested at the vendor site before they are shipped to Mu2e. A test station will be provided to the vendor along with a set of specifications that each crystal must pass before it can be shipped. The test station will consist of a light tight box and a stepping motor assembly for moving a radioactive source (137Cs) along the crystal axis.  The crystal response will be measured at several locations along its axis to determine the uniformity and light yield. The crystals will be optically connected to a 2 inch bialkali PMT readout by a PC controlled data acquisition system.

2. QA upon receipt by Mu2e: 
Mu2e will repeat the QA tests performed by the vendor for each delivered crystal using an identical test station. The biggest difference will be to measure the longitudinal uniformity both with PMT and APD in final readout configuration. Additional tests will also be performed, including a measurement of the crystal transmission properties by illuminating the front face with a tungsten lamp [3]. The dimensions of the crystals will also be measured. All measurement will be carried out in a temperature-controlled environment. Final crystal acceptance will be based on the tests made by Mu2e.  At the end, we will have two test stations, one in Caltech and one in Italy or at FNAL in order to share the work on testing the large sample of crystals. We will also export much of our techniques to the final provider(s) for an agreed QA system.

3. Radiation Hardness testing: 
If lead tungstate crystals are used for the Mu2e calorimeter, it will be necessary to measure their radiation hardness and recovery time. Gamma irradiation will be performed, similar to what has been done by the LHCb experiment, using a high-intensity 137Cs source either in Italy at La Casaccia or in at Caltech where a motorized source is already available.  Neutron irradiation can be performed at JINR, Dubna. The recovery time will be measured for each crystal. If LYSO is selected we will control the radiation hardness only in a sampled way along production  of the  crystals. 

QA of the photo sensors will include a measurement of the gain and its dependence on temperature and bias voltage. The APDs will be illuminated by blue and red Laser light and we will test with final preamps: the Gain and the Dark rate dependence on Temperature and bias voltage; the ENF as a function of  bias voltage and the NCE. A light distribution system will allow to fire OO(5) APDs at a time. We will add also a UV LEDled firing a crystal to test the LED with the final shape, a calibrated light attenuator to make linearity tests of the device and a Keytley Keithley ampere-meter for current measurement. The system will be in a tight controlled T temperature environment.


The preamplifiers and HV boards will be validated using standard bench test measurements of amplification and noise. A burn-in test of the HV board will be also employed.


A final test will be performed on crystals that have been fitted with APDs and readout electronics before they are inserted into a vane. The response of each individual assembly will be tested with a radioactive source. A system test will be performed on the assembled calorimeter using cosmic rays prior to installation in the Detector Solenoid.
[bookmark: _Toc166637456]Value Management
Value management for the calorimeter will consist of a careful examination and validation of detector requirements coupled with an alternative analysis of engineering and design choices with special attention to cost.  The choice of crystal drives much of this work.


An R&D program in conjunction with industrial crystal growers to reduce the cost of LSO/LYSO crystals is envisioned. Mu2e, SuperB and CMS are all interested in LSO/LYSO crystals and plan to collaborate on this R&D.  If the cost can be reduced to be relatively competitive with lead tungstate then the various tradeoffs will have to be evaluated for the two applications. LSO/LYSO does not require a cooling system, though the APDs may still require cooling to reduce noise. The tradeoff between a combined cooling system and a dedicated system for the APDs would have to be evaluated in detail for cost savings. From the perspective of light output, only 1 APD per crystal would be required for a LYSO calorimeter, but two APDs per crystal are still desirable for redundancy (and hence reliability) and to effectively deal with the nuclear counter effect from the large neutron flux.  The increased light output allows for simpler front end electronics.  Operationally a LYSO calorimeter would provide significant benefits because of the radiation hardness and the absence of rate-dependent light output issues.


Should low-cost, large-area SiPMs that meet Mu2e’s specifications become available in the future they would be considered for use with the calorimeter.  The inherent gain and lower noise of SiPMs might allow for a simpler design of the front end electronics.

R&D program
R&D to evaluate crystals for Mu2e started 2 years ago. The final phase of that R&D program is to test and characterize a reasonable sample size of crystals from different vendors. These crystals would also be used to test electronics and mechanical prototypes and would be used to develop QA stations that would be used to qualify the production crystals. The QA stations will be automated and designed to test ~5 crystals at a time, similar to the QA stations developed for the CMS crystals [3]. The Longitudinal Response Uniformity (LRU) will be measured with both with PMT’s and APD’s; the latter with the final readout in order to take into account the correct dependence of the quantum efficiency on the emitted wavelength. The construction of the QA station will be progressive, starting from a manual test station that evaluates a single crystal to an automated system that can process several at a time. 


The “roughness” technique, developed for the SuperB tapered crystals, will be evaluated as a means of improving the LRU. The procedure for exposing crystals to both gamma rays and neutrons and evaluating their radiation hardness will also be developed. Radiation hardness tests will be performed on samples provided by every vendor. 

A parallel R&D effort will continue the characterization of photodetectors by acquiring and testing O(100) photo-sensors of the final size that can later be reused with prototype crystals for beam tests. A dedicated QA station is required that will evolve, similar to the crystal QA station, starting with a simple device that tests a single APD. The final QA station will be automated and will test multiple photosensors.  Tests of the Nuclear Counter Effect (NCE) will be performed by exposing the APD to a 90Sr source and comparing APD and PIN diode signals.  Neutron irradiation tests will be carried out at the JINR Institute in Dubna, while gamma irradiation tests will be carried out at Caltech and at LNF.  Dependence of the radiation hardness on the APD temperature will be also evaluated.


R&D on electronics will focus on development of a low noise amplifier that is well matched to a suitable Wave Form Digitizer. Tests will be carried out on the noise level, signal shape and pileup discrimination. 


The large area SiPM alternative will also continue to be studied. for large area SIPMs. From simulation results, it is clear that pixel sizes below 25 m are needed in order to obtain the required linearity. A dedicated R&D program has been developed by INFN and JINR, in collaboration with the Italian firm IRST/FBK to produce and test OO(30) 8    8 mm2 large area SIPM’s and compare them with few samples of the best 6    6 mm2 SIPM’s from Hamamatsu, either in monolithic or array packaging. The best performing devices will be used to read out a prototype crystal matrix. This will allow the linearity and energy response to be characterized at a test beam.


R&D on the mechanical support for the crystals will lead to the development of a prototype vane. Two square matrices that each support a 5    5 array of crystals will be constructed and tested.  The impact of various wrapping materials on the crystal light yield will be studied by comparing Tyveck with diffusing paint on the inner walls of the carbon fiber cells. Systems for mechanical support of the APDs and the light calibration system will also be tested. The modules will also be tested in a temperature controlled environment as well as in a vacuum, to simulate the Mu2e environment and to ensure that there are no unexpected problems.
 

 Prototypes for the light and source calibration systems will also be developed and evaluated. A small part of the laser light distribution system will be assembled and the light losses along the distribution chain will be measured to optimize the required laser power, the diffusing sphere and the connectors. The source calibration system requires a minimum amount of material between the tube carrying the fluorinated liquid and the crystal. Prototypes will be developed to evaluate tubing and coupling to the crystal. 


The two modules described above will be exposed to photon and electron test beams. This will provide a format for testing all of the prototype parts in a realistic setting.
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