9-78
		Mu2e Technical Design Report
9-1
Chapter 9: Calorimeter
Calorimeter
Overview
The design of the Mu2e detector is driven by the need to reject backgrounds to a level consistent with a single event sensitivity for  → e conversion of the order of 3  10-17.  The calorimeter system is a vital link in the chain of background defenses. A background of particular concern is false tracks arising from pattern recognition errors that result from high rates of hits in the tracker.  The accidental hits could combine with, or obscure, hits from lower energy particles, to create a trajectory consistent with a higher energy conversion electron. Thus a primary purpose of the Mu2e calorimeter is to provide a second set of measurements that complement the information from the tracker and enable us to reject background due to reconstruction errors. Another source of background is cosmic ray muons, not vetoed by the CRV system, that stop in the calorimeter and produce a backward-going electron track within the 105 MeV acceptance window. A calorimeter with excellent time resolution can reject such tracks.

The energy resolution of a crystal calorimeter complements, but is not competitive with, that of a 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 [1].

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 of ~1 nanosecond.  A calorimeter timing resolution of < 1 ns is consistent with the tracker and can be easily achieved.
Design concept
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 the latter.  Two types of crystals have been considered in detail for the Mu2e calorimeter: lutetium-yttrium oxyorthosilicate (LYSO) and barium fluoride (BaF2). The baseline design selected for the Mu2e calorimeter uses an array of BaF2 crystals arranged in two annular disks.  Electrons following helical trajectories spiral into the front faces of the crystals, as shown in Figure 9.1. Photo-detectors, electronics and services are mounted on the rear face of the disks.  The crystals are of hexagonal shape, 33 mm across flats and are 200 mm long; there are a total of 1860 crystals. Each crystal is read out by two large-area APDs; solid- state photo-detectors are required because the calorimeter resides in a 1 T magnetic field.  Front-end electronics is mounted on the rear of each disk, while voltage distribution, slow controls and digitizer electronics are mounted behind each disk. A laser flasher system provides light to each crystal for relative calibration and monitoring purposes. A circulating liquid radioactive source system provides absolute calibration and an energy scale. The crystals are supported by a lightweight carbon fiber support structure.  Each of these components [image: ]is discussed in the sections that follow.

[bookmark: _Ref261793999]Figure 9.1. The Mu2e calorimeter consisting of an array of BaF2 crystals arranged in two annular disks.  Electrons spiral into the upstream faces.
Requirements
The requirements for the calorimeter have been documented by the Mu2e collaboration [2]. The primary functions 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. Moreover, the calorimeter should also provide the experiment’s trigger. This leads to the following requirements:

· An energy resolution of 5% at 100 MeV is desirable to confirm the electron momentum measurement from the tracker, which is much more precise.
· A timing resolution better than ~ 0.5 ns is required to ensure that energy deposits in the calorimeter are in time with events reconstructed in the tracker.
· A position resolution better than 1 cm is necessary to allow comparison of the position of the energy deposit to the extrapolated trajectory of a reconstructed track. 
· The calorimeter should provide additional information that can be combined with information from the tracker to distinguish muons from electrons.
· The calorimeter must provide 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 20 Gy/crystal/year and for a neutron flux equivalent to 1011 n_1MeV eq /cm2.

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 calorimeter group [2], as well as other experiments operating in a similar energy regime [1], has achieved an energy resolution of 5% at 100 MeV.
Performance – meeting the requirements
[image: ]To provide a guide for this discussion, a large sample of DIO events (25 × 106) has been simulated in the momentum range of 100 - 105 MeV/c. The DIO sample has been produced with the expected energy spectrum and normalized to the expected rate for a 3 year run. 105 conversion electrons (CE) were also produced and normalized to the number of events expected for a -N → e-N conversion rate of 10-16. For each simulated event, tracks and clusters have been reconstructed with the official Mu2e framework that also estimates their momenta p and deposited energy E. For the purpose of this test, perfect reconstruction is assumed, so pileup of background hits in track and cluster reconstruction have not been included. Figure 9.2 shows the distribution of energy and momentum for DIO and CE events together with the integral of CE events (for a BR of 10-16). 
[bookmark: _Ref261855416]Figure 9.2. Energy (left) and momentum (right) distribution for DIO and CE events. DIO spectrum is in blue while CE spectrum is in red. Perfect reconstruction and no additional hits due to overlap from backgrounds are assumed.
To use this information to discriminate against the DIO background, a pseudo-2 variable, 2 = signed((p-p)/p)2 + signed((E-E)/E), has been developed where  is the most probable value and  represents the FWHM/2.35, respectively. The sign +(-) is assigned to events above (below) the most probable values. In Figure 9.3 (left), the distribution of  is shown for the DIO and CE events. Cutting at 2 < 3.5, as indicated in the picture, results in NDIO=0.23 and NCE=4.11, respectively. These results have to be compared with NDIO=0.15 and NCE=4.9, estimated by using tracker-only information. In Figure 9.3 (right), the scatter plot of ptrk vs. E is shown after the application of this cut. It is evident that the requirement of energy information does not improve the S/N while reducing the efficiency by ~20%. The situation becomes slightly worse as energy resolution deteriorates. A summary of these results is reported in Table 9.1, where additional [image: ]Gaussian smearing has been added to the simulated calorimeter resolution. 
[bookmark: _Ref261856839]Figure 9.3. Distribution of the  variable described in the text (left), scatter plot of p vs E for events with  < 3.5 (right).
In Figure 9.4, the momentum distributions for CE+DIO events selected by the tracker are compared with the ones obtained with the combined information; the left (right) plot displays the case for an energy resolution of 2.1%, (3.1%) respectively. We conclude that the combined information does not improve the signal-over-noise ratio and slightly reduces the tracker-based reconstruction efficiency. However, it adds a confirmation to the CE candidate in case of a wrong track reconstruction. 

The tracker and calorimeter hits produced by the same particle should be close in time.  The calorimeter timing resolution should be comparable to the time resolution of extrapolated tracks from the tracker, estimated to be ~0.5 ns. A calorimeter timing resolution of about 0.5 ns is consistent with the tracker and will not spoil the joint calorimeter track performance.  The requirement on the calorimeter’s position resolution is based on the error associated with extrapolating a track from the tracker to the calorimeter, shown in Figure 9.5. There is no need for the calorimeter position resolution to be better than the extrapolation error, which is driven by multiple scattering in the tracker. Based on this study, a position resolution of 0.5 cm is sufficient.
[bookmark: _Ref261859303]
[bookmark: _Ref262571440][image: ]Figure 9.4. Momentum distributions for the CE candidate and DIO background for selections with the  variable (red histogram), additional track only candidate (green stacked histogram). DIO events are displayed in blue: the left plot is for a calorimeter resolution of 2.1%, the right one for 3.1%.

[bookmark: _Ref261859268][image: ]Table 9.1. Number of CE and DIO candidates after the application of a  cut at 3.5 as a function of the calorimeter energy resolution.
[bookmark: _Ref261866786][image: ]Figure 9.5. Distribution of the difference between tracks extrapolated from the tracker to the calorimeter vs. the true calorimeter position (left). The tracks were fitted with a Kalman filter and extrapolated to the calorimeter using the parameters of the reconstructed track. Shown on the left is the t(straw-cluster) distribution for  all hits (blue) and the CE related hits (red).
[image: ]The calorimeter timing information can be used by the cluster reconstruction algorithm in several ways. For the cluster reconstruction itself, good time resolution helps in the connection/rejection of cells to the cluster and in the cluster merging. This, however, depends strongly on the geometry and granularity choice, and will be discussed further after a presentation of the baseline detector layout. Timing information can also be used to improve the pattern recognition in the tracker Figure 9.6 and add discriminating power to the identification of  with respect to the electrons (PID).
[bookmark: _Ref261867320]Figure 9.6. Distribution of the hits in the tracker before (left) and after (right) the application of a timing window based on timing information in the calorimeter. The situation for the pattern recognition is dramatically improved.
Particle Identification and Muon Rejection
Cosmic rays generate two distinct categories of background events: muons trapped in the magnetic field of the Detector Solenoid and electrons produced in a cosmic muon interaction with detector material. According to the most recent studies of the cosmic background [4], after 3 years of data taking one could expect about 2.2 events in which negative cosmic muons with 103.5 < P < 105 MeV/c enter the detector bypassing the CRV counters and surviving all analysis cuts. To keep the total background from cosmics at a level below 0.1 events, a muon rejection of 200 is required (Section 10.2). Timing and dE/dx information from the Mu2e tracker allows for limited PID capabilities [6]. However for a muon rejection factor of 200, the efficiency of the electron identification based on the tracker-only information could be 50% or even below. The energy and timing measurements from the Mu2e calorimeter (see Figure 9.7) provide information critical for efficient separation of electrons and muons in the detector. The calorimeter acceptance has been optimized such that (99.4+/-0.1)% of conversion electron (CE) events with tracks passing “Set C” quality cuts have a calorimeter cluster with E > 10 MeV produced by the conversion electron. A reconstructed CE candidate event is therefore required to have a calorimeter cluster, pointed to by the track. A track-cluster matching match = (U/U)2 + (V/V)2+(T/T)2 is defined, where U and V are the track-to-cluster coordinate residuals in directions parallel and orthogonal to the track, and T is the difference between the track time extrapolated to the calorimeter and the reconstructed cluster time. The estimated resolutions are U = 1.5 cm, T = 0.8 cm, and T  = 0.5 ns. For the background occupancy level exepected in the Mu2e detector during the data taking, a requirement match <100 is 98% efficient for the expected CE signal. Events are also required to be consistent with the electron hypothesis such that they have |T| < 3 ns and E(cluster)/P(track)<1.15. After the cleanup cuts, the log likelihoods of the electron and muon hypotheses are defined: ln Le, = ln Pe,(t)+ln Pe,(E/P), where Pe,(t) and  Pe,(E/P) are t and E/P probability density distributions for electrons and muons correspondingly. These distributions are shown in . A ratio of the likelihoods of the two hypotheses ln (Le/L) = ln Le - ln L determines the most likely particle mass assignment. Figure 9.8 (left) shows the muon rejection factor plotted vs the CE identification efficiency for different background levels: CE only, CE plus nominal expected background, CE plus two times the expected background. For the nominal background expectation and muon rejection factor of 200, the electron identification efficiency is (96.5 +/- 0.1)%. This number includes the geometrical acceptance and efficiency of all cuts and demonstrates a high efficiency of the PID procedure. Figure 9.8 (right) shows dependence of the electron identification efficiency for different values of the calorimeter energy and time resolution in the range 0.02 < E/E < 0.2 and 0.05 < T < 1 ns. The value of the muon rejection factor is fixed at 200. One can see that in the expected operational range, E/E < 0.1 and T < 0.5 ns, the PID is robust with respect to the calorimeter [image: ]resolution, with the electron identification efficiency variations below 2% in this region of parameter space. 
[bookmark: _Ref272160501]Figure 9.7. Distributions of t (left) and E/P(right) for 105MeV/c electrons and muons used to build the PID likelihood.


Figure 9.8. (left) PID efficiency for CE vs. muon rejection for different background levels: no background, expected background, twice the expected background; (right) PID efficiency for CE for muon rejection factor of 200 and different assumptions about the calorimeter energy and timing resolution.
Calorimeter Trigger
The calorimeter system can also generate a fast, efficient trigger for the experiment that is independent of the tracker. This trigger will take the form of an offline HLT/L3-like filter that can be used after streaming the events to the online computing farm, but before storing data on disk. The DAQ will read events from the tracking and calorimeter digitizers at a maximum throughput of 20 GByte/sec (Table 12.4) and the online farm will be able to fully reconstruct nearly all the streamed data. The calorimeter filter should be able to help/improve the processing in the online farm while restricting the data stored to disk to a maximum of O(10) PB/year, i.e., to 2 kHz. 

The most important aspect of this filter is that it is fully independent of the tracker, with completely different systematics due to environmental backgrounds. The latter point is particularly important for smooth start-up of the experiment when running conditions will not be perfectly known. Indeed, while the overlapping hits in the tracker make pattern recognition difficult, a calorimeter-based filter that depends only on the applied energy threshold and will see the additional hits only as increased energy. This will translate to higher throughput for the background without substantially affecting the trigger efficiency. The offline application of the t HITS cut will/can also be used to speed up the tracker reconstruction.  

In [5], the study of the DIO rejection and signal efficiency for a simple calorimeter cluster-based trigger has been revised. In Figure 9.9, the DIO survival rate as a function of the trigger efficiency is shown for different values of energy resolution. It is clear that the requirement to bring down the data storage rate to 2 kHz while keeping a filter [image: ]efficiency of > 90% implies building a calorimeter with an energy resolution better < 7%.
[bookmark: _Ref261874362]Figure 9.9. DIO rejection versus calorimeter trigger efficiency for different calorimeter energy resolution. The two horizontal bands correspond to storage on disk at 600 Hz or 4 kHz.
Summary of Calorimeter System Parameters 
Table 9.2 collects the parameters of a calorimeter that meets the Mu2e requirements.

[bookmark: _Ref272160830]          Table 9.2. Summary of calorimeter parameters.
	Number of Disks
	2


	Disk  Inner and Outer Radius
	351 mm, 660 mm

	Crystal Type, density, X0, RM	X0, Rm
	BaF2, 4.9 g/cm3, 2.0 cm, 3.0 cm

	Crystal Shape 
	Hexagonal
 35 mm distance 


	Crystal Length
	180 (200) mm

	Crystal Transversal Area
	33 mm between parallel faces

	Total number of crystals Disk 1+2
	1860

	Crystal weight
	1 Kg

	Total scintillation mass
	2000 kG

	Number of APD/crystal
	2

	APD transversal dimension
	10x10 mm2

	Total number of APDs
	3720




	Total number of LV/HV boards
	240

	Total Number of Digitizers
	240


	Total number of preamplifiers
	3720

	Power Dissipation Preamp
	260 x 3720 mW = 967 W

	Power Dissipation LV/HV
	1 W  x 240  = 240 W

	Power Dissipation Digitizer
	10 W x 240 = 2400 W

	Distance between disks
	700 mm



The calorimeter system should also be radiation hard and have a cell occupancy at a level of 10-20%, in order not to impact the data acquisition. For the radiation hardness it is estimated [7] that the hottest region of the disks will get a dose of ~ 20 krad/year. The neutron fluence will be a few x 1011 n/cm2/year [8].

In summary, an energy resolution of ~5% is a reasonable goal for the calorimeter. A time resolution of better than 500 ps is required to be useful for PID, and a 0.5 cm position resolution is desirable for track matching. 
Crystals and Photosensors
Crystal baseline design
At the start of the Mu2e project, the crystal considered for the calorimeter was lead tungstate (PbWO4). The low light output required running the calorimeter at -25o C with very tight tolerances on the temperature stability, and the radiation dose dependence of the light output made for a difficult calibration problem. At the time of the Mu2e CDR, PbWO4 had been replaced with lutetium-yttrium oxyorthosilicate (LYSO) crystals.  LYSO is an excellent match to the problem at hand: it has a very high light output, a small Molière radius, 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. LYSO crystals are commercially available from Saint-Gobain, SICCAS (Shanghai Institute of Ceramics), SIPAT (Sichuan Institute of Piezoelectric and Acousto-optic Technology) and other producers. Despite an active R&D program at Caltech, in cooperation with SICCAS and SIPAT, aiming to reduce the commercial price of LYSO crystals, the large increase in Lu2O3 salt price over the past two years has made the cost of a LYSO calorimeter unaffordable. The only downside of LYSO is the cost, which is driven by the cost of the Lu2O3 salt. Manipulation of the price of rare earths by the Chinese government has over the past several years resulted in an increase of the price Lu2O3 of by a factor of more than three (see Figure 9.10). At current prices we have concluded that an LYSO calorimeter in unaffordable. We have therefore chosen barium fluoride crystals for the calorimeter baseline.

Table 9.3 shows a comparison of the properties of BaF2, LYSO, pure CsI and PbWO4. Several points are worth discussing. It is clear that LYSO is the superior alternative, based on radiation length, Molière radius and light output. BaF2 has much less light than LYSO, but much more than PbWO4, and does not suffer from rate-dependent light output. It also has a substantially larger Molière radius and radiation length, which are disadvantages. The emission spectrum of LYSO peaks at 402 nm, a wavelength compatible with APD readout. LYSO has a scintillation decay time of  = 40 ns; the optimal integration time of 200 ns is compatible with the expected signal and background rate. The greatest advantage of LYSO crystals is the relatively high light yield, which provides excellent energy resolution at room temperature. This greatly simplifies the calorimeter design. Temperature stability requirements are also substantially less stringent.
[bookmark: _Ref261875016][image: ]Figure 9.10. Market price of Lu2O3 as a function of time.

[bookmark: _Ref261875097]Table 9.3. Comparison of crystal properties for BaF2, LYSO, CsI and PbWO4.
	Crystal
	BaF2
	LYSO 
	CsI
	PbWO4

	Density (g/cm3)
Radiation length (cm) X0
	4.89
	7.28 1.14
	4.51
	8.28 
0.9

	
	2.03
	
	1.86
	

	Molière radius (cm) Rm
	3.10
	2.07 
	3.57
	2.0

	Interaction length (cm)
	30.7
	20.9 
	39.3
	20.7

	dE/dx (MeV/cm)
	6.5
	10.0 
	5.56
	13.0

	Refractive Index at max
	1.50
	1.82
	1.95
	2.20

	Peak luminescence (nm)
	220, 300
	402 
	310
	420

	Decay time   (ns)
	0.9, 650
	40
	26
	30, 10

	Light yield (compared to NaI(Tl)) (%)
	4.1, 36
	85
	3.6
	0.3, 0.1

	Light yield variation with 
temperature (% / C)
	0.1, -1.9
	-0.2
	-1.4
	-2.5

	Hygroscopicity
	None
	None
	Slight
	None



The much larger LYSO signals provide flexibility in the choice of photosensors and front-end electronics (FEE). There are several possible alternatives: (a) the use of a simple voltage amplifier in place of a charge sensitive amplifier and shaper. Our tests show that even a single APD/crystal can provide an ENC of 100 keV; (b) using the FEE together with a large APD can reduce the ENC due primarily to the APD leakage noise to ~30-40 keV; and (c) retaining the FEE developed for PWO-2 and reducing the APD size from 10  10 mm2 to 5  5 mm2 can keep 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 as close as possible 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).  Therefore, with LYSO there is no need any stimulated recovery mechanism and there will be no reduction of running time.

[image: ]Figure 9.11 shows the response 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 LRU (Longitudinal Response Uniformity) by scanning the crystal along its axis [2]. Control of the cerium concentration in the growing process has brought the longitudinal response uniformity in current production LYSO crystals to better than 2-3%.
[bookmark: _Ref261875743]Figure 9.11. Longitudinal response uniformity measurement for a Saint-Gobain crystal (left). Charge response to a 22Na source for a LYSO crystal readout by a PMT (right).
However, given the extraordinary expense of LYSO, it has been necessary to seek alternatives. Barium fluoride (BaF2) has been selected as the baseline scintillating crystal. As shown in Table 9.3, the light yield is much greater than PbWO4, although smaller than that of LYSO. The presence of a very fast scintillation decay time component at 220 nm (<1 ns) is very useful in background rejection, providing compensation for the larger shower size. If rates are not too high, it may be possible to use the larger slow component (650 ns) at 300 nm as well.

The emission spectrum of BaF2 is shown in Figure 9.12. The short wavelength of both the fast and slow scintillation components presents a difficult readout problem. Photomultiplier tubes with quartz windows and perhaps solar-blind photocathodes are well-matched to the BaF2 spectrum, but will not work in the field of the Detector Solenoid. Channel plate PMTs are at present far too expensive, although spinoffs from the LAPPD project are still being pursued. Our main thrust, however, is to use solid-state photosensors, either APDs, SiPMs or MPPCs, with extended UV response.
[bookmark: _Ref261876052][image: ]Figure 9.12. BaF2 emission spectrum. The fast component (900 ps) peaks at 220 nm. The slow component (650 ns) peaks at ~300 nm.
Photosensors
There are adequate photosensor candidates for BaF2 readout: typical large APDs have poor quantum efficiency in the BaF2 spectral region (see  (left)). However, APDs and MPPCs from Hamamatsu and RMD are made without the normal protective epoxy coating, and are therefore somewhat fragile, can have quantum efficiencies in the 200 nm region of ~17% (see  Figure 9.13 (right)), but do not discriminate between the 220 nm fast component and 300 nm slow component of BaF2. The presence of the slow component limits the rate capability of the calorimeter and can therefore be an issue in high rate conditions. 

There is a straightforward approach to both improving the photosensor quantum efficiency and the slow component discrimination, but one that requires some R&D. A Caltech/JPL/RMD consortium has been formed to develop a modified RMD large-area APD (Figure 9.14 (left)) into a delta-doped superlattice APD [9]. This device will also incorporate an atomic layer deposition antireflection filter [10] that will provide 60% quantum efficiency at 220 nm and ~0.1% efficiency at 300 nm, thereby enabling us to not only have a larger number of photoelectrons/MeV (×3), but also to take full advantage of the fast decay time component of BaF2. The greatly reduced undepleted region of this [image: ]device will also result in substantially improved rise time.
[bookmark: _Ref261876568][bookmark: _Ref272161161][image: ]Figure 9.13. Spectral response of a conventional Hamamatsu APD (left); Photon detection efficiency (PDE) as a function of wavelength for four SiPM prototypes (right).  The typical PDE values of the standard MPPC S10362-33-50C from Hamamatsu are shown for comparison. These measurements were performed at 25°C and include effects of cross-talk and after-pulses.
[bookmark: _Ref261877088]Figure 9.14. (left) A standard RMD 9x9 mm APD (left); QE versus wavelength for a CCD before and after delta-doping (right) [12]. The black line is the QE theoretical (1-R) limit.

Figure 9.14 (right) shows the response of a CCD imaging device whose response has been modified at JPL by delta-doping and the application of an antireflection (AR) filter. The improvement in the UV response over the basic front-illuminated CCD is evident. The same procedure will be applied to a large-area RMD APD, for which the Caltetch/JPL/RMD consortium has received an SBIR grant. Conventional RMD APDs will be thinned to remove the surface and undepleted region before the avalanche layer, and the superlattice structure and optimized antireflection coating will then be deposited at the JPL Microdevices Lab. Figure 9.15 shows the calculated QE response of the resulting APD as a function of wavelength. For a five-layer AR coating, the QE at the fast component of BaF2 is nearly 70%, and the extinction at the slow component wavelength is nearly complete. The greatly reduced undepleted region also improves the [image: ]time response of the device, as shown in Figure 9.16. 
[bookmark: _Ref261877967]Figure 9.15. Calculated response of 3, 5 and 7 layer combination Al2O3/Al interference filters on a Si substrate. The blocking ratios for 220 vs. 310 nm are 12:1, 400:1 and 15,000:1.
[bookmark: _Ref261878000][image: ]Figure 9.16. The rise times from two APDs, directly measured on a digital oscilloscope, while illuminated with a pulsed 405 nm laser. The red trace is the thinned APD (FWHM ~ 1.5 ns) while the orange trace is a standard APD (FWHM ~ 150 ns).
Radiation Hardness
Four scintillating crystals, cerium doped lutetium oxyorthosilicate (Lu2SiO5:Ce, LSO) [11] or lutetium yttrium oxyorthosilicate (Lu2(1−x)Y2xSiO5:Ce, LYSO) [12], barium fluoride (BaF2) and pure CsI [13] are under consideration by the Mu2e experiment to construct a crystal electromagnetic calorimeter. Mass production capability exists in industry for all four crystals.

All known crystals suffer from radiation damage. There are three possible damage effects in crystal scintillators: (1) damage to the scintillation-mechanism, (2) radiation-induced phosphorescence and (3) radiation-induced absorption [14]. A damaged scintillation mechanism would reduce scintillation light yield and light output, and may also change the light-response uniformity along the crystal if the dose profile is not uniform along the crystal. Radiation-induced phosphorescence (commonly called afterglow) causes an increased dark current in photo-detectors, and thus an increased readout noise. Radiation-induced absorption reduces light attenuation length and thus light output. It may also change light-response uniformity if light attenuation length is shorter than twice the crystal length [14].  No scintillation-mechanism damage was observed in crystals listed in Table 9.3. The main radiation damage in these crystals is radiation-induced absorption, or color-center formation. Radiation-induced color centers may recover at the application temperature through color-center annihilation, leading to a dose-rate dependent damage [14]. If so, a precision light monitoring system is mandatory to follow variations of crystal transparency in situ. Radiation-induced absorption in all of the crystals listed in Table 9.3 does not recover at room temperature, and is thus not dose-rate dependent. Radiation-induced damage in these crystals was measured for samples grown recently with a length long enough for the Mu2e calorimeter application. Both transmittance and light output were measured. Radiation damage in these crystals manifests itself as a loss of transmittance and light output as a function of the integrated -ray dose.
Radiation dose in crystals
The expected dose deposited in each crystal is estimated using the full Mu2e simulation, which includes contributions from particles produced by the beam flash, electrons from muons decaying in orbit, neutrons, protons, and photons. The dose per year is shown in Figure 9.17 for the front and back disks. The average dose is around 3 kRad/year (0.5 kRad/year) in the front (back) disk, increasing to 15 kRad/year for the innermost crystals of the front disk. 

Figure 9.18 shows the dose from neutrons originating from the beam flash and from the stopping target incident on the calorimeter disks together with the total dose as a function of radial position on the disk.

[bookmark: _Ref262889421][image: ]Figure 9.17. Expected dose in each crystal of the front (left) and back (right) disks. The dose is given in kRad/year.
[bookmark: _Ref272162696]Figure 9.18. The dose from neutrons, from the beam flash and from the out of the target (OOT) particles incident on the first (left) and second (right) calorimeter disks, together with the total dose, as a function of radial position on the disk. The units are 1 MeV/year/cm2.
[image: ]Radiation damage in LSO/LYSO
Because of their high stopping power (X0 = 1.14 cm), bright (4 times BGO) and fast (τ = 40 ns) scintillation light LSO/LYSO crystals have attracted broad interest in the HEP community. Their radiation hardness against γ-rays [15], neutrons [16] and charged hadrons [17] has been thoroughly studied. As a result of these studies, LSO/LYSO crystals have been considered by the Mu2e and SuperB experiments for use in their total absorption calorimeters. A LSO/LYSO crystal Shashlik sampling calorimeter is also proposed for future HEP experiments in severe radiation environments, such as the CMS endcap calorimeter upgrade for the proposed HL-LHC [18]. As stated above, radiation damage in LYSO does not recover at room temperature and is thus not dose rate-dependent, but can be repaired by thermal annealing [15].  

[image: ]Figure 9.19 shows the longitudinal transmittance spectra (left) and the normalized light output (right) measured by a XP2254 PMT as a function of the integrated dose up to 1 Mrad for five 20-cm long LSO/LYSO samples from CTI, CPI, SG, SIC and SIPAT. Also shown in the left plot are the photo-luminescence spectra without internal absorption (blue dashes) as well as the values of the emission-weighted longitudinal transmittance (EWLT). All five tested samples have consistent radiation resistance with a loss of EWLT and light output at a level of about 12% for an integrated γ-ray dose up to 1 Mrad. This excellent radiation hardness is the best among all known inorganic crystal scintillators.
[bookmark: _Ref262896513][bookmark: _Ref261879223]Figure 9.19. The longitudinal transmittance spectra (left) and the normalized light output (right) are shown as a function of the integrated dose up to 1 Mrad for five LSO/LYSO samples.
Radiation damage in BaF2
Table 9.3 shows that BaF2 is a unique crystal scintillator, with a fast scintillation light component with sub-nanosecond decay time and a brightness of about 5% of LYSO. Its radiation hardness was thoroughly investigated twenty years ago when this material was proposed for the GEM experiment for the proposed SSC. In that study, radiation damage in BaF2 was found to be dose-rate independent [19], and that it could be thermally annealed or optically bleached for recovery [20]. This feature reduces the cost for radiation damage investigation, and provides a possibility to cure radiation damage in situ by e.g. optical bleaching. Importantly, it was also found that radiation damage in 25-cm long BaF2 crystals saturated after about 10 krad [19]. 
Figure 9.20 shows the longitudinal transmittance spectra (left) and the light output as a function of integration time (right) for a 25-cm BaF2 sample grown at SIC in 2012 as a function of the integrated dose up to 1 Mrad. The light output was measured using a R2059 PMT with a bi-alkali cathode and a quartz window that measures both the fast (A0) and slow (A1) components. Also shown in the left plot is the x-luminescence spectrum (blue dashes) and the corresponding EWLT values for the fast (220 nm) and slow (300 nm) scintillation component. Radiation damage at a level of 33% and 40% is observed in, respectively, the EWLT and light output for the fast scintillation component after an integrated dose of 10 krad. No further damage was observed beyond 10 krad, indicating that the defects in this BaF2 crystal are fully activated to form color centers at this radiation level. This saturation effect is consistent with the result observed twenty years ago [19]. 

[image: ]Since radiation damage in halide crystals is caused by oxygen contamination [14] it is expected that an R&D program aiming at reducing oxygen contamination will further improve crystal quality and reduce the level of radiation damage in BaF2.
[bookmark: _Ref261879730]Figure 9.20. The longitudinal transmittance spectra (left) and the light output as a function of integration time (right) are shown as a function of the integrated dose up to 1 Mrad for a BaF2 sample of 2.5 x 2.5 x 25 cm3.
Radiation damage in pure CsI
Because of its low melting point and raw material cost, pure CsI is a low-cost crystal scintillator. Table 9.3 shows that it has a fast scintillation light peaked at 310 nm, with a decay time of about 26 ns and a brightness that is similar to the fast component of BaF2. Its radiation damage has been found to be dose rate-independent [21]. Unlike BaF2, thermal annealing and optical bleaching were not found to be effective for CsI [16]. Radiation damage study for CsI is thus a costly exercise, since crystal samples after testing are unusable. It was also found that radiation damage in 20-cm long pure CsI crystals showed no saturation, with light output loss of 70 - 80% after 1 Mrad [20].

Figure 9.21 shows the longitudinal transmittance (left) and light response uniformity (right) for a pure CsI sample of 5 x 5 x 30 cm3 grown at SIC in 2013 and irradiated up to 1 Mrad. Its light output was measured by using a R2059 PMT with a bi-alkali cathode and a quartz window. Also shown in the left plot is the photo-luminescence spectrum (blue dashes) and the corresponding EWLT values. Radiation damage at a level of about 60% and 80% was observed respectively in EWLT and light output after an integrated dose of 1 Mrad. The damage, however, shows no saturation up to 1 Mrad, indicating a high density of defects in this crystal. The result of this measurement is consistent with the data obtained twenty years ago for 20-cm long pure CsI crystal samples from Kharkov [21]. 

Since radiation damage in CsI crystals is caused by oxygen contamination [16], it is expected that an R&D program aiming at reducing oxygen contamination could improve crystal quality and reduce the level of radiation damage in CsI. 

[bookmark: _Ref261894815]Figure 9.21. The longitudinal transmittance (left) and the light output as a function of integration time (right) are shown as a function of the integrated dose up to 1 Mrad for a pure CsI sample of 
5 x 5 x 30 cm3.
Summary
All three inorganic crystal scintillators discussed in this section can be used to construct a total-absorption electromagnetic calorimeter for the Mu2e experiment. All materials suffer from radiation damage in the form of radiation-induced absorption or color-center formation. The radiation damage in all three crystals does not recover, so is not dose rate-dependent in the manner of PbWO4. While radiation damage in LYSO and BaF2 can be thermally annealed, this is ineffective for pure CsI, indicating a high R&D cost to pursue pure CsI. Results obtained with BaF2 and pure CsI samples grown recently at SIC are consistent with data published twenty years ago.

[image: ]Figure 9.22 shows a comparison of the radiation hardness for these three crystal scintillators up to a 1 Mrad dose. The losses in EWLT (top left), light output (bottom left) and radiation-induced absorption coefficient (RIAC) at the peak of their radio-luminescence spectra are shown. LSO/LYSO crystals are clearly the best in both light output and radiation hardness. The high cost of Lu2O3 raw material, however, makes its price prohibitive. Both BaF2 and pure CsI have comparably fast light and much lower cost. These two materials are, however, significantly more susceptible to radiation damage than LSO/LYSO. Because of low defect density, radiation damage in BaF2 saturates after about 10 krad, promising a stable detector for high integrated doses. Radiation damage in pure CsI is small at low doses, but shows no saturation at high doses, indicating continuous degradation under irradiation. One additional advantage of BaF2 is that it is possible to cure radiation damage in BaF2 in situ through optical bleaching. 
[bookmark: _Ref261895613]Figure 9.22. The normalized EWLT and light output (left) and the RIAC at the emission peak (right) are shown as a function of the integrated dose up to 1 Mrad for LYSO, BaF2 and pure CsI crystals
The quality of both BaF2 and pure CsI can be improved through systematic R&D programs aimed at reducing oxygen contamination during crystal growth. A close collaboration with crystal growers will be crucial for this effort.
Simulation
Calorimeter optimization
The baseline calorimeter design for Mu2e consists of two annular disks [22] separated by approximately a half-wavelength of the typical conversion electron helical trajectory. This configuration minimizes the number of low-energy particles that intersect the calorimeter from the Transport Solenoid, the muon stopping target or the muon beam stop, while maintaining excellent signal efficiency. Hexagonal-faced crystals have been selected to tessellate the annular disk, as these provide a more natural tiling and offer better coverage than square crystals. Hexagonal crystals also offer superior light collection efficiency and more closely approximate the shape of electromagnetic showers. In optimizing the disk design the inner and outer radii of the disks, their placement and relative separation, and the dimensions of the crystals have been considered.

The dimensions of the disks were the first issue to be addressed. 

Figure 9.23 (left) shows the calorimeter efficiency for conversion electrons that have been reconstructed in the tracker as a function of the disk inner and outer radii. Only clusters with a deposited energy above 60 MeV were considered. The separation between the disks is set to 70 cm, corresponding approximately to a half-wavelength. The crystal size is taken to be 33 mm across flats. The efficiency reaches a maximum at an outer radius of about 67 cm for inner radii of both 35 and 36 cm. A similar conclusion holds considering disks with varying outer radii. The design was further refined by minimizing the empty space between the crystals and the disk boundaries as a function of the crystal size and the disk radii. Figure 9.23 (right) shows empty space as a function of the disk inner radius for a crystal dimension of 33 mm across flats. A crystal size of 33 mm across flats with disk inner and outer radii of 351 mm and 660 mm, respectively was selected. This choice ensures sufficient space to mount the readout at the back of the crystals while maintaining efficiency and limiting the number of readout channels. The crystal layout is shown in Figure 9.24.

Finally, the separation between the disks was optimized. As shown in Figure 9.25, a separation of 70 cm is optimal, being independent of the energy deposited in the calorimeter. The position of the disk with respect to the tracker has a negligible impact on the efficiency, as expected from translational invariance.

[bookmark: _Ref272239651][image: ]Figure 9.23. Calorimeter efficiency for detection of good signal tracks initially found in the tracker as a function of the disk outer radius for different values of inner radius (left); Empty space between the crystals and the disk inner bore (right).
[bookmark: _Ref262152227][image: ]Figure 9.24. Crystal layout for a crystal size of 33 mm across flats with disk radii of 351 mm and 660 mm (left). The crystals in the disk are colored in blue. Similar layout, together with crystals intersecting the disk boundaries colored in green (blue) if their center lies inside (outside) the disk boundaries.
Calorimeter Resolution
Tracks do not enter the calorimeter normal to its face, but at an angle close to 45 degrees. As the interaction depth is not known, the distance y = ytrack-ycluster depends on the track direction, as well as on the shower depth. To remove this dependence, track-to-cluster residuals are calculated in the direction orthogonal to the track; the corresponding distribution is shown in Figure 9.26 (left). A coordinate resolution of about 1 cm can be achieved with BaF2 crystals.


[bookmark: _Ref261897682][image: ]Figure 9.25. Calorimeter efficiency for detection of good signal tracks first found in the tracker, as a function of the separation between the disks, for two thresholds of the energy deposited in the calorimeter.
[bookmark: _Ref261899808][image: ]Figure 9.26. Distribution of residuals between the reconstructed track and the calorimeter cluster in cm (left). Residuals are calculated in the direction orthogonal to the track. Difference between the input energy and the reconstructed cluster energy for a LYSO-based calorimeter (right). Positive tail in this coordinate is due to longitudinal leakage and albedo. Negative tail is due to the pileup of environmental background. For the LYSO, a simulation of ~1000 p.e./MeV and an electronic noise of 30 keV has been used.
Event reconstruction in the calorimeter proceeds in several stages. The interaction of the incident particle with the crystals is first simulated by GEANT4, recording the energy, position and time of each step. Each energy deposit is converted into photons, taking into account corrections from non-linearities in the light production and non-uniformities in the longitudinal response. The response of each APD is then simulated, including the related electronic noise. A final version of signal digitization and pile-up identification remains to be implemented. To simulate these effects, hits within a time window of 100 ns are grouped together to form crystal hits.


Finally, the crystal hits are finally used to form calorimeter clusters. The clustering [22] algorithm starts by taking the crystal hit with the largest energy as a seed, and adds all simply connected hits within a time window of ± 10 ns and a threshold in energy of 3 times the electronic noise. Hits are defined as connected if they can be reached through a series of adjacent hits. The procedure is repeated until all crystals hits are assigned to clusters. Additional low-energy deposits that are disconnected from the main cluster are recovered by dedicated algorithms. These fragments are usually produced by the shower, or by low-energy photons emitted by incident particles. Recovering these split-off deposits significantly improves the energy resolution.

The energy resolution is estimated by simulating conversion electrons distributed at random in the stopping target foils, together with the expected neutron, photon and DIO backgrounds. The distribution of the difference between the true signal electron energy obtained by simulation and the reconstructed cluster energy is plotted in Figure 9.26 (right) for a “LYSO-based” calorimeter. This variable accounts for the energy lost by the electron before hitting the calorimeter. The low-side tail is due to background pile-up with the cluster. The distribution is fit with a Crystal Ball function to extract the resolution. A full width at half-maximum of 1.6 MeV is observed. The fraction of pile-up background for cluster energies between -10 and 0 MeV is found to be 9%. This has not been optimized; many improvements can be applied at the hit-reconstruction and cluster level to reduce this contamination. The first level of rejection is in the applied threshold and on the cluster formation technique; a higher threshold level and a more refined technique for joining cells (based on a time resolution parameterization instead of a single 10 ns cut) would improve this substantially.

Since the choice of crystal in the baseline calorimeter design has changed, the algorithm has not yet been re-optimized for the BaF2-based calorimeter. With the Hamamatsu devices having a gain of ~50, the electronic noise would be larger than in the LYSO case (~400 keV w.r.t. 30 keV). The modified APD being developed, based on an RMD APD with a gain of 500, reduces the noise so that the threshold level is effectively similar to that for a LYSO calorimeter. The spurious hit contribution coming from the environmental background will be much smaller in BaF2 compared to LYSO, since the pulse width will be smaller (50 ns compared to 200 ns). Indeed, the average energy of the environmental noise is at a level of a few hundreds of keV for BaF2.

To guide the discussion, the energy resolution expected with the BaF2 calorimeter has been studied as a function of two variables: (a) the light yield and (b) the electronic noise of the preamplifier. The distribution of the energy resolution is shown in Figure 9.27 (left), for the case of a light yield of 30 p.e./MeV and for an electronic noise of 60 keV. An energy resolution of 3.6% is found. Figure 9.27 (right) shows a compilation of the resolution expected for different values of the electronic noise, with and without nominal [image: ]background.
[bookmark: _Ref261901564]Figure 9.27. Difference between the input energy and the reconstructed cluster energy for a BaF2 based calorimeter (left). The case presented is for a light yield of 30 p.e./MeV and 60 keV electronic noise. Dependence of the energy resolution for a BaF2 based calorimeter as a function of the light yield for different values of electronic noise, and with and without nominal background (right).
Calorimeter-driven Track Finding 
In addition to improved background rejection, the calorimeter provides a robust approach to track reconstruction. Mu2e doesn’t have an “event time”; all straw hits reconstructed within a micro-bunch therefore have to be considered by the track-finding algorithm and the track time is reconstructed as a track fit parameter. The standalone Mu2e track reconstruction attempts to find the 100 ns time slice within the microbunch with the maximum number of hits in it, and uses those hits to find a track. In the presence of the correlated in-time background produced by -electrons, such an approach relies strongly on the -electron hits being identified and excluded before execution of the track reconstruction, which at present uses a neural network-based procedure. A cluster produced by a track and reconstructed in the calorimeter can be used as a seed for the track finding. Figure 9.28 shows the momentum distributions for tracks found by the standalone track finding algorithm and for tracks that are missed by the standalone algorithm but reconstructed after incorporating the calorimeter clusters.  The calorimeter-driven track finding improves the overall track finding efficiency by 18%. More details can be found in [23].
Electronics
The overall scheme for the calorimeter readout electronics is shown in Figure 9.29. The front-end electronics (FEE) consists of two discrete and independent chips (Amp-HV) for each crystal that are directly connected to the back of the photosensor pins. These provide both the amplification stage and a local linear regulation for the photosensor bias voltage. Each disk is subdivided into twelve similar azimuthal sectors of 78 crystals. Groups of 16 Amp-HV chips are controlled by a dedicated ARM controller that distributes the LV and the HV reference values, while setting and reading back the locally regulated voltages. Groups of 16 amplified signals are sent to a digitizer module where they are sampled and processed before being optically transferred to the DAQ system.
[image: ]
[bookmark: _Ref261902857][image: ]Figure 9.28. Distribution of the reconstructed momentum for CE candidates provided by the standalone track-based pattern recognition (blue) and the track candidates provided by the combined calorimeter and track pattern recognition that are missed by the standalone track-based algorithm (red).
[bookmark: _Ref261903902]Figure 9.29. Overall schematic of the calorimeter electronics. The drawing represents the distribution of the electronics and the connection for one dodecagonal sector of one disk. 10 ARM controllers and 5 WFD digitizer boards go to a single crate. The WFD are optically connected in a ring for providing data to the DAQ readout controller.
The required characteristics for the preamplifier are (i) high amplification with low noise, (ii) fast signal rise and fall times for good time resolution and pileup rejection, (iii) a low detection threshold at the MeV level, (iv) operation in a rate environment of 200 kHz/channel, and  (v) low power consumption. 

The average input current depends the background hit distribution. The calorimeter hits are due to two sources: (i) the flash of particles, called the “beam flash”, produced within 200 ns of the interaction of the proton beam in the production target, and by the cascade of decays and interactions with the surrounding material, and (ii) the background events generated by the muon beam interacting with the collimators, muon stopping target and the beam dump. From the simulation, the sum of the prompt beam flash hits per channel corresponds to an equivalent energy deposition of ~ 5 MeV for each micro-bunch. For the second background source, the arrival time of the related beam background follows an exponential decay curve with a time constant similar to that of the signal. 

The largest source of background in the calorimeter is from neutrons generated by muon capture, which produces an occupancy of more than 1 hit/channel. In Figure 9.30 (left), the calorimeter cell occupancy as a function of disk radius is shown. In Figure 9.30 (right), the occupancy is reduced to ~10% by applying a 1 MeV threshold. This environmental background corresponds to an average current input to the photosensors, which is dominated by the beam flash and equivalent to I = Npe MBR e, where Npe is the average number of photoelectrons, MBR is the micro-bunch rate and e is the elementary electrical charge. In the LYSO case, using Npe= 5 MeV x (2000 p.e,/MeV)  = 10000 and MBR = 200 x103 Hz, we obtain I=200 pA;   this translates to 10 pA for BaF2. The typical APD dark current ranges from 10 to 100 nA when working at the operating point of gain = 50. For the LYSO case, the beam flash-related current is comparable to the leakage current; it is negligible for BaF2. To protect the system against a higher beam flash dose in the future, a bias voltage regulation scheme will be implemented, tied to microbunch gating, to lower the bias in the first 200 ns, ramping it back to full voltage over the next 100 ns.
The Amp-HV chip
The Amp-HV is a multi-layer double-sided discrete component chip that carries out the two tasks of amplifying the signal and providing a locally regulated bias voltage, thus significantly reducing the noise loop-area. The two functions are each independently executed in a single chip layer, named the Amp and HV sides, respectively. 

The development of the Amp-HV chip has been done by the Laboratori Nazionali di Frascati (LNF) Electrical Design Department. A detailed description of the system can be found in [24]. Forty prototypes were built during 2013 and have been used for testing a LYSO matrix prototype. A picture of an Amp-HV prototype is shown in Figure 9.31.
[bookmark: _Ref261978508][bookmark: _Ref164753750][bookmark: _Toc166231947][bookmark: _Ref261983034][image: ][image: ]Figure 9.30. Occupancy (hit crystals/microbunch) as a function of the calorimeter radius (left) and the dependence of the occupancy on the applied threshold (right). Data points are shown for different Proton Absorber (PA) and Inner Neutron Absorber (INA) configurations.
[bookmark: _Ref272240420]Figure 9.31. An Amp-HV prototype.
The Amplification layer
The specifications for the amplification layer have been developed and tuned to work with a Hamamatsu S8664 APD connected to a LYSO crystal. Minor adjustments to the gain and power dissipation parameters will be implemented in the next production run. The electronic scheme is that of a double stage transimpedance preamplifier, with a final trans-impedance gain of 14 kΩ (voltage equivalent, Vout/Vin of 300) while maintaining an equivalent noise charge (ENC) level of about 1000 electrons with no input capacitor source. The basic characteristics are described in Table 9.4; the preamplifier circuit schematic is shown in Figure 9.32. 
The linear regulator layer
The linear regulator is required to provide extremely precise 16-bit voltage regulation and long-term stability of better than 100 ppm. The current limit of the APD is conservatively set to about 300 A; this value will be optimized in a latter design stage. The list of measurement characteristics of the prototype are summarized in Table 9.4. The basic schematic of the linear regulator is shown in Figure 9.33. The high voltage required for the APD is produced by a primary generator residing on the controller board that generates a voltage of 530 V and a current of 5.5 mA using low-noise switching technology, sufficient to power 16 channels in parallel. The ON and OFF states of the channel are controlled by an ARM processor, as described below. The input voltage of 530 V is followed by a constant current generator, programmable through appropriate adjustment resistors, which provides the current to the next stage in parallel. This provides a stabilized voltage with local feedback to the APD detector. The output voltage is regulated by a DAC and is then read out again via an ADC, with 16-bit accuracy. 

[bookmark: _Ref261982254]Table 9.4. Characteristics of the Amp-HV chip: (left) for the amplification side and (right) for the linear regulator side.
	· Dynamic
	2.5 V
	· Adjustment range Vout
	250V to 500V

	· Bandwidth
	70 Mhz
	· Accuracy, reading and writing, Vout
	16 bit

	· Rise Time
	6 ns
	· Currency limiter can be adjusted
	tpv. 300 A

	· Polarity
	Reversed
	· Noise total
	2 mVpp

	· Output impedance
	50 
	· Long-term stability
	100 ppm

	· Stability with source capacity - max
	300 pf
	· Settling time
	< 500 s, <1

	· Coupling output end source
	AC
	· Typical power dissipation
	135 mW

	· Noise, with source capacity of 1 pf
	1000 enc
	· Double filter high voltage, attenuation
	56 db

	· Power dissipation
	14 mW
	
	

	· Power supply
	6 V
	
	

	· Input protector over-voltage
	10 mJ
	
	


[image: ]
[bookmark: _Ref261983464]Figure 9.32. Simplified schematic of the Amp-HV amplifier.
Amp-HV cooling
Integrating the cooling and the mechanics has not been yet fully addressed for the Amp-HV chip, but a viable solution is under design. Since the average power to be dissipated is ~150 mW per channel, the ground cannot be connected directly to the shielding surface or to the cold fingers. Therefore the use of a bulk bridge resistor, with a 1 pf capacitance, capable of transferring heat from the Amp-HV chip to the nearby mechanical structure, is foreseen. 

[image: ]A first CAD drawing of how this solution can be implemented is shown in Figure 9.34. In the actual scheme, we foresee connecting and cooling at least 16 channels together. Details are being worked out together with the mechanical engineering integration. 
[bookmark: _Ref261983772][image: ]Figure 9.33. Simplified schematic of the linear regulator.
[bookmark: _Ref261984630]Figure 9.34. CAD drawing showing an Amp-HV with bridge resistors inside a shielding box.
The ARM controller
The design of the CPU system architecture, consisting of a series of Cortex M3-ARM processors, is shown in Figure 9.35. The ARM processor controls each of the 16 connected Amp-HV cards. The HV card is used for setting voltages, with independent voltage drops. In this way, the bias can be adjusted from 250 to 500 V, with a 16-bit [image: ]regulation range. Similarly, the channel settings can be directly read out, using a 16-bit ADC.
[bookmark: _Ref261985184]Figure 9.35. Design of the M3-ARM controller.
The primary HV generator is switched ON under CPU control. It is also possible to monitor the primary power supply, which feeds the 6 V for the preamplifiers and 12 V for the primary high voltage generator. These operations are done through firmware in the CPU via a standard Ethernet connection. Multiple systems are connected via a hub. In the near future, this will be implemented as an optical link. The final version of the controller will also measure the temperature of each APD detector and its Amp-HV card, as well as the CPU temperature. Each Amp-HV chip is connected to the ARM controller through a 50-200 cm cable. The cables are required for the transport of feeds for low and high voltage, as well as for the signals of the I2V control.

The power dissipation of the controller board is about 5W, and requires two voltages:   +8V/100 mA to power the Amp-HV cards and 12V/300 mA for the high-voltage primary generator. Figure 9.36 shows a prototype of the AMP-HV card with its connections to the ARM controller.
HV Generator Circuit Description
The architecture of the switching power supply is a bust flyback design. This configuration provides good regulation with low noise. The circuit diagram of the HV-generator is shown in Figure 9.37. The switching frequency is about 250 kHz, with a long-term stability of about 0.5%, and a peak noise of less than 50 mV-pp at maximum load. The efficiency is better than 85%. This circuit was used to test prototypes, but will not work in a magnetic field. Two options are therefore being studied: (i) implementation of the same design without using a transformer or (ii) relocating the HV generator outside of the Detector Solenoid and running the HV signal to the electronics on cables through the end-plate feedthroughs. In the latter case, each HV cable would serve 4 boards, i.e., 64 [image: ]channels.
[bookmark: _Ref261984941][image: ]Figure 9.36. Connection between an ARM controller and an Amp-HV card (left) and a picture of the ARM (right).
[bookmark: _Ref261985293]Figure 9.37. Schematic of the HV generator.
Measurement of signal characteristics
The pre-amplifier has a bandwidth of 70 MHz, corresponding to a signal rise time of 14 ns. To check this with the complete electronic chain, the photo-sensitive area of an APD was illuminated with a green laser with a narrow pulse width of 2 ns. The preamplifier output is shown in Figure 9.38 (left). A 16 ns rise time is measured, in agreement with expectations.

The photosensor, a Hamamatsu APD S8664-1010, has an area of 10×10 mm2, resulting in a detector capacitance of 270 pF. This is the highest source of noise in the apparatus, requiring the use of a low-noise amplification stage. To achieve a high detection efficiency at the MeV level, the noise performance of the preamplifier is crucial and has to be accurately determined. ENC measurements have been carried out in several different configurations: with all voltages off, with low voltage on and with/without the high voltage on. For each configuration, the ENC is measured by estimating the rms of the output distribution. The ENC was determined to be ~1000 e- with negligible input capacitance, growing nearly linearly up to 270 pF. Table 9.5 shows the ENC measurement for different configurations. The measurement related to the amplifier itself has the LV on and the HV off, which corresponds to ~11,500 e- for a 500 ns integration window. To confirm this measurement, the energy dependence has been extracted from the noise term found using a 22Na source with a LYSO crystal read out by an S8664-1010 APD, followed by the Amp-HV chip. The APD gain was set to 150 and a light yield of 2400 photoelectrons/MeV was measured. Figure 9.38 (right) shows the noise distribution in counts. The rms is 2.6 counts, which corresponds to 36 keV after correcting for the Na22 energy peak. To extract the ENC(e-), the energy dependence has to be included for the light yield and APD gain. An ENC of 13,000 e- was measured.

[bookmark: _Ref262155279]Table 9.5. Measurement of the amplifier ENC for different conditions.
	Conditions
	Gate width (sec)
	rms Noise (Counts)

	LV off
	0.5, 1 or > 1
	1

	LV on
	0.5
	2.2

	LV on 
	1
	2.8 (HV off), 3.5 (HV on)

	LV on 
	1.5
	3.6 (HV off), 3.9 (HV on)







[image: ]
[bookmark: _Ref262155016]Figure 9.38. Pulse shape for an APD + amplification system fired with a green laser (left) and the noise distribution for a LYSO crystal read out by an APD + amplifier (right).
For the BaF2 calorimeter, the photosensor will be the 9 x 9 mm2 RMD/JPL device that has two improved characteristics with respect to the S8664: (i) a capacitance of ~60 pF, and (ii) an operational gain of 500. The ENC(e-) will be ~5000 e-. Assuming a light yield of 30 p.e./MeV, the expected noise level is ENE=ENC(e-)/(G*LY) =5000/(30 x 500) = 0.33 MeV. After receiving a dose of >10 krad, the LY will be reduced by 30-40%, so that the noise will increase to 0.55 MeV. The signal peak in mV will be equivalent to 1/9 that of LYSO, corresponding to a voltage output of 4 mV/MeV. 
The Digitizer modules
The calorimeter is composed of 1860 crystals, each equipped with 2 APD photosensors, for a total of 3720 fast analog signals that must be digitized after being amplified and shaped by the FEE. The exact shape of the signal is a function of the crystal material, the APD and the FEE parameters. For the BaF2 case, pulses of 50 ns width and a maximum pulse height of 200 mV is expected. This requires very fast digitization and good resolution. 200 Msps and 11 bits of resolution are a good compromise between power dissipation and cost. The Mu2e Calorimeter Waveform Digitizer subsystem (Cal_WFD) is an electronic printed circuit board that digitizes analog data, serializes it and sends it upstream to the DAQ via a fiber optic transceiver. The Cal_WFD must also perform some digital signal processing (DSP) operations, removing data below threshold as well as providing the mean charge and time for each channel by means of running averages. A prototype board has been designed and is currently being tested. The experience gained with the prototype will be the baseline for the final Cal_WFD design. The requirements described are applied both to the prototype and the final board design.

From the occupancy plot of Figure 9.30, the expected data throughput is derived when for a zero-suppression threshold of 1 MeV, corresponding to ~20 % channel occupancy, i.e., an average of 40 kHz/channel of random hits. A 50 ns signal width provides 10 samples after zero-suppression. In our estimate, we add a factor of two safety margin for the determination and monitoring of the signal baseline. In this case, the data throughput is 3720 (chan.) x 11 (bits) x 20 (samples) x 40,000 (hits/s), corresponding to 32.2 Gbits/sec (4 GBytes/sec), which matches the capabilities of the DAQ system. For a total of 120 WFD boards reading out the full calorimeter, 260 Mbits/sec (32 MBytes/sec) per board is expected. Since the rings are limited by a 2.5 Gb/sec throughput, the calorimeter is organized into twelve sectors with 5 boards/ring per sector. The calorimeter consists of a total of 24 rings. 
Waveform Digitizer Prototype
The Calorimeter Waveform Digitizer Prototype (Cal_WFD_Proto) converts analog signals to digital, performs zero suppression, adds metadata, and combines individual channels into a single block of data.  The Readout Controller serializes and translates the data into the correct protocol, and sends the data out on optical transceivers to the DAQ. While the production version must operate in a difficult environment (high radiation/high magnetic field), the knowledge gained from using this prototype will be essential to understanding the needs of the production version.
Requirements
The purpose of the Calorimeter Digitizer Prototype is to create a hardware and software development platform that incorporates the Texas Instruments ADS58C48 ADC, a WFD, and a Readout Controller into a single PCB. The Cal_WFD_Proto will aid the development of VHDL and Slow Controls coding, and allow us to understand the needs of  a functional production WFD and Readout Controller.
Hardware configuration
[image: ]The Cal_WFD_Proto is an electronic PCB that measures 25.4 cm wide x 25.4 cm high (10 in wide x 10 in high). A block diagram is shown in Figure 9.39. A full description of the board with electronics scheme can be found in [25].
[bookmark: _Ref262157944]Figure 9.39. Block Diagram of the Cal_WFD_Proto Board.
Analog Inputs
The Cal_WFD_Proto has eight differential analog channels that are digitized. The analog channel design was based on the Texas Instruments ADS58C48EVM Evaluation Module.
ADC EVM Connector
A Samtec high-speed ground plane socket is mounted on the bottom side of the board to allow the use of ADS58C48EVM evaluation module. The ADS58C48 has an additional four channels that go to the same Xilinx Spartan-6 FPA as the analog inputs. The ADS58C48EVM allows for an evaluation of the analog input signal chain.
External Trigger Input
The digitization of the analog signals is driven by the rising edge of a differential external trigger clock. 
Optical Transceivers
Optical transceivers convert the serialized data from the FPGA to an optical signal to be delivered to the DAQ system. The use of two optical transceivers provides redundancy. If one of the transceivers fails, the other can continue sending data without having to repair or swap out the board. A second role for the optical transceivers is to provide a path for slow controls communication that allow the board to be configured remotely and to be interrogated to monitor system voltages and other environmental parameters. The selected optical transceivers are class 1, multimode, 850 nm devices. The data rate for the transceivers varies from 1.25 Gbps to 2.5 Gbps, using a gigabit Ethernet protocol with 8b/10b encoding.
Mobile Low Power Dual Data Rate (LPDDR) SDRAM
A Micron MT46H64M16LFBF 1Gb mobile, lpddr, sdram is connected to the FPGA.  It can buffer up to one second of digitized data before transfer to the DAQ.  
CAN Transceiver Module
The CAN Transceiver module is a redundant communications path for slow controls in the event that the fiber optics fails or the FPGA programming is corrupted.  The CAN module is connected to a 16-bit flash-based microcontroller that implements the CAN protocol.  An external PC or controller communicates with the microcontroller through the CAN Interface.
Temperature Sensor
A Texas Instruments LM82 Local Digital Temperature Sensor is attached to the microcontroller via a two-wire serial interface to measure the board temperature.  
Microcontroller
A general-purpose, 16-bit, flash-based microcontroller is connected to the FPGA to provide environmental data (temperature) as well as configuration data (slow controls) through the CAN Interface.  The microcontroller uses ANSI C as the programming language.  It uses a 10 MHz discreet crystal as the clock for operation.
Field Programmable Gate Array (FPGA)
The Xilinx Spartan-6 Field Programmable Gate Array (FPGA) has several functions:

· Translation, zero-suppression and serialization of data to the optical transceivers.
· Configuration of the Cal_WFD_Proto board.
· Communication with the microcontroller for environmental data (temperature) and as a secondary path for slow controls.

The FPGA uses the VHDL programming language to implement the Waveform Digitizer and the Readout Controller. Separate clocks drive various aspects of the FPGA. One clock is used for the gigabit transceivers on the FPGA. Another clock is used for the main system clock. A third clock is provided for redundancy and to allow other parts of the FPGA to be driven from a different clock domain.

Clocks are generated on the Cal_WFD_Proto board.  All clocks are differentially and a/c coupled to each device.  Four sets of clocks are generated on the board.
Preliminary design of final Digitizer modules
The prototype uses a flash ADC with a maximum sample rate of 200 Msps with 11 bits of resolution. Each Waveform Digitizer (WD) will be a custom board residing inside the evacuated warm bore of the Detector Solenoid.  The boards are 15 x 15 cm2 and support 16 analog channels.  240 boards will be needed to read out the entire calorimeter. 

Each WD board will include an FPGA that performs several functions:

· Provide control signals to the ADCs.
· Data sparsification.
· Timestamp to the data.
· Write the data to memory. Data will be set to DAQ in the period between spills.
· Read data from memory and serialize.  
· Serialized data, 8b/10b encoded, are sent to the DAQ through an electrical-optical converter.
· To limit the number of fibers reaching the DAQ, the WD will be daisy-chained in rings. Each FPGA will receive data from the previous WD, add its own data and pass data onto the next board. 
· Slow control commands will be received and acted on by the FPGA through the same fibers used for data transmission.
Technical design 
The WD follows the same block diagram as the prototype (Figure 9.39), but it will be required to function inside the Detector Solenoid vacuum vessel, a harsh environment that requires special design considerations. In particular, the boards will be operated in vacuum (10-4 Torr) and a magnetic field (1 Tesla) and access will be difficult. This implies design rules quite similar to those used for space flight and other difficult-to-access applications:	

· Highly reliable design (high MTBF). Some components will be of military grade and others will be COTS, but chosen from lists of components known to have been operated in vacuum.
· Heat will be removed from the vacuum by conduction, so the board mechanics (and the mechanics of the supporting brackets and crates) will have to be designed to take this into account. The design will require extremely low power dissipation. The same SUVA based cooling system used for the Tracker (see Section 8.5.4) will be used to remove heat from the ADC and the FPGA. A thermal simulation will be performed as part of the final design.

The expected radiation dose to the WD modules will be 15-20 krad/year and ~109 n1MeVeq/year. It will be necessary to choose components that are rad-hard, resistant to Single Event Upsets (SEU) and latch-up free. It will be necessary to perform one or more irradiation tests before finalizing the design. We assume the following:   

· ADC: the model used in the prototype appears to be adequate for the production board, both in terms of dynamics, sample rate and low power requirements. The cost is around $100 in quantity and supports 4 channels, bringing the cost to a reasonable $25 per channel. No radiation hardness data exists. The same is true for the programmable amplifier. 
· FPGA: a high speed, low power, radiation resistant FPGA is required with an internal serializer and a DDR controller. Currently, the best choice seems to be the Microsemi SmartFusion2 M2S150T-1, which is SEU free, flash-based, and includes some mechanism for SRAM protection. A hard ARM processor is included, which will be useful for decoding slow control commands. In 2015, Microsemi will release a new family of SmartFusion2 devices that will be resistant to radiation exposures up to 100 Krad. This FPGA will be evaluated when it becomes available.  
Calorimeter Mechanics
The arrangement of the two calorimeter disks inside the detector solenoid is shown in Figure 9.40. Each disk has an inner radius of 351, an outer radius of 660 mm, and consists of 930 trapezoidal BaF2 crystals. The crystals are 200 mm long with hexagonal base whose apothem is 16.2 mm. Each crystal will be wrapped with a single 65 m thick layer of 3M ESR reflective film. 

Each disk will be supported by two coaxial cylinders (see Figure 9.41, top). The inner cylinder must be as thin as possible in order to minimize the passive material in the region where spiraling background electrons are concentrated. The outer cylinder can be as robust as required to support the load of the crystals. Each disk has two cover plates. The plate facing the beam will be made of low radiation length material to minimize the degradation of the electron energy deposition, while the back plate can be very robust. The back plate will also support the photosensors, the front-end electronics, HV/LV [image: ]supply and digitizers.
[bookmark: _Ref262161625]Figure 9.40. Placement of the two calorimeter disks on the rails in the Detector Solenoid.
The crystal arrangement will be self-supporting, with the load carried primarily by the outer ring. A catenary structure resembling a Roman arch will be constructed to reduce the overall load on the inner cylinder. The mechanical properties of the crystals are critical for this type of configuration. These include the Young’s modulus, tensile modulus, Poisson ratio (or torsional modulus of elasticity), yield strength and ultimate strength. A Finite Element Model, using the crystal properties as input, will be constructed to optimize the design. The boundary conditions of this layout will be fixed and the structural analysis will be used to verify displacements and deformations of the various components.

The back plane will most likely be built of stainless steel or aluminum. It provides support for the whole mechanical system, but also provides access to the back of each individual crystal. A readout unit is composed of a crystal, two APDs and two AMP-HV chips. The back plate will provide access to each crystal and will support the APDs and electronics. An example of the concept is shown for a small prototype in Figure 9.42.


[bookmark: _Ref262163258][image: ][image: ]Figure 9.41. CAD layout of the calorimeter mechanical support structure (top left), details of the inner and outer cylindrical shells (top right), hexagonal crystal view (bottom left) and placement of the crystals inside the disk (bottom right).
[bookmark: _Ref262206908]Figure 9.42. A prototype crystal array illustrates the details of the mounting structure for the APDs and Front End Electronics.
The FEE boards are located at the back of each disk. Figure 9.43 shows how the boards will be installed on the disk. With a granularity of 16 electronic channels per board and a total of 930 crystals per disk, each disk can be subdivided into 12 sectors with ~78 crystals each. This allows for the electronics to be distributed into 12 crates per disk, where each crate houses 8 sets of AMP-HV and Waveform Digitizer boards

In order to gain as much room as possible between the disks when servicing of the electronics or APDs is required, the crates are placed at the outermost region of each disk.  The crates are mounted on a pneumatic cartridge that allows them to be extended radially, thereby completely exposing the area behind the crystals when required. The crates are designed to provide heat dissipation for the APDs and electronics boards; they will have metal fingers in contact with a cooling pipe routed circularly below the bottom of the rack’s connection mechanism to the disk. The cooling system will be connected to the same cooling circuit used by the tracking system.

Each disk will also have six two-inch diameter integrating optical spheres. Each sphere will distribute homogeneous laser light via two/three bundles of quartz fibers connected to each crystal through the APD holder. A more dedicated description of the mechanics and a collection of drawings can be found in [26].
Test beam and experimental measurements
To validate the inputs to the calorimeter simulation, several different sets of measurements were carried out. A summary of previous measurements, described in the Mu2e Conceptual Design Report [27] for the LYSO crystals, is reproduced here. The most recent measurements performed with both a new LYSO matrix prototype and single alternative crystals are reported in the following sub-sections. A perspective on the next round of R&D planning is also presented.

A LYSO array was exposed to a tagged photon beam at MAMI (the Maintz Microtron) in March 2011. For this test, 9 SICCAS LYSO crystals, 2020150 mm3, were assembled into a matrix and read out using a single S8664-1010 APD per crystal. The LYSO array was surrounded by a leakage recovery matrix of PbWO4 crystals, read out by bialkali photocathode Hamamatsu PMTs. The total matrix coverage was ~2.5 RM. Each channel was calibrated to approximately 2% using cosmic rays. The APDs were operated at an average gain of ~150. The crystals were exposed to a tagged photon beam with energies ranging from 20 up to 400 MeV. Data were taken at twelve different energies over a period of 2 days. Figure 9.44 shows the dependence of the energy resolution as a function of beam energy for test beam data (black) and for the simulation (red). 

[bookmark: _Ref193266152][bookmark: _Ref262207221][image: ]Figure 9.43. Arrangement of the AMP-HV and Waveform Digitizer boards in custom-made crates (top), and details of the support system for the boards to allow opening of the boards that allows access the back side of the disk in case repairs are required.
The resolution dependence was fit with the following parameterization:
where [image: ] is the usual parameterization of energy dependence replacing the expected stochastic term, b is the coefficient of the noise term and c is the constant term. The experimental points are well represented by an a value of 2.4% for the E1/4 dependence, a negligible electronic noise term and a constant 3.2% term due to shower leakage. To obtain reasonable agreement with the data, the energy response of each crystal was additionally smeared by 4% in the simulation using a Gaussian distribution. Details of the measurement can be found in [2]. The smearing was introduced as the simplest way to simulate the expected crystal non-uniformity. All in all, this test resulted in a 5.3% energy resolution that was still improvable, due to the small dimension of the matrix and to the quality of the crystals. Two other sets of measurements were carried out with the prototype crystal matrix. A position resolution measurement was performed using the MAMI test beam that resulted in an observed resolution of ~3 mm for photons at normal incidence. The measurement was limited by the size of the beam. A timing resolution measurement was also carried out with electron beam at the BTF facility of Laboratori Nazionali di Frascati, LNF, Italy. As reported in [28], the LYSO timing resolution was measured to be of ~200 ps in the energy range 100 - 500 MeV.
[bookmark: _Ref262900203][image: ]Figure 9.44. Test Beam results from MAMI. The measured energy resolution of the overall LYSO crystal matrix (black points) is compared to simulation (red). To obtain reasonable agreement with the data, the energy response of each crystal was additionally smeared by 4% in the simulation (blue).
Measurements with a new LYSO array
In order to complete the LYSO R&D program, a larger and more uniform crystal matrix has been built [29].  A CAD drawing and a picture of the assembled prototype are shown in Figure 9.45. A few differences can be noted with respect to the old prototype. The 25 square crystals have dimensions that are much closer to those required for the final detector, 30x30x130 mm3. The ratio, RAPD, between the photosensor active area and the area of the transverse face of the crystals is consistent with the hexagonal shape of the baseline design. The crystals are wrapped with the improved ESR-3M reflector, which provides 30% more light yield than Tyvek. The light yield and longitudinal response uniformity (LRU) was measured for each crystal. Uniformity and transmittance were found to be excellent. The longitudinal length, in X0, is slightly smaller than in the final detector when considering the shower-length correction due to the average angle of incidence for conversion electrons of 50. The FEE, shown in Figure 9.46, is composed of 16 prototypes of the Amp-HV chip, with the HV set and monitored by two readout ARM controllers, as envisioned for the final detector. To screen the FEE from external noise sources, the APD and FEE were inserted in a brass box Faraday cage. All chips are connected to a common external ground. The DAQ readout uses an array of four CAEN-1720 digitizers (Waveform digitizers) with 12-bit resolution and a sampling rate of 250 msps. The Waveform digitizer characteristics are very similar to those of the prototype boards under development at the University of Illinois and Pisa University.

[bookmark: _Ref262212836]Figure 9.45. CAD drawing of the readout side of the 25-crystal prototype matrix (left), a CAD view of the assembled matrix with crystals, APD and FEE boxes in a light-tight box (center), and a picture of the actual matrix during assembly.
Figure 9.46. Picture of a FEE prototype board connected to an APD and inserted into a plastic APD support produced with a 3D printer (left). Connection of the amp-HV chips to the ARM readout controllers is shown in the picture on the right. The black bundle, with green caps, is composed of Fused Silica fibers running from the diffusing sphere of the Laser prototype system.
A first version of the laser calibration system has also been implemented as part of the prototype matric. The laser system consists of a 0.5 J/pulse green laser (at 530 nm) synchronized with an external trigger, followed by a Thor-Lab 2" diffusing sphere and a bundle of fused silica fibers. The fibers are inserted by means of a dedicated connector into the APD holders, thus illuminating the crystal. By reflection and diffusion, the transmitted light allows calibration and monitoring of the APD gains. Figure 9.47 shows the test system, with optical fibers entering from the back side of the crystals. A simplified cooling system has also been implemented during the test by flowing cold air in the FEE region, aiming only to keep the calorimeter at constant temperature. This system was not intended to be a prototype of the cooling system that must work in vacuum and is therefore based on conduction. A temperature monitor, based on a PT-100 [image: DSC_3898.JPG]sensor, was inserted close to the central crystal and photosensor box.
[bookmark: _Ref262218327] Figure 9.47. The FEE controller connected to the 16 FEE chips, optical fibers (green caps) entering the back of the APD supports and a scope for signal monitoring.
A week of data-taking was planned for the second week of February 2014 at the Frascati BTF facility with e- beams between 100 and 300 MeV. For this test, only 16 crystals were available. However, due to a large leak of the main water supply in Frascati, the cooling systems and most of the Laboratory infrastructure were shut down for three weeks, and the beam test had to be re-scheduled. Another test with a complete matrix will be carried out at BTF at a later date; one week of data-taking is planned at MAMI in September 2014. 

In the following sections we summarize the results obtained with cosmic ray and laser testing. Using the WFD, both the pedestal values and the charge were obtained by integrating the pulse shape for 400 ns in out-of-time and in-time windows with respect to the signal maximum amplitude. The results are expressed in pC. Two techniques were used to determine the timing associated to a pulse: a simple algorithm based on the centroid technique, and one based on a fitting of the signal shape. 
Determination of noise and coherent noise
The noise of each single readout channel has been evaluated with an out-of-time gate. Typical distributions are shown in Figure 9.48. 
[bookmark: _Ref262220150][image: ]Figure 9.48. Pedestal distribution for two calorimeter channels with an out-of-time gate to determine noise levels.
Calibration with the Laser system
Using the laser prototype, a light pulse was sent to each APD to calibrate and monitor the calorimeter response. In Figure 9.49, the distribution of the laser charge is shown for the first calorimeter channel; the resolution of ~3% is dominated by the residual temperature variation of the APD. All channels were fit with a Gaussian, and the distribution of the mean and sigma are shown as a function of channel number in Figure 9.50. The spread of the averages is consistent with our knowledge of the APD settings and the equalization of the fibers in the bundle. Gain equalization is in progress. The pedestal distributions are well represented by a Gaussian fit with a mean close to 0 and  of ~1.2 pC. The distribution of the sum of the charge for 1 board (i.e., 8 channels) still has a Gaussian shape and a sigma of ~4 pC, very close to  × Nch, thus demonstrating that coherent noise is practically negligible.
Calibration with Cosmic Rays
A cosmic ray test stand constructed from two NE-110 plastic slab scintillators (50x50x200 mm3) positioned above and below the crystal matrix prototype (Figure 9.51) is used to test and calibrate the crystals by triggering on the coincidence of the two counters. Several days of cosmic ray data were taken using the test stand. At the same time, the laser calibration system was operated at a rate of about 1 Hz to continuously monitor the APD gains. The average event rate for cosmic rays is 0.3 Hz over all calorimeter cells, which is reduced by a factor of 10 when applying a tight calorimeter column selection cut. In three days of running ~80,000 cosmic triggers were recorded, resulting in 2400 well-selected minimum ionizing events/column. In Figure 9.52 (left), the distributions of the minimum ionizing peaks (MIP) for 4 out of the 16 channels are shown, while the energy sum for the four columns is presented in Figure 9.52 (right). The MIP peaks are determined with a Gaussian fit restricted to the peak region, resulting in an average value of 220 pC, a resolution of ~12 % and an error on the average of better than 0.5%. Since the noise contribution also has a Gaussian shape with 1.2 pC r.m.s and the average energy deposition for a MIP corresponds to ~30 MeV, resulting in an equivalent noise of [image: ]~130 keV/channel.
[bookmark: _Ref262239179][image: ]Figure 9.49. Distribution of the laser charge for one calorimeter channel.
[bookmark: _Ref262239210]Figure 9.50. Measurement of the mean (top) and sigma (bottom) of the laser charge distribution for each of 16 calorimeter channels.
[bookmark: _Ref262240822][image: ][image: ]Figure 9.51. Cosmic ray test stand used to calibrate the calorimeter prototype. 
[bookmark: _Ref272232111]Figure 9.52. Distributions of events selected with the cosmic ray trigger and a tight column selection. The charge distribution for four calorimeter channels is shown on the left. The energy sum for the four calorimeter columns is shown on the right.
Measurement of timing resolution
Two different methods are employed to determine the timing resolution achievable with the calorimeter prototype. Laser pulses were first used to tune the algorithm and check the timing response of the FEE and digitization systems. A selected MIP sample was later used to determine the calorimeter timing. In the laser case, the time resolution was determined for a single channel and for the average of up to 8 channels. In Figure 9.53 (left), the signal shape for a laser pulse is shown with a Log-N fit superimposed. The t0 parameter represents the time when the maximum amplitude occurs and it is used as the best time estimate since no further corrections on pulse height are needed.  In  Figure 9.53 (right), a similar fit is performed on the shape of the selected MIP events. The fit has a slightly worse 2/dof. A better parameterization of signal shape is in progress.
[bookmark: _Ref262305254]
[image: ]In Figure 9.54 the distribution of the time resolution for the laser run (left) and the time distribution for the MIP (right) sample are shown. The laser pulse provides an estimate of the time resolution limit of 70 ps due to the electronic setup. The MIP data provides a time resolution of 600 ps for a corresponding energy deposition of ~30 MeV, in reasonable agreement with a previous determination at 100 MeV with e- data [24]. 
[bookmark: _Ref262305132][bookmark: _Ref272232361][image: ]Figure 9.53. Fit to the signal shapes for laser pulses (left) and cosmic ray events (right).
[bookmark: _Ref272232465]Figure 9.54. (left) Distribution of the time resolution for the laser run when summing many calorimeter channels; (right) difference between the timing of a single channel and the sum of two other channels for a cosmic ray run after applying a column selection.
Measurement of alternative crystals
The cosmic ray and laser tests of the LYSO prototypes have shown that this kind of crystal, together with a large-area APD and the developed FEE, is well matched to the calorimeter requirements. Completion of dedicated test beams running will be carried out before the end of 2014 to complete this prototyping phase. In the meantime, using the experience gained, an R&D program has begun for BaF2. Part of this program will be to compare its performance with the backup alternative of pure CsI [30]. These studies will be based both on source and cosmic rays tests. The BaF2 R&D program includes development and evaluation of the UV-extended, solar-blind APDs from RMD/JPL. For the CsI, currently available MPPCs and APDs can be used. Single crystals as well as a small matrix will be exposed to an electron beam in the winter of 2014. A final technology choice is foreseen for the first quarter of 2015.
Measurement with a radioactive source and UV extended PMT 
BaF2 and pure CsI crystals have been characterized using a test stand at LNF. The crystals were 3x3x20 cm3 and were produced by SICCAS. The measurements were performed with a 22Na source. The crystal signal shape and the corresponding light output were determined for each crystal. By applying different integration gates, the contributions of the fast and slow components was determined. Due to the slight hygroscopicity of CsI, the tests were performed in a clean room with a relative humidity of 33%. A vacuum bag was used to encapsulate the crystal when not under measurement. All crystals were wrapped with reflective/diffusive material such as Teflon and 3M-ESR. In the CsI case, the effect of a standard optical grease (Bicron BC-630 and silicon Paste-7 from Rodhorsil) has been tested with good efficiency down to 300 nm. For the BaF2 case, all reported measurements have been performed with an air gap. Future tests will include UV transmitting optical grease (DC 200 [31], viscosity > 600). In Figure 9.55, an example of the pulse shape is shown for the BaF2 and CsI samples. Figure 9.56 shows the measurement of the fast and slow components for a BaF2 crystal. Figure 9.57 shows the measurement of the fast and slow components of pure CsI for different wrapping materials and optical couplings.
[bookmark: _Ref262307958][image: ]Figure 9.55. Signal shapes for BaF2 and pure CsI crystals.
[bookmark: _Ref262308915][image: ][image: ][image: ]Figure 9.56. Response of a BaF2 crystal to 511 keV photons from a 22NA source showing the fast (left) and slow (right) components.

[bookmark: _Ref262309030]Figure 9.57. Response of pure CsI to 511 keV photon: (top) teflon wrapping and no grease, (bottom) teflon wrapping and Rodhorsil paste. Right (left) plots are for the fast (slow) emission component.
The light yield has been determined for the two crystals from the measured peak charge (in pC) by correcting for the gain of the photomultiplier, determined by comparison with a calibrated APD. From the digitized signal shape it is confirmed that the BaF2 has a fast component (< 1ns) followed by a ~650 ns slow tail. The pure CsI spectrum ends 160 ns after the start. The fast components have been measured using a 50 ns gate, while the slow component was measured with a 650 (200 ns) gate for the BaF2 (CsI) crystal. In Table 9.6, the results of the measurements are summarized. For the best wrapping case, 35 p.e./MeV is observed for the fast BaF2 component, which corresponds to 30-35 p.e./MeV for readout with a UV-extended APD, assuming a factor of two improvement due to the optical grease. For the pure CsI ~20 p.e./MeV is estimated for the MPPC readout using the best configuration of wrapping and grease.

[bookmark: _Ref262309563]Table 9.6. Summary of measurements for pure CsI and BaF2 crystals.
	Case
	Slow Peak
	Slow (/P)
	Fast Peak
	Fast (/P)

	BaF2 (air)
	18 pC
	30%
	81 pC
	12%

	CsI (air)
	16 pC
	42%
	34 pC
	19%

	CsI (Rodh.)
	31 pC
	22%
	54 pC
	15%



The measurements performed with a source and a PMT show that both the BaF2 and the pure CsI crystals have a reasonable light output with the expected ratio of fast and slow components. Given the small size (3x3 mm2) of UV extended SiPMs available, the best performing crystal and photo-sensor combination was pure CsI readout by an MPPC with 50 m pixels and an active area of 12x12 mm2.

The pure CsI crystal was wrapped with the 3M-ESR reflective film and a 16-anode MPPC was used as the photosensor. The anode signals were input to a discrete chip that provided the analog sum and a x2 amplification stage. A single-pole RC shaper was also used. This electronics contributed a total signal width of 100 ns (Figure 9.58, right), determined by illuminating the MPPC with a blue laser with a 50 ps pulse. The photosensor was optically connected to the crystals by means of BC-630 optical grease. Similar to the PMT case, the signal has a rise-time of 15 ns and a decay time of 26 ns (Figure 9.58, left).
Measurement with cosmic rays and a large-area MPPC
The pulse height distribution obtained with an integration gate of 200 ns is shown in Figure 9.59 (right) for cosmic ray events selected by a coincidence between two finger scintillators positioned above and below the crystal.  The pulse height exceeds 600 mV when running the SiPM at 73 V, while the collected charge corresponds to ~300 pC. The average energy deposition is equivalent to 15 MeV and the energy resolution for a MIP is 14% with an equivalent noise of 130 keV. In Figure 9.59 (left), the time difference between the two finger scintillators and the difference between a finger scintillator and the CsI timing are shown. A time resolution of ~800 ps is measured for a MIP signal, with an associated trigger time-jitter of ~300 ps. Scaling this result to 100 MeV, a [image: ]resolution of 300 (200) ps is expected when using one (two) MPPCs per channel.
[bookmark: _Ref262309968][image: ]Figure 9.58. Signal shape for a single MIP event in a pure CsI crystal readout by a 12x12 mm2 Hamamatsu MPPC array (left) and the response of the Hamamatsu MPPC to a 50 ps blue laser pulse (right).
[bookmark: _Ref262329842]Figure 9.59. Distribution of cosmic ray data obtained with the pure CsI crystal readout by a 16 anode MPPC. The time difference between (top) the two finger scintillators, arranged above and below the crystal, appears at the top left. The time difference between the CsI crystal and one of the counters appears at the bottom left. The pulse height response is shown on the right.
Laser Monitoring System
In order to continuously monitor variations of the crystal transmittance and the APD gains, a laser system has been designed similar to the one used for the CMS calorimeter [32]. The use of solar- blind photosensors from RMD requires a laser with a wavelength where the sensor has reasonable quantum efficiency. The laser light is transmitted by a distribution system and optical fibers on the readout side of the detector. The fiber end has a ferrule connector positioned between the two photosensors and held in place by a small screw in a reproducible way. The light will be transmitted through the crystal and then reflected and diffused by the crystal and the wrapping material before it illuminates the active area of the photosensor. As shown in 13 (left), an upper limit for the detectable light is at ~270 nm. Deterioration of the crystal transmittance due to the irradiation is usually concentrated at the lowest wavelengths and can be controlled by the source response assuming a tight control of the photosensor gain. We are evaluating different options for a laser emitting DUV light between  ~220 and 260 nm.

[image: ]A schematic of the overall system is shown in Figure 9.60. A high-precision, high-power, pulsed laser sends light through standard collimation optics to an optical splitting system, done with mirrors, to subdivide the beam into 8 equal parts. By means of eight 1-mm diameter, 20 m long quartz fibers, the light is brought to the Detector Solenoid bulkhead and through a vacuum feed-through, to the back face of the calorimeter disks. On each disk, there are four 2-inch diameter integrating spheres (see Figure 9.61) with one input for the incoming fiber and three outputs. Running from two of the outputs is a bundle of 150 200-m diameter fused silica fibers, for a total of 1200 fibers/disk. Of the 1200 fibers/disk, 930 are used for gain calibration, 8 for monitoring; the remaining 264 are replacements in case fibers are broken during handling or installation
[bookmark: _Ref262331109]Figure 9.60. Schematic of the laser monitor system.
The light output from the laser system is monitored with pin-diodes that measure the output light from the laser and the returning light from the integration spheres. A total of 50 pin diodes are needed. The pin diode monitors are required to track pulse amplitude variations larger than 1%. The laser and the monitor boxes will be temperature controlled to reduce the variation of the laser to a few percent and to minimize the pin-diode temperature correction. In order to monitor calorimeter response linearity, a neutral filter wheel with gradually changing absorption values is inserted between the primary beam and the light distribution system.

[bookmark: _Ref262331383]Figure 9.61. Picture of the ThorLab IS-200 integrating sphere (left); and the sphere’s reflectivity dependence on wavelength.
There is not a stringent requirement on the laser pulse width, since the APD readout electronics has a rise time between 6 to 8 ns, thus setting an upper limit on the width of 10 ns. Similarly, the pulse frequency is not strongly constrained since, as shown in the prototype test, running at 1 Hz provides better than per-mil statistical precision in one hour of data-taking. It is instead mandatory to synchronize the laser pulse with an external trigger to allow the light to reach the detector at the correct time relative to the proton beam pulse so that laser data can be taken during the time when the calorimeter is acquiring physics data as well as during the gaps between beam when the calorimeter is quiet. The laser pulse energy is strongly attenuated by the distribution system. However, the laser signal is required to simulate a 100 MeV energy deposition. For BaF2 this corresponds to ~10,000 p.e. in each photosensor. This roughly translates to a 10-20 nJ energy source. A safety factor of 20 is designed into the system to account for the eventual degradation of the signal transmission with time, resulting in an energy pulse requirement of ~ 0.5 J. 

There is a stringent requirement on the fibers. They should have high transmission at 200-260 nm, a small attenuation coefficient and they must be radiation hard up to O(100 krad). The best choice is fused silica fibers, both for their transmission properties (see Figure 9.62, left), a nearly flat wavelength dependence down to 150 nm, a long attenuation length and high radiation tolerance.
Laser monitor prototype for the LYSO crystals
The setup used for the transmission test and for the calibration of the LYSO calorimeter prototype is shown in Figure 9.62 (right).  The light source was an STA-01 solid-state pulsed laser emitting at 532 nm with a pulse energy of 0.5 J, a pulse width < 1 ns, good pulse-to-pulse stability (3%), and synchronization to an external trigger for frequencies up to 100 kHz. Table 9.7 summarizes the performance of equivalent STA-01 lasers emitting in the UV region that are being evaluated for the final implementation. The prototype distribution system uses a 2” integrating sphere, the ThorLab-IS200, with one input port and 3 output ports. Each of the output ports has a 0.5” diameter. Pictures of the sphere and of its reflectivity diagrams are shown in Figure 9.61. A Hamamatsu Pin-Diode S1722-02 is mounted in one sphere port to monitor the laser pulse variation, while a bundle of fifty 2 m long, Leoni fused silica fibers of 200 (400) m diameter core (core [image: ]plus cladding) is inserted with an SMA connector to another port.

[bookmark: _Ref262336414]Figure 9.62. Transmission as a function of wavelength for fused silica fibers (left) and a picture of the light distribution system prototype (right). 

[bookmark: _Ref262368855]Table 9.7. Main properties of STANDA Lasers operating in the UV region
	Models
	STA-01-TH
	STA-01-FH

	Wavelength, nm
	354
	266

	Average output power (max), mW
	15
	20

	Pulse energy, J
	> 1.5
	20

	Pulse duration, ns
	< 0.5
	< 0.5

	Repetition rate (max), Hz
	10,000
	0.1 - 1000

	Beam profile
	M2 < 1.2
Single longitudinal mode
> 100:1
25 - 200
< 5 (near transform limited)
< 0.6
< ± 1.5%
100 - 240
15 - 40
USB, External trigger (TTL rising edge) 1 Hz max repetition rate

	Pulse spectral structure
	

	Polarization ratio
	

	Beam waist diameter inside the laser head 1/e2, m
	

	Pulse spectrum FWHM, pm
	

	Pulse-to-pulse energy stability rms
	

	Power stability over 6 hours
	

	External power supply voltage, VAC
	

	Operating temperature °C
	

	Interfaces
	



The number of photoelectrons, Npe, observed at the end of the transmission line has been determined by a direct measurement of the APD charge seen in the calorimeter. The input laser source was first reduced by a factor Tfilter = 200 by means of a neutral density filter, in order to avoid signal saturation.  The average APD charge, with the APD gain set to 50, was around 120 pC, with a channel-by-channel spread of  10%. This corresponds to Npe = 33,600, a factor of 3 more than required in the BaF2 case. However, this determination does not take into account the reduction factor of 14 that results from the initial optical splitting system and for the factor of 2 in the energy ratio between UV and green light. The measured Npe is consistent with the pulse energy and distribution losses. One photon at 520 nm corresponds to 4x10-19 J, so that in a single laser pulse ~1012 photons are produced. Using the measured Tfiber and Tfilter, the light transmitted at the end of the chain is estimated to be Nphoton= 1012 x (7x10-5) x 0.005 = 3.5 x 105. Correcting this estimate for the APD quantum efficiency of 70% and for the APD/crystal area ratio of 1/9, 27,000 detected photoelectrons are expected, in reasonable agreement with the measurement.

The prototype calibration system has been tested by measuring the transmission at one of the output ports, Tport, and by measuring the transmission at the end of the fiber bundle, Tfiber. The transmission in one port can be written as Tport=(Sport/Ssphere)M, where S represents the surfaces and M=R/(1-R (1-f)) is the sphere multiplication factor.  R is the sphere reflectivity and f is the ratio between the ports and the sphere surfaces. At  > 400 nm, R is 98%, f is ~5% and M is ~16, so that the transmission factor is ~0.012×16=0.192. The first measurement was performed by calculating the ratio between the light emitted by the laser and the light exiting from the sphere port. A calibrated photocell of 13 mm diameter has been used, positioned at zero distance from the hole. The transmission measured is ~0.12, in reasonable agreement with our simplified model. Similarly, the transmission at the end of the fiber bundle has been measured, resulting in an average factor of Tfiber=7x10-5 that, as expected, is much better than the product of the simple geometrical ratio, 10-5, and the fiber numerical aperture. The spread of transmission values for the best 43 fibers in the bundle has a  = 8%. The seven remaining fibers were accidentally cracked before the test, showing deviations worse than a factor of two.

Finally, in Figure 9.63 (left), the variation of the observed laser pulse as a function of the running time is shown. The average laser fluctuation observed in 12 hours of running has a  ~5% and is mainly due to the variation of  the APD response. This is shown by comparison with the reference pin-diode (green circles), which is much flatter than the calorimeter response.  The residual fluctuation of the calorimeter to pin-diode ratio is 3.5%. This is much worse than the ratio between two calorimeter channels (red points) that is at a level of 0.4% and of the PIN-diode, which is 1.6%.  To confirm this, the dependence of the calorimeter response on the temperature has been studied by measuring the temperature in the APD region with a PT-100 probe (Figure 9.63, right). The APD gain dependence on temperature is consistent with the observed residual calorimeter/pin fluctuation as shown by the anti-correlation between the APD temperature and the calorimeter response in Figure 9.63 (right). The gain variation of the APD corresponds to ~  -4 %/C.
[image: ][image: ]



[bookmark: _Ref262393172]Figure 9.63. The left plot shows the distribution of the average laser pulse energy as seen by two calorimeter channels as a function of the trigger number (black and blue points), of the average pin diode response (green points) and of the ratio between the calorimeter channels (red points). The purple histogram shows the ratio between calorimeter channels and the PIN-diode, isolating the residual fluctuations of the APD gain. Also shown is the distribution of the temperature as a function of running time in minutes (top right), and the variation of the laser pulse for channel 1 during the same period (bottom right).
Source Calibration System
Calibration and monitoring while physics data is being accumulated is an important ingredient if the best possible performance of the calorimeter is to be realized. A suitable system must provide precise, independent crystal-by-crystal calibration. The use of radioactive sources is a proven technique for accomplishing such a calibration. However, most long-lived sources are limited to an energy around 1 MeV, which makes it difficult to secure a signal that is significantly above electronic noise, and sources that must be deployed individually are not practical with a system of ~2000 crystals. Mu2e has adopted an approach formerly devised for the BABAR electromagnetic calorimeter [33]. In this system, a 6.13 MeV photon line is obtained from a short-lived 16O transition that can be switched on and off as desired. This system was successfully used for routine weekly calibrations of the BABAR calorimeter. It is an ideal match to the Mu2e requirements, and we have started the process of salvaging the BABAR system in order to refurbish it for use in Mu2e.

The decay chain producing the calibration photon line is:
[image: ][image: ]The fluorine, a component of Fluorinert™ coolant liquid, is activated with a fast neutron source, producing the 16N isotope. This isotope then β-decays with a half-life of seven seconds to an excited state 16O*, which in turn emits a 6.13 MeV photon as it cascades to its ground state. A source spectrum collected with a BABAR CsI(Tl) crystal with PIN diode readouts is shown in Figure 9.64. There are three principal contributions to the overall energy distribution: one peak at 6.13 MeV, another at 5.62 MeV and a third at 5.11 MeV, the latter two representing e+e- annihilation photon escape peaks. Since all three peaks have well-defined energies, they simultaneously provide both an absolute calibration and a measure of the linearity of response at the low end of the calorimeter energy scale.
[bookmark: _Ref262404051]Figure 9.64. Typical source calibration spectrum from a BABAR CsI(Tl) crystal showing the 6.13 MeV peak, along with two escape peaks.
The fluorine is activated using neutrons provided by a commercial deuterium-tritium (DT) generator producing 14.2 MeV neutrons, at typical rates of several times 108 neutrons/second, by accelerating deuterons onto a tritium target. The DT generator is surrounded with a bath of the fluorine-containing liquid Fluorinert™, which is then circulated through a system of manifolds and pipes to the calorimeter crystals. Many suitable fluorine-containing liquids are commercially available; Fluorinert™ “FC-77” was used in BABAR and stored in a reservoir near the D-T generator. When a calibration run is started, the generator and a circulating pump are turned on.  Fluid is pumped from the reservoir through the DT activation bath and then to the calorimeter. The system is closed, with fluid returning from the calorimeter to the reservoir. A schematic of the Mu2e system, based on the BABAR system, is shown in Figure 9.65. 
[bookmark: _Ref262404254][image: ]Figure 9.65. Schematic Layout of the EMC calorimeter source.
The DT neutron generator is a small accelerator. Radiation safety protocols factor into the design of the calibration system, and operation of the source will be done remotely in a no-access condition. The half-life of the activated liquid is 7 seconds; residual radioactivity is thus not a substantial concern when the DT generator is not operating. The DT generator will be shielded according to FNAL safety regulations. The shielding will be interlocked such that the DT generator cannot be operated if the shielding is not in place. The fluid reservoir is capable of holding the entire volume of FluorinertTM fluid required for operation of the system. In the event of a fluid leak, the maximum exposure for the BABAR system was calculated to result in a maximum integrated dose of less than 1 mrem. For Mu2e, a detailed hazard analysis will be performed in collaboration with Fermilab radiation safety experts. Operation of the system is anticipated to be approximately weekly during Mu2e running.

In BABAR, the fluid was pumped at 3.5 liter/second, producing a counting rate of ~40 Hz in each of the ~6500 crystals, which were an average distance of about 12 m from the DT generator. This produced a calibration with a statistical uncertainty of ~0.35% on peak positions in a single crystal in a 10-15 minute calibration run. The fluid transport manifold consisted of thin-wall (0.5 mm) aluminum tubing (3/8-inch diameter); 1 mm of Al represents 1.2% of a radiation length. The tubes were placed in front of the BABAR crystals, with an additional 2 mm of Al in the structural support for the tube assemblies. A similar system of thin-wall aluminum tubing mounted on a supporting structure will be implemented for each of the two Mu2e calorimeter disks. 
Salvage of System Components from SLAC
Many of the main components of the source calibration system used at BABAR have been preserved in good condition during the BABAR detector decommissioning process and have been requested from SLAC. These items include:

· the BABAR DT generator, model ING-07, manufactured by the All-Russia Institute of Automatics (shown partially disassembled prior to installation at BABAR in Figure 9.66) , including HV power supply, PC-interface controller card and cabling;
· elements of the fluid distribution system, including the primary outgoing and incoming manifolds, valves and pressure gauges, and the main distribution panel on which many of these items are mounted;
· [image: D:\mu2e\source_calib_pics\NG_repair_late_2002\(2)_Checking_the_generator_November_2002\PB180001.JPG]pumps for the fill and fluid activation loops; and
· any remaining stocks of Fluorinert™ FC-77.
[bookmark: _Ref262416497]Figure 9.66. The model ING-07 DT generator.
Prior to installation at Mu2e, these salvage items will be tested, refurbished as required, and assembled into a prototype system at the California Institute of Technology. This will allow assurance of performance of the salvaged items prior to their incorporation into the final calorimeter source calibration system, which will be developed and built at Caltech, and ultimately transported to FNAL for installation at Mu2e
Implementation for Mu2e
The source calibration system for Mu2e is designed to provide a weekly calibration of the entire calorimeter [34] in about 10 minutes of data acquisition. The design precision is better than 0.1 MeV at the 6.13 MeV line, or better than 1.4%. This is a negligible contribution to the overall resolution of the calorimeter. 

The number density of fluorine in Fluorinert™ FC-77 is approximately 4x1028 m-3, essentially all in the desired 19F isotope.  There is some uncertainty in this number density as the proprietary formulation is not precisely known; we work with a worst-case assumption. The viscosity, at 0.8 centiStokes, is similar to that of water. The radiation length of FC-77 is approximately 20 cm.

The relevant 19F(n,alpha)16N cross section is about 24 mb [35]. The total inelastic cross section is around 80 mb, dominated by 19F(n,2n)18F. The elastic cross section is much larger, at about a barn.

The bath irradiated by the DT generator has a volume of about 20 liters, with the fluid pumped at a rate of 3.5 l/s; for a neutron rate of 109 n/s, the density of 16N at the bath exit is thus about 1.5x109 m-3. With decays, this is attenuated by a factor of 0.7 by the time the fluid reaches the furthest crystals in the calorimeter. 

The conceptual layout of the source calibration components is shown in Figure 9.67. The basic plumbing design consists of 4.1-cm ID transport pipes of about 15 m length to the calorimeter disks, where 3-cm manifolds are located. Each disk has two such manifolds, one for supply and one for return. Connecting the manifolds are the thin-wall tubes that carry the irradiated fluid over the face of the calorimeter disk. There are 12 of these for each disk, arranged in a concentric pattern and ranging in length from 1.5 to 1.7 m. The tubes are 0.5-mm wall-thickness round aluminum tubing with an inside diameter of 3/8 inch, similar to the tubing used at BABAR.

 shows the layout of Al pipes at the front face of a calorimeter disk, along with the manifolds at bottom (red) and top (blue) that lead to and from the fluid activation bath. Studies using as a figure-of-merit the number of photons passing through a surface element at the front face of a crystal have been performed to optimize the spacing between pipes and the perpendicular distance from the pipes to the front surface of the crystals. Figure 9.69 illustrates the ±10% variation in illumination as a function of increasing radial distance for an inter-pipe spacing of 60 mm and 30 mm between pipes [image: ]and the front surface of the crystals.
[bookmark: _Ref262417007][image: ]Figure 9.67. Physical layout of the calibration source components in the Mu2e experimental hall.

Figure 9.68. Calorimeter disk with aluminum source calibration pipes.

Figure 9.70 shows the relative intensity for different values of the distance between pipes and the crystal front surface as a function of radial distance. Based on these studies, we have chosen to set the distance between pipes to 60 mm, which essentially allows one pipe to pass between every other crystal. The distance from the pipes to the crystal front surface should be minimized but, as can be seen from the figure, any distance between approximately 10-30 mm is reasonable. The final value for the perpendicular distance will be determined within this window taking into account any engineering constraints.
[bookmark: _Ref262417274][image: ]








[bookmark: _Ref262417858][image: ]Figure 9.69. Radial variation in illumination with an inter-pipe spacing of 60 mm with 30 mm between the pipes and the crystals.
[bookmark: _Ref262417890]Figure 9.70. Simulation of the relative intensity of illumination as a function of radial distance for several values of the gap between the pipes and the front surface of the crystals.
Risk Management
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 we cannot develop the UV extended solid-state photo-detectors that are blind to solar wavelengths on the schedule required by the project. BaF2, has a long component at a wavelength of 300 nm. Without the development of these new photosensors, the rate capability of the calorimeter might be compromised. To mitigate this risk, work on solar blind photodetectors is currently underway at Caltech, JPL and RMD. In the meantime, there is a method to directly reduce the production of the BaF2 long component by doping the crystal with 1% La. Interactions with the vendors are currently underway. If these mitigations do not come together before the final calorimeter technical review and the start of the production, a cheaper alternative, though one with poorer performance, will be implemented. As reported, a parallel R&D program has begun to study the feasibility of using pure CsI crystals with large-area SiPM read-out. In this case, a complete demonstration of timing and radiation hardness capability has to be delivered in a timely fashion.

The large neutron flux in Mu2e poses several risks to the performance of the calorimeter. One such risk is associated with the radiation hardness of the photosensors. Neutrons incident on either APDs or SiPMs could increase the dark current and deteriorate the calorimeter’s performance. The use of the disk geometry greatly reduced this problem with respect to the original vane geometry. Indeed, the highest neutron flux estimated by the simulation in the disk readout-area is below 2x109 n1MeVeq/cm2, a factor 3-4 better than in the vane case. Moreover, the photosensors will be connected through bridge-resistors to their external shielding so that metallic cooling fingers attached to the main cooling system can be used to cool them down (~ 0C) to increase their radiation hardness. Neutrons interacting in the crystals can also degrade the energy resolution of reconstructed clusters. For large neutron fluxes the pileup in and around the reconstructed cluster could become very important, depending upon the timing characteristics of the selected crystals. Pulse shape analysis can mitigate this risk to a large degree. If the situation becomes intolerable, an additional mitigation will be to enhance the neutron shielding inside the Detector Solenoid.

Finally, there is a risk that INFN might not be able to commit to the calorimeter construction by the time of CD-2. There is the associated risk that the INFN commitment might not be as large as originally assumed. The number of INFN physicists participating in Mu2e can also limit the funds that INFN is willing to commit. Calorimeters are, by their nature, expensive devices, thus challenging the standard Euro/FTE formula used at INFN. From the practical point of view, some delay on the decision can be tolerated, due to the existence of a parallel path of approval that is well underway. In the worst-case scenario of INFN dropping from the calorimeter construction, the mitigation will be to reduce the construction to one disk only or to fill a reduced area of the detector, thereby losing up to 35% in relative acceptance. In this way, the risk, corresponding to O($1M), can be minimized. 
Value Management
Even though a performance baseline has now been established for the calorimeter, value management will continue through final design and construction. In particular, a careful examination and validation of detector requirements coupled with evaluation of alternative engineering and design choices will continue, with special attention to cost. 

The option of using large-area SiPMs is more attractive due to the low light yield of the crystals under consideration (relative to LYSO) and to the fact that most producers are currently developing blue or UV extended devices for application in other fields, such as astro-particle physics. The first results obtained with the pure CsI crystal and a SiPM matching the emission spectra, are very encouraging. The inherent high gain and lower noise of SiPMs might allow for a simpler design of the front-end electronics, reducing the HV needs and simplifying the amplifier design. The basic layout of the FEE chain will be kept unchanged but there would be no need to have a DC-DC converter working in the magnetic field and the amplifier gain requirement would be much easier to meet.
[bookmark: _Toc166637455]Quality Assurance
For a calorimeter of this complexity, Quality Assurance is a fundamental component of the procurement, fabrication and assembly phases. Quality Assurance will be applied to all components and subsystems, building on the relevant experience from the BABAR, CMS and PANDA calorimeters and from the Mu2e group itself. Indeed, within the Mu2e collaboration, the expertise that already exists in the construction of the KLOE-2 calorimeter upgrade, as well as the BABAR and SuperB calorimeters have been useful for carrying out the calorimeter R&D program where the QA procedures have been developed. 
QA for Crystals
In order to construct a high performance calorimeter that satisfies the Mu2e physics requirements, strict requirements are imposed on various crystal parameters that must be controlled both at the production sites, and upon receipt by Mu2e. The calorimeter is composed of ~2000 BaF2 or pure CsI crystals of hexagonal shape. Each crystal has to satisfy three different QA tests in order to be accepted by Mu2e. These include

1. an optical and dimensional inspection, 
2. a measurement of the emission spectra and transmission quality, and 
3. a test of light yield and longitudinal uniformity of response, LRU. 

To ensure timely feedback on crystal production (~100 /month), the use of automated stations is required. In the following, the organization of this effort is described in some detail. Many of these techniques were developed during our studies of LYSO crystals. These acceptance criteria have now been applied to twenty BaF2 crystals. 
General inspection and validation of dimensions	
Each crystal is required to satisfy the following:
1. To be free of cracks, chips and fingerprints. They shall be inclusion-free, bubble-free and homogeneous.
2. To deviate from a perfect 3-dimensional hexagonal prism by less than 50 m.
3. Mechanical tolerance of 50 m per side with a 0.3 mm chamfer on all edges.
A generic visual inspection will be done upon receipt of the crystals and the packaging will be opened in a dedicated clean room. Crystals will only be handled by experienced technicians wearing gloves. Each crystal will then have its dimensions checked using a Coordinate Measuring Machine (CMM). This facility allows, through optical scan and precise dimension determination, controlling the hexagonal shape at better than 10 m.
Transmission and light emission tests
We require each LYSO crystal to:

1. [bookmark: _Ref261793203]Have a longitudinal transmission above 75% at 420 nm and 80% at 440 nm.
2. Have a transverse transmission above 75% at 420 nm.
3. Pass the overall longitudinal uniformity test that consists of scanning the crystals at 9 points (3 rows of 3 points) along the transverse face;
4. [bookmark: _Ref261867610]Pass the overall transverse uniformity test by scanning the crystals at 27 points (3 rows of 9 points each) along the longitudinal axis;
5. Pass a test of the emission spectra performed with a UV LED.

These tests have already been developed and executed using measurement stations at both Caltech and LNF. The station at Caltech is a commercial device from Hitachi able to measure in the range 200-900 nm, which can measure the transmittance for BaF2 or pure CsI crystals. The transmission station at LNF, LATTER (Longitudinal and Transversal Transmission Emission Response), was designed and assembled during 2013 and is tuned to operate in the range 350-900 nm. The CAD drawings and an illustration of the basic principle are shown in Figure 9.71. A light source uniformly illuminates the back of the crystal while a spectrophotometer from Ocean-Optics, with special focusing optics, is able to read light coming from a narrow ellipse of 1.5, 2 mm radii. The crystal can be positioned in front of the spectrophotometer and translated longitudinally, adjusted vertically or rotated around its axis by precise step-motors. The measurement of transmittance takes five seconds per point; when multiplied by the number of testing positions, it corresponds to an elapsed time of 10 minutes per crystal. The program is written in LabView and controlled by means of a laptop. At the end of the transmission test, the crystal emission spectrum is also measured with a UV LED (350 nm). A more detailed description of the stations can be found elsewhere [35][36]. All 25 LYSO crystals used for construction of the medium-size prototype have been tested and qualified for longitudinal transmission by using these stations. 15 crystals were tested at LNF and 10 crystals were tested at Caltech. Examples of acceptable and unacceptable spectra are shown in Figure 9.72. Similar tests have been carried out with the Caltech station. The transmittance of six LYSO crystals is shown in Figure 9.73. Out of 25 LYSO crystals, only one was found to be unacceptable from the transmission point of view. All 20 BaF2 crystals satisfied the acceptance criteria.
[bookmark: _Ref265171098][image: b1106_0.png][image: C1104_0_vssource.png][image: ]Figure 9.71. CAD Drawing of the LATTER test station at Frascati (left) and a schematic of the light transmission test setup (right).
[bookmark: _Ref262550238]Figure 9.72. Longitudinal transmittance (%) as a function of wavelength in nm for an acceptable crystal (left) and an unacceptable crystal (right).
An example of an emission spectrum is shown in Figure 9.74 (left). Interestingly enough, we have also learned how to extract the Moyal law, which describes the emission spectra of the crystals or a generic plastic scintillator [37], by fitting it with the equation 

F = n×M(1, 1) + n2×M2(2, 2) 

where n is the amplitude,  is the average wavelength,  is the spread in nm and M is the following law:




[bookmark: _Ref272236369][bookmark: _Ref262550340][image: ]Figure 9.73. Longitudinal transmission parameters for six crystals measured at Caltech. The solid curve is the measured transmittance, the black points are the theoretical limit of transmittance. 
[bookmark: _Ref272236514]Figure 9.74. Emission spectra for one of the SICCAS LYSO crystals (left). The most important component is at 400 nm. A relevant component also exists at 435 nm. Dependence of the self-absorption along the z-axis (right). Top plot is for the amplitude of the 400 nm component and the bottom plot is for the 435 nm component. While the absorption in 1.5 m is almost a factor of two for the 400 nm component, the absorption at 435 nm is smaller than 15% and therefore practically negligible.

Measurement of Light Yields and LRU 
The light yield and Longitudinal Response Uniformity (LRU) tests were set up using LYSO crystals. Each crystal was fully wrapped with an ESR-3M reflective sheet and was required to:

· Have a light yield above 2000 p.e./MeV when readout with a 2” PMT;
· Have a correct signal shape, 99% of signal below 200 ns;
· [bookmark: _Ref262212096]Have an energy resolution  (FWHM) at 511 keV < 13 % with a 2” PMT;
· Have a reasonable LRU, defined as the RMS of the uniformity measurement in 7 or more points along the axis, RMS_LRU< 4%.

[image: ]All measurements are carried out in a temperature and humidity controlled environment. Both the LATTER (LNF) and Caltech stations use a collimated 22Na source that illuminates the crystals over a region of a few mm2. Each station is equipped to detect the two 511 keV annihilation ’s produced by this source; one  is tagged by means of a small monitor system consisting of a LYSO crystal (3x3x10 mm3) readout by a 3x3 mm2 MPPC, while the second  is used for calibrating the crystals. Crystals are wrapped in the same way as they will be wrapped for the final detector and are read out by means of a 2” PMT or by a 1 cm2 APD. In the case of the PMT readout, no additional amplifier is used, while for the APD the signal is amplified by a commercial CAEN charge-amplifier. The tag and test signals are both acquired by means of a CAEN digitizer system running at 1 Gsps. A large effort has been made to make these QA stations user-friendly. In the LNF case, all data-taking is done by changing the position of the crystals while running a DAQ program at 500 Hz that allows collection of 10,000 events in 20 sec. A ROOT macro reconstructs, analyzes and fits the data in less than 30 sec. The Caltech unit, shown in Figure 9.75, is aimed at large-scale testing, displaying data to the user as it is being acquired, along with Go/no-Go acceptance criteria. 
[bookmark: _Ref262553423]Figure 9.75. The Caltech QA station for measuring crystal light response.
All analysis and fitting are done in an automated manner. Typical reconstructed 511 keV photon peaks for PMT and APD readout are shown in 
[bookmark: _Ref262558101][bookmark: _Ref262573462]Figure 9.76. A plot of the LRU measured at Caltech and LNF for a few crystals is summarized in Figure 9.77. Adjustment of the photosensors is in progress to optimize these stations for measurements of BaF2 and pure CsI. A 2” UV-extended PMT such as the ET-9813 QB will be used.
[image: ]Figure 9.76. Distribution of the response of a LYSO crystal to a 511 keV gamma from a Na22 source for the Caltech QA station with APD readout and a charge amplifier (left), and for the LNF station with PMT readout (right).
In order to also test the linearity of response as a function of the deposited energy for low values (< 2 MeV) of energy deposition, a linearity-station has also been setup at JINR in Dubna. This station uses many different radioactive sources that produce particles at different energies (241Am, 55Fe, 22Na, 137Cs, 60Co) to illuminate the crystals. We have compared the response of a LYSO crystal from SICCAS in the energy range 522-2500 keV has been compared to a LYSO crystal from Zecotek LFS in the energy range 356-2500 keV. A LYSO crystal from St. Gobain was taken as reference. The observed non-linearity is below 0.5 % from 50 to 2000 keV [38]. Similar measurements will be carried out for the BaF2 and CsI crystals.

During the production phase, the crystal characterization will be done at FNAL in a clean room, and one or both setups will be used for the QA procedure.
Acceptance Procedure
Having described the technique, the acceptance procedures are summarized below.

[bookmark: _Ref262558825][bookmark: _Ref265358051][image: ]Figure 9.77. The Longitudinal Uniformity of Response (LRU) of two SICCAS LYSO crystals, as measured by the Caltech station (top), and the LNF station (bottom). The crystal response is more uniform when connecting the photosensor at one of the two ends. This is due to the Ce concentration gradient (CeC) produced during crystal growth; the light yield is related to the CE concentration while the uniformity is only related to the reflection and collection of the scintillation light.
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 the 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 to measure light yield and LRU. 
 


2.  QA upon receipt by Mu2e: 
Mu2e will repeat the QA tests performed by the vendor for each delivered crystal. Additional tests will also be performed, including a measurement of the crystal dimension and its transmission properties as described above. Final crystal acceptance will be based on the tests made by Mu2e.  

3.  Radiation Hardness testing: 
A random sample of ~1% of the production crystals will be tested for radiation hardness. Gamma irradiation will be performed using a high-intensity 137Cs source at Caltech where a motorized source mount is already available. Neutron irradiation can be performed at JINR, Dubna. 
QA for photosensors
[image: ]The QA for the silicon photosensors will be based on measurements of leakage current and gain, as well as on their temperature dependence and bias voltage. The APDs will be illuminated by means of a continuous blue, green or UV Laser for testing purposes. A schematic of an existing the measurement station in Udine for testing single photosensors is shown in Figure 9.78. If SiPMs are selected as the final read-out choice, it will also be necessary to measure their singles rate as a function of threshold scan (see Figure 9.78, bottom-right).

[bookmark: _Ref262560484]Figure 9.78. Schematic layout of the Udine QA station for testing single photosensors (top). To illustrate the capabilities of the test station, a measurement of the dependence of the gain of an APD on the bias voltage is shown on the bottom left and a measurement of the singles rate in a SiPM as a function of threshold is shown on the bottom right.
The conceptual design of a QA station that can measure multiple photosensors at one time and characterize the uniformity of response over their active area is shown in Figure 9.79. The setup is composed of a box housing the photosensors, a Keithley 6487 picoammeter, a voltage source, a light distribution system and a PIN diode. The housing box has a zero insertion force (ZIF) socket supported by a mechanical structure, which allows two-dimensional movements via two encoders and two step-motors. The Keithley 6487 supplies both the bias voltage to the photosensors and the measurement of the current. A relay is used to switch the Keithley between photosensors. 

[image: ]












[bookmark: _Ref262561276]Figure 9.79. Generic schematic of the QA station for photosensors.
The light system depends on the choice of photo-sensor; for APDs, it is based on a sodium lamp that provides a broad spectrum from 200 to 800 nm in several nanometer bins. For SiPMs, three pulsed lasers can be used: one UV, one blue and one green. The optical system adopted for the light distribution consists of one fiber bundle with 250 m plastic fibers for bringing the light to the photosensor socket, and finally one PIN diode used for monitoring the intensity of the light generated. For the SiPM option, a small plastic diffusor (2x2x5 mm3) is placed between the fiber and the SiPM to avoid saturation of the photosensor.
Gain measurement	
The gain of each photosensor is calculated by measuring the current and the dark current as a function of the bias voltage:
[image: ]
Here G(V) is the resulting gain at the bias voltage V, I(V) is the current measured at a bias voltage V, Idark(V) is the dark current at bias V, and I0 and I0dark are respectively the current and the dark current at the starting voltage. The measurement of both the station temperature and the supplied light intensity by means of the PIN diode allows for redundant control of the overall system. As shown previously, both the gain of APDs and SiPMs, have a non-negligible temperature dependence. 
Quantum efficiency	
The setup to measure Quantum efficiency is very similar to the setup for measuring gain, except for the light source. For APDs, a sodium lamp is well-suited for QE measurement, while for SiPMs additional pulsed lasers are needed in order to provide a wider light frequency range. A reference photosensor will be used to obtain a normalization for the QE determination. 
Excess noise factor
For measuring the excess noise factor, the light source is replaced with a 90Sr source and an amplification system.
Acceptance criteria
As in the case with the crystals, interaction with the photosensor vendor will be important in order to obtain devices that satisfy the Mu2e requirements. Vendors will be expected to provide test data but final acceptance will depend on tests performed by Mu2e. There will be one measurement station in Italy and one measurement station at Caltech to split the characterization of the sensors. A random sample of ~5% of the sensors will be irradiated with neutrons to determine radiation hardness.
Other QA activities
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 also be performed.

A final test will be performed on crystals that have been fitted with APDs and readout electronics before they are inserted into a disk. 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.
Installation and commissioning
After testing of the individual components, the two disks will be assembled in a clean room with a controlled temperature and humidity environment. The assembly will be done with the disks in a vertical position with the supports mounted on the mechanical structure. Special tooling will keep them safely in stable equilibrium. 
[bookmark: _GoBack]The insertion of crystals into a disk will start from the bottom; as soon as a dodecagonal-like sector is completed, the photosensors and the amplifiers will be mounted on the rear. A light-tight box will cover the disk in order to allow a test of the completed sector by means of a laser pulser and cosmic rays. A dedicated set of 160 preamplifier cables will be connected in a temporary manner to the Amp-HV chips to facilitate a three-day cosmic ray test using a standalone DAQ system. Similarly, a bundle of 80 optical fibers will bring a calibration signal to the crystals, allowing us to check both the crystal transmittance and the photosensor gain. This integration test will be synchronized with the delivery schedule for crystals and photosensors. A production rate of 160 crystals/month will roughly correspond to the completion of two dodecagonal sector/month. The whole operation would conservatively require 1.5 years, assuming a half-year long learning curve.

One year from the start of assembly the first disk will be completed by closing its ends with light-tight covers on which are mounted a set of radfets and temperature monitors, and by connecting the distribution spheres for the laser calibration system and the mechanical support for the final FEE and digitizers. After this operation, the routing of FEE cables, optical fibers and cooling fingers will take place in the back side of the disk, thus allowing a first complete debugging of the overall system. The signal cables from the FEE to digitizers and the local service cables from the ARM controller to the amplifier will be laid down in a configuration as close as possible to the final one. After this operation, the calorimeter is basically ready, needing only to receive the main service cables, the input quartz fibers for the laser calibration system and the fiber optics for the DAQ readout. Once the two disks are ready, the transfer from the assembly area to the Mu2e building will take place.  The insertion on the rails will be carried out one disk at a time, with the FEE mechanics included. Once the two disks are over the rails, the support structure holding each single disk in a vertical position will be taken apart and the two disks joined. The final connection of services and debugging will take place as the final step before a system test with cosmic rays. A 3-4 month cosmic ray run will be carried out with all detector systems to exercise the final DAQ system and confront any system issues.
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