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Chapter 10: Cosmic Ray Veto
Cosmic Ray Veto 
Introduction
Cosmic-ray muons are a known source of potential background for experiments such as Mu2e. A number of processes initiated by cosmic-ray muons can produce 105 MeV particles that appear to emanate from the stopping target. These muons can produce 105 MeV electrons and positrons through secondary and delta-ray production in the material within the solenoids, as well as from muon decay-in-flight. The muons themselves can, in certain cases, be misidentified as electrons. Such background events, which will occur at a rate of about one per day, must be suppressed in order to achieve the sensitivity required by Mu2e. Backgrounds induced by cosmic rays are defeated by both passive shielding, including the overburden above and to the sides of the detector hall, as well as the shielding concrete surrounding the Detector Solenoid, by particle identification criteria using the tracker and calorimeter, and by an active veto detector whose purpose is to detect penetrating cosmic-ray muons.

The cosmic ray veto consists of four layers of long extruded scintillator strips, with aluminum absorbers between each layer (see Ref. [1] for a detailed description of the parameters of the cosmic ray veto). The nomenclature associated with the Cosmic Ray Veto is described in Table 10.1. The scintillator surrounds the top and sides of the Detector Solenoid (DS) and the downstream end of the Transport Solenoid (TSd), as shown in Figure 10.1 and Figure 10.2. The strips are 2.0 cm thick, providing ample light to allow a threshold to be set sufficiently high to suppress most of the backgrounds. Aluminum absorbers between the layers are designed to suppress punch through from electrons. The scintillation light is captured by embedded wavelength-shifting fibers, whose light is detected by silicon photomultipliers (SiPMs) at each end (except those counters closest to the TSd). A track stub consisting of at least three adjacent hit strips in different layers within a 5 ns time window signals the presence of a cosmic-ray muon. A conversion-like electron candidate within 125 ns of such a track stub is assumed to be produced by a cosmic-ray muon and is vetoed in the offline analysis. 

The cosmic ray veto must operate with an excellent efficiency, about 0.9999, in an intense radiation environment that consists of neutrons produced at the production target, stopping target, and muon beam stop, as well as gammas produced largely from neutron capture.  

Unlike the other backgrounds to the Mu2e conversion signal, the cosmic-ray background scales as the detector live time. A direct measurement of the cosmic-ray background can and will be done when the beam is not being delivered. During normal beam operations, [image: ]16 times more cosmic-ray-muon induced conversion-like background events will be collected out-of-spill than will be collected in-spill.
[bookmark: _Ref377803041]Figure 10.1. The cosmic ray veto covering the Detector Solenoid looking upstream, showing the downstream (CRV-D), left (CRV-L), top (CRV-T) sectors, as well as the hole where the transport solenoid enters the enclosure.  
[bookmark: _Ref264191352][image: Macintosh HD:Users:rray:Desktop:crv_layout_cd2_left_ds_2.png]Figure 10.2. The cosmic ray veto covering the Detector Solenoid looking downstream, showing the upstream (CRV-U), right (CRV-R), and top (CRV-T) sectors.  

[bookmark: _Ref377829169]Table 10.1. Cosmic ray veto nomenclature.
	Cosmic Ray Veto Nomenclature

	Extrusion
	
	The raw scintillator strips with channels for fibers used to fabricate counters.

	Counter
	
	The fundamental unit of the CRV: a scintillator extrusion outfitted with two fibers and photodetectors.

	Di-counter
	
	Two extrusions glued together and fitted with a manifold on each end.

	Module
	
	The fundamental mechanical element of the CRV, consisting of either 32 or 64 counters.

	Silicon Photomultiplier
	SiPM
	The photodetector, also called a Geiger-mode APD (G-APD) or multi-pixel photon counter (MPPC).

	Fiber Guide Bar
	FGB
	A plastic block glued to the end of an extrusion in which the fibers are potted and their ends polished.

	Counter Motherboard
	CMB
	The electronics board on which the SiPMs, flasher LEDs, and temperature sensor are mounted.

	SiPM Mounting Block
	SMB
	The plastic block inserted over the fiber guide bar onto which the counter motherboard is mounted.

	Counter Readout Manifold
	CRM
	The assembly mounted on the readout end of the di-counters.

	Counter Mirror Manifold
	CMM
	The assembly with a mirror on the non-readout end of selected di-counters read out on only one end.

	Front-end Board
	FEB
	The electronics that reads out the SiPMs, temperature sensor, drives the LEDs, and sets the SiPM bias.

	Readout Controller
	ROC
	The electronics that receives data from the FEBs, sends it to the DAQ, and provides power to the FEBs.


Requirements
The Mu2e collaboration has developed a complete set of requirements for the cosmic ray veto [2]. The outstanding technology-independent performance requirements of the cosmic ray veto are that it (1) limit the conversion-electron background to less than 0.1 events over the duration of the run; (2) produce cosmic-ray muon trigger primitives for detector calibration purposes; (3) produce less than 10% dead time; and (4) not use more than 20% of the DAQ bandwidth.  
[bookmark: _Ref389471531]Overall Cosmic Ray Veto Efficiency
A detailed simulation of conversion-like electron background from cosmic-ray muons has been done and is continually updated with improvements in the apparatus model, as well as with increased statistics. It is described in Chapter 3 of this TDR and in detail in Ref. [3]. The incident muon flux is modeled with the Daya Bay code [4], which uses a modified Gaisser spectrum [5]. The muon flux is about 60% positive. Note that the rate of upward-going muons is negligible at ≈210-13 cm-2s-1sr-1 [6], and can be ignored. 
A comprehensive GEANT4 model includes the detector hall, a description of the solenoids and their magnetic fields, the collimators, the shielding surrounding the detector solenoid, the tracker, the calorimeter, proton and neutron absorbers, stopping targets, and muon beam stop. The simulations include all relevant muon decay and secondary particle production mechanisms. Charged particles that produce a minimum number of hits in the tracker are fed to a Kalman-filter based track-finding package [7]. Standard track quality cuts are applied [8]. A total of 28 billion cosmic-ray muon events have been generated in a large area over the apparatus. This corresponds to roughly 2% of the total live running period. Targeted simulations of the cosmic-ray flux over the entire running period have also been done in order to explore the hole in the cosmic ray veto enclosure needed for the muon beamline where there is no coverage, as well as the CRV-U and CRV-D regions.

Using the standard track-finding cuts, with no calorimeter requirement, the following results were obtained. In a momentum window between 100 – 110 MeV, a total of 201 events passed cuts; of these 140 were electrons, 7 positrons, 21 negative muons, and 33 positive muons. All of these events produce hits in the cosmic ray veto and hence would be vetoed. The dominant process is delta-electron production by muons, which accounts for about half of the background events. Primary muons that have not yet decayed, account for another quarter of the background events. The largest sources of background events are the proton and neutron absorbers. 

Studies ([3] [9]) show that the tracker and calorimeter can reject negative and positive muons and positrons with a good efficiency. Hence, assuming that all 61 muons and positrons can be rejected by the tracker and calorimeter, a total of 140 events remain that must be vetoed by the CRV. Note that the targeted simulation of cosmic-ray muons entering the TS-hole shows that 0.8 negatively charged muons are not detected by any CRV sector during the course of the entire run and pass the standard track-finding cuts. Hence the tracker and calorimeter must be used to eliminate such events. To determine the required veto efficiency, we assume the following: (1) a signal window of 103.75 – 105.0 MeV; (2) a total veto live time for a three-year run of 1.48×107 s (which includes a 125 ns pre-spill veto period beyond the nominal 995 ns live spill gate (see Figure 10.3); (3) a 95.5% detector live time; (4) a desired upper limit on the background of 0.10 events; and (5) a 90% confidence level result of 150 background events passing all cuts. The 90% CL conversion-electron-like background is then 



where 93.5×103 muons/s is the cosmic ray muon rate at the surface over the area of Monte Carlo muon generation. To reduce this number of events to the desired background of 0.10 requires an overall veto inefficiency of



Note that if the 61 muons and positrons rejected by the tracker and the calorimeter are not subtracted from the above tally, then the overall veto inefficiency requirement is (at 90% CL) 8  10-5.
[image: ]
[bookmark: _Ref387698468]Figure 10.3. Difference between the time measured by the tracker and the impact time of the muon at the CRV for the cosmic-ray muon induced background events.
The required coverage of the cosmic ray veto
The required coverage is shown in Figure 10.4 through Figure 10.8. Two types of simulations have been performed to determine the coverage: the general simulation described above (Section 10.2.1), and simulations targeting smaller areas where there are either unavoidable holes in the coverage, or where the extents of the coverage need to be known. To date, the general simulation has only covered 2% of the anticipated cosmic-ray flux over the entire running period, whereas the targeted simulations each have covered the entire running period. In the general simulation, no cosmic-ray muons producing conversion-like background events have been found that would not be vetoed by the CRV. In the targeted simulations, 0.8 cosmic-ray muons have been found that would not be vetoed by the CRV. They are all vetoed by the calorimeter and tracker particle ID cuts. These simulations are ongoing with the goal of simulating the entire running period many times over.

[image: C:\Shared\plots_TDR\plots_general\canvas_y1.png]The most important cosmic ray veto sector is CRV-T. Figure 10.4 shows the points of impact at the plane of the CRV-T for those cosmic-ray muons that produce conversion-like background events. Green markers indicate muons that only impact the CRV-T plane and none other. The two clusters of green markers are over the stopping target, proton and neutron absorber regions and the calorimeter, the largest sources of background electrons.
[bookmark: _Ref379625265]Figure 10.4. The xz points of impact at the plane of the CRV-T sector for those cosmic-ray muons that produce conversion-like background events. Green markers indicate muons that only impact the CRV-T plane and none other.

Figure 10.5 and Figure 10.6 show respectively the points of impact at the planes of the CRV-L and CRV-R for those cosmic-ray muons that produce conversion-like background events. Green markers indicate muons that only impact the CRV-L or CRV-R planes and none other. It appears that there are areas where either no coverage is needed or shorter counters could be used. However, simulations using relaxed track-finding cuts indicate otherwise [3], and we caution that only a small fraction of the full running period has been simulated in the general simulation. Note too that longer side counters give another chance of vetoing muons that are exiting the DS.
[bookmark: _Ref280352696][image: C:\Shared\plots_TDR\plots_general\canvas_x1.png][image: C:\Shared\plots_TDR\plots_general\canvas_x2.png]Figure 10.5. The yz points of impact at the plane of the CRV-L sector for those cosmic-ray muons that produce conversion-like background events. Green markers indicate muons that only impact the CRV-L plane and none other.
[bookmark: _Ref389473435][bookmark: _Ref389473406]Figure 10.6. The yz points of impact at the plane of the CRV-R sector for those cosmic-ray muons that produce conversion-like background events. Green markers indicate muons that only impact the CRV-R plane and none other.

Figure 10.7 (Figure 10.8) show the points of impact at the plane of the CRV-U (CRV-D) sector for those cosmic-ray muons that produce conversion-like background events. 
[bookmark: _Ref280352724][bookmark: _Ref376722017][image: C:\Shared\plots_TDR\plots_target2\canvas_z1.png]Figure 10.7. The xy points of impact at the plane of the CRV-U sector for those cosmic-ray muons that produce conversion-like background events. Green markers indicate muons that only impact the CRV-U plane and none other, while blue markers indicate muons that are not vetoed by any part of the CRV (muons that pass track-finding cuts but are vetoed by the calorimeter)
[bookmark: _Ref280352666][image: C:\Shared\plots_TDR\plots_target3\canvas_z3.png]Figure 10.8. The xy points of impact at the plane of the CRV-D sector for those cosmic-ray muons that produce conversion-like background events. Green markers indicate muons that only impact the CRV-D plane and none other, while blue markers indicate muons that are not vetoed by any part of the CRV (muons that pass track-finding cuts but are vetoed by the calorimeter).

Green markers indicate muons that only impact the CRV-U (CRV-D) plane and none other, while blue markers indicate muons that are not vetoed by any part of the CRV. Note that the muons not vetoed by any sector of the CRV do not produce electrons through decay or other processes, but are themselves mis-reconstructed by the track-finding code as conversion electrons. However, they are all vetoed by the calorimeter/tracker particle ID cuts.

As described above, there is an unavoidable hole in the CRV due to the penetration needed for the muon beamline. To determine the effect of this hole on the conversion-like background a special targeted simulation was made of the flux expected for the duration of the run. Six events that pass track-finding cuts and do not impact any cosmic ray veto counters were found in a 10 MeV momentum window, corresponding to 0.8 events in the 1.25 MeV wide signal window. All are muons that can be eliminated by tracker and calorimeter particle identification requirements.
[bookmark: _Ref385828417]Meeting the Efficiency Requirement
[bookmark: _Ref377989016]A cosmic-ray muon is defined to be a coincidence of hits in three locally adjacent counters in the four layers of the cosmic ray veto. Naively, to produce an overall inefficiency of 110-4 requires a single-plane inefficiency of 0.4% for a four-layer cosmic ray veto, as shown in Figure 10.9. Unavoidable gaps between counters would produce a larger than 0.4% single-plane inefficiency for normally incident cosmic-ray muons. However, the spread in the cosmic-ray muon angular distribution is such that this requirement can be met. To understand how the efficiency requirement can be attained, it is useful to translate the single-plane efficiency requirement into a counter photoelectron (PE) yield requirement as explained below.
[bookmark: _Ref280352779][bookmark: _Ref389472001][image: ]Figure 10.9. Single plane efficiency vs. required coincidence inefficiency for 2/3, and 3/4 required hits/planes. The CRV requirement is 3/4. 

A Monte Carlo simulation was performed in which cosmic-ray muons were generated with the same angular distribution as those muons producing conversion-like backgrounds [10]. The observed photoelectron yield in each counter was generated following a Poisson distribution using a user-defined mean photoelectron yield per centimeter of scintillator. The counter response was assumed to be uniform over its transverse profile, which test-beam studies have borne out to a good approximation [11]. The simulation was used to determine the required photoelectron yield per cm of muon track length needed to achieve the required efficiency given above. Since that efficiency depends critically on the CRV geometry (see Figure 10.10), the simulation first optimized the offset distance between layers, and then determined the maximum gaps (internal and external) that can be tolerated between counters.

[image: ]
[bookmark: _Ref376893846]Figure 10.10. The CRV module geometry and nomenclature. Internal gaps are those between the counters in a di-counter.

Using an internal (external) gap between counters of 1 mm (3 mm), we find that an offset of 10 mm is required [10]. Using this result, the overall track-stub efficiency for different photoelectron yields (PE) can be found. The results of the simulation are shown in Figure 10.11 for light yields ranging from 8 to 18 PE/cm. The overall CRV efficiency requirement can be met for all PE/cm light yields shown in the figure, if the minimum PE threshold is low enough.

There are three constraints that set the required PE threshold: (1) the intrinsic noise rate of the SiPMs, (2) the maximum threshold allowed to achieve the desired CRV efficiency, and (3) the minimum equivalent energy needed to defeat the background rate from neutron and gamma-induced processes. Constraints (1) and (3) put a floor on the PE threshold, whereas (2) cannot be exceeded. Constraint (1) also applies individually to each SiPM, whereas (2) and (3) apply to the summed signal of the two SiPMs at the counter ends. Note that this summed signal is made in the offline analysis.
[bookmark: _Ref376896879][image: ]Figure 10.11. Efficiency vs. photoelectron threshold for photoelectron yields at the photodetector of 8 to 18 per cm. An internal (external) gap of 1 mm (3 mm) has been assumed. The left plot is for top counters and the right plot is for side counters. The optimal layer offset of 10 mm is used.

The intrinsic single photoelectron noise rate for most SiPMs is about 1 MHz, and declines by roughly an order of magnitude for each additional photoelectron (PE). Hence, to reduce the intrinsic noise rate to an acceptable level we require a threshold of PE ≥ 3. Again, this threshold applies separately for each of the two SiPMs on the end of the counters.

As described in Section 10.10.2, we require an effective energy threshold of between 0.5 MeV to 1 MeV in order to reduce neutron and gamma-induced rates in the counters to a level that does not produce an inordinate amount of deadtime. Since a muon deposits about 2 MeV/cm in a counter, a 1 MeV energy threshold corresponds to the energy deposited in half a cm of scintillator.

Figure 10.11 shows that a light yield of 14 PE/cm, with the corresponding 1-MeV-equivalent threshold of 7 PE gives the required track-stub efficiency with a safety factor of roughly 25% in decreased light yield needed to account for manufacturing variations, fiber attenuation differences, and other such effects. This requirement comes from the top counters, whose muons deposit less light due to their more normal incident angles. Higher thresholds can be used for the side counters. Note that these thresholds will be applied in offline analysis: lower thresholds will be applied in real time at the front-end electronics.

We require that the light yield at the far end of the longest counters without mirror reflectors, 5.6-m long, meet this PE requirement. The light yield from the far end of a counter is reduced by two factors: (1) the fiber attenuation length, and (2) fiber ageing.  The attenuation length of prototype fiber obtained from Kuraray (double-clad, Y11, 175 ppm, non-S type, 1 mm diameter) has been measured using a jig set up and operated by Michigan State University for the NOvA experiment [12]. The result is shown in Figure 10.12. The attenuation factor from the far end is 0.397. MINOS has found that their light yield, using similar counters, has decreased by 3% per year due to scintillator ageing effects [13].  Based on this, a 10-year time from extrusion fabrication until the end of the run will produce an additional decrease in light yield of 0.737. Putting the two attenuation factors together gives a total decrease in light from the near end, at the time of fabrication, to the far end, after a ten-year period, of 0.293 for a 5.5-m-long counter.

[image: ]
[bookmark: _Ref377998841]Figure 10.12. Fit to the light yield measurements of prototype wavelength-shifting fiber.

In order to determine the light yield a test beam run was made in the fall of 2013 at the Fermilab Meson Test Beam Facility (MTBF) with two prototype di-counters equipped with several different types of SiPMs and a three-layer, 1-m long module. As 5 cm wide extrusions were not yet available, 4  2 cm2 extrusions from an existing die were used, each with two fiber channels embedded along the length of the extrusion. The 1-mm-diameter SiPMs were read out using the Preamplifier and Digitizer with Ethernet (PADE) system, a 32-channel board designed by P. Rubinov and T. Fitzpatrick that provides SiPM bias control, signal pre-amplification, analog to digital conversion, and high-speed serial links. 

Figure 10.13 shows the response of a counter to normally incident protons at the center of the counter between the two fibers, which were not glued into the channels [11]. The dashed curves give the response of the individual SiPMs; the solid curve gives the sum of the two. Events clustered about zero photoelectrons correspond to instrumental problems. The mean light yield was found to be 31 PE/cm (Strictly speaking, SiPMs measure hit pixels, not photoelectrons. For the purposes of this discussion, photoelectrons will be used. For low PE yields, the two are equivalent). A 1  1 mm2 SiPM with 100 m-pitch pixels (Hamamatsu Part no. S10362-11-100) was used in this test. We plan to use SiPMs with pixels with no larger than 50 m. Recent Hamamatsu devices of 25 m and 50 m pitch have effective quantum efficiencies (PDEs) that are comparable to the 100 m device used in this test.
[image: ]
[bookmark: _Ref377999540]Figure 10.13. Response in photoelectrons from two Hamamatsu 1  1 mm2 (S10362-11-100P) SiPMs with a 100  100 m2 pixel size to protons incident normal to a 2  4 cm2 counter outfitted with unglued 1.0-mm diameter fibers.

The measured light yield corresponds to 9.4 PE/cm at the far end of a 5.6-m-long counter.  This is below the 14 PE/cm that is our minimum requirement. Hence, an increase in light yield of 1.5 is needed to produce 14 PE/cm.  With this we are able to meet the efficiency requirement.

In order to boost the light output to meet requirements, the fiber diameter and the corresponding area of the SiPM must be increased. The MINOS collaboration made studies of the light yield vs fiber diameter; their results are plotted in Figure 10.14 [14]. To get an increase in light yield of 1.5 a fiber diameter of 1.4 mm is needed. 

Several important points should be emphasized.  First, the two knobs used to tune the counter light yield in order to achieve the efficiency requirement of 0.9999 are the fiber diameter and the corresponding photodetector size, both of which can be obtained from manufacturers in a range of custom sizes at modest cost. Second, the 14 PE/cm light yield requirement at the far end of a 5.6-m-long counter corresponds to a 35 PE/cm light yield at the near end.
[image: ]
[bookmark: _Ref378003656]Figure 10.14. Measurements made by the MINOS collaboration of light output versus fiber diameter.  
Technical Design
Overview
The baseline design of the cosmic ray veto is described below. The layout of the cosmic ray veto is shown in Figure 10.15 through Figure 10.18 and the system parameters are listed in Table 10.2. A complete list of parameters is given in Ref. [1].
The cosmic ray veto is made of four layers of inexpensive extruded scintillation counters with embedded wavelength-shifting fibers, each read out by a single silicon photomultiplier (SiPMs), most on both ends. The design is simple, minimizes gaps, allows access to the electronics, is robust, and should operate with a high efficiency. The design can be tuned to give the required veto efficiency by adjusting the photoelectron yield by increasing or decreasing the wavelength-shifting fiber diameter, in conjunction with the associated SiPM size. There is considerable experience with this technology in recent high-energy physics experiments, in particular, at Fermilab. Similar detectors have been fabricated for the MINOS [15] and MINERνA [16] experiments and quite a bit of tooling and infrastructure exists at Fermilab for the fabrication of the detector components, in particular the scintillator extrusions. The quantities of components needed for the cosmic ray veto are well within the demonstrated capabilities of Fermilab: 5152 scintillator counters of 1248 m2 area and 50 km of fiber are needed compared to 100,000 counters over 28,000 m2 and 730 km of fiber for MINOS.

[bookmark: _Ref377833005][image: ]Figure 10.15. Elevation view of the right side of the CRV. Module supports are not shown.  Front-end board enclosures are shown in yellow.  The extra set of front-end boards at the top of the side counters are used to read out the top modules.

[image: ]

Figure 10.16. Plan view of the CRV showing the outlines of the shielding and TS and DS. The module supports are not shown. Front-end board enclosures are shown in yellow.
[image: ]
[image: ]Figure 10.17. Elevation view of the upstream end of the CRV showing the outlines of the top and side shielding and TS and DS. Module supports are not shown. Front-end board enclosures are shown in yellow.

[bookmark: _Ref377833021]Figure 10.18. Elevation view of the downstream end of the CRV showing the outlines of the top and side shielding and DS. Module supports are not shown. Front-end board enclosures are shown in yellow.
[bookmark: _Ref377831025]Table 10.2.  Cosmic ray veto parameters by sector.
[image: ]
The cosmic ray veto is mounted just outside of the concrete neutron and gamma shield surrounding the detector and transport solenoids and extends up almost to the midpoint of the transport solenoid.

The scintillation counters are grouped into modules, with each module having four layers of counters. There are 82 modules, of seven different sizes: their parameters are given in Table 10.3.  Full-size modules contain 64 total scintillation counters, 16 per layer, and are 0.859 m wide, whereas narrow modules have half that number of counters, and are 0.443 m wide. Besides these two different widths, the only difference between modules are their lengths, which range from 0.9 m to 6.6 m. Module masses range from 128 kg to 939 kg. The modules are deployed into six geographical sectors: the upstream (CRV-U) and downstream (CRV-D) regions, the right (CRV-R) and left (CRV-L) sides, and the top sector (CRV-T). Table 10.2 lists the sector parameters.
The nine extra-long modules are 6.6 m in length and are used to cover the CRV regions that cover the downstream portion of the transport solenoid. The high radiation levels in this area and lack of accessibility dictate single-ended readout. The counters ends most upstream are outfitted with fiber mirrors. These, and the cyro-modules described below, are the only ones with counters that are not read out on both ends. Note that by length we always mean the active scintillator length: the overall module is slightly longer.

[bookmark: _Ref377832015]Table 10.3. Cosmic ray veto module parameters.
[image: ]
The top CRV modules are the long type, 5.6 m in length, with the exception of the aforementioned extra-long modules in the upstream reagion of the CRV-T that covers the TSd. The sides of the CRV employ the medium-length modules, 4.5 m long. On the right side of the CRV are several special-length modules to cover the cryo feed for the detector solenoid, and the associated penetration in the shielding. Four of these modules, called cryo-modules, are 0.9-m long, and read out only on one end. An additional one-off short module of 3.0‑m length is situated below the cryo penetration.

Although the greater light yield from the short cryo-modules would allow smaller diameter fibers and SiPMs to be used, in order to ease fabrication we employ the same size in every module. 

Three narrow modules are placed just before the moveable endcap. The two end regions, CRV-U and CRV-D, each have three modules with extra-long counters oriented horizontally. The upstream (downstream) endcap employs extra-long (long) modules.
Counter Design
The fundamental elements of the cosmic ray veto are the 5152 scintillation counters, which range in length from 6600 mm to 900 mm, are 50 mm wide, and 20 mm thick. The counter width is a compromise between the need for high efficiency, which favors a wide counter in order to reduce the effect of cracks, and the difficulties of the extrusion process, which favor low-aspect ratio narrow counters. Each counter contains 2 channels of 2.6 mm diameter into which the wavelength-shifting fibers are inserted (Figure 10.19). (Note that the dimensions given in the figure are nominal:  the actual dimensions will be somewhat different.) Fibers will not be glued into the extrusion channels. Details on the extrusions and their production are found in Section 10.4.

[image: ]
[bookmark: _Ref379625341]Figure 10.19. Di-counter showing the scintillator extrusion profile and nominal dimensions (mm).

The extrusions have 1.4-mm diameter wave-shifting fibers embedded in each channel. Two extrusions are glued side-by-side to make a di-counter. A fiber guide bar is glued at each di-counter end (Figure 10.20) with four fiber funnels which on the extrusion end are larger than the fiber channel, and then narrow down to a diameter slightly larger than that of the fibers themselves. In the fiber guide bar there are two light tunnels for flasher LEDs, and two screw holes, which also serve to register the counter motherboard (CMB), and hence the SiPMs to the fiber guide bar.

Each fiber is read out by surface-mount SiPM, four of which are mounted on a single counter motherboard. The counter motherboard, described in more detail in Section 10.7, besides holding the SiPMs, also has two flasher LEDs, and a temperature sensor. A manifold cover, shown in Figure 10.21, with an O-ring seal provides modest pressure to keep the SiPMs flush to the fibers, as well as providing a light-tight seal. A micro-HDMI connector serves as the link to the front-end boards. The manifold is designed to be easily removable as it is expected that SiPM failures will require occasional counter motherboard replacement.

[image: ]
[bookmark: _Ref377844520]Figure 10.20. Counter readout manifold showing the fiber guide bar and counter motherboard. The manifold cover and micro-HDMI connector are not shown.

[image: ]
[bookmark: _Ref377845863]Figure 10.21. The counter manifold cover top (above) and bottom (below). The O-ring and counter motherboard with its SiPMs and flasher LEDs can be seen.

In all but the extra-long modules, the two di-counter ends are identical. For the extra-long modules one end of the di-counter has a counter mirror manifold affixed to it. This manifold has an aluminum-coated kapton film mounted flush to the fiber guide bar that serves as a light reflector. Preliminary studies show that reflectivities of 50% can be obtained with this simple design, which is sufficient to allow the photoelectron yield from the far end to meet requirements [17]. 
Module Design
Four layers of counters are grouped together to form a module (Figure 10.22), which come in two widths and five lengths (Table 10.3). Normal modules are 16 counters wide and contain a total of 64 counters. Narrow modules have half that number of counters, but are otherwise identical. The di-counters in each layer are glued to aluminum absorber plates, which serve two purposes: to provide mechanical support for the modules and to inhibit electrons from gamma interactions from traversing multiple counters, producing spurious coincidences. The inner absorber is 12.7 mm (1/2) thick, whereas the two outer absorbers are 9.525 mm (3/8) thick. The counter layers within a module are offset by 10 mm in order to minimize inefficiencies due to projective cracks. The absorber sides are beveled and protrude out by 1 mm in order to protect the counters on the sides from being damaged when the modules are installed. Thin hard rubber strips are glued to the exposed side counters to protect them from damage and to make them light tight. The front and back layers of counters are covered by a thin (0.8128 mm) Al. sheet onto which the enclosures for the front-end boards are attached. 

The modules are designed to mate together with minimal gaps between di-counters of different modules. On the top and bottom of the front sides of each module adjustable draw latches bring adjacent modules together during installation. Black electrical tape is used to make them light tight.

The inner aluminum absorber that is used to mount the modules has two tabs that protrude from the top and bottom (see Figure 10.23). They are used to hang the modules mounted on the sides (CRV-L and CRV-R) and to mount the endcap modules (CRV-U and CRV-D) onto their strongbacks.
Module Support Structure
The module support structure is designed to minimize gaps between modules, allow the modules to be installed and removed without undue difficulty, and to allow access to the electronics without need to move or remove the modules. It is anticipated that modules will rarely, if ever, need replacing, whereas defective electronics will have to be replaced periodically. The shielding blocks onto which the cosmic ray veto is mounted do not present even surfaces, moreover, those in the TS and upstream DS region will need to be removed and reinstalled to allow access to the rotating collimator and antiproton windows at the TSu/TSd interface. Their position after reinstallation will not be within the precision required by the cosmic ray veto.  
[image: ]
[bookmark: _Ref387857232]Figure 10.22. Top view of a module. Cables and support structure are not shown. Narrow modules are identical except they have half the number of counters.
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[bookmark: _Ref378059039]Figure 10.23. Isometric view of the top of a module showing the support tabs.

Details of the top and side support structures are shown in Figure 10.24 and Figure 10.25. C-channels will be secured with Hilti concrete bolts to the top of the shielding. On each C-channel are a series of ball rollers. Shims will be placed between the bottom of the C-channels and the concrete to level all of the ball rollers.


[image: ]
[bookmark: _Ref387167517]Figure 10.24. Detail of the module support structure showing the C-channels bolted to the concrete shields used to support the top modules, and the side module support structure.

Modules will be stacked and laid flat during shipping. A vacuum lifting fixture that supports the modules along their length will be used to remove the modules from the shipping crates and place them onto the rollers. Top modules can then be easily pushed along the top of shielding into their proper place.

The modules on the sides of the concrete shielding will be hung from hangers that bolt onto the tabs that extend from the ½” thick center absorber of the module (Figure 10.26). A stainless steel angle will be bolted into plates that are welded into the ends of the C-channels that support the top modules. Slots will be cut into the angle where the lifting tabs can be placed
[bookmark: _Ref387173208][image: ][image: ]Figure 10.25. Detail of the module support structure showing top and side modules. 
[bookmark: _Ref387173248][bookmark: _Ref264215307]
[bookmark: _Ref264317941]Figure 10.26. Detail of side and top module support structure.
The three extra-long modules at upstream and downstream ends, CRV-U and CRV-D, are mounted onto a stainless steel strongback, which is lowered into position, and secured by posts on either end (Figure 10.27).

[image: ]
[bookmark: _Ref387172733]Figure 10.27. The strongback supporting the three extra-long modules in the CRV-U sector.
Structural Studies
The modules and their supports have been examined as a composite structure, with the details of this analysis given in Ref. [18]. The analysis calculated the shear forces due to bending, the stresses at the holes in the tabs used to hang the side modules, the shear stresses due to the hanging weight, and the stresses due to thermal expansion. The analysis also examined the maximum spacing of support points along the length of the module that would be allowed when the modules are lying down, as they would be on the top or when being lifted from a shipping crate using a vacuum lifter. The analysis showed that the shear stresses due to bending in each layer are very small. The normal stresses in the outside cover, however, increase rapidly and the concern would be buckling of the bottom cover that is in compression. If the spacing between supports is kept less than 5 ft. then the stresses are very small, less than 2 psi shear stress in the adhesive, and the deformation between supports is approximately 0.005". This analysis assumes 100% coverage of the adhesive. The stresses increase as the adhesive coverage is decreased.
The internal stresses that develop when the module is subjected to a 30C temperature change were also calculated. The scintillator has a greater expansion coefficient than aluminum and is therefore constrained by the aluminum. The normal stress in the aluminum is 136 psi and the stress in the spacers is 3800 psi for a 30 C temperature change.

A simple finite element analysis (FEA) model was made of the hanging assembly as shown in Figure 10.28. A section of the angle and top C-channels were modeled. The center ½" thick aluminum absorber from which the module weight is transferred to the tabs was also modeled with the weight of the entire module applied to the bottom of the spacer. The average von Mises stresses in the assembly were small. The stresses in the hangars that support the center aluminum spacer are consistent with hand calculations. The deflections in the vertical direction are shown in Figure 10.29 and are less than 0.015".

In the layout shown, the C-channels are distributed on 18" centers. Not shown in the figure are the horizontal mounting rails to which the C-channels attach, making the design independent of the size of the T-blocks. 
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[bookmark: _Ref387182200]Figure 10.28. The finite element analysis model of the module hanging assembly.

Devcon HP-250 epoxy [19] will be used to glue the di-counters to the Al absorbers.  Hence the counters on either side of the inner absorber must bear the entire load of the outer absorbers, as well as the outer layers of di-counters. Glue tests have shown that the epoxy strength is several orders of magnitude beyond what is needed [20]. Further tests will be done before fabrication proceeds, and during fabrication glue samples will be taken and tested at every stage of fabrication (see Section 10.8.7). Epoxies are known to exhibit structural weakness at 1018 n(>0.1 MeV)/cm2, or 107 Gy [21], many orders of magnitude higher than the highest doses expected in the hottest regions of the cosmic ray veto.  
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[bookmark: _Ref387182553]Figure 10.29. Vertical deflections of the side module support structures.
[bookmark: _Ref377838566]Scintillator Extrusions
Particle detection using extruded plastic scintillator and optical fibers is a mature technology. MINOS [15] and MINERvA [16] at Fermilab as well as experiments elsewhere have shown that co‑extruded solid scintillator with embedded wavelength-shifting (WLS) fibers and photomultiplier readout produces adequate light for minimum-ionizing particle tracking and that it can be manufactured with excellent quality control and uniformity in an industrial setting. Mu2e intends to use this same extruded scintillator technology for the active elements of its cosmic ray veto. 

The extruded scintillator elements will be produced at Fermilab using the FNAL-NICADD Extrusion Line Facility [22]. The extrusion line was purchased by NICADD (Northern Illinois Center for Accelerator and Detector Development) in 2003. The co‑extruder line was purchased in 2005 [23]. The goal of the facility is to ensure that the high energy physics community has access to high-quality, low-cost extruded scintillator. The NICADD facility has produced extrusions for several experiments since it was commissioned. The quantity needed for Mu2e is well within the demonstrated capabilities of Fermilab: 5152 scintillation counters comprising 26,458 kg are needed for Mu2e, compared to 25,000 kg that were extruded for MINERA and 28,000 kg for Double Chooz. Note that MINOS has 100,000 counters [15].

The scintillator extrusion has a rectangular profile of 52 cm2, with two 2.6-mm-diameter holes for the wavelength-shifting fibers. The scintillator extrusions consist of a polystyrene core (Dow Styron 665 W) doped with PPO (1% by weight) and POPOP (0.03% by weight) and a white, co-extruded, 0.25-mm thick titanium dioxide (TiO2) reflective coating, which is introduced in a single step as part of the co-extrusion process. Figure 10.30 shows the front of the assembled extrusion die and a detail of the die section where the co-extruded material is delivered over the core material. The composition of this capstocking is 15% TiO2 (rutile) in polystyrene. In addition to its reflectivity properties, the outer layer facilitates the assembly of the scintillator strips into modules as the ruggedness of this coating enables direct gluing of the strips to each other and to the module absorbers.  

[image: ]
[bookmark: _Ref380761453]Figure 10.30. Assembled extrusion die for a 5  2 cm2 profile scintillator counter. The right-hand photo shows the channels for the co-extruded reflective titanium dioxide coating.

The extrusion production is characterized by a continuous “in-line” extrusion process as opposed to a batch process. The polystyrene pellets are dried in a nitrogen atmosphere and automatically conveyed to a gravimetric feeder. The dopant mixture is added periodically to a different gravimetric feeder that is surrogated to the pellet feeder. These feeders have the necessary precision and reliability to ensure a constant delivery ratio. The pellet feeder is controlled by computer to match the output of the twin-screw extruder to ensure the correct composition and processing. The extruder is responsible for melting and mixing the polystyrene pellets and the dopants. A twin-screw extruder provides the highest degree of mixing to achieve a very homogeneous concentration. The outer reflective coating is added through material injected from a second extrusion machine (co-extruder) that mixes the polystyrene and TiO2 pellets. The co-extruder is manually operated to start-up and to vary the thickness of the reflective coating. As the plastic emerges from the die, it goes directly into the cooling tank. There it is formed into the final shape using the sizing tooling and vacuum. It continues to be cooled with water and air until it can be handled.

Approximately 33,000 kg of extruded scintillator is needed for the CRV detector including spares and scrap at the extrusion and assembly factories. A total of 5152 counters will be extruded with lengths ranging from 0.9 m to 6.6 m. Note that the shorter counters will be cut at the module fabrication factory from longer extrusions. The extrusion rate for the prototype runs is 75 kg/h. Although the die has been tested at 100 kg/h, it becomes harder to cool down the extruded part as the extrusion rate increases, which results in deformation of the fiber channel shape. Hence the schedule was developed using the slower 75-kg/h rate. About 19 weeks of solid extrusion are needed to produce all of the counters. Figure 10.31 shows an extruded sample representative of this R&D stage. Currently, the die is being tested and machined to produce counters with the size and tolerances required by the module fabrication group.
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[bookmark: _Ref380761774]Figure 10.31. A prototype CRV scintillator extrusion  (52 cm2) with reflective titanium dioxide coating and two channels for the wavelength-shifting fibers.

Quality assurance and quality control (QA/QC) procedures to ensure the final product meets requirements are in place and have been extensively used in previous extrusion projects. Two parameters will be checked during production at the extrusion facility: dimensions and light yield. Dimensions will be checked every 45 minutes using a caliper.  The data will be entered in a computer and the file submitted weekly to the Mu2e document database. The light yield will be tested using a radioactive source. A reference sample will be measured to monitor the stability of the equipment as well as to provide a minimum acceptable value (Figure 10.32). The results will also be uploaded weekly into the Mu2e document database. These measurements will be carried out on a QC sample (15 cm long). This short QC sample will be cut once every 5 to 10 full length scintillator strips. These two tests will be the basis of the quality control program. Additional testing will be performed if a problem is noticed.  
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[bookmark: _Ref380761918]Figure 10.32. Setup inside a dark box for the quality control tests of the scintillation light yield.

Wavelength Shifting Fibers
The wavelength-shifting (WLS) fibers provide an efficient method for collecting the blue light (~425 nm) generated in the scintillation counters by charged particles. A fluorescent compound in the WLS fiber absorbs the scintillating light and re-emits it in the blue-green (500-600 nm) spectral region (Figure 10.33), trapping a fraction of the light by total internal reflection. As the light propagates down the fiber, the shorter (<520 nm) wavelengths of the emission spectrum are significantly attenuated, while the longer wavelengths are less affected (Figure 10.34).

Suitable WLS fiber is available from Kuraray [24], which has produced high-quality fibers for MINOS, MINERνA and NOνA and many other experiments. The WLS fiber is double-clad, 1.4-mm diameter with a polystyrene core covered with an inner cladding, approximately 3% of the fiber diameter, of polymethylmethacrylate (PMMA or acrylic) and an outer cladding of a fluorinated-polymer, approximately 1-3% of the fiber diameter.  The relative indices of refraction are 1.59, 1.49, and 1.42 for the core, inner, and outer cladding respectively. 
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[bookmark: _Ref376951932]Figure 10.33. Absorption and reemission light spectra of Y11 WLS fiber.
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[bookmark: _Ref376951980]Figure 10.34. The waveshifting fiber light yield as a function of wavelength. The measurement was performed with the NOA fiber tester, using 1.0 mm diameter double clad Y11 fiber purchased for CRV prototypes [12]. The curves correspond to measurements from 1 m to 10 m from the readout end.
The polystyrene is doped with the fluorescent dye, K27. A higher concentration of K27 increases the light-capture fraction but worsens the attenuation length. In the concentration range of 150-300 ppm, as studied by NOvA and MINERνA, there is only a small (<5%) impact on the light yield and attenuation properties. A concentration of 175 ppm is selected, which was found optimal by MINERνA. S-type fiber has the polystyrene chains oriented longitudinally making the fiber more flexible, but at a cost of 10% lower attenuation length. The module assembly plan and quality assurance procedures do not require the additional flexibility given by the S‑type fibers, therefore non-S-type fiber has been selected for the better light attenuation properties. 

Kuraray will perform quality control (QC) measurements of the fiber diameter, eccentricity, light yield and attenuation length. Kuraray guarantees stringent specifications on the fiber diameter of 3σ/D < 2.5%.  Occasional bumps of 2% and 4% of the fiber diameter have been found to occur at the rate of 50 and 15 bumps per km, respectively. The position of the bumps will be recorded and provided by Kuraray. The eccentricity is expected to be less than 1.5%.  

The fiber will be delivered on large spools. Upon delivery, measurements of the fiber diameter, light yield and attenuation length will be performed as part of the Mu2e quality assurance (QA) program. To measure the light yield and attenuation at different wavelengths (see Figure 10.35), the apparatus shown in Figure 10.36 will be used. Note that the NOA fiber tester cannot be used because the fiber diameter is too large; this new design will work with essentially any fiber diameter. The test jig consists of the factory supply spool, a large diameter transfer pulley, and a take-up spool carrying the optical readout hardware. The transfer pulley is driven by a stepping motor and controlled for gentle acceleration and deceleration. A blue LED light source illuminates the WLS fiber and is read out by a USB-enabled spectrophotometer and a photodiode. The apparatus can increment at any predetermined distance, stopping for measurements of the light spectra and intensity. The measurements will be performed on the first 25 m of every spool, each of which contains 800 m of the fiber. The tested fiber will be rewound onto the spool for the later use in the module fabrication factory. After the fibers are installed in the counters at the module fabrication factory, each fiber will be tested by a custom-made apparatus to ensure that it was not damaged, either during the insertion procedure or during the fly-cutting process.
Photodetectors
Introduction
Readout of the cosmic ray veto is simplified by the fact that it resides on the outside of the Detector and Transport Solenoids and is easily accessible, the channel count is small, and the single channel hit rates are low relative to many HEP experiments. The baseline photo-detector is the so-called silicon photomultiplier (SiPM) [25]. SiPMs are pixilated avalanche photo-diodes that operate in Geiger mode. Each SiPM pixel is separated from the bias voltage by a current limiting quenching resistor. A photon of proper wavelength incident on a pixel can excite an avalanche that causes the pixel to discharge. The resulting SiPM output signal is quantized and is proportional to the pixel capacitance and the number of discharging pixels.  
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[bookmark: _Ref387857576]Figure 10.35. Light yield measurements made by the NOA fiber test jig of 1mm diameter double-clad Y11 fiber for various wavelength values as the function of distance from the readout end.
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[bookmark: _Ref379734583][bookmark: _Ref253221682]Figure 10.36. Front (left) and back (right) schematics of the fiber QA test jig. A blue LED illuminates the fiber, which is read out by a photodiode and spectrophotometer. The fiber spool is not shown.
SiPMs offer excellent reliability and ruggedness, immunity to the magnetic field, high photo-detection efficiency, high gain, and simple self-calibration. They are also extremely compact in size, having photosensitive areas that typically range from 1  1 mm2 to 3  3 mm2. Their spectral response is 320 - 900 nm, making them ideal for coupling directly to individual wavelength-shifting fibers. SiPMs also can be customized in both size and packaging at low cost. They typically have higher effective quantum efficiency than most photomultipliers in the red end of the spectrum. Their gain (>105) is sufficient to make the readout relatively simple. The excellent signal dispersion (the ability to distinguish one avalanche from two, three and so on) makes the calibration and monitoring of the photodetector straightforward. In addition, since it is a fully solid state device, the operating bias, which is a few volts above breakdown, is relatively low (30 V-100 V). This eliminates the need for expensive high voltage power supplies and cables that are required for hybrid-photodiodes and standard photomultiplier tubes. 
  
The SiPM dark-noise rate due to Geiger discharge from thermally generated carriers in the conduction band is typically on the order of a hundred kHz per square millimeter. While the dark-noise rate is very high when compared to, for example, photomultipliers, it will be reduced to a manageable level by applying a threshold of ≥3 PE: typically the noise rate falls by one order of magnitude for each additional PE. Other features of SiPMs that produce false signals are crosstalk and after-pulsing. Crosstalk occurs when optical photons from an avalanche in one pixel causes a signal in a neighboring pixel. After-pulsing is caused by trapped carriers that have a delayed release. SiPM manufacturers have reduced crosstalk by introducing optical trenching, which is a physical barrier or break between pixels. Vendors have decreased their after-pulsing rates by reducing impurities and introducing blocking layers. These modifications also improve the radiation tolerance of the devices.  

SiPMs are relatively new devices that are primarily used in medical instrumentation, in particular PET and CT scanners. Hence, there are many manufacturers actively improving their devices; the result is a large number of vendors with a broad array of product lines. While the use of SiPMs is relatively new in particle physics, it is an attractive technology and there has been much recent R&D work in collaboration with commercial manufacturers to develop devices that will meet specific detector requirements, e.g. SiPMs with reduced after-pulsing, tuned spectral responses toward the ultra-violet, higher radiation tolerance, and larger dynamic range (high pixel count and fast recovery time). Several experiments and projects, including the near detectors for T2K (INGRID and ND280) [58][62][63][64], the Calorimeter for the Linear Collider Experiment (CALICE) [59], the CMS Hadron Calorimeter (HCAL) upgrade [60][61], and the Jefferson Lab Hall D Barrel Calorimeter [30] have done extensive R&D on SiPMs and Mu2e is benefiting from their experiences. Vendors with candidate devices that are being evaluated include Hamamatsu [26], KETEK [27], CPTA [28], and AdvanSiD [29].



SiPMs for Mu2e
The cosmic ray veto requirements for the photodetector do not push the SiPM performance beyond what is currently available commercially from multiple vendors. Important factors that impact the SiPM choice are the need to maintain a high light yield and good time resolution over the lifetime of the experiment and the need to have a stable, well understood PE threshold during operation. SiPMs with high effective quantum efficiencies are commercially available: a PDE of 30% or larger should be sufficient for Mu2e, where the PDE is defined as the product of quantum efficiency, geometric fill factor, and avalanche probability.

The key performance requirements for the SiPM are the following:

· The device must operate in a 0.10 T magnetic field without degradation to performance or reliability.  
· The nominal photosensitive area of the device must have a diameter of at least 1.65 mm.  This size accommodates the specified fiber diameter of 1.4 mm with an additional 0.25 mm to allow for misalignment between the fiber and the device, although not so large as to unnecessarily increase the dark count rate. Many vendors produce 2  2 mm2 devices, which will be used should they meet the dark count and radiation hardness requirements. Custom sizes can be obtained at modest increased cost.
· The device must have a PDE that is at least as high as the 100 m-pitch reference device tested in the studies described in Section 10.2.3. The greatest PDE variation for SiPMs comes from the geometrical fill factor, which decreases with pixel size. Recent improvements by vendors in device processes have yielded remarkably high PDEs for small pixel sizes. Currently, multiple vendors have 25 m and 50 m-pitch devices that have PDEs equal to or higher than our reference test-beam device. The availability of devices with higher PDE values will allow smaller fiber diameters to be used, as well as smaller diameter SiPMs.
· The device should have a gain  105.
· The number of pixels should be sufficient to cover the entire dynamic range (up to 200 PE) without significant non-linearity in the response.
· The device must operate during exposure to 1010 neutrons/cm2 @1 MeV neq (see Section 10.10.3). In particular, the single photoelectron and secondary PE peaks must be distinguishable in order to maintain the in-situ calibration of the devices.
· Any degradation to the device response after 4 years of operation in the Mu2e detector environment must not compromise the efficiency requirement.  
· The after-pulsing characteristics must be small enough so as not to cause excess detector deadtime. Note that after-pulses primarily have 1 and 2 PE amplitudes and hence lie below the ≥3 PE SiPM threshold.
· The device must be packaged in a small form factor/low profile package that allows tight direct coupling of the SiPM to the fiber.  
Each SiPM will be coupled directly to the ends of a single wavelength-shifting fiber. This requires the photodetector to operate in a magnetic field of 0.1 T and in a radiation environment of both neutrons and gammas. Ionizing radiation from gamma interactions is not a problem, as studies have shown no change in SiPM performance at doses up to 20 Gy [30], which is higher than the expected dose (see Section 10.10.3). Neutrons can cause overall bulk damage to the silicon lattice, increasing the dark count and degrading the signal-to-noise of the device. The highest dose the devices will receive is just less than 1010 neutrons/cm2 (1 MeV neq) in a few hot regions of the cosmic ray veto (see Section 10.10.3). Figure 10.37 shows the degradation of the photoelectron peaks after neutron irradiation at a fast neutron source reactor of 21010 neutrons/cm2 (1 MeV neq) and the recovery of the device after annealing [31]. (For more results on SiPM annealing, see Ref. [30]). 
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[bookmark: _Ref387737775]Figure 10.37. Response of a Hamamatsu SiPM before 21010 n/cm2 (1 MeV neq) irradiation and after two days, nine days, and two months showing recovery from annealing [31]. Recovery from the dose is not complete.
Neutrons can also cause anomalous signals in the SiPM when slow neutrons become captured in the boron-10 of the silicon and when neutrons interact in the hydrogen-rich epoxy encapsulation of the device. High energy physics experiments have studied these effects extensively [31][32][33][34], providing feedback to vendors who have modified their processes by reducing impurities and adding blocking layers to improve the first effect.  Minimizing the thickness of the epoxy encapsulation of the package helps reduce the latter effect, and many manufacturers are working toward a packaging option that eliminates the wire bond and reduces the need for a thick protective epoxy layer. 
Surface mount and canned (TO-18) Hamamatsu (MPPC S10362-11-100U) and AdvanSiD (ASD-SiPM1C-M-40) SiPMs were evaluated in a test beam at Fermilab in the fall of 2013. In addition to gaining experience in the operation and in-situ calibration of the SiPMs, the test revealed several mechanical issues related to details of the design of the coupling of the SiPM to the fiber. These have led to the choice of a surface mount package and the current SiPM mount scheme described in this TDR.

Hamamatsu (S12892-PA-50(X)) and KETEK (PM2250-B63T75S-P4) both have improved 2  2 mm2 devices that will be tested. One improvement is a reduction in the thickness of the clear epoxy layer on the SiPM face used to protect the wire bond, which is typically ~300 m thick. This epoxy layer can degrade after irradiation, reducing the light transmittance. Newer packaging options, such as through silicon via (TSV), with thinner coatings (~100 m), are becoming available and will be evaluated. Figure 10.38 shows a typical surface mount packaged SiPM. These devices should meet all basic requirements. Radiation tolerance to neutrons will be evaluated in a reactor for total dose effects, and with Cf-252 or Am-Be sources for performance degradation at lower dose rates.  
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[bookmark: _Ref385822631]Figure 10.38. Typical surface mount package. The SiPM surface is coated with a thin epoxy layer to protect the photosensor and the wirebonds (seen on the left).
The small size, high PDE, and low cost of the SiPM makes double-ended readout of a single fiber over the majority of the cosmic ray veto modules possible without unacceptably large dead regions in the coverage. This adds redundancy and makes the overall detector more reliable as each counter end will have a completely different readout chain. Hence in the majority of the modules, single device failures will not preclude attaining the desired detector efficiency requirement. The exceptions to the double-ended readout are the extra-long modules in the CRV-U and CRV-T sectors, as well as the cryo-modules. For the extra-long modules, the upstream end of the counters will see radiation doses up to 1011 n/cm2 (1 MeV neq) as shown in Figure 10.71. At those radiation levels, the single PE peak that is required to calibrate the SiPMs is expected to significantly degrade. In addition, the shielding in this region makes access difficult and time consuming. Therefore there are no SiPMs in this region. Rather the SiPMs will be outfitted with counter manifolds with reflective mirrors. Single-ended readout sacrifices redundancy, hence, SiPM and front-end board failure in these modules will require immediate replacement during operation. The CRV-modules have a sufficiently high light yield that each SiPM on the readout end separately meets the photoelectron yield requirement.

The SiPMs needed for the experiment by sector are listed in Table 10.2. The total number of devices needed, not including spares and wastage, is 18,944. 
Calibration 
The SiPM dark count and after-pulsing rates are very sensitive to the operating bias; less so are the PDE and gain, where the operating point is typically several volts over the breakdown voltage. Because of this sensitivity, the operating bias must be maintained to about 10 mV. The operating bias, however, is not fixed but is dependent on environmental parameters; in particular, the temperature and radiation dose. Controlling the SiPM temperature would be difficult, if not impossible, given the need to keep the counter readout manifolds as small as possible. And although cooling SiPMs reduces the dark count rate by about an order of magnitude for each 25°C reduction, at a threshold of PE ≥3 we expect that the rates will be dominated by signals from neutrons and gammas produced in the beamline. Finally, controlling the temperature would not eliminate drifts in the operating point given the increasing radiation dose. For these reasons it is mandatory that in-situ calibrations be periodically made to determine the operating point. 
Maintaining the correct operating point will be achieved by tracking the gain of the single PE peak and measuring the relative dark count rates of the single and double PE peaks. This will be done automatically during interspill periods. Bias voltages for the SiPMs will be adjusted so that the single PE pulse heights are uniform for all channels. In T2K, the operating voltage is adjusted once a month in normal operation [35].

To track the sensitivity of the operating point on temperature (typically dV/dT ~60 mV/°C), the temperature will be measured with sensors mounted on each counter motherboard. This information will be recorded in a database. A Mu2e hall temperature excursion of ±2°C is expected during Mu2e operations based on experience with similar buildings with similar HVAC requirements [37]. As changes are expected to be slow, the SiPM operating voltage will require infrequent adjustments based on temperature. 
Quality Control and Quality Assurance
The large number of SiPMs in the cosmic ray veto demands a clear workable plan for photodetector quality assurance. In order to avoid board rework and to reduce the need for intervention in the experiment after installation, the quality of the devices will need to be verified before they are assembled onto the counter motherboards. In addition, verifying that the devices will survive the commissioning period and the three years of physics operation will require longevity and radiation testing of a subsample of devices before the batches of SiPMs are accepted from the vendor.

The plan for device testing is largely based on experience from other experiments. The T2K experiment has had ~60,000 devices in operation for several years [35]. Because they were one of the first HEP experiments to use SiPMs, they extensively tested these devices, measuring parameters such as gain, breakdown voltage, dark count rate, after-pulsing and PDE at three different temperatures [36]. In the end, they found that the key parameters that needed to be measured and tracked in order to operate the devices in the detector were the breakdown voltage at one specific temperature and the temperature dependence of the gain. The temperature dependence of the gain for a device is common to the fabrication process, so measuring a small percentage of devices provides the needed temperature correction function for all devices [65]. T2K found that all of their SiPMs had identical temperature dependencies [36]. Figure 10.39 shows the T2K measurements of the gain and breakdown voltage for three different temperatures.  

The vendor will assure the SiPMs will perform within the parameters specified in the device data sheet, and will provide basic device parameters, including the operating voltage for a specific gain and dark count rate at a set temperature. The Mu2e SiPM testing plan is based on the experience from the T2K testing at Kyoto University, which found only 0.05% failures out of ~18,000 devices [36] after rigorous characterization of each device. Based on this low failure rate and the finding that parameters measured at Kyoto matched those from the manufacturer, rigorous testing of all devices has been deemed unnecessary and vendor provided parameters are sufficient. The plan for Mu2e is to test only a ~10% subsample of the devices to validate the individual batches, on the order of 650-1000 devices per batch, before acceptance from the manufacturer. The device I-V curve and dark-count rate will be measured at a fixed temperature with the Mu2e custom SiPM tester and cross-checked with the operational information provided by the vendor before batch acceptance. Since the temperature dependence is process specific, a small number of devices (1%) will be used to determine that function before mounting on the counter motherboards.
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[bookmark: _Ref385829974]Figure 10.39. T2K measurements of the breakdown voltage from gain vs. voltage extrapolation for 3 different temperatures [36].

Mu2e will use surface mount or TSV SiPM packages. Because those small form factor packages do not have space for serial numbers, it will be difficult to track the operational parameters for individual devices once the devices are sent to the assembler for mounting on the counter motherboard. This motivates the need to be able to measure the I-V curves in-situ with CRV readout electronics after the devices are mounted on the counter motherboard.

The SiPM tester (see Figure 10.40 and Ref. [38]) that is being developed for Mu2e is based on experience gained from testing several thousand SiPMs for the NIU Proton Tomography Project [39]. The SiPMs will be placed into a 32-device custom waffle pack that provides electrical contacts on the pads of the SiPM. The waffle pack will be placed in a thermally stabilized dark box that is connected to the tester box via cable feed-thru patch panel. The tester applies bias voltages to 32 SiPMs and simultaneously measures the dark current, taking roughly a hundred points to determine the full I-V curves for the devices. For quality assurance, the tester will be checked on a regular basis with a set of 32 SiPMs that will be used as a “standard” for calibrating the testing device.

In addition, a subset of the production devices (0.5%) will undergo additional radiation and lifetime tests to validate the vendor process. These are assumed to be destructive tests. Consequently, these devices will not be installed in the detector. The devices will be characterized before and after these tests. For radiation testing, the devices will be dosed to several exposures (1109 n/cm2, 5109 n/cm2, and 11010 n/cm2) to study the performance degradation and to determine the rate of annealing/recovery. Of particular interest is the increase in dark count, the effect on the I-V curve, and the ability to discern the single PE peak, since those are the parameters that will be used to monitor and calibrate the devices.
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[bookmark: _Ref385829042]Figure 10.40. SiPM tester (left) and a 32-SiPM waffle pack holder (right).

Accelerated aging studies also will be performed. Electronics device time-to-failure is well-modeled by the Arrhenius equation, which describes the relationship between failure rate and temperature in accelerated aging studies. By elevating the device operating temperature, a shortened lifetime study can be performed. SiPMs that survive at an elevated temperature of 70°C over 64.5 days are sufficient to validate device longevity for the CRV, which will be operating with nominal temperature of 25°C and over 4 years (1 year of commissioning and 3 years of physics operations) in the Mu2e experiment.  
[bookmark: _Ref377844991]Electronics
The electronics (Figure 10.41 and Table 10.4) consists of:  (1) a counter motherboard mounted directly on the ends of the di-counters and onto which the SiPMs, flasher LEDs, bias gate circuit, and temperature sensors are connected; (2) a front-end board (FEB), which reads out and digitizes signals from the SiPM, both in time and charge, controls the flasher LED, runs calibrations, and provides bias voltage to the SiPMs; and (3) a readout controller, which takes the data from the front-end boards and sends it to the data acquisition system and provides a means of communication with the front-end boards. The system has been designed to be simple, redundant, and inexpensive. It can operate in either a streamed mode, for diagnostic and calibration purposes, with sufficient storage to stream the CRV data over an entire 1.333-s spill cycle, or in zero-suppressed mode. The electronics must have the ability to see single photoelectrons, a dynamic range of 2000, a time resolution of 1 ns and the ability to handle hit rates of up to 1 MHz. In addition, the CRV electronics in the detector hall exposed to the harshest magnetic and radiation fields will need to operate in magnetic fields up to 0.1 T, and suffer a radiation dose of up to 1010 neutrons/cm2 (1 MeV neq) with no untoward effects.  

The Mu2e DAQ is designed to operate with software-only triggers run on a farm of online processors, with a latency of about one second, or about one spill cycle length. A trigger accept, which during normal data taking comes from track-finding criteria, is sent to the front-end boards which sends the entire micro-pulse of data to the readout controllers and then to the DAQ.
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[bookmark: _Ref383531070]Figure 10.41. Layout of the readout electronics for a normal-width module read out on both ends. A typical module has 64 counters grouped in 32 di-counters. Each di-counter has 4 SiPMs for a total of 128 SiPMs at each end of the module. Each front-end board reads out 64 SiPMs, or one end of 16 di-counters:  two front-end boards are on each end of the module, for a total of four. Power-over-ethernet cables send the data from the front-end boards to the readout controllers, which then send their data to the DAQ. Each readout controller services up to 24 front-end boards.
Counter Motherboard
The counter motherboard, which is mounted directly on the end of a di-counter and provides direct electrical connection to the photodetectors, has the following components: (1) four SiPMs, (2) two flasher LEDs, and (3) a temperature sensor. A circuit diagram of the counter motherboard is shown in Figure 10.42; a photograph of a prototype board used for a beam test was shown earlier (Figure 10.21). The bias voltages for the SiPMs, the Low Voltage Differential Signaling (LVDS) trigger signals for the LEDs, and the power for the temperature sensor are supplied from the front-end board to the counter motherboard over a micro-HDMI cable.  A low voltage digital-to-analog (DAC) on the front-end board is used to trim each SiPM bias to the desired value.  A total of 4,736 counter motherboards are needed.
[bookmark: _Ref386318971]Table 10.4. Electronics parameters.
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[bookmark: _Ref378693323]Figure 10.42. Diagram of the counter motherboard.
As explained above, we expect to employ a SiPM that is considerably larger (2  2 mm2) than the wavelength-shifting fiber diameter (1.4 mm). In that case, the positioning of the surface-mount SiPM during soldering will be straightforward, with sufficient self-alignment being achieved during reflow. However, should a SiPM whose size more closely matches the fiber diameter be used then a precise coupling of the SiPMs on the counter motherboard to the wavelength-shifting fibers will be important to maintain a sufficient PE yield. This requires good lateral alignment and consistent height for the four SiPMs on the counter motherboard. In order to maintain the lateral alignment of the SiPMs during reflow soldering, stainless steel precision templates that are registered to the counter motherboard registration holes will be used. The height uniformity will be maintained by uniform application of solder. In either the self-alignment or template soldering case, the SiPMs will be soldered onto the boards after the other components using tin-bismuth (Sn-Bi) eutectic low temperature (138°C) solder. This assembly process is based on previous experience from the CMS HCAL Outer Barrel SiPM project, which recently had ~3000 SiPMs assembled onto PCBs. With this procedure, a SiPM placement of ±50 microns was achieved [40]. 
Front End Board
The front-end readout board (FEB) supplies the SiPM bias voltages, receives and digitizes the SiPM signals, controls the LED flasher and bias reduction gate, reads the temperature sensor, and performs SiPM calibrations. It is directly connected to up to 16 counter motherboards via micro-HDMI cables. One of the salient features of the design is the use of commercial off-the-shelf parts; no custom integrated circuits are employed. A block diagram of the front-end board is shown in Figure 10.43.
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[bookmark: _Ref378694257]Figure 10.43. Block diagram of the front-end board.
The SiPM signals are fed to a commercial ultrasound processing chip on the FEBs, each of which has eight sets of low-noise preamplifiers, programmable gain stages, programmable anti-alias filters and a 80 Msps, 12-bit ADC [41]. A block diagram of the chip is shown in Figure 10.44.

[bookmark: _Ref378696375][image: ]Figure 10.44. Block diagram of the ultrasound chip.

The SiPM signal is AC coupled at the ADC input on the front-end board.  An AC-coupled input allows for a stable pedestal even if the SiPM suffers induced increased leakage current from radiation damage. With AC coupling, a SiPM produces a bipolar pulse that causes a voltage undershoot and requires time to recover. At high counting rates a substantial number of pulses would ride on the voltage undershoot from previous pulses. A pole-zero circuit will be implemented to reduce the undershoot recovery time and improve the double-pulse resolution. Figure 10.45 shows a simulation of a 10 photoelectron signal (green) from a SiPM similar type to what will likely be employed by Mu2e. The arrival of each photoelectron spread over the time constant of the wavelength shifter is visible. The blue trace shows the same signal after the pole-zero and the low-pass filter. The red trace shows the output of the sample-and-hold portion of the ADC. With four samples of the waveform and an 80 Msps sampling rate, 1 ns timing resolution will be achievable locally.

During Mu2e operations, the beam flash will illuminate a majority of the SiPM pixels, which would result in a large number of after-pulses during the live-gate period of the pulse. In addition, this large signal would cause a significant voltage undershoot that requires time to recover and could cause sagging of the SiPM bias voltage.  In order to avoid this during Mu2e operations, a signal (flash gate) that reduces the SiPM bias to near, or below, breakdown during the flash will be implemented, as shown schematically in Figure 10.46. This scheme was tested; the results are shown in Figure 10.47. A SiPM was illuminated by a ~20 PE light pulse while the SiPM bias was reduced to below breakdown. The induced noise from the application of the bias reduction gate was found to be small, as was the pulse height variation immediately after full bias restoration. The pulse heights varied by roughly 5% over a wide range of times.
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[bookmark: _Ref378696580]Figure 10.45. Simulation of the ultrasound chip response to a 10 PE SiPM pulse.
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[bookmark: _Ref386307374]Figure 10.46. Schematic of the micropulse structure, showing the timing of the SiPM bias.
The digital portion of the front-end board uses FPGAs to convert the bit-serial ADC data to parallel, to apply thresholds to the digitized data for zero suppression, and to control the buffer memory. Low-power double-data-rate (LPDDR) synchronous dynamic random-access memory (SDRAM) is used for buffering data and has the capacity to buffer un-zero-suppressed data for a time equal to the trigger latency of the DAQ system. This gives us the option of deferring the zero suppression to offline event processing where more sophisticated techniques could be applied, and allows it to operate in “oscilloscope” mode for diagnostic purposes. The data from the FPGA are serialized and sent to the controller card using 100 mbit Ethernet Physical Layer Device (PHY) chips.  A microcontroller is used for status and slow control.

[image: ]
[bookmark: _Ref386307240]Figure 10.47.  Effect of a fast bias reduction on the response of a SiPM. The SiPM is continually flashed with light pulses of constant amplitude.  From 70 ns to 480 ns the bias was reduced below breakdown and restored at 480ns.  In the left plot the SiPM shows no response to the light during the reduced bias period, and little induced noise from the rapid change in bias. The right plot shows the response of the SiPM just after the full bias has been restored.

Power is supplied over the same Category 5 cables used for the data link to the readout controllers, simplifying the cable plant. Commercial Power over Ethernet (PoE) protocol will be used. The stated power consumption of the ADCs is 117 mW per channel. A precise estimate of the FPGA power consumption is difficult without a detailed design, but a reasonable supposition is that the consumption is equal to the ADC’s. Further, if we assume 1 W for the microcontroller and 1 W for the DRAM, then board consumption is then 17 W. If the DC-DC converters on board have an aggregate efficiency of 75%, the delivered power to the FEB is ~23 W, which is under the PoE Category 5 limit of 36 W [42]. The total system of 296 boards will require 6.8 kW.

The front-end boards must operate in significant radiation levels and ambient magnetic fields over much of the cosmic ray veto. Fringe fields will be up to 400 Gauss, which will saturate any magnetic materials used in the front-end board. To abandon the use of magnetic materials in the power supply section would increase the power consumption by at least three-fold, and require separate power cables rather than PoE. Instead, we will fit a magnetic shield around the susceptible components. To deal with the expected radiation levels we will use a microcontroller with error corrected memory and FPGAs that flag corruption of their configuration bits. For specific critical portions of the FPGA logic, such as control registers, voting logic will be used. Parallel FLASH ROMs that can configure the FPGAs in about 30 ms, will be used for storing configuration data. The quoted configuration RAM single-event upset (SEU) rate for an FPGA of the size we will use is 760 failures-in-time (FIT), where a FIT is one failure per billion hours per 1.41010 n/cm2. This is about 39 SEUs per hour for the 1200 FPGAs in the cosmic ray veto front-end boards, assuming that all FPGAs are subject to the maximum radiation dose of 1.01010 n/cm2 (1 MeV neq). For a typical configuration, one SEU in five will alter the behavior of the FPGA. The parameter storage registers in the ultrasound chips will be monitored and reloaded if corrupted. Radiation hard gallium nitride FETs will be used for the power switches in the power supplies. In order to radiation qualify the electronics design, we will need to validate the total ionizing dose tolerance and measure the single event upset rate of all components used on the boards.

Although the cosmic ray veto is an inherently digital device – it is only necessary to know that a counter has fired – for calibration purposes it is vital that the number of SiPM pixels that have signals be known in order to monitor the photoelectron yield. 
Readout Controller
Digital data and power (24W  25 channels) is transmitted from the front-end boards to readout controllers in the relay racks in the electronics room via Cat 5 cables and from the readout controllers to the data transfer controllers of the DAQ via optical fibers. The readout controllers serve as the link between the front-end boards and the slow and fast DAQ systems and provide power to the front-end boards. Figure 10.48 shows a block diagram of the readout controller. Each readout controller has 24 ports for front-end boards and two fiber-optic links [43]. Fifteen readout controllers serve the entire cosmic ray veto. The topology of the fiber-optic links depends on the data rates and desired redundancy.
 As a first step toward a complete readout controller, a prototype daughter card for use with a commercial FPGA evaluation board has been built for a proof-of-concept test. A block diagram of the setup is shown in Figure 10.49 and a photo of the daughter card is shown in Figure 10.50. Visible at the lower left of the photo is a four-port front-end card link. At the lower right are the two fiber optic connections for the DAQ link. At the upper right is the FPGA mezzanine card (FMC) connector for attachment to the FPGA evaluation board.
Timing
The high background rate in the CRV demands a small coincidence time window between counters to reduce the false veto rate. Hence, we need 1 ns timing over the entire system. The timing distribution consists of a 1.695 s signal sent to the readout controller from the DAQ system. Messages defining the stages of the accelerator super cycle will be sent on the down-going DAQ link in advance of the 1.695 s microspill period of the Delivery Ring. The stated jitter on this signal is 200 ps. There are 90 1/53.102 MHz periods in the Delivery Ring. A phase lock loop (PLL) on the readout controller using a voltage controlled crystal oscillator (VXO) will multiply the reference to a convenient frequency, and encode accelerator status information onto this signal using a punched clock scheme in a manner similar to what was used on the DØ detector. At the front-end board, a clock and data recovery PLL running at 3/2 of the 53.102 MHz clock (79.65 MHz) will supply the ADC clocks and recover the accelerator status information. The PLLs on the readout controller and FEB will have sub-nanosecond jitter. The propagation down the clock tree will vary primarily due to temperature variations, which affect the propagation delay of the line drivers and receivers and change the length of the interconnecting cables. In order to monitor synchronization and time in the detector components, cosmic rays can be used to measure the time of arrival of particles with respect to the local clock. A subset of these muons will traverse other detectors and will allow a cross-correlation of the timing. A significant portion of the CRV will see muons that do not go through other detector subsystems. These modules can be cross-correlated to CRV sections that have been linked to other detectors. Beam particles are another source of timing calibrations, but again there are CRV sections that will not be exposed to beam particles. Both schemes will be needed to ensure time synchronization across the entire system.
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[bookmark: _Ref378699352]Figure 10.48.  Block diagram of the readout controller.
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[bookmark: _Ref379621912]Figure 10.49.  Block diagram of the proof-of-concept readout controller mezzanine card.
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[bookmark: _Ref379621929]Figure 10.50.  Photo of the proof-of-concept readout controller daughter card.
[bookmark: _Ref259917529]Status and Slow Control
Status and control information is divided into two types, fast and slow. Slow status information such as power supply voltages, temperature, and run configuration will be pooled in the FEBs in a single memory block. This block will be sent to the readout controller at a rate of order 1 Hz. The readout controller in turn will collect the blocks from the FEBs and form an aggregate data pool accessible by the DAQ. This circumvents the need to send requests from the DAQ and acknowledges back from the queried device for each requested item. Writes to this same slow data pool in the readout controller by the DAQ will be periodically sent to the FEBs. Fast status information such as loss of event synchronization will be written into event headers. The times at which this class of error occurs will be latched and appear in the slow data pool.
Gain Monitoring
The SiPM bias voltage operating point is temperature dependent. Rather than controlling the SiPM temperature, which would be extremely difficult given the physical constraints of the system, we have opted to change the bias in response to changes in temperature.  Thermometers on each counter motherboard will allow the temperature to be monitored. Note that other parameters, such as radiation damage, can also affect the operating point and hence we cannot solely rely on known temperature dependencies in adjusting the SiPM bias. The best means to track these changes is to monitor the single PE peak, as well as the relative rates of the single and double PE peaks. This will be done in the front-end board FPGAs by occasionally histogramming signals from the SiPMs, SiPM dark noise counts, during the inter-spill periods at zero-threshold and recording the low PE spectrum. Cosmic-ray muons will also provide a redundant means of calibration. There are sufficient resources in the FPGAs for this task.
System Performance
The expected data rates in the cosmic ray veto are given in Table 10.5. The beam spill has a duration 0.497 s and contains several hundred thousand pulses of 1.695-s in duration. The overall duty factor during the spill is 0.574. After the spill is a 0.836-s-long period without beam. This cycle repeats every 1.333 s. During the period between spills when no beam is being delivered, normal data taking will continue. This will allow a direct measurement of the cosmic-ray induced background rate. 
During the spill the average (maximum) rate in a counter, and hence the SiPMs, is expected to be about 127 kHz (685 kHz), primarily from background neutrons and gammas, as discussed in Section 10.10.2. The cosmic-ray muon rate itself over the entire CRV is 14.5 kHz [10]. The system is designed to handle a maximum rate of 1000 kHz per SiPM. The interspill rates are dominated by SiPM dark currents, which we expect to average 10 kHz at a threshold of 3 PE. Assuming a 12-byte hit size (see Table 10.6), we find the average (maximum) data rate per FEB to be 26 MB/s (213 MB/s). This is greater than the maximum data rate of 12.5 MB/s out of a FEB, and hence a trigger is needed. The average (maximum) total data rate produced by the CRV is 7.6 GB/s (62.9 GB/s). Simulations show that a rejection of 100 is expected from the software track-finding trigger. Hence, the triggered rates into the readout controllers and the DAQ are 76.1 MB/s (629 MB/s) average (maximum). The total amount of CRV data written out for the entire three-year run is expected to be 1 PB. 

[bookmark: _Ref386391609]Table 10.5. Date rates in the cosmic ray veto. Average and design values are given. The total includes the data taken in the spill on and spill off periods. The spill on rates are from neutron and gamma interactions in the CRV; spill off rates are from SiPM noise. The cosmic-ray muon rate over the entire CRV is 14.5 kHz.
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Writing non-zero-suppressed data during the beam spill, and zero-suppressed during the spill off  period, would increase the average triggered data rate per FEB to 16.1 MB/s; this would result in a total rate to the DAQ of 4.8 GB/s and produce 70 PB of data for the entire run. At present, a total data sample of that size makes this option unfavorable. It would also require five, rather than two data transfer controllers (DTCs). When data taking starts in several years, the price of storage may be such that this would be a viable option.

We have assumed a 12-bit ADC word, which is awkward from a data storage point of view. Compression to eight bits is desirable. The full ADC resolution is only important for 10 PE signals or less. An eight bit piece-wise linear scheme (e.g. halving the ADC data every 30 counts) can be used to maintain a precision that varies from 3% to 6% over the range of the ADC, with the exception of the first 30 counts. Other schemes are possible. The one requirement is that the implementation be feasible within the FPGAs.

[bookmark: _Ref386391905]Table 10.6. Hit format, assuming four samples per hit.
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Trigger
The cosmic ray veto will be used to produce cosmic-ray muon triggers for calibration purposes. A simple time coincidence between pairs of adjacent counters on different layers will be used to indicate the presence of a cosmic-ray muon. The spatial positions of the hit counters will allow a crude track stub to be formed. A timing coincidence gate of 5 ns on individual counter hits will greatly reduce the false coincidence rate from noise and backgrounds. A window of ~125 ns will be formed around the coincidence time. Although such a trigger could be implemented in the FEB, it will be easier to do it with the analysis framework in the trigger buffer nodes, as is done with the tracker trigger.
Safety
There are two aspects of electrical safety for the CRV: (1) human safety and (2) detector equipment safety. Although the SiPM voltages are relatively low (< 100 V) compared to voltages required by PMTs, any device with an applied voltage under 50 V with significant capacitance could present a thermal hazard, and those with voltages greater than 50 V could present both an electrical and/or thermal arc hazard. The CRV electronics system will comply with recommended design and procedures as stated in the Fermilab safety procedures FESHM 5040 document [44]. Detector equipment safety will be achieved by monitoring procedures as described in Section 10.7.5, appropriate fusing/current limit settings for low voltage power supplies, and appropriate relay rack protection systems. In addition, devices such as the SiPMs have series quenching resistance that limits the overall current. These devices are self-limiting and cannot be damaged even with exposure to ambient light.
Module Fabrication
Introduction
The cosmic ray veto (CRV) module fabrication takes the scintillator extrusions, waveshifting fibers, and photodetectors, and assembles them into working modules. A total of 82 modules of seven different sizes will be fabricated (see Table 10.3), as well as 9 spare modules. Normal width modules consist of 64 scintillator counters, narrow modules have 32 counters, the counters arranged in 4 identical layers. The scintillator lengths range from 0.900 m for the cyro-modules to 6.600 m for the extra-long modules. Details of the module assembly factory, including drawings, can be found in Ref. [45].

The module assembly factory will be located at the University of Virginia (UVA). At the factory, individual polystyrene scintillator extrusions will first be glued into di-counter pairs. Then four fibers will be inserted into each di-counter and the fiber guide bar will be glued to each end to precisely position the fibers. The fibers will not be glued into the scintillator channels. A fly cutter polishes the fiber ends. The quality of the light transmission through each fiber will be measured with a special jig. Then the SiPM and counter motherboards are installed at each end of the di-counter and, using the LED flasher on the counter motherboard, the response of each SiPM will be measured to ensure it meets requirements before they are assembled into modules. The four layers of di-counters will be glued onto three aluminum plates, each layer staggered by 10 mm with respect to the nearest one in order to minimize inefficiencies due to projective cracks, as shown in Figure 10.22.

The photoelectron yield at each end of each module will be measured to ensure it meets requirements. This will be done with cosmic-ray muons using a test stand designed by Brookhaven National Laboratory and being fabricated at Fermilab. The modules will then be crated and shipped to Fermilab. The module assembly factory will produce an average of six modules per month during the production phase.

A short prototype module was fabricated at UVA in the summer of 2013 to be used in the test-beam studies described in Section 10.2.3 (See Figure 10.51). Experience from building this prototype provided important information used in the design of the module assembly factory and the fabrication steps detailed in this section.  
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[bookmark: _Ref377812207]Figure 10.51. Photo of the short prototype module fabricated at UVA for use in test-beam measurements at Fermilab.
The module assembly factory will consist of 5000 ft2 of rented commercial space. Table 10.7 itemizes the area required to fabricate and test the modules: we estimate that 5000 ft2 will be adequate. The layout for the module assembly factory is shown in Figure 10.52.

The factory has five main areas: receiving and storage; counter assembly/QA, module assembly, module QA, and module crating/shipping. These are described in detail below.
[bookmark: _Ref244939527]Storage/receiving Area
A receiving area is required where trucks will be loaded and off-loaded. Depending on the facility resources two options are possible: a loading dock, which will require pallet jacks for loading and unloading, or no loading dock, which will require a forklift. Facility access for a large truck and room on the loading dock or an exterior room to maneuver a forklift or pallet jacks is required. After the delivery truck is off-loaded, materials will be moved to the storage area.  
In addition to the module components that have already been described (scintillator extrusions, aluminum plates, and fiber) other module parts will be obtained and carefully inventoried. These include fiber guide bars, SiPM mounting blocks, counter motherboards, reflector manifolds, module end-caps, draw latches, front-end board enclosures, edge strips, etc. Three distinct aluminum pieces are required for each module type: the covers, inner and outer absorbers, and middle absorber. For the 7 module types 21 different aluminum parts are needed. 
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[bookmark: _Ref377804135]Figure 10.52. The layout of the module assembly factory showing storage areas, three counter assembly tables, two module assembly tables, and a module testing and crating area. 
  
[bookmark: _Ref388283232]Table 10.7. Required space to house the module assembly factory.
	Required space

	Storage/receiving
	1500 ft2

	Counter assembly/QA
	900 ft2

	Module assembly
	400 ft2

	Module QA test stand
	400 ft2

	Crating/shipping
	1000 ft2

	Total production space
	4200 ft2

	Target space
	5000 ft2



The storage area is large enough to store raw the raw materials, but not of the assembled modules. Pallets of aluminum will be approximately 4 ft. by 20 ft. long and weigh up to three tons. About 25 tons of aluminum is needed, and will be shipped in 9 pallets. The stacked aluminum pallets will require an area of 26 ft. by 26 ft. for egress, or about 700 ft2. The Fermilab extrusion facility has enough space to store all the extrusions, which will be shipped to UVA in five batches of 8 to 10 crates each. One crate will hold 130 extrusions, enough for two modules. Approximately 45 crates of extrusions will be required for all the modules. Each crate weighs approximately 1400 lbs. and measures 3 ft. by 20 ft. by 2 ft. high. An area of 300 ft2 is sufficient to store nine crates, which will be stacked three high. Storage for tools, fiber spools, machined parts and electronics is estimated to be 200 ft2. 
Counter Assembly/QA Area
The counter assembly area is where di-counters are made and tested. It consists of three counter-assembly tables, a chop-saw, a fly-cutter, a dust vacuum, two fume hoods, di-counter glue guides, the wavelength-shifting fiber spool, and fiber guide bar glue jig. The counter assembly table, shown in Figure 10.53, consists of four vertically moving shelves of work space approximately 3 feet wide by 20 feet long. The four counter shelves are mounted to 80/20 [46] rails that allow the shelves to be moved vertically, raising and lowering each shelf to the level of the saw and fly-cutter. The shelves are moved via a winch and pulley system to raise and lower each shelf to a 48" work/machine height. The counter assembly tables are mounted on locking casters and are moved under the fume hood during application of the adhesive.

The work done on each shelf will be performed on eight di-counter pairs at a time (one layer of a full-width module). A prototype counter assembly table has been constructed at UVA and its functionality will be tuned through the fabrication of a series of prototype modules.
A chop-saw and fly-cutter are mounted on a heavy duty machine cart, with locking casters that allow it to be rolled from one end of counter assembly table to the other and locked in place before energizing machines (see the photos in Figure 10.54). This eliminates the need to purchase multiple saws or to rotate the di-counters by 180 degrees. 

[image: hepfile:Mu2e:production_facility:counter_assembly_table_large.png]
[bookmark: _Ref377808298]Figure 10.53. A sketch of the counter assembly table.
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[bookmark: _Ref377808350]Figure 10.54. Photos of the fly-cutter saw (left) and chop-saw (right). Both are mounted on tables with castors so that they can be easily moved around the module assembly factory.

The chop-saw (DeWalt Multi-Cutter Saw, model DW872) with a 14-inch, 1300 RPM, 90 tpi carbide blade is used to cut extrusions to size. The prototype chop-saw machine table will be modified to perform the requisite 36-inch cross-cut for a layer of module di-counters. The chop-saw cross slide will be actuated manually by machine operator and an aluminum stage and clamping system will be fabricated in house.   
A fly-cutter (used for the MINOS experiment) has been obtained from Argonne National Lab. It is used to polish the wavelength-shifting fibers. The fly-cutter needs to be modified to meet our needs. First the fly-cutter cross-slide stage needs to be extended to facilitate a 36-inch travel. This modification involves custom fabrication of a new cross-slide mount and counter clamping system out of aluminum, purchasing a new 36-inch precision cross slide, purchasing a new hydraulic system, and installing system components. A 80 digital microscope will be mounted on the new 36-inch fly-cutter cross slide to image the polished fiber ends in real time, eliminating the need to dismount the di-counters for the fiber optical QA step. The modified fly-cutter will retain the electric motor and spindle from the original Argonne machine and will be able to cut and polish one entire end of one full-width module layer of 32 inches. At 1.5 inches per minute it will take about 40 minutes to make the two required cuts. Including time for mounting, it will take one hour to polish each end of a module layer, and hence eight hours of fly-cutting effort per module. Assuming one out of eight module layer ends will need to be re-cut due to failed QA it will take nine hours of effort on each module. Without the modifications to fly cutter listed above the total time would be 27 hours per module for fly cutting and fiber QA.

The following steps are performed to the scintillator extrusions to make di-counters.
1. Loose extrusions (quantity 16-20) will be placed onto each of the four shelves of the counter assembly table.
2. Extrusions will be prepped for gluing with scotch-brite and isopropanol. 
3. Devcon HP-250 [19] epoxy will be applied to the extrusion edges.
4. Pairs of extrusions will be placed into glue guides and clamped into place until the epoxy sets (overnight).  
5. The counter assembly table shelf position will be raised or lowered to the chop-saw machine height and the di-counters will be cut to length.
6. Glue test specimens (counters) will be cut and glued (see the QA section).

Once the extrusions are glued into pairs, each pair (32 in total per assembly table; 8 di-counters per shelf) will have their fibers and fiber guide bars installed as explained below.

1. The extrusion ends will be prepped for fiber guide bar mounting.
2. A waste fiber will be inserted into each channel to remove obstructions and to ensure a good fit.
3. The wavelength-shifting fiber spool will be positioned next to the counter assembly table, and four good fibers will be inserted into each di-counter.
4. The fiber guide bars will be de-burred, inspected and prepped for gluing with scotch-brite and isopropanol.
5. Devcon HP-250 epoxy will be applied to the di-counter ends, the fiber guide bars, and into the fiber channels of the fiber guide bars. 
6. A glue jig clamping device will hold the fiber guide bars in place until the glue sets (3 days).  
7. After at least three days of curing time, the fiber ends will be manually trimmed flush to the fiber guide bar with a straight X-Acto razor blade.
[bookmark: _GoBack]After the di-counters have had their fibers and fiber guide bars installed, the following steps are used to cut and polish the fibers and install the SiPMs and counter motherboards.

1. The counter assembly table shelf position will be raised or lowered to the fly-cutter machine height and the di-counters will be aligned and squared with it.
2. The di-counters will be fly cut: one 0.015" trim cut and one 0.004" polish cut.
3. During the fly-cutting process, the fiber ends will be imaged via the 80 microscope, and the image stored in a database. 
4. Di-counters with fibers that fail the optical QA will be re-fly cut until they pass the optical transmission QA.
5. Di-counters will be tested with the fiber light transmission tester.
6. Di-counters that pass the optical transmission QA will have the manifold with SiPM and counter motherboards installed and will be LED flash tested.
7. The di-counter ends at the fiber guide bar-counter interface will be painted using black latex-enamel paint.
8. The di-counters will be moved to the module assembly area. 
The counter assembly stage has time bottlenecks due to the curing time for the counter pairs (one day), the curing time for gluing the fiber guide bars (three days), and the fiber QA time (one day). Di-counter pairs for each module will require no less than five days at the counter assembly table stage. Therefore, it is highly desirable to have two or three counter assembly areas for the production facility. This allows the flow of assembly to continue during the three-day curing period for the fiber guide bars.
Module Assembly Area 
The module assembly area consists of two module assembly tables, a crane or portable lift (gantry hoist) access, and enough egress to safely move materials onto and off the tables. The tables have casters that allow them to be moved under a fume hood upon application of the adhesive. The module assembly area egress allows for open-air transit of materials from the counter assembly table, the storage area, and transit to the crating/shipping area. The area needed for each table is about 200 ft2. The area for the material transport region is another 400-600 ft2.  
The module assembly table (as shown in Figure 10.55) consists of the following items.
· Two heavy-duty 3 ft. by 20 ft. machine tables with locking casters. Tables are rated for 3000 lbs. capacity.
· An 80/20 [46] frame attaching the two tables.
· A 2"x6" lumber frame with reliefs for fork lift access points.
· A 3/4" plywood top. 
· The table has guides to locate the counter pairs onto the aluminum absorber plates and guides to offset counter layers 10 mm from each other during gluing.
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[bookmark: _Ref388287560]Figure 10.55. The module assembly table.

The steps to assemble each module are as follows.
1. A 0.032"-thick aluminum cover is placed onto module assembly table.
2. Devcon HP-250 epoxy is applied to the cover plate and spread to a uniform 0.005" thickness with a squeegee.
3. Eight di-counters are placed onto the wet aluminum cover plate and positioned using the module glue jig. The di-counters are shimmed so that they are uniformly spaced keeping the outside counters aligned with the edge of the aluminum cover plate.
4. Devcon HP-250 epoxy is applied to the surfaces of the di-counters and spread to a uniform 0.005" thickness with a squeegee.
5. A 0.250"-thick aluminum outer absorber plate is placed onto the wet di-counter layer and positioned using the module glue jig
6. Devcon HP-250 epoxy is applied to the absorber plate and spread to a uniform 0.005" thickness with a squeegee.
7. Eight di-counters are placed onto the wet aluminum plate and positioned using the module glue jig.
8. Steps 4-7 are repeated two more times to complete the four layers of di-counters.
9. Devcon HP-250 epoxy is applied to the surfaces of the di-counters and spread to uniform 0.005" thickness with a squeegee.
10. A 0.032"-thick aluminum cover is placed onto the wet di-counter layer and positioned using the module glue jig.
11. A plywood weight is placed on top to provide light contact pressure while curing.
12. Three days are allotted for curing before removing from module assembly table. Note that four glue-test specimens will be epoxied using the same batch as used for each module.
Module Quality Assurance Area
After curing, the module is lifted from the module assembly table to a special module transport table using a vacuum lifter. The table allows the module to be rotated if access to the other side is needed. A visual inspection is then made and the module is outfitted with the on-counter electronics. It is then moved to the module test stand (cosmic-ray test stand) for light-leak tests and to measure the photoelectron yields.  Light-leak tests will be done by measuring the low-end photoelectron spectrum. Photoelectron yield measurements are described below.

The module QA area consists of a cosmic-ray test stand with two multi-layer cathode strip chambers, described in more detail below. An area of approximately 400 ft2 (16 feet by 25 feet) will accommodate this function. The cosmic-ray tests will take two nights. After the module passes the QA tests, it will be moved to the crating area. Modules that do not pass QA tests in general cannot be repaired if the problems lie with the counters or fibers. If the failure is egregious the module will be tossed out. If the module just fails to meet the performance requirements it may be delegated as a spare, or used in an area of the CRV where the requirements are relaxed.
Crating and Shipping Area  
The crating and shipping area consists of an open space large enough to load finished modules into shipping crates for transport to Fermilab. Before crating, module aluminum end-caps will be installed to protect the delicate counter manifolds. Each shipping crate is approximately 3 ft wide by 20 ft long by 3 ft tall and weighs up to 4,000 lbs when loaded with two modules. They can be stacked three to five high. Approximately 40 shipping crates are needed. Although the baseline plan is that the shipping crates will be fully enclosed plywood boxes, an alternative heavy-duty pallet system is being considered. 

The crates will be delivered as needed. An area of 600 ft2 is needed to store crates and crating materials. An additional 300 ft2 is needed for equipment access so the total crating and shipping area should be at least 900 ft2.
[bookmark: _Ref379734129]Quality Assurance at the Module Assembly Factory
At the module assembly factory several procedures will ensure the quality of the CRV modules. These are summarized below and described in detail in the quality assurance program document for the module assembly factory (Ref. [47]). Note that the active module components – fiber, scintillator, photodetectors, and electronics – will have all passed quality control requirements before being shipped to the module assembly factory. 
Counter Quality Assurance
Fibers and counters are glued into the modules and cannot be replaced after production, so quality assurance on the counters before module fabrication is critical.  For this reason, several QA tests will be performed on the di-counters before they are glued into modules.  After polishing, the fiber ends will be imaged by a microscope and digital camera with a setup similar to the prototype setup shown in Figure 10.56. This is used to assure a smooth polished end for each fiber. After this visual inspection, one end of the fiber will be flashed with a calibrated light source and the yield measured on the other end. This test ensures that light can pass through the fiber without significant loss of intensity. A schematic for the fiber transmission tester to be used for this test is shown in Figure 10.57. It is designed by Dean Shooltz (of Shooltz Solutions LLC [48]), who built a similar device for Michigan State University for testing NOA fiber after it was potted and fly-cut [49]. 
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[bookmark: _Ref386398069]Figure 10.56. Photo of a fiber imaging setup at UVA. The microscope and digital camera image the fiber and the resulting image can be seen on the laptop.
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[bookmark: _Ref387756565]Figure 10.57. Diagram of the emitter-receiver device pair that will be used to test light transmission through each fiber.
Module Quality Assurance
The assembly of the CRV module critically relies on the quality of the glue bond between counters and the aluminum absorbers. Procedures outlined in Ref. [50] will be followed.  Four samples of short extrusions glued to aluminum plates will be taken from each glue batch. Two will be subjected to shear and peel strength tests and two will be kept for further tests if needed. 

The assembled modules will undergo performance tests using cosmic-ray muons before they are declared good and suitable for shipment to Fermilab. The tests will be done with a cosmic-ray test stand employing cathode-strip chambers (CSCs) designed by Brookhaven National Laboratory (Figure 10.58). The CSCs are being fabricated at Fermilab using jigs employed for the fabrication of similar CMS chambers, and will be shipped to UVA where details of the test procedure will be optimized using module prototypes. The test stand consists of two multi-layer CSCs, each with a 11 m2 active area, a gas system, large scintillation counter trigger paddles, and readout electronics. The CSC width is greater than the module width: the module being tested will move along the cosmic-ray test stand. The tests will be done using the on-module counter motherboards and prototype front-end boards and readout controllers. The key performance parameter is the photoelectron yield, which will be measured at both ends of each module for each counter. Two runs of 10-hour duration each will be taken at each module end, allowing several hundred thousand vertical cosmic-ray muons to be accumulated.
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[bookmark: _Ref387785478]Figure 10.58. Cathode strip chamber design to be used in the cosmic-ray test stand.
In addition to the quality assurance tests described above, the following QA steps will be performed at the module assembly factory on materials used in the module production.
· Scintillator extrusions - dimensional tolerances, visual inspection for defects.
· Devcon HP-250 Epoxy - Glue test protocol, peel, shear, durability, hardness.
· Fiber guide bars (FGB) - dimensional tolerances, visual inspection for defects.
· Counter motherboards (CMB) - dimensional tolerances, electronics tests.
· SiPM mounting blocks (SMB) - dimensional tolerances, visual inspection for defects.
· Front end boards (FEB) - dimensional tolerances, electronics tests.
· Aluminum absorbers - dimensional tolerances, visual inspection for defects.
· Light tight paint and bumpers - visual inspection for defects.
· Module end caps - dimensional tolerances, visual inspection for defects.
All quality assurance tools will be calibrated and certified to the relevant national standards.
Personnel at the Module Assembly Factory
The module assembly procedure has been designed so that it is possible to carry out almost any step with a single person. The fabrication of prototypes and prototype assembly stations is being done at UVA by a single technician leader with occasional help from students and scientific staff. For the main module production effort the technician leader will be aided by another mechanical technician, and the two will do the majority of the work.  Student labor will be employed for some repetitive tasks such as applying glue, de-burring fiber guide bars, etc. Graduate students, postdocs, and faculty will commission the QA tools, establish metrics, and analyze data from QA measurements. The technician leader will be in charge of the module assembly factory operation, the factory quality assurance program, and factory employee management. He will report daily on progress and fabrication issues to the faculty member charged with managing the fabrication task.  
Environmental Safety and Health at the Module Assembly Factory
There are several materials and tasks at the module assembly factory that require training and special procedures to ensure the safety of factory employees. All employees and students in the UVA Mu2e group must study and sign the UVA standard operating procedures (SOP) document before working in the HEP laboratory or module assembly factory. Each employee will be trained in all current OSHA, Fermilab and UVA ES&H safety guidelines for identifying, mitigating and managing all relevant hazards at the job site. Operation of the chop-saw or fly-cutter or access to the machine shop will require UVA machine shop training. The cosmic-ray test stand uses compressed gas bottles and all personnel will be trained in their safe handling. The handling of the modules and heavy components using cranes, vacuum lifters, and fork lifts will only be done by the technician leader. 

A significant amount of epoxy will be used to assemble each module. All epoxy contains toxic chemicals that require engineering controls to mitigate occupational exposure levels. Devcon HP-250 is less harmful than many other epoxies due to the absence of the known carcinogen MDA, which is used as a hardener. Nevertheless, all epoxies still contain a suspected carcinogen, MBCHA [51] that also fully vaporizes during curing. The National Institute for Occupational Safety and Health requires using ventilation for curing epoxy. The Department of Labor OSHA standard 1926.57(b) describes ventilation requirements [52]. The ventilation must remove airborne contaminants to or below acceptable levels. The ventilation system shown in Figure 10.59 will be verified via air sampling tests during prototype assembly activities.  A similar design will be adapted for the counter assembly tables.  
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[bookmark: _Ref255628732]Figure 10.59. Drawing of the ventilation system for the module assembly table.

Summary of Module Factory Procedure and Rate
Assembly factory jigs are being constructed at the HEP laboratory at UVA, including a counter assembly table and a module assembly table. They will be used to fabricate the following prototypes.

· A 4.7-m-long module, not outfitted with electronics, to study fabrication procedures and make time and motion studies.
· Two cryo-length modules, outfitted with electronics, to study mounting techniques and to serve as test platforms for the CRV electronics. One will be shipped to Fermilab.
· Two medium-length modules, outfitted with electronics and the production scintillator and fiber. They will be shipped to Fermilab to test installation and mounting procedures for the side modules.
Module production will begin with a pre-production phase in the HEP laboratory at UVA using the assembly stations that will be fabricated to produce prototypes. During this phase we will produce modules at a reduced rate. Due to limited space in the HEP building we will start with shorter modules (two short and five cryo) modules. Other specialty modules (three medium narrow and two long narrow) will also be produced in the pre-production phase.
The space in the HEP laboratory at UVA is insufficient for the production module assembly factory; hence a larger commercial space will be rented and outfitted as described above. During the production phase, the module assembly factory will produce six modules per month. This will make it possible to produce all of the remaining modules (10 extra-long, 24 long, and 45 medium) in less than 15 months. Time and motion studies during fabrication of prototype modules will improve this estimate.  
Detector Installation and Commissioning
Introduction
Modules are received from the University of Virginia module assembly factory and staged in a storage facility at Fermilab. On arrival they will be tested using front-end boards at the Fermilab facility to check for damage during shipment. Modules will then be re-crated and stored until installation. After the shielding around the TS and DS has been installed, the module support system will be installed on the shielding. The modules will be transported to the Mu2e detector hall via Fermilab truck for installation.

The Mu2e facility has dual overhead crane coverage that will be used to install the modules. A combination of a vacuum lifter and transport jigs will be used in the installation. Final testing and commissioning will commence when installation is complete.
Module Receiving, Staging, & Storage
Before module fabrication begins, two prototype side modules will be received from the module assembly factory used to test the installation support structure and installation procedures. A mockup of a small part of the shielding will be constructed using existing shielding blocks. Module supports will be installed and a module lifting jig, shown in Figure 10.60, will be used to rotate the modules to the vertical position. Module sizes range from 6.60  0.86  0.12 m3 to 0.90  0.86  0.12 m3 and module weights range from 2071 lb. to 282 lb.

A total of 91 modules (82 + 9 spares) will be shipped to Fermilab in wooden crates; two to four modules per crate depending on the module size. The crates will be designed so that three to five can be stacked on top of each other. The staging area has not yet been identified: one possible location is the Wide Band Storage area where dual overhead cranes of sufficient capacity are available. An area of 4000 ft2 to 5000 ft2 is required and will be needed for several years. For the 9 spare modules an area of about 500 ft2 is needed for indefinite storage. After arrival at the staging area, individual modules will be taken from the crates using a vacuum lifter and placed on two tables. Front-end boards will be installed and cabled and a set of simple electronic heartbeat tests using the readout controllers will be done to ensure no damage has occurred. 
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[bookmark: _Ref380231845]Figure 10.60. Front and back views of the module lifting jig.
Module Support Structure
The module support structure is designed to minimize gaps between modules, allow the modules to be installed and removed without undue difficulty, and to allow easy access to the electronics. It is anticipated that the need to replace modules will seldom if ever occur, although replacing defective electronics will be needed. The module support structure for the top and side modules consists of the top support bars and side hanger bars as shown in Figure 10.24. The top supports are leveled with adjustable feet and attached to the top of the shielding with concrete anchors. The hanger bars bolt to the top supports. Top modules rest on rollers mounted to the top supports. Side modules are bolted to the hanger bars and may be shimmed to adjust for variations in the shield block dimensions.  

Endcap modules will be mounted to a strongback that will be positioned and mounted to the shield blocks, as shown in Figure 10.27. Cryo-modules will be mounted using a commercial framing system, such as Unistrut, that will be positioned around the cryo hole and attached to the shielding blocks.  
Installation
Modules will be transported from storage to the loading dock of the surface building on Fermilab trucks in their shipping crates. The crates will be off loaded and modules will be removed from the crates with the vacuum lifter. The side modules will be installed first. They will be transferred to the module lifting jig in the horizontal position and then rotated to the vertical position using a crane, after which they will be lowered, moved into position, and hung from the side supports. 

The two endcaps, CRV-U and CRV-D, will then be installed. The endcap modules first will be mounted onto their strongbacks in the horizontal position at the staging area, and then sent to the surface building. The assembly will then be rotated to the vertical and lowered into the detector hall as a unit by one of the building cranes.
The top modules will be installed after the side and endcap modules. They will be positioned with the vacuum lifter.

Finally, the modules covering the cryo feed at the DS will be installed onto their support structure.
Testing & Commissioning
After installation the modules will be cabled up and tested. The front-end electronics will have already been integrated into the DAQ and tested. A one-month commissioning period is anticipated using cosmic rays.
[bookmark: _Ref387781107]Effects of Neutron and Gamma Radiation on the CRV
The cosmic ray veto must operate in a high-rate background environment composed of neutrons and gammas, where the gammas are almost entirely produced by neutron capture. This radiation can have several deleterious effects on the CRV: it can produce spurious hits in the counters leading to false coincidences and excessive deadtime, and it can cause radiation damage to the electronics, scintillator and wavelength-shifting fibers.

 Sources of these backgrounds are the following: 
· The primary 8 GeV proton beam striking the production target and directly producing gammas and neutrons;
· The pions, muons, and other components of the muon beam that interact with the collimators in the transport solenoid to produce neutrons;
· Muons captured in the stopping target and the muon beam stop (MBS).
Stopped negatively charged muons when captured on nuclei produce about one neutron per capture for light nuclei such as aluminum, with energies up to 100 MeV. About 10 billion neutrons per spill second are produced from the stopping target alone.

Several physics processes contribute to energy deposition in the CRV counters from this background radiation. Fast neutrons can produce recoil protons from collisions with hydrogenous material that deposit visible energy through ionization. Slow neutrons can be captured, producing gammas with energies of up to 10 MeV. Gammas are also produced from bremsstrahlung and muon decay-in-orbit in the MBS and the last collimator. The gammas reaching the CRV can then deposit visible energy through Compton scattering, pair production, or the photoelectric effect.
Shielding Simulation Methodology
Extensive simulation studies to optimize the radiation shielding were made by the Mu2e Neutron Working Group. They are summarized in Ref. [53]. In order to facilitate rapid changes to the shielding model the G4beamline simulation package was employed [54]. The QGSP_BERT_HP physics list was used in order to correctly model low-energy neutron processes. The simulations were carefully cross-checked and found to agree reasonably well with MARS, as well as the GEANT4 package. The geometry module included detailed descriptions of the solenoids, the detector components, the shielding, and the detector hall. 

The simulations were done in three steps. First the flux of particles produced in the production target was determined by simulating the proton beam interactions in the target. The results were checked whenever possible with existing measurements. The particles were tracked to the plane of Collimator 1 and the particle type, momentum, and position were stored. Using the stored information from the first step, a second simulation was done by tracing the particles and any produced secondaries until they either died or reached the counters of the CRV, where the time of arrival was recorded. Finally, using the fluxes at the CRV, the hit rate in the counters was determined using neutron and gamma efficiencies derived from an independent simulation. Other particles that made it to the CRV, such as electrons, arrive at low enough rates that they were ignored.

The shielding design, shown in Figure 10.61 and described in Section 7.9, is a result of a compromise between cost exigencies and meeting the radiation requirements of the CRV, tracker, and calorimeter. Care has been taken to reduce gaps in the shielding: those that are unavoidable, such as the labyrinth that houses the cryo feed for the detector solenoid, have been shown to produce no untoward effects. In the CRV region the main components of the shielding are 36-inch-thick (907 mm) concrete blocks that surround the transport and detector solenoids and onto which the CRV is mounted. Shielding near high radiation sources, such as the middle collimator and the stopping target employs barite-loaded concrete blocks to provide additional reduction. The design of the muon beam stop was optimized to minimize radiation to the CRV, as well as to the calorimeter and tracker.  
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[bookmark: _Ref387785013]Figure 10.61. The shielding surrounding the TS and DS. Blue areas are barite-loaded shielding blocks. The top shielding blocks and CRV-T have been removed.
[bookmark: _Ref386315498]Rate and Deadtime Estimation
We only consider the backgrounds arriving at the CRV during the live gate, as the prompt background components have dissipated. However, particles are tracked through future bunches to include the effects from particle interactions in later signal windows.  Note that different sources of background radiation have different time distributions:
· Fast neutrons from the proton solenoid (PS) region are prompt and have a steeply falling time distribution;
· Neutrons from the stopping target have a distribution given by the lifetime of the aluminum muonic atom;
· Gammas that originate from neutron capture have a delayed component due to the neutron thermalization time in the detector hall.
A muon stub in the CRV is defined to be the coincidence of hits in at least three of the four counter layers within a 5 ns time window. Background radiation can produce a false stub as shown in Figure 10.62 by either: (a) producing a coincidence of hits in three different counters from three separate source particles, (b) a coincidence of a hit in two counters from a single source particle with a hit in another counter from a second source particle, or (c) three hits in three counters from a single source particle. We denote these respectively as accidental, semi-correlated, and correlated backgrounds. 
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[bookmark: _Ref378177449]Figure 10.62. Sources of background track stubs in the cosmic ray veto: (a) accidental coincidences; (b) semi-correlated coincidences; and (c) fully correlated stubs.
To estimate the response of the CRV to neutrons and gammas a separate simulation was done, again using G4beamline. Neutrons or gammas are sent into a model of a CRV module at a normal angle of incidence. The visible energy deposition was scored in each layer from which efficiencies were determined. Figure 10.63 shows the energy spectrum from 10 MeV neutrons and gammas. The spectra were made for incident neutron energies of 0.025 eV (thermal) to 1.0 GeV; and gamma energies from 0.050 MeV to 50 MeV.

The efficiencies for various layer coincidence requirements are shown in Figure 10.64 for neutrons and gammas. At neutron energies below about 1 MeV the capture process dominates, producing gammas whose energy is independent of the parent neutron energy.  Hence the efficiency is relatively constant. At energies above 1 MeV proton recoil begins to dominate, although the efficiency is suppressed by Birk’s rule. 
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[bookmark: _Ref378403081]Figure 10.63. Energy deposition of 10 MeV neutrons (left) and gammas (right) normally incident on a CRV module. The spectrum at left falls off at 5.5 MeV due to Birk’s suppression of the recoil protons, and the energy deposition above 5.5 MeV occurs from additional neutron capture predominantly on hydrogen or aluminum. The spectrum at right is dominated by Compton scattering and pair production processes. The percentages of events depositing more than 0.1, 0.5, 0.75, and 1.0 MeV are given.

There are two sources of deadtime from the CRV: that caused by real cosmic-ray muons and that caused by backgrounds. The former rate is 14.5 kHz, which corresponds to a deadtime of 0.2%. The latter is calculated as follows. The fractional dead time, , for accidental, semi-correlated and correlated hits is given respectively by the following equations,




where (1) tv is the veto time window of 125 ns; (2) tc is the coincidence time window of 5 ns; (3) N1 is the total number of combinations to form a 3/4 coincidence from accidental hits per outer counter (108); (4) N2 is the total number of combinations to form a 3/4 coincidence from semi-correlated hits per outer counter (14); (5) n1 is the singles rate in any given counter (derived from [1-fold]/4); (6) n12 is the singles OR doubles rate in any given counter (derived from the combined efficiency [1-fold]/4 + [2-fold]/2); (7) n2 is the doubles rate ([2-fold]); and n3 is the triples rate in any given counter including quadruples ([3=fold]+[4-fold]), and (8) Ncl is the total number of counters per layer (1288).
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[bookmark: _Ref378406165]Figure 10.64. Detection efficiencies for neutrons (top) and gammas (bottom) producing an n-fold coincidence in a CRV module, using a visible energy requirement of at least 0.500 MeV for each required hit layer.  The [1-fold]/4 curve gives the efficiency for an exclusive single hit in a specific layer; [2-fold]/2 is the efficiency to get a hit from an exclusive doublet event in a specific layer;  [2-fold] is the efficiency to get a hit from an exclusive doublet event in any two layers; [3-fold] + [4-fold] is the combined efficiency for hits in any three layers or all four layers.
The hit rates per CRV counter, , , ,  are estimated using background radiation fluxes folded in with the factorized n-fold efficiencies from Figure 10.64. For convenience, we make the assumption that hit rates are uniformly distributed across the CRV counters: the sums over the number of counters in equations 10.1 through 10.3 become simply Ncl. We can then rewrite the equations to obtain the maximum rates at the CRV for a given dead-time fraction:


From these equations the maximum instantaneous and integrated rates for accidental, semi-correlated, and correlated hits for a given deadtime fraction can be determined. They are listed in Table 10.8 and shown in Figure 10.65. The total beam live time over the three years of data taking is 1.5107 s, and the average dimension of the CRV counters that have been used to find the rates is 4905 cm2. 
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[bookmark: _Ref387757950]Figure 10.65. Maximum integrated rates as a function of dead-time fraction.
[bookmark: _Ref388357313]Table 10.8. Maximum instantaneous and integrated rates for various dead time fraction scenarios.
	Deadtime  fraction
	Maximum instantaneous rate 
		[kHz/counter]
	Maximum integrated rate 
[hits/cm2/total POT]

	
	Accidental
	Semi-Correlated
	Correlated
	Accidental
	Semi-Correlated
	Correlated

	0.01
	198
	21
	0.063
	10108
	1108
	0.003108

	0.05
	339
	47
	0.315
	17108
	2108
	0.015108

	0.10
	427
	67
	0.629
	21108
	3108
	0.031108



The integrated hit rates determined from the G4beamline simulation, and broken down by process, are shown in Figure 10.66, assuming a 0.500 MeV energy threshold. The average energy deposition from a minimum-ionizing particle in the CRV counters at normal incidence is 4 MeV. Simulations show that this proposed energy threshold will provide sufficient efficiency while test beam studies prove that sufficient light yield is achievable (see Section 10.2.3 on CRV requirements). 

To estimate the rate at the front-end boards the same simulation was done with a 0.100 MeV threshold, which corresponds to about 3 PE at the near end of the extra-long counters and 1 PE at the far end. The results are shown in Figure 10.67.

The hit rates in the DS region have the following properties.

· The high rates at z = 2 m are due to PS sources. The impact on the correlated hit rate is smaller since the dominant component of the particle flux is the gammas below 10 MeV that originate from neutron capture.
· The bump at z = 4 m corresponds to the region in between the last collimator and the stopping target that is shielded by regular concrete.
· The dip at z = 6 m corresponds to the location of the stopping target which is shielded by barite-loaded concrete. The correlated hit rates show smaller impact from the barite region. Neutrons with energies up to 100 MeV originating from the stopping target are not effectively attenuated by the barite. However, the gamma component of the total flux is significantly reduced. 
· The muon beam stop (MBS) is located at z = 16 m. The correlated rates in the MBS region are dominated by the high-energy gammas from muon decay in the polyethylene of the MBS.  

The sources of the gammas and neutrons interacting in the cosmic ray veto are shown in Figure 10.68. The effect of the barite-loaded concrete around the stopping target region shielding gammas is clearly visible. The outline of an alcove near the upstream portion of CRV-R can be seen. Neutrons produced in the PS region traverse a notch in the shielding used for cryo-feeds to the PS. They stop in the alcove walls producing capture gammas that make it to the cosmic ray veto counters.
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[bookmark: _Ref387758077]Figure 10.66. Accidental (top), semi-correlated (middle) and correlated (bottom) hit rates per unit area over the entire running period. Dashed and dotted red lines correspond to 1% and 5% fractional dead time assuming uniform flux distribution. In these plots, the Mu2e coordinate system is used, with its origin at the center of the Transport Solenoid.
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[bookmark: _Ref387759936]Figure 10.67. Expected instanteneous rates per counter for 100 KeV energy threshold.

The deadtime has been calculated for three different energy thresholds, and is given in Table 10.9. The cosmic ray veto has been designed to meet requirements with an energy threshold of 1.0 MeV. At this threshold the deadtime is 1.1%; a threshold of 0.500 MeV corresponds to a deadtime of 4.5%. These thresholds are applied offline.

[bookmark: _Ref387757346]Table 10.9. Fractional dead time for various energy thresholds
	Energy threshold [MeV]
	Dead time [%]

	0.10
	100

	0.50
	4.5

	1.00
	1.1



A significant fraction of the dead time is produced by the correlated hit rates from a single high-energy particle producing hits in multiple layers forming a 3/4 coincidence. Figure 10.69 shows the source breakdown for the correlated hit rates. The largest contributions to the dead time are driven by high-energy neutrons and primary or secondary gammas originating from the stopping target and the muon beam stop. An additional important source of the dead time originates from gammas produced from neutrons escaping the proton solenoid (PS) area directly through the shielding or through the cryogenics penetration notch in the upstream region. Finally, the collimators in the transport solenoid also produce a non-negligible source of dead time.

Table 10.10 gives the counter rates for three different thresholds. As mentioned above, a threshold of 0.10 MeV corresponds to between 1 and 3 PE in an extra-long counter, depending where the hit is along the counter. The 0.10 MeV numbers are used in determining the front-end board rates.
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[bookmark: _Ref387760249]Figure 10.68.. Plan views of the origins of gammas (left) and neutrons (right) depositing energy in the CRV. The top set of plots are unbinned and show all points of origin, while the bottom two sets of plots are binned with events per bin color coded. Events in the time period before the live gate are removed from the plots. A kinetic energy threshold of 5 MeV is applied to each point on the top and middle plots. Bottom distributions are produced using a 10 MeV energy threshold that removes the gammas originating from neutron capture. The total number of simulated events corresponds to 5109 POT.
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[bookmark: _Ref387761323]Figure 10.69. Source breakdown of the fractional dead time for correlated hit rates in the DS (left) and up/downstream (right) regions.

[bookmark: _Ref387761947]Table 10.10. Maximum and average expected rates per counter.
	Threshold [MeV]
	Max Rate [kHz]
	Average Rate [kHz]

	0.10
	685
	127

	0.50
	260
	48

	1.00
	160
	30


[bookmark: _Ref387755074]Radiation Damage
The damage effects by energetic particles in the bulk of any material can be described as being proportional to the displacement damage cross section. This quantity is equivalent to the non-ionizing energy loss (NIEL) and hence the proportionality between the NIEL value and the resulting damage effects is referred to as the NIEL-scaling hypothesis. As recommended for the LHC silicon detector study [56], the equivalent neutron radiation damage to silicon detector normalized to 1 MeV neutron is shown on Figure 10.70.
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[bookmark: _Ref259791531][bookmark: _Ref259791521]Figure 10.70. Neutron induced displacement damage in silicon [56].
In order to determine the radiation damage the neutron and ionizing radiation doses were simulated using the entire beam spill fluxes, rather than just the live spill window flux, as was done in determining the counter rates. The energy spectrum of the neutrons and gammas reaching the CRV are shown in Figure 10.73. The radiation damage to the electronics readout components and to the SiPMs is estimated from the total expected neutron flux normalized to the 1 MeV neutron induced displacement equivalent (see Figure 10.70). The damage rates expected at various regions in the CRV are shown in Figure 10.71. At the ends of the counters where the readout electronics would be mounted, if the dose is higher than 11010 n/cm2, passive reflector manifolds will be used.

[image: ]
[bookmark: _Ref385828197]Figure 10.71. Expected non-ionizing radiation doses in: (a) CRV-L, (b) CRV-R, (c) CRV-T, (d) CRV-T extra-long modules, (e) CRV-U, and (f) CRV-D regions. The color scale units are expressed in n/cm2 (1 MeV neq) over the total Mu2e running period.
The radiation damage to the polystyrene scintillator comes primarily from ionizing radiation from gammas [55]. Figure 10.72 shows the expected ionizing dose to the polystyrene integrated over the lifetime of the Mu2e experiment. The total ionizing dose level is expected to be less than 10 Gray (1 kRad), which is less than the dose level expected to produce significant damage to the scintillator or WLS fiber.
[image: ]
[bookmark: _Ref259921545]Figure 10.72. Ionizing radiation doses to the polystyrene in (a) CRV-L, (b) CRV-R, (c) CRV-T, (d) CRV-T extra-long modules, (e) CRV-U, and (f) CRV-D regions. The expected doses are below the level required to produce the visible damage to scintillating counters or WLS fibers.
[bookmark: _Ref385830073]Calibration
The spatial, temporal, and energy response of the CRV needs to be known and tracked with time. The counters are up to 6.6 meters long and 5 cm wide, providing crude spatial resolution. This puts rather loose requirements on the survey values needed after installation, and there is no need to track the survey values, except after modules have been removed and reinstalled, for example, to access the neutron and gamma shielding.
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[bookmark: _Ref388358660]Figure 10.73. Energy spectrum of gammas (left) and neutrons (right) reaching the CRV. Black curves correspond to the radiation sources expected in the live spill, excluding first 670 ns after POT. (In the Mu2e analysis, the first 700 ns after protons strike the target will be excluded). Red curves correspond to all sources.

The SiPM efficiencies and time resolution within a counter can be measured and monitored by comparing the response of the two SiPMs on the same end. The copious rate of cosmic-ray muons traversing the CRV will allow local time variations to be measured and taken out. This can be bootstrapped over the entire detector. We note that although local time variations between SiPMs need to be small, global time variations do not. All cosmic-ray muons producing hits in the tracker and calorimeter traverse the CRV, and hence the timing of the various detectors can be well-determined relative to each other. 

Although the CRV is essentially used as digital device, that is, all we need to know is whether a cosmic-ray muon traversed a counter, we do need to maintain a stable threshold of between 0.5 to 1.0 MeV in order to reduce the copious number of background hits in the counters and preserve a high experimental live time. This is done by first measuring the photoelectron yield of each counter at the module factory to normally incident cosmic-ray muons, which deposit 2 MeV/cm in the scintillator. The current plan is to do this at each end of each counter. The ability of SiPMs to resolve single photoelectrons makes this feasible. The LED flashers on each end of the counters facilitate monitoring changes in the SiPM response over time.

About 14,500 muons traverse the CRV every second. Their path length, related to their energy deposit, is shown in Figure 10.74 for both top and side modules, where all cosmic-ray muons have been included. Clear peaks are seen which will be used to monitor the calibration throughout the running period. The peaks can be sharpened by make simple cuts on the track-stub combinations.

The most important performance parameter of the CRV is the rejection of cosmic-ray muons producing conversion-like electrons. This can be determined by measuring the number of electrons in the signal window when the beam is off and monitoring the fraction that are rejected by the CRV.  

[bookmark: _Ref385358761][image: ]Figure 10.74. The path length for cosmic-ray muons through side (left) and top (counters).
ES&H
Polystyrene, the scintillator base and fiber core material, is classified according to DIN4102 as a “B3” product, meaning highly flammable or easily ignited. It burns and produces a dense black smoke. At temperatures above 300° C it releases combustible gases. This will be taken into account during the cosmic ray veto production, assembly, storage, and operation phases. Polystyrene scintillator and fibers are commonly used in experiments at Fermilab and the required safety precautions are well documented and understood.

Small quantities of adhesive will be used in fabricating counters and modules. Ventilation appropriate for these quantities will be installed in the module assembly factory and personnel working with adhesives will wear the appropriate personal protective equipment.  For more details see Section 10.8.7.

The Fermilab-NICADD Extrusion Facility has a documented set of ES&H procedures that will be followed.

The size and weight of the modules require special precautions during handling.  Explicit procedures for safely handling modules will be developed as part of a series of time-and-motion studies.

The photodetectors and electronics systems do not present any special safety issues.  There will be no exposed low or high voltages and lockout/tag-out procedures will be used to ensure that systems are de-energized when they are being worked on.  Everyone involved in the work on these systems will receive the required electrical safety training.  
Risks and Opportunities
The risks associated with the performance of the baseline design for the cosmic ray veto are few as the technology is mature and has been used successfully by several Fermilab experiments. Potential risks are listed below. They all appear in the Mu2e Risk Registry [57].
Risks
1. More neutron and gamma shielding is needed, because either more refined simulations show that the neutron and gamma rate in the cosmic ray veto is larger than anticipated, or SiPM radiation damage tests show them more susceptible to radiation damage than present studies indicate. The calculations of the background rates and radiation doses described in Section 10.10 are quite mature and have been vetted using other software tools by the Neutron Working Group. The production mechanism for neutrons from captured muons is well measured and the simulations are straightforward. Nevertheless, the simulations are being improved with better models of the cosmic ray veto, shielding, and apparatus, and there is a chance that the rates will be found to be larger than present estimates. This risk that the SiPMs will not be able to operate at the required dose rates is small as vendors are aggressively competing to improve all aspects of SiPM performance. A higher-than-anticipated neutron rate would be mitigated by placing additional shielding in hot regions, or by replacing the present shielding with more effective materials, such as additional barite-loading shielding blocks. 
2. More coverage will be needed with CRV-D. A recent simulation targeting cosmic-ray muons entering in the downstream sector show that three events over the course of the entire running period enter just below the module coverage [3]. All are vetoed by the calorimeter. Simulating with more statistics may show that some events are not vetoed by the calorimeter or CRV, and hence more coverage is needed. 
3. A custom SiPM size will be needed, most likely due to the need to keep the dark-noise rate, which scales are SiPM active area, within specifications.
4. The photoelectron yield is less than expected. This would require a larger diameter fiber (and larger associated SiPM only in the case that a custom SiPM size is required).
5. There are a limited number of vendors of wavelength-shifting fiber, and only Kuraray, which has been the vendor of choice for every major experiment for several decades, produces fiber of sufficient quality. Their facility represents only a small part of a large enterprise; it could be shut down due to financial or other reasons. Inferior fibers of larger diameter would have to be employed to produce the required light yield, and the SiPM size would also have to be increased.
Opportunities
1. Collaborators at Brookhaven National Laboratory (BNL) have developed an ASIC to be used in the upgraded ATLAS muon chambers, called the VMM2 chip. This sophisticated ASIC has several very desirable features. It is designed to be radiation hard and to operate in a high magnetic field. Firmware development would be greatly reduced as it is designed to produce a peak amplitude and time stamp. The power consumption is less and the hit size is smaller. The cost is low as the development costs have all been amortized by BNL. The present design would require several modest changes to be suitable, which BNL has indicated they are willing to do. Samples of the ASIC will be obtained and tested. 
2. If space can be found to fabricate the modules at on-campus facilities at UVA, this eliminates the need to rent space for the module fabrication factory. The search for suitable sites is being actively pursued by UVA collaborators. 
3. The photoelectron yield is greater than expected due to the availability of SiPMs with higher PDEs. This would allow a smaller diameter fiber and perhaps a smaller SiPM to be used.
4. The gaps between counters are too large to allow the efficiency requirement to be met. The easiest way to mitigate this would be to fabricate wider counters, 6 cm to 7 cm, which allow wider gaps without adversely affecting the efficiency requirement. This would require minor redesigns to various components of the CRV, including items such as counter motherboards, modules, and the support structure. The increased cost would be offset by the smaller number of fibers, SiPMs, and front-end boards.
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Sector
CRV-U CRV-T CRV-L CRV-R CRV-D Total

Extra-Long 3 6 0 0 0 9

Long 0 19 0 0 3 22

Long-Narrow 0 1 0 0 0 1

Medium 0 0 19 24 0 43
Medium-Narrow 0 0 1 1 0 2

Short 0 0 0 1 0 1

Cryo 0 0 0 4 0 4

Total 3 26 20 30 3 82

Sector active area (mz) 16 123 73 97 14 323
Scintillator active area (m”) 63 476 281 374 54 1,248
Counters 192 1,632 1,248 1,888 192 5,152

Di-counters 96 816 624 944 96 2,576
Extrusions per layer 438 408 312 472 438 1,288

Extrusion length (m) 1,267 9,523 5,616 7478 1,075 24,960
Scintillator mass (kg) 1,343 10,095 5,953 7,927 1,140 26,458
Total sector mass (kg) 2,818 21,176 12,488 16,202 2,391 55,075
Fibers 384 3,264 2,496 3,776 384 10,304

Fiber length (m) 2,544 19,129 11,295 15,053 2,160 50,182
SiPMs 384 5,760 4,992 7,040 768 18,944

Fiber guide bars 192 1,632 1,248 1,888 192 5,152
Counter reflector manifolds 96 192 0 128 0 416
Counter mother boards 96 1,440 1,248 1,760 192 4,736
SiPM mounting blocks 96 1,440 1,248 1,760 192 4,736
Front-end boards (FEB) 6 90 78 110 12 296
Readout channels 384 5,760 4,992 7,040 768 18,944

FEBs per readout controller 24

Readout controllers 1 4 4 5 1 15





image22.png
Extra- Long- Medium-
Long Long  Narrow Medium Narrow  Short Cryo

Layers 4
Counter length (m) 6.600 5.600 5.600 4.500 4.500 3.000 0.900
Counter width (m) 0.050
Counter thickness (m) 0.020
Overall modules width (m) 0.859 0.859 0.443 0.859 0.443 0.859 0.859
Module external thickness (m) 0.120
Surface area layer (m”) 5471 4.642 2.313 3.731 1.859 2.487 0.746
Inner gap (mm) 1.0
Outer gap (mm) 3.0
Layer offset (mm) 10.0
Fibers/counter 2
Fiber diameter (mm) 1.40
Counters/layer 16 16 8 16 8 16 16
Counters total 64 64 32 64 32 64 64
Di-counters total 32 32 16 32 16 32 32
Outer absorber thickness (mm) 9.525
Inner absorber thickness (mm) 12.700
Cover thickness (mm) 0.762
Total module mass (kg) 939 797 308 640 320 427 128
Number of fibers 128 128 64 128 64 128 128
Light yield (far/near) 0.273 0.311 0.311 0.362 0.362 0.454 0.655
Light transit time (ns) 38 32 32 26 26 17 5
Fibers/SiPM 1
Fiber ends read out 1 2 2 2 2 2 1
SiPMs/module 128 256 128 256 128 256 128
SiPMs per counter mother board 4 4 4 4 4 4 4
Counter mother boards 32 64 32 64 32 64 32
SiPM mounting blocks 32 64 32 64 32 64 32
Counter reflectors 32 0 0 0 0 0 32
Channels per front-end board 64

Front-end boards 2 4 2 4 2 4 2
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Item Average Design
Instantaneous hit rate/counter (channel) 127.0 kHz 1000.0 kHz



Hit event size
Instantaneous data rate/channel 1.5 MB/s 12.0 MB/s



Spill on Time (s)
Spill duty factor



Average data rate/FEB 56.0 MB/s 441.1 MB/s
Total data per FEB per live spill 27.8 MB 219.2 MB



Instantaneous hit rate/counter (channel) 10.0 kHz 100.0 kHz
Instantaneous data rate/channel 0.1 MB/s 1.2 MB/s



Spill off Time (s)
Spill off duty factor



Average data rate/FEB 7.7 MB/s 76.8 MB/s
Total data per FEB per interspill 6.4 MB 64.2 MB



Average data rate/FEB 25.7 MB/s 212.6 MB/s
Average data rate/CRV 7.6 GB/s 62.9 GB/s



Total data per FEB per cycle 34.3 MB 283.5 MB
Total data CRV per cycle 10.1 GB 83.9 GB
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Word Byte Data Comments

1 1 18.8E-9
53.1 MHz Clock Period
2 Clock 1.23E-3
Total Period
2 1 9 bits
FER # 512 max
2
3 1 6 bits
Channel # 64 max
2 ADC Count 4 bits
16 max
4 1 12 bits
ADC 1 4096 max
2
12 bits
5 1 ADC 2 4096 max
2 12 bits
ADC 3 4096 max
6 1
12 bits

2 ADC 4 4096 max
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