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Chapter 11: Cosmic Ray Veto
[bookmark: _Ref160010719][bookmark: _Toc166637458]Cosmic Ray Veto
[bookmark: _Toc166637459]Introduction
Cosmic ray muons are a known source of potential background for experiments like Mu2e. A number of processes initiated by cosmic-ray muons can produce 105 MeV particles that appear to emanate from the stopping target (Section 3.5.10). These muons can produce 105 MeV electrons through secondary and delta-ray production in the material within the solenoids, as well as from muon decay-in-flight.  These 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 can be defeated by both passive shielding, including the overburden above and to the sides of the detector enclosure and the 0.46-m-thick shielding concrete surrounding the detector solenoid, and an active veto detector whose purpose is to detect penetrating cosmic-ray muons. 

Unlike the other backgrounds to the Mu2e conversion signal, the cosmic-ray background scales as the detector live time. The cosmic-ray background can be measured when the beam is not being delivered and at times outside the signal window (Figure 3.8) when the beam is being delivered. A direct measurement of the cosmic-ray background without beam will be done as soon as the tracker and the detector solenoid are in place and operating. 
[bookmark: _Ref160091378][bookmark: _Toc166637460]Requirements
The Mu2e collaboration has developed a complete set of requirements for the cosmic ray veto [1].  The outstanding performance requirement is that the cosmic ray veto limit the cosmic-ray background to no more than 0.05 events over the duration of the data taking period, and do so without reducing the overall detector live time by more than 1%. The derived requirements that must be met to achieve this performance requirement are listed below.

· The overall efficiency of the cosmic ray veto should be 0.9999 or better [2].
· The cosmic ray veto should be nearly fully hermetic on the top and sides in the region of the collimator at the entrance to the Detector Solenoid, the muon stopping target, tracker, and calorimeter.
· The time resolution of the cosmic ray veto should be less than 5 ns in order to reduce the random two-counter coincidence rate from background neutrons and photodetector noise.
· The tracker must be able to resolve upstream vs. downstream particle trajectories to eliminate background from positrons moving upstream.
· The tracker must be able to distinguish electrons from muons.
· Penetrations into the Detector Solenoid should not protrude through the top of the neutron shield and cosmic ray veto and should not be in the region of the stopping target, tracker, and calorimeter.
· The neutron fluence over the course of the run at the photodetector must be less than 1×1010 n/cm2.

The conceptual design developed by Mu2e satisfies these requirements as well as the other requirements detailed in the requirements document for the cosmic ray veto [1]. 
[bookmark: _Toc166637461]Proposed Design
[bookmark: _Toc166637462]Overview
 The baseline design of the cosmic ray veto is described below. The layout of the cosmic ray veto is shown in Figure 11.1–Figure 11.3 and the system parameters are listed in Table 11.1.  A more complete list of parameters is given in Ref. [3].

The cosmic ray veto is made of three layers of inexpensive extruded scintillation counters with embedded waveshifting fibers read out by silicon photomultipliers (SiPMs), sometimes called Geiger-mode avalanche photodiodes or GAPDs.  The design is simple, robust and should operate with a high efficiency.  It can be tuned to give the required veto efficiency, either by adding more layers or by modifying the individual counter efficiency, for example, by changing the waveshifting fiber diameter. There is considerable experience with this technology at Fermilab. Similar detectors have been fabricated for the MINOS, MINERνA, and NOνA experiments and quite a bit of tooling and infrastructure exists at Fermilab for the fabrication of the detector components.  The quantity needed for Mu2e is well within the demonstrated capabilities of Fermilab; 2088 scintillator counters comprising 990 m2 and 41 km of wavelength shifting fiber is needed for Mu2e compared to 100,000 counters over 28,000 m2 and 730 km of fiber for MINOS.

The cosmic ray veto is positioned just outside of the concrete neutron shield surrounding the Detector Solenoid, and extends up to the midpoint of the Transport Solenoid.  The coverage is nearly 100% on top and sides; the only gaps are at the Detector Solenoid endcap and the center of Transport Solenoid.  Accessibility is good.

The scintillation counters are grouped into self-contained, 3-layer modules that are 12 counters wide for a total of 36 counters. Between the layers is an inert absorber layer of 4.8-mm-thick Al that prevents electrons produced from neutron capture gammas from traversing more than one counter and causing spurious coincidences.  As shown in Figure 11.11, the counters within a module are staggered such that there are no projective cracks for muons incident at normal incidence. Muons incident at oblique angles along the cracks between counters produce an amount of light in the scintillator that is equivalent to that produced from normally incident muons.

	Scintillator layers
	3

	Scintillator counter size
	4.700  0.100  0.010 m3

	Module size
	4.766  1.241  0.041 m3

	Total number of modules 
	58

	Total module active area
	330 m2

	Counter (module) mass
	4.982 (328) kg

	Counters per module
	36

	Total number of counters
	2088

	Total counter length
	9814 m

	Total scintillator mass
	10,402 kg

	Fiber diameter
	1.0 mm

	Fibers per counter
	4

	Total number of fibers
	8352

	Total fiber length
	40,925

	Fibers per SiPM
	1

	Fiber ends read out
	2

	Readout channels per module
	288

	Front-end boards per module
	6

	Total number of channels (SiPMs) (SiPMs)
	16,704

	Total number of front-end boards
	348

	Total number of readout controllers
	15


[bookmark: _Ref319412852]Table 11.1.  Cosmic ray veto system parameters.


	Sector
	Modules
	Area (m2)
	Counters
	Fibers
	SiPMs
	FEBs

	DS-R
	18
	103
	648
	2,592
	5,184
	108

	DS-L
	14
	80
	504
	2,016
	4,032
	84

	DS-D
	1
	6
	36
	144
	288
	6

	DS-T
	18
	103
	648
	2,592
	5,184
	108

	TS-T
	1
	6
	36
	144
	288
	6

	TS-R
	5
	28
	180
	720
	1,440
	30

	TS-L
	1
	6
	36
	144
	288
	6

	Total
	58
	330
	2,088
	8,352
	16,704
	348

	Spares
	3
	17
	108
	432
	864
	18

	Total
	61
	347
	2,196
	8,784
	17,568
	366


[bookmark: _Ref319495873]Table 11.2.  Cosmic ray veto sectors.


[bookmark: _Ref319412674][image: ]Figure 11.1.  Section view of the cosmic ray veto looking downstream.  The support structures for the modules and detector solenoid have been omitted.
Every counter has four embedded waveshifting fibers, each read with individual SiPMs on both ends. The fibers are glued in place by epoxy and the entire assembly is then cut and polished using a custom diamond-bit fly cutter, similar to those used by the MINOS and NOA experiments [4]. 

The cosmic ray veto consists of a total of 58 modules.  The modules are grouped into 7 sectors, listed in Table 11.2.  They will be mounted just outside the neutron shield surrounding the Detector Solenoid using a commercial framing system such as Unistrut. Modules have an active area of 4.700  1.211 m2. The full module size, including all inactive material, is 4.766  1.241  0.041 m3.  The readout electronics are designed to be easily accessible as it is anticipated that the greatest cause of inefficiency will be electronics failure.  Components will be replaced promptly when they fail.
[bookmark: _Toc166637463]Scintillation Counters
The fundamental element of the cosmic ray veto is the scintillation counter, which is 4700 mm long, 100 mm wide, and 10 mm thick. Each counter contains 4 channels of 2.6 mm diameter into which the waveshifting fibers are inserted (Figure 11.4). The counters are composed of a polystyrene base doped with 1% PPO, and 0.03% POPOP.  To limit costs and to facilitate production of the fiber channels the counters will be extruded at the Fermilab-NICADD Extrusion Facility [5] using a procedure essentially the same as that used to produce the similar MINERA counters. A 25 m thick coating of titanium-dioxide (TiO2) doped polystyrene, 15% by mass, is co-extruded on the surface of the counters providing a diffuse reflector for the scintillation photons while protecting the scintillator from physical damage [6]. A total of 2088 counters are needed [image: ]for the veto system, with a total length of 9814 m and total scintillator mass of 10,402 kg.
[bookmark: _Toc166231961]Figure 11.2.  Elevation view of the cosmic ray veto.  The support structure is not shown.  Several modules have been omitted as well as the neutron shield in the TS region.
[image: ]
[bookmark: _Ref319412770][bookmark: _Toc166231962]Figure 11.3. Plan view of the cosmic ray veto. The support structure is not shown.  Several modules have been omitted.
[bookmark: _Ref160013123][bookmark: _Ref160013116][bookmark: _Toc166231964][image: ]Figure 11.4.  Profile of an extruded scintillation counter.  All units are mm.
The waveshifting fiber absorbs the violet (400-450 nm) light produced in the scintillator extrusions and re-emits it in the green (500-600 nm), trapping the light by total internal reflection. Suitable fiber is available from Kuraray [7], which has made fiber for MINOS, MINERνA and NOνA. The selected fiber is double-clad, 1.0 mm in diameter with a polystyrene core covered with a thin (~3% of the fiber diameter) inner polymethylmethacrylate (PMMA or acrylic) cladding and an outer fluorinated-polymer shell (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. The polystyrene is doped with ~175 ppm of Y11 (K27) waveshifting dye. Non-S type fiber with a nominal S-factor of 25 is preferred because of the longer attenuation length (S-type fibers have the polystyrene chains oriented longitudinally making them somewhat more flexible, at a cost of 10% less attenuation length). The fiber emission spectrum peaks at around 500 nm. The short-wavelength part of the spectrum is significantly attenuated as the light travels down the fiber, as shown in Figure 11.5.
[bookmark: _Ref160013473][bookmark: _Toc166231965][image: wsf_spectrum_y11_minos]Figure 11.5. The spectrum of wavelength shifted light that survives transport through a fiber as a function of the fiber length. These measurements were made with a MINOS 1.2 mm diameter fiber for fiber lengths of 0.5 m, 1 m, 2 m, 4 m, 8m and 16 m. 

Each end of the scintillator extrusions has a fiber guide bar glued to it with funnel-shaped holes that serve to guide the fibers to well-defined positions relative to the SiPMs (see Figure 11.6).  The fibers are potted with an opaque epoxy and then cut and polished.  The SiPMs are mounted onto the SiPM mounting blocks that are attached to the fiber guide bars, with registration holes to exactly position the SiPMs relative to the fibers.  The SiPMs are mounted in cans with lips on which rubber O-rings press to keep them flush against the fiber guide bars. A flasher LED, which is used to monitor the SiPM performance, is inserted into the fiber guide bar.  The SiPM mounting blocks are designed to be removed easily in the case of a SiPM failure.  
[image: ]
[bookmark: _Ref319434810]Figure 11.6. The end of a counter showing the mounting of the SiPMs and flasher LED.
The electrical connection to the SiPMs and the flasher LEDs is through the counter mother board, which is screwed to the SiPM mounting block. A temperature sensor is used to measure the local temperature that is needed for adjusting the SiPM bias. An HDMI cable provides the connection to the front-end boards.

Three layers of counters are grouped together to form a module, which is 4766 × 1241 × 41 mm3 in size and weighs 328 kg (Figure 11.7). Modules are 12 counters wide and contain a total of 36 counters. The counters in each layer are glued to 4.8-mm-thick Al plates, which serve two purposes.  First they provide mechanical support for the modules.  Second, they prevent electrons from neutron capture gammas from traversing multiple counters to produce spurious coincidences. The counters within a module are offset by 20 mm in order to prevent projective cracks for muons that are close to normal incidence.  The front and back of the top and bottom layers of counters are covered by a thin Al sheet onto which mounting bars are attached which allow the modules to be hung.  Enclosures for the front-end boards are attached to the front Al cover. HDMI cables run from the counter mother boards to the front-end boards.   
The scintillator extrusions will be fabricated at Fermilab and shipped out to the module fabrication factory in Virginia, where the counters and modules will be assembled and tested before being shipped to Fermilab to be installed in the detector. 
[bookmark: _Ref319435143][image: ]Figure 11.7. Front, top, and side views of a cosmic ray veto module.  The cables from the counter mother boards to the Front-end boards are not shown. All units are in mm.
[bookmark: _Ref193801849]Photodetector
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 detector rates are low. The baseline photodetector is the so-called silicon photomultiplier (SiPM) [8] as it offers excellent reliability and ruggedness, immunity to the magnetic field and simple self-calibration. SiPMs are also very compact in size, which makes double-ended readout 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, single device failures will not preclude attaining the desired detector efficiency requirement. Another advantage is that SiPMs can be customized in both size and packaging at low cost.  Large-pixel (>50 m) SiPMs are preferred because of their higher effective quantum efficiency (due to a better geometrical packing fraction). The larger dynamic range of small-pixel devices is not needed. Although the use of SiPMs is relative new in particle physics, there is considerable experience at Fermilab with these devices.

For the baseline design, the ASD-SiPM1C-M-40, a circular SiPM with a diameter of 1.2 mm in a TO-18 package from AdvanSiD [9] has been chosen. The parameters of this device are given in Table 11.3. The device is covered with a clear epoxy layer to protect the wire bond. These SiPMs have been evaluated in a test beam, which successfully demonstrated that the required efficiency can be achieved with single-ended readout.  However, the availability of similar devices from other manufacturers (e.g. the CPTA 151-30 [10] or the HPK MPPC S10362-11-100U [11]) will allow us to choose the most economical detector to meet our needs. These detectors are designed to be interfaced to 1 mm WLS fibers and are well matched in sensitive area and wavelength and have higher effective quantum efficiency than most photomultipliers. The gain 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. While the noise rate of single pixel avalanches is very high when compared to, for example, photomultipliers, the noise rate at the proposed threshold of 3 photoelectrons is much lower, and it is expected the rate will be dominated by signals from neutrons produced in the muon beamline.  To overcome the sensitivity of the breakdown voltage on temperature (typically 2% per degree C) a digital temperature sensor, located on each counter, will be used as input to automatically adjust the operating bias on all photodetectors.

The large number of SiPMs in the cosmic ray veto demands a clear workable plan for photodetector quality assurance.  Simply put, for every SiPM used in the detector, there must be an operating point where the electrical response to photons is big enough and the noise is small enough. Furthermore, it is a requirement of the design that the electronics can perform the necessary calibration and monitoring functions. The plan for calibration and monitoring is described in Section 11.8. 
	Effective active area
	1.13 mm

	Cell size
	40 × 40 m2

	Cell number
	660

	Spectral response range
	350 to 900 nm

	Photon detection efficiency
	18% (@ 480 nm)

	Breakdown voltage (BV)
	35±7 V

	Working voltage range
	BV+2 V to BV+7 V

	Dark count
	2.5-4.0 × 106

	Gain
	1.6 × 106

	Breakdown voltage sensitivity
	76 mV/°C


[bookmark: _Ref319476610][bookmark: _Ref319476601]Table 11.3.  Typical AdvanSiD ASD-SiPM1C-M parameters.
[image: ]To fully characterize the SiPMs, a fairly sophisticated setup is required. A stable light source with the correct spectral characteristics is required. The temperature of the SiPMs must be controlled to about 1 °C. The bias will need to be adjustable with an accuracy of about 5 mV and a current measurement with an accuracy of about 1 nA is required. A high-speed digitizer (such as a digital oscilloscope) and a wide-bandwidth, low-noise amplifier are also required. These exist at the SiDet facility at Fermilab. This setup will allow a quantitative comparison of SiPMs from various vendors as well as a measurement of all relevant parameters for a sample of SiPMs used for production.  This will also provide a sample of well characterized photodetectors for system integration tests such as prototype counters and eventually a full prototype module.
Figure 11.8. AdvanSiD ADD-SIPM1C-M-40 in TO-18 package.
Front-end Electronics
The front-end electronics consists of:  (1) a mother board mounted directly on both ends of the counters onto which the SiPMs, flasher LEDs, and temperature sensors are connected; (2) a front-end board, which reads out and digitizes the data from the SiPM, both in time and charge, controls the flasher LED and provides bias 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.

The front-end readout board uses design elements from the cosmic ray veto used for the Chicagoland Observatory Underground Particle Physics experiment (COUPP) [12] and the Fermilab/Northern Illinois University proton tomography project. This board will supply the necessary SiPM bias voltages, read out the SiPM signals, control the LED flasher, and read the thermosensor. One of the salient features of this design is the use of commercial off-the-shelf parts; no custom parts are employed. A block diagram of the board is shown in Figure 11.9. The SiPM signals are fed to commercial ultrasound processing chips, each of which has eight sets of low-noise preamplifiers, programmable gain stages, programmable anti-alias filters and 80 Msps, 12-bit ADCs. The digital portion of the card uses a DDR SDRAM for buffering data and FPGAs for converting the serial ADC data to parallel, applying thresholds to the digitized data for zero suppression, controlling the SDRAM and implementing the serial data links for communication to the readout controllers. A microcontroller is used for status and slow control. 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 protocol will be used. One front-end board can accommodate 48 SiPMs. A total of 366 boards are required for the entire cosmic ray veto, including three spare modules.
[bookmark: _Ref319414478][image: ]
[bookmark: _Ref201212606]Figure 11.9. Block diagram of the front-end board.
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.  Moreover, the performance and level of integration available in the ultrasound processor chips is such that it is cheaper and requires less power to use ADCs to take a waveform trace of the SiPM signal and use a centroid finding algorithm implemented in the FPGAs to perform the timing function. The expectation is that with an 80 Msps sampling rate, 3 ns timing resolution will be achievable. 

[image: ]The outputs of the front-end boards go to a readout controller, which also serves as the link between the front-end boards and the slow and fast DAQ systems.  Figure 11.10 shows a block diagram of a readout controller.  Each readout controller will have 24 ports for front-end boards and two fiber-optic links. Fifteen readout controllers are needed for the entire cosmic ray veto. The topology of the fiber-optic links depends on the data rates and our desire for maximum redundancy.  Initially, the plan is to daisy chain at least two readout controllers onto each link to the DAQ system. 

[bookmark: _Ref319414762]Figure 11.10. Block diagram of the readout controller.
The maximum rate in a counter is expected to be about 6 kHz, resulting primarily from background neutrons [13].  Assuming a 6-byte event header word and three 2-byte trailer words, the maximum front-end board readout rate will be about 0.8 MB/s, assuming that all SiPMs fire at the same rate. Simulations predict that the total hit rate in the cosmic ray veto will be about 4.5 MHz [13].  This produces an overall readout rate for the cosmic ray veto of 55 MB/s. The system will be designed to handle at least twice this rate to provide adequate margin for the uncertainty associated with the predicted neutron rate.
Trigger
[bookmark: _Ref160085135][bookmark: _Toc166231967]The cosmic ray veto will be used to produce cosmic-ray muon triggers for calibration purposes. A simple 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 very crude track stub to be formed. Timing resolution of 5 ns on individual counter hits will greatly reduce the false coincidence rate from noise and backgrounds. A window of ~50 ns will be formed around the coincidence time. Events falling within that timing window will generate a signal that will be passed on to the data acquisition system where it can be used in firmware or software. Monte Carlo studies are planned to refine the veto criteria.
[bookmark: _Toc166637467][bookmark: _Ref319436676][bookmark: _Ref319436690]Calibration
The copious rate of cosmic-ray muons traversing the cosmic ray veto allows it to be calibrated during periods between beam pulses and when the beam is not operating. Beam-off running also allows the cosmic-ray background to the conversion signal to be directly measured, although the rate is quite low (about one event in the signal region per day). With relaxed cuts on the signal region roughly thirty times more off-spill than on-spill cosmic-ray produced conversion-like events, are expected or about one event in a nominal three-year run, assuming a 10-4 inefficiency.

[bookmark: _Ref160094197]The performance of the photodetectors and readout electronics must be carefully monitored and bad channels must be fixed promptly. The redundancy built into the design both allows for some failures and greatly facilitates calibration.  In addition to the calibration provided by cosmic-ray muons, an active calibration system that provides rapid feedback will be implemented.  LEDs on both ends of each counter will be pulsed and the SiPM response will be checked.  Experience from the DØ fiber tracker has shown that LEDs can be very stable over a number of years [14].
[bookmark: _Toc166637468]Expected Performance
[bookmark: _Ref160094449][bookmark: _Toc166637469]Prototype Studies
A prototype module similar to the baseline design was fabricated and tested using both cosmic rays and beam at the Fermilab Meson Test Beam facility [15]. The prototype used scintillator extrusions fabricated by Itasca Plastics [16]. The counters were co-extruded with TiO2 and contained surface grooves for the fibers, rather than embedded channels, with the fibers glued in place. The counters had the same length, profile and chemical composition as the baseline design described above. Kuraray double-clad Y11 fibers with a 1.2 mm diameter and a reflective Al coating on the far end were read out with 1.2 mm diameter AdvanSiD silicon photomultipliers (SiPMs). The photoelectron yield for a minimum ionizing particle at normal incidence was found to be 13 at the far end of the counter. 

It is difficult to extrapolate precisely this result to our baseline design, which has one additional fiber, fibers in the volume rather than the surface and double-ended readout.  Note that we expect no decrease in light yield in using a smaller diameter fiber – 1.0 mm rather than 1.2 mm – because the SiPM was undersized in the prototype and hence light was lost. Conservatively, we expect the photoelectron yield to be at least the same as the prototype, if not larger. Prototypes of the baseline design will be fabricated and tested.  If the photoelectron yield does not meet the design requirements then the yield will be tuned by increasing the fiber diameter, as well as the SiPM size. With the number of SiPMs needed for production, a custom diameter will be available at little additional cost.
[bookmark: _Ref193801688]Meeting the Efficiency Requirement
To determine the expected overall efficiency we have run a Monte Carlo simulation in which cosmic-ray muons were generated with the standard cos2 zenith angular distribution and propagated through three layers of cosmic ray veto counters, corresponding to the configuration of the baseline design. The number of photoelectrons produced in each counter by a traversing muon was randomly determined using a Poisson distribution with a mean of 13 photoelectrons per cm at the far end of the counters, as measured with the prototype counter described above. The counter response was assumed to be uniform over the entire transverse profile. The simulation was used to: (1) determine the minimum offset distance between counters, (2) the maximum gap that can tolerated, and (3) the photoelectron yield needed to achieve the required efficiency.  See Figure 11.11 for a definition of the terminology used.
[image: ]
[bookmark: _Ref319412905][bookmark: _Ref193464516]Figure 11.11. Cosmic ray veto nomenclature.
The effect of the offset distance between counters in different layers is shown in Figure 11.12 for a gap of 2 mm, the expectation from the fabrication process, and for photoelectron thresholds ranging from 1 to 6. An offset of 20 mm is sufficient for all gaps, after which there is no gain in efficiency. Using a somewhat smaller offset of 15 mm, the photoelectron yield required to produce an overall inefficiency of less than 0.5×10-4 was determined. It depends on the photoelectron threshold and the gap separation between counters, as shown in Figure 11.13. With a threshold of 3 photoelectrons – which is needed to reduce the SiPM noise rate to an acceptable level – and a gap of 2 mm, at least 10 photoelectrons per cm are needed to achieve an inefficiency of 0.5 × 10-4, which is the expectation based on prototype tests. Unpublished MINOS studies have shown that the scintillator and fiber exhibit a 3% light yield reduction every year. Over a 10-year period this would result in a 26% decline. Hence, an initial yield of 13 p.e. is necessary to maintain the  required inefficiency for 10 years. Figure 11.12 shows that with 13 photoelectrons per cm and a gap of 2 mm an inefficiency of 1 × 10-4 can be achieved with a threshold as high as 5 photoelectrons.

[image: ]Note that the above simulations were done for counters normal to the zenith direction.  For the side counters the more oblique angles of the cosmic-ray muons will produce more light and hence, be detected with a higher efficiency.

[bookmark: _Ref319414896]Figure 11.12. Efficiency vs. counter offset distance for six different photoelectron thresholds. A gap of 2 mm has been assumed and a mean of 13 p.e./cm was used in the simulation.
[bookmark: _Toc166637470]Neutron Rates
Although the cosmic-ray-muon rate at the detector is modest (~70 m-2 s-1 sr-1 at the surface), the production target, collimators, muon stopping target, and muon beam dump are copious sources of background particles. In particular, neutrons are produced at a rate of about 60 billion per second from the stopping target alone. The cosmic ray veto must survive this neutron induced background rate with no untoward effects. The requirement is that the total veto rate from neutrons, and other sources, should not reduce the overall detector live time by more than 1%.
[bookmark: _Ref319485784][bookmark: _Ref160168877][bookmark: _Toc166231972][bookmark: _Ref319414949][image: ]Figure 11.13. The required mean number of photoelectrons per centimeter of scintillator traversed by a cosmic-ray muon vs. the photoelectron threshold needed to achieve an overall cosmic-ray veto inefficiency of 0.5×10-4, for three counter gap widths. The counter offset is 15 mm.
Every muon capture on Al produces, on average, 1.2 neutrons resulting in a total rate of 60 billion per second. Most (85%) of the neutrons have kinetic energies below 10 MeV, with the most probable energy about 1 MeV (see Figure 11.14) [17].  Polystyrene scintillator (C8H8) is sensitive to neutrons that elastically scatter on the hydrogen protons. The neutron cross section is large at low energies (~ 4 barns at 1 MeV), but falls off as 1/√En with increasing energy. Hence, scintillation counters typically have neutron efficiencies that peak at a few MeV and slowly fall off at higher energies. The scattered protons deposit their energy locally. The high ionization density quenches the light (Birks’ Rule) reducing the output by about an order of magnitude compared to the light from a minimum-ionizing particle.  Because of this suppression, typical scintillation counters have vanishingly low efficiencies for neutron kinetic energies below about 1 MeV.  

The neutron shielding surrounding the Transport and Detector Solenoids is described in the chapter 8. A concrete neutron shield of 45.7 cm thickness (18") outside the transport and detector solenoids moderates and captures most of the neutrons. To mitigate the rate of 2.2 MeV gammas from neutron capture on hydrogen in the concrete, we may load the concrete with boron, which produces a 0.478 MeV neutron capture gamma, or with lithium, which although expensive, produces no capture gammas.  


[bookmark: _Ref193476836][image: ]Figure 11.14. The kinetic energy spectrum of neutrons from the Al muon stopping target [17].  The blue points and associated fit come from an extrapolation of the measured Ca spectrum to Al; the red points are from a MARS calculation.
The rate of neutrons incident on the cosmic ray veto with 50 cm of Fe shielding has been simulated using Geant3 GCALOR [18], which was found to describe the experimental data well down to thermal energies [19].  We expect the rates due to concrete shielding to be similar based on the studies of Ref. [19]  (Figure 11.15). The rates from the production target, muon stopping target, and the collimators in the Transport and Detector Solenoids were simulated.  The rate from the muon beam dump was not estimated, but it can be easily shielded and should not be a significant source of neutrons in the cosmic ray veto. Since Geant3 does not simulate the products from negative muon capture the produced neutron kinetic energy spectrum was put in by hand (Figure 11.14).  Birks’ Rule was implemented in the code to correctly model the response of the scintillator. Events that deposited more than 50 keV in the scintillator were recorded. This corresponds to about 1/40 the energy from a minimum-ionizing particle at normal incidence. Light attenuation was not simulated. Neutrons from the muon stopping target dominate the rate in the cosmic ray veto.  The maximum counter rate was a modest 6.2 kHz. The average counter rate was 1.7 kHz in the innermost layer, and slightly less in the outer layers. The simulation did not determine the pair-wise coincidence rate between individual counters in different layers. To estimate that rate, uncorrelated singles rates were assumed and the pair-wise coincidence rate was found to be 4.4 kHz. Even assuming a generous 50 ns veto window around each coincidence results in a negligible deadtime for the cosmic ray veto.  The simulation is being updated using MARS [20]/MCNP [21], which does a better job of tracking thermal neutrons. The neutron efficiency of the prototype cosmic ray veto counters will be measured as well as the shape of resultant [image: ]neutron-induced signal.
[bookmark: _Ref160093342][bookmark: _Toc166231971]Figure 11.15. The neutron flux through a slab or ordinary concrete, from a study comparing a GEANT/MICAP simulation (points) to a prediction from MCNP-4B (lines) [19].
[bookmark: _Toc166637471]Considered Alternatives to the Proposed Design
Two alternatives to the baseline cosmic ray veto design have been thoroughly evaluated. These designs were not selected as the preferred alternatives for the conceptual design several reasons.  Primary considerations were cost, design feasibility and ease of fabrication.

Traditional photomultipliers are an alternative to SiPMs and gas-based detectors are an alternative to extruded scintillator. An extensive design exercise was made using multianode photomultiplier tubes in place of the SiPMs and it was found that their use would preclude doubled-ended readout due to space considerations. The lack of redundancy was the major factor in rejecting this option. The cost was found to be slightly higher.

Gas-based detectors have the advantage of being inexpensive, relatively neutron blind, and have better spatial segmentation.  However, they are more difficult to operate and maintain at a high efficiency and have a higher channel count.  Large area detectors have been fabricated for many experiments.  We have considered the use of both resistive plate chambers and cathode strip chambers. We present below a conceptual design alternative using cathode strip chambers, which in general are more robust and have a more successful history than resistive plate chambers.  It was found to be about one-and-a-half times more expensive due to the large labor costs associated with fabrication.
[bookmark: _Toc166637472][bookmark: _Ref193801742]Photomultiplier Readout
Photomultipliers have several desirable features:  they are robust, have low noise, and high gain. They do not have a high quantum efficiency at the wavelength shifting fiber wavelengths and would have to be shielded from the large fringe magnetic field. They are also bulky and expensive; to control costs a single photomultiplier would have to read out multiple fibers, and the fibers would have to be routed to them. Multianode photomultiplier tubes would be preferred form the perspective of cost and space, although a drawback is the optical and electronic crosstalk between pixels that would produce a large rate of spurious coincidences from the neutron background.

Figure 11.16 shows the design of a cosmic ray veto module employing multianode photomultiplier tubes.  To achieve the required photoelectron yield six 1.2 mm fibers would be needed for each counter.  Each 16-pixel photomultiplier reads out 15 counters, leaving one pixel free for calibration purposes.  The fibers extend beyond the scintillator by some 25 cm to a fiber coupler, an injection molded part that aligns the 6 fibers from each counter to a single pixel of the photomultiplier photocathode.  The radius of curvature required of the fibers is sufficiently large to prevent any light loss.  The fibers are fixed in place by epoxy that is injected into the fiber coupler mold.  The entire assembly is then cut and polished using a custom diamond-bit fly cutter. The fibers are routed to minimize the noise-induced pair-wise coincidence rate from different layers due to cross talk in adjacent pixels.  The other end of the fibers would be polished and sputtered with reflective Al.  The counters, fibers, and photomultipliers all lay inside a light-tight box.  A light-tight feed-through connects the photomultiplier to the front-end board, which is outside the enclosure, and is easily accessible so it can be quickly replaced in case of failure.
[bookmark: _Toc166637473]Cathode Strip Chambers
A very large number of neutrons (~1018) will be produced in and around the detector during the life of the experiment. They are produced at the production target, the transport solenoid collimators, the muon stopping target, and the muon beam dump.  Neutron absorbers are needed to reduce the rate in the cosmic ray veto due to the relatively high detection efficiency of plastic scintillator.  An alternative implementation of the cosmic ray veto would utilize gaseous detectors with < 10-3 efficiency for detecting neutrons, making them essentially neutron-blind. An alternative cosmic ray veto design consisting of arrays of cathode strip chambers similar to those developed for the ATLAS and CMS endcap muon systems at the LHC have been evaluated [22].  


[bookmark: _Ref160088245][bookmark: _Toc166231970][image: Screen shot 2011-02-23 at 1.43.46 PM   Feb 23.png]Figure 11.16. Front view of a module employing Hamamatsu H8711 photomultipliers.  The routing of the fibers from the two counters furthest from each photomultiplier is shown.
Cathode strip chambers are multiwire proportional chambers developed for collider experiments requiring excellent spatial and time resolution and large area coverage [23].  They differ from conventional proportional chambers in two respects:

· The gas gap (or gaps in the case of multigap chambers) is formed by stiff yet lightweight honeycomb and copper-clad FR4 panels that can support the wire tension without heavy frames and use the copper-clad faces of the panels as the chamber's cathodes.
· The spatial and timing information is derived by reading the induced charge on one or both cathodes appropriately segmented in strips or pads according to the needs of the experiment. 

[image: Cosmic-Ray-Shield-1-3D-2]Figure 11.17 shows a typical cross section of a four-layer cathode strip chambers.  The absence of heavy frames results in compact lightweight chambers for easy installation over large areas in 4 detectors. By charge interpolation, a spatial resolution of ~50 m can be obtained with a cathode strip pitch of 0.5 mm [24].  Such resolution is not needed for the Mu2e cosmic ray veto. The cathodes can be coarsely segmented to provide rough but adequate tracking with a minimum number of simple readout channels.  The wires may or may not be read out for additional information. Timing resolution is limited by the ionization electrons' drift time. For a typical anode-cathode gap of 3 mm and a similar wire spacing it is of order 7-8 ns.  Using the earliest arrival in a multi-layer chamber one can obtain an rms resolution of ~4 ns for a four-layer detector.
[bookmark: _Ref193474437]Figure 11.17. Cross sectional view of a four-gap cathode strip chamber.  Dimensions are in mm.
The operating gas for a cathode strip chambers is typically a mixture of Ar-CO2, sometimes with a fraction of CF4 added if a faster gas for better timing is desired. CF4 also provides additional quenching and some resistance to aging, which will not be a problem in Mu2e. In either case, the absence of hydrogen contributes to the very low neutron sensitivity of these detectors. In Figure 11.18 the efficiency of a cathode strip chambers for detecting neutrons in the energy range of 10 eV to 100 keV is shown.  These measurements were obtained at the 2 GeV proton synchrotron of the St. Petersburg Nuclear Physics Institute using a time-of-flight method. Figure 11.19 shows the calculated efficiencies to neutrons for the four gaseous chamber technologies used in the ATLAS Muon Spectrometer. They cover the energy range 100 keV to 100 MeV.  The differences among the various detectors are due primarily to gas composition and gas volume differences.  For the cathode strip chambers and for the energy range of interest to the Mu2e experiment the neutron sensitivity is of the order of 10-4.
[bookmark: _Ref193474621][image: ][image: meas_neutron_eff]Figure 11.18. Measured neutron efficiency of a cathode strip chamber.

[bookmark: _Ref160099367][bookmark: _Toc166231975]Figure 11.19. Calculated efficiencies to neutrons for the four gaseous chamber technologies used in the ATLAS Muon Spectrometer.
[bookmark: _Ref160099603][bookmark: _Toc166231976]The maximum size of a cathode strip chamber is determined by the available material (FR4 panels), typically 8  4 ft2 (2.44 × 1.22 m2), although larger panels, 12  4 ft2 (3.66 × 1.22 m2), can also be obtained. The possibility of building slightly longer detectors, 4.7 m, in order to avoid overlapping in two dimensions will be investigated.  This can, in principle, be accomplished by splicing together two panels. In this way, chambers of the same size as the baseline detector modules can be implemented as shown in  Figure 11.20. Each chamber consists of four gas gaps. The efficiency of a single gap is better than 99% [22] so that the required veto efficiency of better than 99.99% can easily be achieved.  As mentioned in the previous section, the cathodes can be segmented to satisfy the required readout granularity.  For the layout shown in  Figure 11.20, we assume a very large strip size to reduce the channel count, and hence cost.  One of the cathodes in each gas gap is segmented in 32 strips that are 4 cm wide in the long direction and the other cathode is segmented into 16 short strips that are 30 cm wide.  Table 11.4 shows the number of resulting readout channels. Further studies can refine this segmentation scheme, but it sets the scale of the readout system. The 4 cm wide strips would provide a [image: ]~1 cm position resolution for cosmic-ray tracking.

[bookmark: _Ref193475079] Figure 11.20. Conceptual layout of a cosmic ray veto cathode strip chamber showing the orientation of the strips.

	
Strip Type
	No. per Gap
	No. per Chamber
	
Total

	Long
	32
	128
	7,424

	Short
	16
	64
	3,712

	Total
	48
	192
	11,136


[bookmark: _Ref160095768][bookmark: _Toc166231999]Table 11.4. Channel count for a cosmic ray veto constructed of 58 cathode strip chambers.

A readout system based on a front-end integrated circuit being developed for similar detectors to be used in the ATLAS experiment at CERN is envisioned.  The key features of this device relevant to the cosmic ray veto are: a data driven architecture, a peak amplitude detector, a time stamp, and a built-in ADC.

[bookmark: _Toc166637474]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 have to be taken into account during the cosmic ray veto’s production, assembly, storage and operation phases.

Small quantities of adhesive will be used in potting the fibers and for detector assembly. Ventilation appropriate for these quantities will be installed in the module production factory and personnel working with adhesives will wear the appropriate personal protective equipment.

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.  

Each of the ES&H issues listed above are identified and discussed in the Mu2e Preliminary Hazard Analysis document [25].

[bookmark: _Toc166637475]Risks
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.  

The most profound risk associated with the cosmic ray veto is that its efficiency for rejecting background is too low, either because the cosmic-ray-muon induced background rate is larger than expected or because the cosmic ray veto is less efficient than expected at identifying muons. The double-ended readout should give a photoelectron yield safety factor of two that should be adequate given the level of quality assurance that is planned.   Prototypes will be fabricated and tested and the fiber diameter will be adjusted to meet specifications.  A preproduction prototype will be built and tested to verify that it performs to specifications.  Calculations of the cosmic-ray background are ongoing and every effort is being made to improve the simulation in both accuracy and statistics. We note that the Mu2e calculation described in Section 3.5.10 agrees with an earlier simulation done completely independently by MECO using a completely different code [26]. The cosmic-ray muon background will be measured as soon as the tracker has been installed in the Detector Solenoid. 

Another risk is that the neutron rate in the cosmic ray veto is larger than anticipated, resulting in excessive deadtime in a detector that is sensitive to neutrons. It is unlikely that calculations of the neutron rate from the stopping target will be far off. The production mechanism for neutrons from captured muons is well measured and the simulations are straightforward and done by experts in the field. The discovery of a higher-than-anticipated neutron rate could be mitigated by placing additional neutron absorbers between the neutron shield and the Detector Solenoid.  A study has been done showing that an inexpensive water tank could be placed around the detector solenoid to moderate and absorb neutrons (Section 8.3.8).  Additionally, there is a significant neutron flux from the production target, and to a lesser extent, the Transport Solenoid. The cosmic ray veto is some distance away from these sources, so the rate is expected to be small compared to that from the stopping target.  Calculating the rate from these sources, however, is more difficult. Again, should the rate prove to be too large it is possible to add additional neutron absorbers.
[bookmark: _Toc166637476][bookmark: _Ref319569498]Quality Assurance
Quality assurance is a vital to ensuring that the cosmic ray veto performs to specification and will be applied as part of the design, procurement, and fabrication processes. Detectors with similar components have been fabricated for MINOS, MINERA, and NOA.  Lessons learned from those projects will be applied to Mu2e and we will make use of some of their test equipment to qualify components. 

The Fermilab-NICADD Extrusion Facility has over the years developed an extensive set of quality assurance tests for their extrusions that includes validation of dimensional, bend, and twist tolerances as well as light yield measurements. Raw materials are obtained from vendors with proven track records and are validated prior to use.  The extrusion machine variables and settings, including temperatures, operating speed, vacuum levels and water temperature are logged to help identify problems.

It is standard practice for fiber vendors to provide quality assurance data with each shipment. For the Mu2e waveshifting fibers the vendor will be asked to provide measurements of the fiber diameter every few centimeters and measurements of the fiber eccentricity, light yield and attenuation length every 1000 m. Upon delivery, measurements of the light yield and attenuation length will be made by Mu2e using an apparatus that was built by Michigan State for the NOA waveshifting fiber, and used both at Kuraray and Michigan State.

After the fibers are installed in the counters at the module fabrication factory, each fiber will be tested to insure that they were not damaged in either the insertion process or in fly cutting.  After each module is fabricated it will be moved to the cosmic-ray test stand where the light yield will be measured over the entire surface of every counter using the front-end electronics.  Finally, after the modules have been shipped to Fermilab they will be tested before installation to insure no damage ensued in transit.

The SiPMs all need to be tested to insure they meet specifications.  The nature of the SiPM production process ensures that certain characteristics are present in the fabricated devices.  Specifically, the nature of photolithography and epitaxial growth process is such that the dimensions of the individual cells within the SiPM (and therefore the gain as a function of over-voltage) are very stable. This also applies to the variation of the breakdown voltage with temperature.  Effectively, this means that the breakdown voltage, the gain of the device, and the rate of dark pulses as a function of overvoltage can be extracted with a DC measurement of current versus reverse bias voltage.  The IV curve (current vs. voltage) can also be used to measure the relative response to light, if a stable source of light is used. This is the technique we propose to implement for quality assurance testing of all SiPMs in the cosmic ray veto. Such a campaign is much easier to carry out than one where parameters of the SiPM must be studied as a function of temperature, voltage, etc. 

The quality assurance stand for production testing will consist of a large dark box where the temperature can be kept stable, a diffuse light source of approximately the right spectral distribution, and an array of small signal relays (these can be solid state opto-relays).  A small carrier board, filled with a convenient number SiPMs will be placed into the test fixture and the relays will be operated by in an appropriate (Kelvin type) connection to each SiPM in turn. The actual IV measurements will be carried out by standard semiconductor test instruments such as the Keithley 2400 series Sourcemeter.  The carrier board, with a 12 × 12 array of SiPMs will be only 10 × 10 cm2 and will be very inexpensive (approximately $50 each).  The carrier boards will also be used to keep track of the individual SiPMs; we will ship the board to the vendor to insert the photodetectors. From that point on, the devices will always be kept on that board – through QA testing all the way to installation.

Keeping track of all quality assurance tests will be done using a standard database package.
[bookmark: _Toc166637477]Value Management
As estimates of the various costs become available it will be possible to tune the parameters that determine the detector efficiency to optimize the performance and the cost. The adjustable parameters include the scintillator thickness, the number of waveshifting fibers, the fiber diameter and the photodetector efficiency. It may also prove cost efficient to replace the AdvanSiD SiPMs with less expensive models from different vendors; the field has become very competitive. The dye concentration of the fiber can also be optimized.  The Mu2e baseline design of 175 ppm of K27 dye is the same as MINOS even though the MINOS fibers are 8 m long.  More K27 dye would produce more light at the cost of a reduced attenuation length.  Some R&D is needed to find the right balance between light yield and attenuation length to optimize this parameter, which is not a cost driver.  We are also evaluating wavelength shifting fiber from Bicron (Saint-Gobain) [28].

Some of this work has already led to cost savings.  The use of SiPMs rather than photomultipliers, in addition to improving performance, has decreased the cosmic ray veto cost. The shorter length modules have also allowed the magnet height to be lowered, making the detector hall smaller.

We are aggressively pursuing quality control devices that have been used in previous experiments.  A cosmic-ray muon test stand used for the calibration of the CsI crystals in the PIBETA experiment [27] has been shipped to the module fabrication factory at Virginia and will be used for R&D studies as well as testing modules after fabrication.  We are negotiating the use the fiber test jig built by Michigan State and used to test all of the NOA fibers.  Several fly-cutters exist and we intend to use one of them in the module fabrication factory.
R&D Program
The design of the cosmic ray veto employs mature technology, with perhaps the exception of the photodetector. Hence the R&D is focused on tuning the technology to the requirements of the cosmic ray veto, validating the design, and developing quality assurance tools and procedures; in other words preparing for the detector construction.  The R&D tasks are of three types: Monte Carlo simulations, counter performance measurements, and module fabrication studies. There are two simulation tasks:  determining the required cosmic ray veto efficiency and determining the neutron background rate. The former has been done and the results are described in Section 3.5.10, although ongoing improvements remain in progress. The neutron background studies fall under the rubric of the muon beamline and are discussed therein. The counter performance measurements focus on measuring the photoelectron yield, the critical parameter needed to meet the efficiency requirement, and the neutron efficiency.  Module fabrication studies will be done to validate our design. Below we describe the R&D tasks in more detail.
Required Veto Counter Efficiency
The simulation to estimate the rate of electrons from cosmic ray muons that are consistent with conversion events is described in Section 3.5.10. That estimate, accurate to about 25%, has been used to establish the overall efficiency required of the cosmic ray veto.  The simulation is continuously being refined to describe changes in the building and detector design, incorporate improvements in the track-finding algorithms, and to speed up the simulation.  Increasing the speed of the simulation is particularly important as we intend to determine the position dependence of the required cosmic ray veto efficiency, in particular, where coverage is vital and where it can be omitted.  This work is being done by off-project physicists.
Counter Photoelectron Yield Measurements   
It is vital that the counters meet the baseline design photoelectron yield requirements given in Section 11.4.2 In that section the results of a test-beam study of a prototype counter of an early design (very similar to that described in Section 11.4.1) are described. The performance of the prototype met requirements. We intend to fabricate prototype counters of the baseline design described above, including the readout electronics.  Several working full-length counters will be used to make photoelectron yield measurements as a function of longitudinal and transverse positions, incident angle, and with unglued and glued fibers.  The time resolution will also be measured.  Although test beam studies are preferred, the convenient M-Test beam at Fermilab will be out of commission for a year starting in mid-2012, and hence cosmic-ray muons will be used.  Two cosmic-ray test stands are being set up:  one at the University of Virginia using drift chambers with sub-millimeter resolution [27], and one at Fermilab using cathode-strip chambers with sub-centimeter resolution fabricated for the ATLAS experiment [29]

Once these measurements have been made, the photoelectron yield can be tuned by changing the wavelength shifting fiber and SiPM diameters.  As mentioned above, the cost associated with selecting a custom SiPM size is not large. 
Neutron Efficiency Measurements
Several short counters consistent with the baseline design will be fabricated to make neutron efficiency measurements. We have identified three potential neutron facilities where well-characterized neutron beams exist to make the measurement:  the NUMI neutrino beamline at Fermilab, the Fermilab Neutron Therapy Facility, and a research reactor at Dubna. The NUMI beam will be down for a year starting in mid-2012, but the Neutron Therapy Facility will continue to operate.  Hence, our intention is to initially make the measurements at the Neutron Therapy Facility and, if needed, continue them at either NUMI or at Dubna. The measurements will determine the counter response to both high (> 0.1 MeV) and low (< 0.1 MeV) energy neutrons, and the efficiency of different absorber thicknesses and materials. The short counters will also be used for SiPM tests.
Extrusion Measurements
A new die is being fabricated for the Fermilab-NICADD Extrusion Facility.  Prototype extrusions will be sent to the module fabrication factory to produce the counters needed for the photoelectron yield and neutron efficiency measurements, as well as for module fabrication studies.  The die will be tuned to insure that the extrusions meet the flatness and size specifications, which have yet to be finalized, and to tune quality assurance procedures.   
Fibers
Almost every experiment using scintillating fibers in recent years has chosen Kuraray fibers [7], which are known for excellent performance characteristics and good quality.  Nevertheless, as part of our value management efforts we will procure and test Bicron fibers [28].  Quality assurance devices and procedures for testing the fibers upon arrival from the vendor and after counter fabrication will be obtained.
Photodetectors
SiPMs from different manufacturers will be acquired and tested, with the focus on measuring their relative quantum efficiency and noise rate as a function of bias, the operating bias range, and the temperature coefficient. Different mounting schemes, including surface mounting, will be pursued.  As mentioned in Section 11.3.3, we will develop protocols by which the production testing will be done.
Module Fabrication
Initially short extrusions will be used to fabricate several non-working mockups in order to explore various fabrication options and to validate and tune the design.  Adhesive studies will also be made using weighted counters.  Once the design has been finalized a full-length module will be built, time-and-motion studies will be done, and the fabrication procedure will be tuned.  In parallel, quality assurance jigs will be built and tested. Finally, a full-length working module will be fabricated and tested.
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