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Chapter 4: Overview of the Mu2e Design
[bookmark: _Ref157150492][bookmark: _Ref157150513][bookmark: _Toc165011087]Overview of the Mu2e Design
[bookmark: _Ref146961463][bookmark: _Toc165011088]Introduction
The alternatives for a Mu2e facility that satisfy the mission objectives and are consistent with the documented requirements have been evaluated. An overview of the selected set of alternatives is presented in this chapter. A more detailed description of each significant project component, along with a detailed description of the requirements that drive the design and a discussion of the other evaluated alternatives, can be found in Chapters 5 – 12.

Mu2e proposes to measure the ratio of the rate of the neutrinoless, coherent conversion of muons into electrons in the field of a nucleus, relative to the rate of ordinary muon capture on the nucleus:

The signature of this process is a monoenergetic electron with an energy nearly equivalent to the muon rest mass (Section 3.2). The conversion process is an example of charged lepton flavor violation (CLFV), a process that has never been observed experimentally. The significant motivation behind the search for muon-to-electron conversion has been discussed in Chapter 3. The best experimental limit on muon-to-electron conversion, Rme < 6.1  10–13 (90% CL), is from the SINDRUM II experiment [1]. Mu2e intends to probe four orders of magnitude beyond the SINDRUM II sensitivity, measuring Rme with a single-event sensitivity of 5.6  10–17.
[bookmark: _Toc165011089]Proton Beam
The high flux of muons required for Mu2e result from the decay of pions generated by a high-intensity proton beam striking a production target.  To reduce backgrounds, Mu2e requires bunches of protons that are separated by about twice the stopped muon lifetime (Section 3.4).  The Fermilab accelerator complex is ideally suited to this task with the availability of the Recycler and Debuncher Rings at the conclusion of Tevatron Collider operations. The revolution period of 8.9 GeV/c protons in the Debuncher ring is 1685 ns, compared to the stopped muon lifetime in aluminum of 864 ns. The preferred alternative for delivering beam to the Mu2e detector is shown in Figure 4.1.

The Fermilab Booster accelerates batches of 4  1012 protons to 8 GeV kinetic energy.  Batches of protons from the Booster will be transported through the existing MI-8 line and injected into the Recycler Ring using an injector kicker being constructed as part of the NOvA Project. The Booster batches will be redistributed into 4 smaller bunches in the Recycler Ring by a 2.5 MHz RF system provided by g-2. The Recycler operations all take place while protons destined for NOvA are being ramped to 120 GeV in the Main Injector and the Recycler is otherwise empty. Each of the newly formed bunches will be kicked into the P1 line, one at a time, and transported to the Debuncher Ring through the existing P2, AP1 and AP3 lines. The proton bunches will be injected into the Debuncher Ring using a new injection kicker and captured by a new 2.4 MHz RF system consisting of RF modules that are identical to the RF modules being built for the Recycler Ring for g-2. The proton bunches will be slow extracted to Mu2e through a new external beamline.  Third integer resonant extraction will be controlled using the RF knockout (RFKO) technique to heat the beam transversely upstream of the extraction septum. The RFKO system will provide feed-back for fine control of the spill rate. To excite and control the third-integer resonance, six harmonic sextupoles will be added to the base lattice. Three quadrupoles will be inserted into symmetric locations in the three straight sections for fine tune control throughout a spill. 

The final run from the Debuncher Ring to the Mu2e detector requires construction of a new external beamline. Included in the beamline design is a fast AC dipole system that will deflect out-of-time beam into a collimation system ensuring that only in-time protons are transported to the production target. This extinction system is required to control prompt backgrounds (Section 3.2). Additional extinction is achieved in the Debuncher Ring. A momentum scraping system will remove particles that migrate outside of the RF buckets.  The overall extinction, defined as the ratio of beam between pulses to the beam in each pulse must be smaller than 10–10 [1].

The primary production target is located in the evacuated warm bore of the Production Solenoid. The production target is a radiatively-cooled tungsten rod, 16 cm long with a 3 mm radius, compared to the beam profile of about 1 mm in radius. The target surface will be grooved to enhance emissivity. Tungsten is chosen for its high atomic number, necessary to optimize pion production, it’s high melting point and it’s high thermal conductivity that helps to achieve an acceptably low core temperature. The thin, pencil-like geometry is designed to minimize pion re-absorption. 

Two Booster batches can be sequentially processed as described above during the part of the 1.33 second Main Injector cycle when the Recycler is not being used by NOvA.  This corresponds to 8  1012 protons per cycle for an average of 6  1012 protons per second and a total of 1.2  1020 protons per year (2  107 sec.).


[image: :Screen shot 2012-01-25 at 11.16.34 AM   Jan 25.png]
[bookmark: _Ref153614617][bookmark: _Toc164937042]Figure 4.1. The path of protons from the Fermilab Booster to the Mu2e detector.
Nearly 8 kW of beam power could be delivered to the Mu2e production target.  This is well beyond the beam power seen in the Antiproton facility during Tevatron collider operations. Sky shine that results from distributed losses around the Debuncher Ring is a concern because of the minimal shielding between the beamline enclosure and the 3 Antiproton service buildings (AP-10, AP-30 and AP-50, shown in Figure 4.1). The Mu2e beam power will be limited to the point where the exposure to the public is less that 1 mRem per year.  This corresponds to continuous beam losses of 0.125% around the Debuncher Ring for 8 kW beam (2 Booster batches per Main Injector cycle) and 0.25% continuous losses for a beam power of 4 kW (1 Booster batch per Main Injector cycle). A system of Total Loss Monitors (TLMs) will be used to hold the losses to the appropriate level. Many months of beam commissioning will likely be required to optimize beam transport and minimize losses. However, there is a significant risk that Mu2e will not attain the level of beam losses required to operate at 8 kW. This risk can be mitigated with additional shielding at the AP Service buildings or with longer running time. The Mu2e Project has made no provisions for additional shielding. Point-source beam losses at the extraction septa and kickers will be many times larger than the distributed losses, but they will be locally shielded, mitigating their impact. 

Fermilab personnel in the Accelerator Division will perform most of the work on the accelerator and beamline. This work will be executed in close coordination with the Accelerator Division, Facility Engineering Services, the g-2 Project and Fermilab Program Planning. The total scope of work required to deliver beam to Mu2e includes work included in the NOvA and g-2 projects as well as a number of common projects for the Muon Program. The Debuncher RF system, radiation shielding, the resonant extraction system, and all beamline components downstream of g-2, including the extinction system, are part of the Mu2e Project. Recycler upgrades, upgrades to the transfer lines between the Recycler and the Debuncher, the injection and abort kickers in the Debuncher Ring and the external beamline enclosure are all provided by other projects and are not included in the Mu2e project scope.

This proposed design satisfies all of the requirements developed by the Mu2e Collaboration [2]. A detailed description of the beam delivery scheme for Mu2e is described in Chapter 5.
[bookmark: _Toc165011090]Superconducting Solenoids
The dominant feature of the Mu2e apparatus is the system of three superconducting solenoids and their associated infrastructure (Figure 4.2). The solenoids are an integrated magnetic system that house the production target, the muon transport channel, the muon stopping target and the detector components that detect and analyze conversion electrons. The solenoids are divided into 3 functional systems; the Production Solenoid, the Transport Solenoid and the Detector Solenoid. The solenoid system also includes power supply and quench protection systems, cryogenic distribution, field mapping equipment and a significant installation and commissioning effort. A central cryo facility for the Muon Campus will be housed in the g-2 detector hall and will be funded off-project.
[bookmark: _Toc165011091]Production Solenoid
The Production Solenoid is shown in Figure 4.3.  It is a relatively high field solenoid with an axial grading that varies from 4.6 Tesla to 2.5 Tesla.  The Production Solenoid houses the production target.  The purpose of the Production Solenoid is to trap charged pions from the production target and accelerate them towards the Transport Solenoid as [image: ]they decay to muons. 
[bookmark: _Ref189642712]Figure 4.2. The Mu2e superconducting solenoid system, including the Production, Transport and Detector Solenoids and the cryogenic distribution system. Not shown are the power supply and quench protection systems.
[bookmark: _Ref147286412][bookmark: _Toc164937043][image: :Screen shot 2012-01-31 at 3.31.05 PM   Jan 31.png]Figure 4.3. The Mu2e Production Solenoid. The beam tube for the incoming proton beam is shown in the upper right.
Protons enter the Production Solenoid through a small port on the low field side of the solenoid before intercepting the production target. Remnant protons that are not absorbed by the target and very forward-produced secondary particles exit at the high field end of the solenoid.  Pions in the forward direction with angles greater than ~30, relative to the solenoid axis, are reflected back by the higher field and move along with the backward produced particles in helical trajectories towards the Transport Solenoid.  
The Production Solenoid must generate a uniform axially graded field ranging from 4.6 T to 2.5 T. This axial field change is accomplished using three solenoid coils with 3, 2 and 2 layers of aluminum stabilized NbTi superconducting cable, each coil with the same inner diameter. Aluminum stabilizer is used to reduce both the weight of the solenoid and the amount of nuclear heating around the conductor. Nuclear heating can result from the large flux of secondaries from the production target. Mu2e will use high-current, low-inductance cable that allows for efficient energy extraction during a quench, requires fewer layers to achieve the required field strength and minimizes thermal barriers between the conductor and cooling channels.
Heat and Radiation Shield
Lining the inside of the Production Solenoid warm bore is a heat and radiation shield designed to protect the solenoid’s superconducting coils.  The Heat and Radiation Shield is designed to limit the heat load in the cold mass to prevent quenching, limit radiation damage to superconductor insulation and epoxy and limit the damage to the superconductor’s aluminum stabilizer. The shield is constructed from bronze. Because the proton beam is incident from one side of the Production Solenoid, the pattern of energy deposition in the heat shield is asymmetric with the largest depositions being near the target and collinear with the incoming proton beam direction.  Even with the protection of the Heat and Radiation Shield, a significant number of atomic displacements will occur over time in the aluminum stabilizer surrounding the superconductor. The Residual Resistivity Ratio (RRR) of the aluminum, the ratio of the electrical resistance at room temperature of a conductor to that at 4.5 K, will decrease to the point where the stabilizer cannot adequately protect the superconductor in the event of a quench. The RRR can be completely recovered by warming the aluminum stabilizer to room temperature.  Based on models of neutron production and energy deposition, it is anticipated that it will only be necessary to warm up once per year, coincident with annual accelerator shutdowns.  The Heat and Radiation Shield is shown in  Figure 4.4 and described in detail in Section 5.9.2.
[bookmark: _Toc165011092]Transport Solenoid
 The S-shaped Transport Solenoid consists of a set of superconducting solenoids and toroids that form a magnetic channel that transmits low energy negatively charged muons traveling in helical trajectories from the Production Solenoid to the Detector Solenoid (Figure 4.5). Negatively charged particles with high energy, positively charged particles and line-of-sight neutral particles are nearly all eliminated by absorbers and collimators before reaching the Detector Solenoid. Selection of negatively charged muons is accomplished by taking advantage of the fact that a charged particle beam traversing a toroid will drift perpendicular to the toroid axis, with positives and negatives drifting in   opposite directions. Most of the positively charged particles are absorbed in the central [image: ]collimator.
  
[bookmark: _Ref190776289] Figure 4.4. A section view through the Heat and Radiation Shield that lines the inside of the Production Solenoid.
[image: :Screen shot 2012-01-31 at 4.00.43 PM   Jan 31.png] 
[bookmark: _Ref153616849][bookmark: _Toc164937045]Figure 4.5. The Mu2e Transport Solenoid.
Late arriving particles are a serious potential background for Mu2e (Section 3.5.9).  To minimize the transport of particles that spend a long time in the magnet system the magnetic field in the straight sections is designed to always have a negative gradient.  This eliminates traps, where particles bounce between local maxima in the field until they eventually scatter out and travel to the Detector Solenoid where they arrive late compared to the beam pulse. The requirement on a negative gradient is relaxed in the curved sections of the TS because bouncing particles will eventually drift vertically out of the clear bore and be absorbed by surrounding material.
[bookmark: _Toc165011093]Detector Solenoid
The Detector Solenoid is a large, low field magnet that houses the muon stopping target and the components required to identify and analyze conversion electrons.  The muon stopping target resides in a graded field that varies from 2 Tesla to 1 Tesla.  The graded field captures conversion electrons that are emitted in the direction opposite the detector components causing them to reflect back towards the detector. The graded field also shifts the pitch of beam particles that enter the Detector Solenoid and travel to the tracker, playing an important role in background suppression. The actual detector components reside in a field region that is relatively uniform. The inner bore of the Detector Solenoids is evacuated to 10-4 Torr to limit backgrounds from muons that might stop on gas atoms.

The graded and uniform field sections of the Detector Solenoid are wound on separate mandrels but housed in a common cryostat.  The conductor is aluminum stabilized NbTi.  The gradient is achieved by introducing spacers to effectively change the winding density of the superconducting cable. The Detector Solenoid is shown in Figure 4.6.

[bookmark: _Ref146877154][bookmark: _Ref164015215][bookmark: _Toc164937046][image: Fig2] Figure 4.6. The Mu2e Detector Solenoid.  The upstream section has a graded field to capture more conversion electrons.  The downstream section has a uniform field in the region occupied by the detector elements.
[bookmark: _Toc165011094]Solenoid Acquisition Strategy
Extending the conceptual designs of the solenoid systems to final designs will require significant engineering and design resources that are not currently available to Mu2e. The solenoid acquisition strategy relies on the similarity of the Production and Detector Solenoids to magnets that have previously been designed and fabricated in industry.  Neither solenoid is a carbon copy of a known, existing magnet as they each have their own unique design complexities. However, there are enough similarities in the size, geometry, mechanics, conductor and cooling techniques to provide confidence that vendors will be interested in the opportunity and will be able to deliver magnets that meet the Mu2e requirements.  The procurement of the Production and Detector Solenoids will be similar to other successful magnet procurements at Fermilab.

The Transport Solenoid is unique and unlike the magnet systems commonly procured from industry.  Resources exist at Fermilab to complete a final design on the Transport Solenoid.  The various pieces would be procured from industry, including the conductor, the cryostats and possibly the wound coils.  The Fermilab Technical Division would then act as the general contractor in assembling the pieces into the final system. 
[bookmark: _Toc165011095]Secondary Muon Beam
 Mu2e requires a significant number of negatively charged muons to be stopped in a thin target. In order to efficiently transport muons, minimize scattering off of residual gas molecules, minimize multiple scattering of conversion electrons and prevent electrical discharge from detector high voltage the Muon Beamline must be evacuated to the level of 10-4 Torr. 

The muon stopping target must be massive enough to stop a significant fraction of the incident muon beam but not so massive that it corrupts the momentum measurement of conversion electrons that emerge. Lower energy muons allow for a thinner target to alleviate these concerns. The momentum distribution of muons at the Mu2e stopping target is shown in Figure 4.7. The number of muons that reach and stop in the stopping target depends on a number of factors.  These include the target material and geometry, the proton beam energy, the magnetic field in the Production and Transport Solenoids, the clear bore of the solenoids and the design of the collimators. 

In order to optimize the number of stopped muons a detailed simulation package with an accurate particle production model is required. The calculated values of particle fluxes in the secondary muon beam are based on GEANT4 simulations of proton interactions in a tungsten target. GEANT4 has a variety of hadron interaction codes and the cross sections and kinematic distributions can vary significantly between them. In order to reduce exposure to the uncertainty in the hadronic models of low energy hadron production, the results from GEANT4 have been normalized to data from the HARP experiment [3].  HARP measured the double differential cross-section for production of charged pions emitted at large production angles in proton-tantalum collisions at 8 GeV/c. The data from HARP does not cover the full kinematic range required for Mu2e.  To cover the full range required for Mu2e the QGSP-BERT hadronic model [4] is used. QGSP-BERT is one of the physics lists available in GEANT4.  QGSP-BERT and HARP are consistent in the region where they overlap.  As a crosscheck, the production model is compared to the results from a Novosibirsk experiment [5] where measurements of pion production are reported in 10 GeV/c proton-tantalum interactions with more coverage in the backward direction than provided by HARP.  This results in 0.0016 stopped m– per proton on target when all of the material in the muon beamline, including support structures and the antiproton window (see Section 3.5.4), are included. Errors on the double differential cross-section measurements by HARP are in the 10% range. The QGSP-BERT model and the difference between tungsten and tantalum introduce additional uncertainty. The overall uncertainty on the stopped muon rate is conservatively [image: ::Screen shot 2011-04-09 at 11.05.40 PM   Apr 9.png]estimated to be at the 25% level.
[bookmark: _Ref147286627][bookmark: _Toc164937047]Figure 4.7. Particle momentum at the Mu2e stopping target.  The black curve is the momentum of all muons that reach the stopping target and the distribution in red is the momentum spectrum of muons that stop in the target.
[bookmark: _Toc165011096]Muon Stopping Target
The muon stopping target should maximize the number of stopped muons while minimizing the amount of material traversed by conversion electrons that enter the acceptance of the downstream detector. 
A distributed stopping target that consists of 17 aluminum disks, 0.2 mm thick, arranged coaxially along the Detector Solenoid axis has been designed. The disks are spaced 5.0 cm apart with radii that decrease from 8.3 cm upstream to 6.53 cm downstream.  The tapered disks reduce the amount of material seen by conversion electrons produced in the target that are within the acceptance of the detector.  The Mu2e stopping target is shown in Figure 4.8.

Energy loss and straggling in the stopping target are significant contributors to the momentum resolution function. It may be possible to optimize the geometry of the stopping target to stop more muons while minimizing the amount of material traversed by conversion electrons within the acceptance of the tracker.  Conical geometries have been discussed in the past and will be investigated further before a final engineering design for the stopping target is completed.

[image: ]Because of the diffuse nature of the muon beam a significant number of muons can strike the structure supporting the stopping target, producing DIO electrons at large radius where the acceptance for reconstruction in the detector is high. Because the endpoint energy of the DIO spectrum decreases for higher Z materials, and because the lifetime of the muons in muonic atoms decreases for higher Z materials, the supports must be constructed from high Z materials. Tungsten wires have been chosen for the target support.
[bookmark: _Ref147284085][bookmark: _Toc164937048]Figure 4.8. The muon stopping target and mechanical support.
[bookmark: _Toc165011097] Stopping Target Monitor
  To measure Rme (Section 4.1), it is necessary to measure the number of muons that are captured in the stopping target. An effective and reliable Muon Stopping Target Monitor can be established by observing the prompt production of X-rays that signal the formation of muonic atoms in the target foils. The capture rate is derived from the rate of muons that stop and form muonic atoms. As an example, a spectrum of muonic aluminum X-rays measured with a germanium detector is shown in Figure 4.9.
[bookmark: _Ref164015322][bookmark: _Toc164937049][image: Screen shot 2010-12-10 at 4.08.18 PM   Dec 10.png] Figure 4.9. The X-ray spectrum from muonic aluminum [6].
A germanium crystal will be used to observe the energy spectrum of the muonic X-rays from the stopping target.  The detector will be located near the axis of the Detector Solenoid, downstream of the endcap steel. The germanium detector will view the stopping target through a small diameter vacuum pipe, connected to the downstream end of the Detector Solenoid, that provides collimation for the X-rays. A window will separate the Detector Solenoid from the collimation pipe.
[bookmark: _Toc165011098]Proton Absorber
When muons are captured on a nucleus the process is accompanied by the emission of protons, neutrons and gamma rays.  The produced secondaries are low in energy and cannot directly produce backgrounds, but by contributing rate to the detectors they have the potential to cause reconstruction errors that can result in backgrounds and reduce acceptance.

The largest potential contribution to the tracker rate during the measurement period is from protons that originate from muon capture. The protons are very slow moving and highly ionizing, so they can be easily identified in the tracking detector using pulse height information. The large pulse height associated with protons traversing the tracker will shadow hits from low energy electrons. This could lead to reconstruction errors that might create background. A thin polyethylene absorber between the stopping target and the tracking detector will significantly attenuate the proton rate. The proton absorber is a tapered cylindrical shell 0.5 mm thick with a radius slightly smaller than the inner radius of the tracker.  However, conversion electrons also pass through the proton absorber and the associated energy loss and straggling can contribute to the momentum resolution function, so the geometry and material budget of the proton absorber must be precisely optimized before fabrication.
[bookmark: _Toc165011099]Muon Beam Stop
A significant fraction of the muons incident on the muon stopping target do not stop in the target but continue on through the evacuated center of the Detector Solenoid. The muon beam stop absorbs the energy of beam particles that reach the downstream end of the Detector Solenoid. The muon beam stop is made primarily of lead and plastic.  Plastic is effective at absorbing neutrons and lead is used because it is effective in absorbing electrons and photons. Additionally, muons have a relatively short lifetime in lead, so the majority of electrons, protons, neutrons and gamma rays that result from muon decay-in-orbit or capture on the nucleus will appear before the beginning of the measurement period and have no impact. The Muon Beam Stop is located within the bore of the Detector Solenoid, downstream of the calorimeter where the magnetic field is falling to zero. The field gradient in the beam stop region helps to prevent particle splash-back from reaching the active detectors.
[bookmark: _Toc165011100]The Detector
The Mu2e detector is located inside the evacuated warm bore of the Detector Solenoid in a uniform 1 Tesla magnetic field and is designed to efficiently and accurately identify the helical trajectories of ~105 MeV electrons in the high, time varying rate environment of Mu2e.  The detector consists of a tracker and a calorimeter that provide redundant energy/momentum, timing, and trajectory measurements. A cosmic ray veto, consisting of both active and passive elements, surrounds the Detector Solenoid.
[bookmark: _Toc165011101]Tracker
The Mu2e tracker is designed to accurately measure the trajectory of electrons in a uniform 1 Tesla magnetic field in order to determine their momenta. The limiting factor in accurately determining the trajectory of electrons is multiple scattering in the tracker. High rates in the detector may lead to errors in pattern recognition that can reduce the acceptance for signal events and possibly generate backgrounds if hits from lower energy particles combine to create trajectories that are consistent with conversion electrons.  A low mass, highly segmented detector is required to minimize multiple scattering and handle the high rates. 

The selected alternative for the Mu2e tracker is a low mass array of straw drift tubes aligned transverse to the axis of the Detector Solenoid, referred to as the T-tracker. The basic detector element is a 25 m sense wire inside a 5 mm diameter tube made of 15 m thick metalized Mylar®. The tracker will have ~22,000 straws distributed into 18 measurement stations across a ~3 m length. Planes are constructed from two layers of straws, as shown in Figure 4.10, to improve efficiency and help determine on which side of the sense wire a track passes (the classic “left-right” ambiguity). A 1 mm gap is maintained between straws to allow for manufacturing tolerance and expansion due to gas pressure. The straws are designed to withstand changes in differential pressure ranging from 0 to 1 atmosphere for operation in vacuum.  The straws are supported at their ends by a ring at large radius, outside of the active detector region.  The tracker is shown in Figure 4.11.

[bookmark: _Ref164090117][bookmark: _Toc164937050][image: ][image: ::Screen shot 2011-04-10 at 9.18.54 PM   Apr 10.png]Figure 4.10. A section of a two-layer tracker straw plane.  The two layers improve efficiency and help resolve the left-right ambiguity. 

[bookmark: _Ref164095311][bookmark: _Toc164937051]Figure 4.11. The Mu2e straw tube tracker. The straws are oriented transverse to the solenoid axis.  
Each straw will be instrumented on both ends with preamps and TDCs that will be used to measure the drift time to determine the distance of approach of charged tracks relative to the drift wire. The arrival time of the signal at each end of the straw will be measured in order to determine the location of the track intercept along the length of the straw. Each straw will also be instrumented with an ADC for dE/dx capability to separate electrons from highly ionizing protons. To minimize penetrations into the vacuum, digitization will be done at the detector, with readout via optical fibers. A liquid cooling system will be required for the electronics to maintain an appropriate operating temperature in vacuum.

The tracker is designed to intercept only a small fraction of the significant flux of electrons from muon decays-in-orbit. The vast majority of electrons from muon decay in orbit are below 60 MeV in energy (Figure 3.4). Only electrons with energies greater than about 53 MeV, representing a very small fraction of the rate (about 3%) will be observed in the tracker. Lower energy electrons will curl in the field of the Detector Solenoid and pass unobstructed through the hole in the center of the tracker. This is illustrated in Figure 4.12.
[bookmark: _Ref164095792][bookmark: _Toc164937052][image: ::Screen shot 2011-04-10 at 11.25.48 PM   Apr 10.png]Figure 4.12. Cross sectional view of the Mu2e tracker with the trajectories of a 105 MeV conversion electron (top) and a 53 MeV Michel electron (lower right) superimposed. The disk in the center is the stopping target. Electrons with energies smaller than 53 MeV (lower left), representing most of the rate from muon decays-in-orbit, miss the tracker entirely.
Tracker resolution is an important component in determining the level of several critical backgrounds. The tracker is required to have a high-side resolution of s < 180 keV [7]. The requirement on the low side tail is less stringent since it smears background away from the signal region while a high-side tail smears background into the signal region.  Current simulations indicate that the high side resolution of the Mu2e tracker can be well represented by the sum of two Gaussians. The high-side resolution, which is the most important for distinguishing conversion electrons from backgrounds, has a core component sigma of 115 KeV/c, and a significant tail sigma of 176 KeV/c. The net resolution is significantly less than the estimated resolution due to energy loss in the upstream material. The Tracker is described in detail in Chapter 9.
[bookmark: _Toc165011102]Calorimeter
The Mu2e calorimeter supplies redundant energy, position, and timing information on tracks that have been reconstructed by the tracker.  Calorimeters and tracking devices use different technologies and physical processes to measure the required information, so the sources of error from the two systems are quite different. These different but redundant measurements may help to eliminate backgrounds and provide a cross check to verify the validity of signal events.  The calorimeter could also provide a fast trigger for high energy electron candidates, reducing the throughput requirements on the data acquisition system.

The calorimeter must operate in vacuum and in a magnetic field of 1 Tesla. There is a radiation load with the inner portions of the calorimeter, closest to the solenoid axis, receiving up to 200 Gy/year. It must handle a large, mostly low energy background of protons, neutrons and gamma rays produced by muon captures in the stopping target. It must deal with a large flux of electrons from muons decaying in atomic orbit in the muon stopping target. It must also handle a significant flux of particles during beam injection.

 The proposed calorimeter consists of 1936 LYSO crystals located downstream of the tracker and arranged in four vanes as shown in Figure 4.13. Each crystal is 3  3 11 cm3 and will be equipped with two Avalanche Photodiodes (APDs) which work well in a magnetic field. Using two APDs per crystal increases the light yield, provides redundancy and allows for the correct energy to be determined if a charged particle passes through one of the APDs.

The performance of a LYSO array was evaluated in a tagged photon test beam at the MAINZ Microtron (MAMI). The measured resolution (s/E) was 3.5 ± 0.6% (Figure 4.14). The measured position resolution was better than 4 mm. A detailed simulation of the matrix was also carried out and good agreement with the data was obtained.  The calorimeter is described in detail in Chapter 10.
Cosmic Ray Veto
 Cosmic-ray muons striking the muon stopping target and other materials in the detector region can produce delta rays that will occasionally be of the right energy and fall within the detector acceptance, producing conversion-like background events.  Cosmic ray muons can also decay, producing electrons that could be mistaken for a conversion signal.

[bookmark: _Ref193346959][bookmark: _Ref164876769][bookmark: _Toc164937054][bookmark: _Toc165011103][image: ][image: :Screen shot 2012-02-27 at 10.14.24 AM   Feb 27.png]Figure 4.13. End view of the calorimeter. Electrons spiral in the counterclockwise direction.
[bookmark: _Ref193346935]Figure 4.14. Test Beam results from the MAINZ Microtron (MAMI). The measured energy resolution of the overall LYSO crystal matrix (black points) is compared to simulations (red). To obtain reasonable agreement with the data, the energy response of each crystal was smeared by 4% in the simulation (blue).
The background from cosmic rays is directly proportional to the live time of the experiment, so the first layer of protection is the pulsed beam structure and the restricted time window when events are accepted.  Passive shielding, including the overburden above and to the sides of the detector enclosure, and the neutron shield surrounding the Transport and Detector Solenoids, eliminates background sources other than penetrating muons, which cannot be suppressed, but rather must be identified.  Approximately one conversion event per day from cosmic-ray muons is produced:  to reduce that rate to 0.05 events during the entire running period the active shield must suppress the rate by a factor of 10,000.

[bookmark: _Ref160095074][bookmark: _Ref147395734]The Cosmic Ray Veto for Mu2e will be constructed from three layers of extruded scintillator bars with embedded wavelength shifting fibers that are read out with Silicon photomultipliers (SiPMs). The CRV surrounds the Detector Solenoid on 3 sides (Figure 4.15) and extends up to the midpoint of the Transport Solenoid. 

To reduce the background from cosmic rays to 0.05 events over the live time of the experiment the Cosmic Ray Veto must be essentially 100% hermetic on the top and sides.  In the region of the muon stopping target the cosmic ray veto must be 99.99% efficient. To obtain this efficiency for a 3-layer detector, the single-counter photoelectron yield must be at least 10 for normally incident muons, when defining a veto as coincident hits in two-out-of-three layers.  Prototypes indicate that this yield is obtainable. 

The Cosmic Ray Veto must survive an intense neutron flux coming primarily from the muon stopping target.  Most of the neutrons have kinetic energies below 10 MeV, with the most probable energy about 1 MeV.  Polystyrene scintillator (C8H8) is sensitive to neutrons that elastically scatter on the hydrogen protons, although quenching (Birk’s Rule) reduces the light output by an order of magnitude.  Studies show that the rate in the counters comes primarily from gammas that are produced from neutron capture on hydrogen. Passive shielding outside the Transport and Detector Solenoids will moderate and capture most of the neutrons. The magnitude and pattern of energy deposition in multiple layers of scintillator is expected to be different for neutrons and muons, which can further help to eliminate false veto signals from neutrons. The Cosmic Ray Veto detector is described in detail Chapter 11.
[bookmark: _Toc165011104]The Mu2e Facility
The existing Antiproton facility can be used to provide the pulsed beam required for Mu2e in a relatively straightforward way.  However, there are no nearby structures that could house Mu2e, so a new detector hall is required. The location of the Mu2e facility, just northwest of the Antiproton facility, is shown in Figure 4.1.

[bookmark: _Ref189721088][bookmark: _Ref190876481][bookmark: _Toc164937055][image: ]Figure 4.15. End view of the Cosmic Ray Veto.
The Mu2e facility will consist of an underground enclosure where the detector is located and a service building at grade level with infrastructure and services. A plan view of the Mu2e Detector Enclosure is shown in  Figure 4.16. The primary proton beam incident on the Production Solenoid requires 16 feet equivalent of earth shielding and drives the depth of the enclosure, which is 25 feet below grade. The cast-in-place concrete enclosure houses the solenoids and provides two assembly spaces under crane coverage.

The at-grade service building consists of a high bay suitable for overhead bridge cranes and an adjacent low bay.  The high bay provides space for unloading equipment from semi trailers and for staging and assembling the detector. The high bay will be equipped with two 30-ton capacity overhead bridge cranes. The adjacent low bay contains the electronics room that will house most of the off-detector electronics.  Electronics in the low bay electronics room can be accessed when the beam is operating, while any electronics housed near the detector in the underground enclosure can only be accessed when the beam is off.  The low bay also contains a mechanical room, an electrical supply room and janitorial facilities. Exit stairs and an elevator serve the underground enclosure.  An elevation view of the facility is shown in Figure 4.17 and an architectural view of the facility is shown in Figure 4.18. The Mu2e facility is described [image: :Screen shot 2012-02-01 at 2.20.12 PM   Feb 1.png]in detail in Chapter 6.
[bookmark: _Ref164877336][bookmark: _Toc164937056][image: :Screen shot 2012-03-15 at 10.21.04 AM   Mar 15.png]  Figure 4.16. Plan view of the underground Mu2e detector enclosure.

[bookmark: _Ref193347777]Figure 4.17. Elevation cut through of the Mu2e facility. The Production Solenoid, covered by a shielding berm, is shown of the right. The Detector Solenoid, located directly under the Mu2e Service Building, is shown on the left.



[image: :Screen shot 2012-02-13 at 6.18.16 PM   Feb 13.png]
[bookmark: _Ref164877402][bookmark: _Toc164937058]Figure 4.18. The Mu2e at-grade service building.
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