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Chapter 2: Project Overview
Project Overview
[bookmark: _Ref237942343]Project Mission
[image: ]The primary mission of the Mu2e Project is to design and construct a facility that will enable the most sensitive search ever made for the coherent conversion of muons into electrons in the field of a nucleus, an example of Charged Lepton Flavor Violation (CLFV). 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 equal to the muon rest mass. The significant motivation behind the search for muon-to-electron conversion is discussed in Chapter 3. The best experimental limit on muon-to-electron conversion, Re < 7  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 Re with a single-event sensitivity of 2.87  10–17.

To achieve this significant leap in sensitivity, Mu2e requires an intense low energy muon beam and a state-of-the-art detector capable of efficiently identifying, reconstructing and analyzing conversion electrons with momenta near 105 MeV/c.
Scope Required to Accomplish the Project Mission
A technical design has been developed for the Mu2e Project that meets the Mission Requirements described in Section 2.1. The scope includes the following:

· A proton beam that can produce an intense secondary muon beam with a structure that allows time for stopped muons to decay before the next pulse arrives.
· A pion capture and muon transport system that efficiently captures charged pions and transports negatively charged secondary muons to a stopping target. The momentum spectrum of the transported muon beam must be low enough to ensure that a significant fraction of the muons can be brought to rest in a thin target.
· A detector that is capable of efficiently and accurately identifying and analyzing conversion electrons with momenta near 105 MeV/c while rejecting backgrounds from conventional processes and cosmic rays.
· A detector hall facility to house the experimental apparatus.

Proton Beam
Mu2e requires a high intensity, pulsed proton beam to produce an intense beam of low energy muons with the time structure required by the experiment. Protons designated for Mu2e are acquired from the Booster during the available portions of the Main Injector timeline when slip-stacking operations are underway for NOA. Two Booster proton batches, each containing 4.0 × 1012 protons with a kinetic energy of 8 GeV, are extracted into the MI-8 beamline and injected into the Recycler Ring. After each injection, the beam circulates for 90 msec while a 2.5 MHz bunch formation RF sequence is performed. This RF manipulation coalesces each proton batch into four 2.5 MHz bunches occupying one seventh of the circumference of the Recycler Ring. Each of these bunches will be synchronously transferred, one at-a-time, through existing transfer lines to the Delivery Ring, where the beam is held in a 2.4 MHz RF bucket during resonant extraction to the experiment through a new external beamline. To help control the spill rate uniformity during resonant extraction a technique known as RF knockout will be used. RF knockout will allow for fast transverse heating of the beam. It will also serve as a feedback tool for fine control of the spill rate. The resonant extraction process will not completely remove the entire beam, so what remains must be disposed of in a controlled way. Therefore, a beam abort system will be required for the Delivery Ring to “clean up” beam that remains after resonant extraction is complete. The resonant extraction system will inject ~ 3 × 107 protons into the external beamline every 1.7 s (the revolution period of the Delivery Ring). An extinction system, in the form of a high frequency AC dipole (see Section 4.9), is required to suppress unwanted beam between successive pulses that can generate experimental backgrounds (see Section 3.6). After transiting the extinction system the proton pulses are delivered to the production target located in the evacuated warm bore of a high-field superconducting solenoid. The proton beam will have a transverse radius of about 1 mm (rms) and will be about 250 ns in duration. The proton beam deflects in the magnetic field of the solenoid before striking the production target, complicating the final focus beamline optics and steering. The production target is a radiatively cooled tungsten rod about the size and shape of a pencil. Not all of the proton beam interacts in the production target. The unspent beam is absorbed in an air-cooled beam absorber downstream of the production target. A monitor, located above the beam absorber, will measure scattered protons as a function of time to provide a statistical measure of the residual beam between pulses that traverses the extinction system. The proton delivery scheme is shown in Figure 2.1. The Mu2e proton beam requirements are described in [2].

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.).
[bookmark: _Ref238008299][image: ]Figure 2.1. Layout of the Mu2e facility (lower right) relative to the accelerator complex that provides proton beam to the detector.  Protons are transported from the Booster through the MI-8 beamline to the Recycler Ring where they will circulate while they are re-bunched by a 2.5 MHz RF system. The reformatted bunches are kicked into the P1 line and transported to the Delivery Ring where they are slow extracted to the Mu2e detector through a new external beamline.
Most of the infrastructure required to deliver proton beam to the Mu2e production target already exists or will exist before Mu2e needs it. The g-2 experiment, scheduled to take data before Mu2e, requires much of the same infrastructure. To satisfy the common needs of both projects a program to develop a Muon Campus through a series of Accelerator Improvement Plans (AIP) and General Plant Projects (GPP) has been initiated. The accelerator infrastructure required exclusively by Mu2e is part of the Mu2e Project and includes:

· Resonant Extraction System
· MHz Delivery Ring RF system
· Mu2e external beamline
· Extinction System
· Extinction Monitor System
· Production Target
· Radiation Safety and Shielding
· Beamline instrumentation and controls
· Diagnostic Beam Absorber
· Proton Target Beam Absorber.

These elements are described in detail in this Technical Design Report.
Superconducting Solenoids
The Mu2e superconducting solenoid system performs a number of essential functions that enable execution of the experiment, including

· Capture of pions from the production target
· Formation of the secondary muon beam
· Background rejection by shifting the pitch of high energy particles in the muon beamline before they reach the Tracker
· Provision of a relatively uniform field for momentum analysis of conversion electrons.

The solenoid system is divided into 3 functional units that have to operate as a single, integrated magnetic system, shown with their associated infrastructure in Figure 2.2. The magnetic field specifications for the solenoids (see Section 6.2) are derived from the Mu2e physics requirements and define a very specific configuration. The fringe field from one solenoid impacts the magnetic field in adjacent solenoids and there are significant forces between magnets, so the solenoids have to be designed as a system even though they will be constructed independently.  
Production Solenoid
The Production Solenoid, shown in Figure 2.3, is a high field magnet with a graded solenoidal field varying smoothly from 4.6 Tesla to 2.5 Tesla. The gradient will be formed by 3 axial coils with a decreasing number of windings, made of aluminum stabilized NbTi. The solenoid is approximately 4 m long with an inner bore diameter of approximately 1.5 m that is evacuated to 10-5 Torr. The Production Solenoid is designed to capture pions and the muons into which they decay and guide them downstream to the Transport Solenoid. This process is initiated by 8 GeV protons striking a production target near the center of the Production Solenoid. A heat and radiation shield, constructed from bronze, will line the inside of the Production Solenoid to limit the heat load in the cold mass from secondaries produced in the production target and to limit radiation damage to the superconducting cable.
[bookmark: _Ref246577570][image: ]Figure 2.2. 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. 
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 an axially graded field varying smoothly from 4.6 Tesla to 2.5 Tesla. This axial field change is accomplished using three solenoid coils with 3, 2 and 2 layers of high-current, low-inductance aluminum-stabilized NbTi 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. Aluminum stabilizer is used for several reasons. Nuclear heating from the large flux of secondaries produced in the production target is reduced in aluminum compared to copper stabilizer, the other alternative. Aluminum is less dense than copper, reducing the weight of the Production Solenoid. Aluminum can also be annealed at room temperature to reverse the impact of atomic displacements, primarily [image: :Screen shot 2012-01-31 at 3.31.05 PM   Jan 31.png]from neutrons, that degrade performance over time. This is further described in the section that follows. 
[bookmark: _Ref246578665]Figure 2.3. Plan view of the Mu2e Production Solenoid. The beam tube for the incoming proton beam is shown in the upper right.
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 primarily 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 2.4 and described in detail in Section 4.11.3.



[bookmark: _Ref246584439][image: ]Figure 2.4. Elevation view of the Heat and Radiation Shield (HRS), designed to protect the Production Solenoid from secondaries produced in the production target. The HRS is constructed from three large pieces of forged bronze and cooled by water flowing around its periphery. Beam enters from the right.
Transport Solenoid
The S-shaped Transport Solenoid consists of a set of superconducting solenoids and toroids that form a magnetic channel that efficiently transmits low energy negatively charged muons from the Production Solenoid to the Detector Solenoid. 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 collimator. The Transport Solenoid consists of five distinct regions: a 1 m long straight section, a 90° curved section, a second straight section about 2 m long, a second 90° curved section that brings the beam back to its original direction, and a third straight section of 1 m length.  The major radius of the two curved sections is about 3 m and the resulting total magnetic length of the Transport Solenoid along its axis is about 13 m.  The inner warm bore of the Transport Solenoid cryostat has a diameter of about 0.5 m. The Transport Solenoid is shown in Figure 2.5.


[bookmark: _Ref246585505][image: ]Figure 2.5. The Transport Solenoid consists of a set of superconducting solenoids and toroids that form a magnetic channel that efficiently transmits low energy negatively charged muons from the Production Solenoid.
Late arriving particles are a serious potential background for Mu2e (Section 3.6).  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 that accelerates particles from the Production Solenoid through the Detector Solenoid. 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 trapped particles will eventually drift vertically out of the clear bore and be absorbed by surrounding material.
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 from the stopping target. It is nearly 11 m long with a clear bore diameter of about 2 m. 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 plays an important role in reducing background from high energy electrons that are transported to the Detector Solenoid by steadily increasing their pitch as they are accelerated towards the downstream detectors. The resulting pitch angle of these beam electrons is inconsistent with the pitch of a conversion electron from the stopping target. The actual detector components reside in a field region that is relatively uniform. The inner bore of the Detector Solenoid 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 [image: ]Detector Solenoid is shown in Figure 2.6.

[bookmark: _Ref246648422]Figure 2.6. 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 from the stopping target.
The solenoids are the cost and schedule driver for the Project. The Production and Detector Solenoids will be constructed in industry. The relatively unique Transport Solenoid will be designed and fabricated at Fermilab, though many of the components (superconducting cable, cryostats, etc.) will be procured from industry.  The make-buy decisions are based on the similarity of the Production and Detector Solenoids to other solenoids fabricated in industry and to the limited availability of resources at Fermilab. The superconducting cable required for the solenoids are long-lead items that must be procured early.

Significant infrastructure is required to support the operation of the solenoids. This includes power, quench protection, cryogens (liquid nitrogen and liquid helium), control and safety systems as well as mechanical supports to resist the significant magnetic forces on the magnets. 
Secondary Muon Beam
To reach the required experimental sensitivity Mu2e requires a significant number of negatively charged muons to be stopped in a thin target. 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 at least 10-4 Torr. In the Production Solenoid the vacuum must be maintained to better than 10-5 Torr to minimize oxidation of the tungsten production target. Tungsten is prone to oxidation at elevated temperatures. 

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 help alleviate these concerns. The momentum distribution of muons at the Mu2e stopping target is shown in Figure 2.7. The number of muons that reach and stop in the stopping target depends on a number of factors. These include the proton beam energy, the magnetic field in the Production and Transport Solenoids, the clear bore of the solenoids the design of the collimators, the stopping target material and geometry.
[bookmark: _Ref246643877][image: ]Figure 2.7. Momentum distribution of muons delivered to the stopping target as well as the distribution of muons that stop in the target. 
Protons enter the Production Solenoid, a relatively high field solenoid with an axial field that varies from 4.6 Tesla to 2.5 Tesla, through a small port on the low field side of the solenoid before intercepting the production target, mounted in the evacuated warm bore of the Production Solenoid. Remnant protons that are not absorbed by the target and very forward-produced secondary particles exit at the high field end of the solenoid. The remainder of the charged particles, which are primarily pions, are reflected back by the higher field and move in helical trajectories towards the Transport Solenoid. The size and shape of the production target, the target supports and the clearance inside the Production Solenoid warm bore have all been designed to maximize the yield of stopped muons. The production target is made from a high Z material (tungsten) to maximize pion production while the geometry is designed to minimize pion reabsorption. The target supports are designed with a small physical profile to minimize scattering and absorption of pions and muons and the diameter of the warm bore of the Production Solenoid is large enough to allow pions and muons within the acceptance of the Transport Solenoid to pass through unobstructed. 

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 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 0.0019 stopped – per proton on target when all of the material in the muon beamline is 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 estimated to be 30%.

The Transport Solenoid is designed to maximize the stopped muon yield by efficiently focusing the charged particles created in the Production Solenoid towards the stopping target located in the Detector Solenoid. High energy negatively charged particles, positively charged particles and line-of-sight neutral particles will nearly all be eliminated by the two 90° bends combined with a series of absorbers and collimators. To minimize the transport of particles that spend a long time in the solenoid system the magnetic field in the straight sections must have a continuous 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 of a negative gradient is relaxed in the curved sections of the Transport Solenoid because bouncing particles will eventually drift vertically out of the clear bore and be absorbed by surrounding material.

[image: Screen shot 2013-11-13 at 5.04.19 PM   Nov 13.png]As the charged particle beam traverses the first curved toroid section of the Transport Solenoid it will disperse vertically, fanning out by charge and momentum as shown in Figure 2.8. A collimator with a vertically displaced aperture resides in the central straight section and performs a sign and momentum selection, resulting in a low energy, negatively charged beam. The second toroid section in the Transport Solenoid nearly undoes the vertical dispersion, returning the beam close to the solenoid axis. The beam does not return exactly to the solenoid axis because of the smaller magnetic field in the second bend resulting from the negative field gradient. 
[bookmark: _Ref245981851]Figure 2.8. As the charged particle beam traverses the first curved toroid section of the Transport Solenoid it will disperse vertically, fanning out by charge and momentum. The central collimator absorbs the positively charged particles (blue) while allowing the negatively charged particles (red) within a particular momentum window to pass through. 
The central collimator that performs momentum selection can be rotated, allowing positively charged beam to be delivered to the Detector Solenoid for purposes of calibration. Embedded in the middle of the central collimator is a thin window made of low-Z material to absorb slow moving antiprotons created in the production target. Antiprotons that reach the detector solenoid and annihilate can be a source of background. The vast majority of antiprotons have momenta below 200 MeV/c, but in rare instances antiprotons with momenta exceeding 300 MeV/c are produced, requiring a more massive window to ensure annihilation. However, this window also reduces the yield of stopped muons, so the thickness must be carefully optimized. A wedge shaped antiproton window simultaneously optimizes attenuation of antiprotons and transmission of muons by taking advantage of the correlation between momentum and vertical displacement in the Transport Solenoid (see Figure 2.9). High momentum antiprotons must penetrate more material while the low momentum muons that are most likely to stop in the stopping target pass through the thinnest part of the wedge. The low Z window also separates the upstream and downstream vacuum volumes to prevent radioactive ions or atoms from the production target from contaminating the detector solenoid volume. Studies of antiproton production and propagation are still underway and an additional window upstream of the central collimator may also be necessary.
[bookmark: _Ref246496957][image: Macintosh HD:Users:rray:Desktop:TDR Pictures.pptx.pdf]Figure 2.9. A wedge shaped antiproton window simultaneously optimizes attenuation of antiprotons and transmission of muons by taking advantage of the correlation between momentum and vertical displacement in the Transport Solenoid.
Muon Stopping Target
The muon stopping target consists of a series of thin aluminum discs arranged coaxially along the Detector Solenoid axis in a graded field that varies from 2 Tesla to 1 Tesla (Figure 2.10). Energy loss and straggling in the stopping target are significant contributors to the momentum resolution function. The distributed, tapered target is designed to stop as many muons as possible while minimizing the amount of material traversed by conversion electrons that are within the acceptance of the downstream tracker.  The graded field captures conversion electrons that are emitted in the direction opposite the detector components causing them to reflect back towards the detector. Not all of these reflected electrons will be used in the final data sample as many of them will pass through nearby material, lose energy or scatter and fail the analysis cuts. More importantly, 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. Because of the diffuse nature of the muon beam a significant number of muons can strike the structure supporting the stopping target, producing electrons from muon Decays In Orbit (DIO) at large radius where the acceptance for reconstruction in the detector is high. Prompt, low-energy DIO electrons cannot contribute background to Mu2e. The DIO endpoint energy and the muon lifetime both depend on the Z of the target nucleus. The muon lifetime decreases with increasing Z as does the DIO endpoint, so high Z materials are preferred for the support materials to reduce backgrounds. For this reason, tungsten wires have been chosen for the target support.
[image: ]
[bookmark: _Ref246649349]Figure 2.10. The muon stopping target and its mechanical support.
Muon Beam Stop
Muons that do not stop in the stopping target pass through apertures in the detectors and are transported to the muon beam-stop at the downstream end of the Detector Solenoid. The Muon Beam Stop is designed to absorb the energy of muons that reach the end of the Detector Solenoid. This is required to reduce activity in the detectors from muon decays and captures in the beam stop. This is especially important during the signal measurement period that begins about 700 ns after the proton microbunch hits the production target. Near the downstream end of the Detector Solenoid the uniform magnetic field transitions to a graded field that drops off along the beam direction. The field gradient reflects most low energy charged particles produced in the beam stop away from the detectors. The muon beam stop is constructed from a combination of high-Z materials in which muons have a relatively short lifetime, so decays and captures take place well before the signal measurement period begins, and polyethylene, intended to reduce neutron rates.
The Detector
The Mu2e detector is located inside the evacuated warm bore of the Detector Solenoid in a nearly uniform 1 Tesla magnetic field and is designed to efficiently and accurately identify and analyze the helical trajectories of ~105 MeV electrons in the high-rate time-varying 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 and nearly half of the Transport Solenoid.
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 accidental 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 Mu2e tracker is a low mass array of straw drift tubes aligned transverse to the axis of the Detector Solenoid. 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 ~23,000 straws distributed into 20 measurement stations across a ~3 m length. Planes are constructed from two layers of straws, as shown in Figure 2.11, to improve efficiency and help determine on which side of the sense wire a track passes (the classic “left-right” ambiguity). A 1.25 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 2.12.

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 compared 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.

[bookmark: _Ref246658548][bookmark: _Ref246658572][image: ]Figure 2.11 A section of a two-layer tracker straw plane.  The two layers are required for full efficiency and help resolve the left-right ambiguity. 
[bookmark: _Ref265142038]Figure 2.12 The Mu2e straw tube tracker. The straws are oriented transverse to the solenoid axis. 
[image: ::Screen shot 2011-04-10 at 9.18.54 PM   Apr 10.png]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 3.7). Only electrons with energies greater than about 53 MeV, representing a 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 2.13.

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  < 180 keV [6]. 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 8.
[image: ::Screen shot 2011-04-10 at 11.25.48 PM   Apr 10.png]
[bookmark: _Ref246658829]Figure 2.13. 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.
Calorimeter
High rates of hits in the tracker may cause pattern recognition errors that add tails to the resolution function and result in background. Accidental hits can combine with or obscure hits from lower energy particles to leave behind a set of hits that might reconstruct to a trajectory consistent with a higher energy conversion electron. Extrapolating the fitted trajectory to the downstream calorimeter and comparing the calculated intercept with the measured position in the calorimeter may help to identify backgrounds that result from reconstruction errors. Another source of background is cosmic ray muons, not vetoed by the CRV system. Cosmic rays generate two distinct categories of background events: muons trapped in the magnetic field of the Detector Solenoid and electrons produced in a cosmic muon interaction with detector material. The energy and timing measurements from the Mu2e calorimeter provide information critical for efficient separation of electrons and muons in the detector (Section 9.4.1).

The calorimeter may also be used in a software or firmware trigger to reduce the volume of data-to-storage. The calorimeter consists of 1860 BaF2 crystals located downstream of the tracker and arranged in two disks (Figure 2.14).  The crystals are of hexagonal shape, 33 mm across flats and are 200 mm long. Each crystal is read out by two large-area APDs; solid-state photo-detectors are required because the calorimeter resides in a 1 Tesla magnetic field.  Front-end electronics is mounted on the rear of each disk, while voltage distribution, slow controls and digitizer electronics are mounted behind each disk. A laser flasher system provides light to each crystal for relative calibration and monitoring purposes. A circulating liquid radioactive source system provides absolute calibration and an energy scale. The crystals are supported by a lightweight carbon fiber support structure.  
[bookmark: _Ref265140350][image: ]Figure 2.14. The Mu2e calorimeter consisting of an array of BaF2 crystals arranged in two annular disks.  Electrons spiral into the upstream faces.
Cosmic Ray Veto
Cosmic-ray muons are a known source of potential background for muon-to-electron conversion 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. These muons can produce 105 MeV electrons and positrons through secondary and delta-ray production in the material within the solenoids, as well as from muon decay-in-flight. The muons themselves can, in certain cases, be misidentified as electrons. Such background events, which will occur at a rate of about one per day, must be suppressed in order to achieve the sensitivity required by Mu2e. Backgrounds induced by cosmic rays are defeated by both passive shielding, including the overburden above and to the sides of the detector hall, as well as the shielding concrete surrounding the Detector Solenoid, by particle identification criteria using the tracker and calorimeter, and, most importantly, by an active veto detector whose purpose is to detect penetrating cosmic-ray muons.

The cosmic ray veto consists of four layers of long extruded scintillator strips, with aluminum absorbers between each layer. The scintillator surrounds the top and sides of the Detector Solenoid (DS) and the downstream end of the Transport Solenoid (TSd), as shown in Figure 2.15. The strips are 2.0 cm thick, providing ample light to allow a high enough light threshold to be set to suppress most of the backgrounds. Aluminum absorbers between the layers are designed to suppress punch through from electrons. The scintillation light is captured by embedded wavelength-shifting fibers, whose light is detected by silicon photomultipliers (SiPMs) at each end (except those counters closest to the TSd).
[bookmark: _Ref265140697][image: ]Figure 2.15. The cosmic ray veto covering the Detector Solenoid and half of the Transport Solenoid. 
Conventional Facilities
The conventional facilities for the Mu2e Project include the site preparation, Mu2e surface building and the underground enclosure to house the Mu2e detector. Routing of utilities from nearby locations and installation of new transformers to power the facility are included in the scope of the conventional facilities work. Together the conventional facilities comprise approximately 23,000 ft2 of new construction space. An entry view of the Mu2e facility is shown in Figure 2.16.
[bookmark: _Ref265141796][image: ]Figure 2.16. Entry View of the Mu2e facility, looking northwest.
Sustainable Design and LEED
The Mu2e Project is not required to meet the Leadership in Energy and Environmental Design (LEED)-Gold certification due to the function and operation of the facility. Specifically, the facility will not be occupied on a regular basis.  In lieu of LEED-Gold certification, the Project plans to utilize guiding principles and ASHRAE recommendations to meet sustainability goals [7]. 
Off Project Scope
There is significant scope that is required by both Mu2e and the g-2 experiment. This common scope has been collected into a series of Accelerator Improvement Projects (AIP) and General Plant Projects (GPP) that are funded independent of the Mu2e and g-2 Projects. These AIPs and GPPs are described below.

Much of the off-project scope was the result of value engineering on the part of Fermilab, the Mu2e Project and the g-2 Project. For example, the Muon Campus provides a common cryo facility for both Mu2e and g-2, replacing individual cryo plants for each Project. At one time Mu2e planned to use both the Antiproton Debuncher and Accumulator Rings to re-bunch and slow extract protons from the Booster to the Mu2e apparatus. It was realized that both Mu2e and g-2 could re-bunch protons using a new RF system in the Recycler. This allowed Mu2e to eliminate its need for the Accumulator Ring, freeing up the Accumulator Ring magnets for reuse in the M4 beamline and eliminating the need for additional RF systems, kickers and injection systems.

Recycler RF AIP
The scope of the Recycler RF AIP is to design, assemble and install 7 full 2.5 MHz RF cavities in the existing Recycler Ring. These cavities will be used to re-bunch batches of protons from the Booster, necessary for both Mu2e and g-2. As of August 1, 2014 the Recycler RF AIP was 12% percent complete.
Muon Campus Infrastructure GPP
The scope of the Muon Campus Infrastructure GPP includes an upgraded cooling system for cryo compressors and extension of the existing MI-52 service building to provide room for power supplies for the new Recycler extraction kickers. 

Beam Transport AIP
The scope of the Beam Transport AIP is to provide upgrades to support extraction of primary protons from the Recycler Ring and transport to either the g-2 target station or the Delivery Ring, the later being necessary for Mu2e. The extraction system includes a Lambertson magnet and kickers. The transport system includes upgrades and aperture improvements to existing beamlines, powers supplies and instrumentation. As of August 1, 2014 the Beam Transport AIP was 23% percent complete.

Cryo AIP
The Cryo AIP provides the common cryogenic system required to support both Mu2e and g-2. The cryo plant will be installed in the MC-1 building that will house the g-2 experiment. Four refurbished Tevatron satellite refrigerators will be re-purposed for this task. Much of the cryo piping will also be re-purposed from the Tevatron. Figure 2.17 shows two of the four Tevatron refrigerators that have been installed. As of August 1, 2014, the Cryo AIP was about 50% complete.

Delivery Ring AIP
The Delivery Ring AIP provides upgrades to the Delivery Ring (formerly the antiproton debuncher) to support both Mu2e and g-2. The upgrades include an injection and abort system, electrical infrastructure and rerouting of the controls system. As of August 1, 2014, the Delivery Ring AIP was 10% complete.

Beamline Enclosure GPP
The Beamline Enclosure GPP provides the underground beamline enclosure and above ground berm between the Delivery Ring and both the g-2 and Mu2e buildings.  The design of the Beamline Enclosure is complete and construction is expected to commence in the Fall of 2014. The Beamline Enclosure and the Mu2e building will be a single construction package executed by the same subcontractor. This will allow a common, integrated approach to site prep, grading, storm water runoff, ESH&Q and allow for a coordinated set of construction activities. The purchase order will be split between Mu2e Project funds for the Mu2e building and operating funds for the GPP.

Table 2.1 lists the scope required by Mu2e and, in each case, identifies the funding source.


[bookmark: _Ref268514295][bookmark: _Ref146708057]Table 2.1. The scope of work required to produce an operational Mu2e experiment. This includes the scope of the Mu2e Project as well as the scope included in the Muon Campus AIPs and GPPs.
	Item
	Description
	Funding Source

	Recycler upgrades
	· MI-8 to Recycler Connection
· Recycler injection kicker
	NOvA

	Recycler upgrades
	· 2.5 MHz RF system
	Recycler RF AIP

	Transfer Line Modifications
	· Recycler extraction system
· Beam transport from Recycler Ring to Delivery Ring
	Beam Transport AIP

	Recycler upgrades
	· MI-52 extension for Recycler extraction kicker power supplies
	Muon Campus Infrastructure GPP

	Delivery Ring Modifications
	· Debuncher injection kicker
· Proton abort system
· Removal of Collider equipment
	Delivery Ring AIP

	Delivery Ring modifications
	· 2.4 MHz RF system
· Resonant extraction system
	Mu2e Project

	Muon Campus Beamline Enclosure
	· Beamline tunnel to house M4 beamline elements for g-2 and Mu2e
	Beamline Enclosure GPP

	M4 Beamline
	· Beamline elements
· Extinction system
· Diagnostic Absorber
· Proton Beam Absorber
	Mu2e Project

	Conventional Construction
	· Surface Building
· Underground enclosure to house detector
· Utilities
	Mu2e Project

	Solenoids
	· Production Solenoid
· Transport Solenoid
· Detector Solenoid
· Power
· Quench protection
· Cryo distribution
	Mu2e Project

	Muon Campus Cryo Plant
	· Cryo refrigerators
· Warm lines for compressed Helium
· Cold lines to Mu2e and g-2 detector halls
	Cryo AIP

	Detector
	· Tracker
· Calorimeter
· Cosmic Ray Veto
· Stopping Target Monitor
· Trigger and Data Acquisition system
	Mu2e Project



[bookmark: _Ref268511180]

[bookmark: _Ref279085699][image: ]Figure 2.17. Two of the four Tevatron satellite refrigerators that have been installed in the MC-1 building to provide cryogenic helium for the Mu2e and g-2 experiments.
Project Organization
The Mu2e Project consists of nine subprojects coordinated by a central Project Office located at Fermilab.  The subprojects, or Level 2 systems, are:

1. Project Management
2. Accelerator Systems
3. Conventional Construction
4. Solenoids
5. Muon Beamline
6. Tracker
7. Calorimeter
8. Cosmic Ray Veto
9. Trigger and DAQ.

The Fermilab Project Office is headed by the Project Manager and assisted by a Deputy Project Manager and two Project Engineers. Project office support staff includes a Financial Manager, Project Controls Specialists, an ES&H Coordinator, a Risk Manager, a Quality Assurance Manager, a Configuration Control Manager and administrative support. Fermilab provides additional ES&H support and oversight. The Mu2e Project Office has developed detailed plans for project management, risk management, configuration control and quality assurance [8][9][10][11].
[bookmark: _Toc165011056]Work Breakdown Structure
The Mu2e Project has been organized into a Work Breakdown Structure (WBS).  The WBS contains a complete definition of the Project’s scope and forms the basis for planning, executing and controlling project activities.  The Project WBS is shown in Figure 2.18 and Figure 2.19 down to level 3. Items are defined as specific deliverables (WBS 2 – 9) or Project Management (WBS 1).
1. Project Management – Project Office administrative and management activities that integrate across the entire project (management, regulatory compliance, quality assurance, safety, project controls, budget, risk management, etc.)
2. Accelerator – All phases of R&D, design, procurement, installation, integration and testing of the accelerator systems that are part of the Mu2e Project.
3. Conventional Construction - All phases of design, procurement, construction and integration of the conventional construction facilities including site preparation and access to utility systems.
4. Solenoids – All phases of R&D, design, procurement, installation, integration, testing and commissioning of the superconducting solenoid system and associated infrastructure including quench protection and systems to distribute cryogens and power.
5. Muon Beamline – All phases of R&D, design, procurement, integration, testing and commissioning of the series of deliverables associated with the Muon Beamline system.
6. Tracker – All phases of R&D, design, procurement, assembly, installation, integration, testing and commissioning of the tracker, tracker electronics and associated support infrastructure.
7. Calorimeter – The project scope for the calorimeter includes procurement, testing and processing of 2/3 of the crystals, 1/2 of the photosensors, 1/2 of the digitizers as well as the R&D, design, construction and installation of the calibration system and the front end electronics. The rest of the calorimeter will be provided in-kind by INFN. 
8. Cosmic Ray Veto - All phases of R&D, design, procurement, assembly, integration and testing of the cosmic ray veto, the veto electronics and associated support infrastructure.
9. Trigger and DAQ - All phases of R&D, design, procurement, assembly, installation, integration, testing and commissioning of the data acquisition system.
[bookmark: _Ref146359337][bookmark: _Ref156365789][bookmark: _Toc164937026][bookmark: _Ref265148462][bookmark: _Ref265148465][bookmark: _Ref265150350][image: ]Figure 2.18. Mu2e Project WBS to Level 3 for Project Management, Accelerator, Conventional Construction, Solenoids and Muon Beamline.
[bookmark: _Toc165011057]Project Management
[bookmark: _Toc165011058]Project Controls
 The Mu2e Project is in full compliance with the DOE certified FRA Earned Value Management System (EVMS). The Earned Value Management System is used to monitor, analyze, and report project performance.  Mu2e’s EVMS implementation uses Primavera P6 scheduling software for the resource loaded cost and schedule, Cobra for escalation, burdening, and earned value reporting and analysis and Fermilab’s Oracle Project Accounting system for tracking obligations and actual costs. The Fermilab EVMS description can be accessed through the Fermilab Office of Project Management website [12]. 



[image: ]
[bookmark: _Ref268526365]Figure 2.19. Mu2e Project WBS to Level 3 for the Tracker, Calorimeter, Cosmic Ray Veto and the Trigger and DAQ.
ES&H Management
The Laboratory Director has overall responsibility for establishing and maintaining Fermilab's ES&H policy. It is Fermilab's policy to integrate environment, safety and health protection into all aspects of work, utilizing the principles and core functions of the Integrated ES&H Management System and implemented through the appropriate lines of management.  The Mu2e Project Manager reports to the Fermilab Director or his designee and is responsible for implementing Fermilab’s ES&H policies into all aspects of the Mu2e Project. The Mu2e Project Management Plan [8] includes a section on Integrated Safety Management that describes how the Mu2e Project ES&H policies fit within the DOE approved Fermilab ES&H program.

The philosophy of Integrated Safety Management (ISM) will be incorporated into all work on Mu2e, including any work done on the Fermilab site by subcontractors and sub-tier contractors. Integrated Safety Management is a system for performing work safely and in an environmentally responsible manner. The term “integrated” is used to indicate that the ES&H management systems are normal and natural elements of doing work. The intent is to integrate the management of ES&H with the management of the other primary elements of work: quality, cost and schedule. 
[bookmark: _Toc165011060]Quality Assurance
Quality Assurance and Quality Control (QA/QC) systems are designed, as part of the Quality Management Program, to ensure that the components of the Mu2e Project meet the design specifications and operate within the parameters mandated by the requirements of the Mu2e physics program.  The Mu2e Project Manager is responsible for achieving performance goals. The Mu2e Quality Assurance Manager is responsible for ensuring that a quality system is established, implemented, and maintained in accordance with requirements.  The Quality Assurance manager will provide oversight and support to the project participants to ensure a consistent quality program.

The QA/QC elements in place for the Mu2e Project draw heavily on the experience gained from similar projects in the past. Senior management recognizes that prompt identification and documentation of deficiencies, coupled with the identification and correction of the root causes, are key aspects of any effective QA/QC Program.  The Project Manager endorses and promotes an environment in which all personnel are expected to identify nonconforming items or activities and potential areas for improvement.
[bookmark: _Toc165011061]Configuration Management
Configuration Management is a formalized process to manage proposed system changes and provide an audit trail to manage and maintain the evolution of system configurations. A Configuration Management Plan establishes a baseline, defines the rules for changing that baseline and records changes as they occur.  The origin of changes and their status at any subsequent point should be readily identifiable.

The Mu2e Project uses several tools to achieve this objective, including a document control system that supports versioning and document signoff to “approve” a version, drawing management systems, and software control with a versioning and release system based on a software repository.
[bookmark: _Toc165011062]Risk Management
Project risk in Mu2e is mitigated through a structured and integrated process for identifying, evaluating, tracking, abating and managing risks in terms of three risk categories: cost, schedule and technical performance. A Risk Management Board, chaired by the Project Manager, meets regularly to identify risks and develop mitigation plans.

Any project faces both threats and opportunities and must strive to exploit the opportunities while ensuring that the threats do not derail the project.  Numerous informal and formal approaches are used to identify threats and opportunities, assessing their likelihood and prioritizing them for possible mitigation or exploitation. The key to successful risk management is to implement a deliberate approach to accepting, preventing, mitigating or avoiding them. The Mu2e Project becomes aware of potential risks in many ways, notably during work planning, meetings and reviews as well as via lessons learned from others. Risk is managed during the planning and design phase by implementing appropriate actions, such as ensuring adequate contingency and schedule float, pursuing multiple parallel approaches and/or developing backup options. Every effort must be made to specify these actions in a manner that reduces the risk to an acceptably low level.

Risks that are identified will be managed as early as possible to assure that they do not delay the timely completion of the project or stress its budget in unexpected ways. The Mu2e Risk Management Plan [9] is under configuration management.
Key Performance Parameters Required to Obtain the Expected Outcome
Project completion (CD-4) will be accomplished when the scope defined in the WBS dictionary has been completed and the apparatus has been demonstrated to be functioning to the required level by achieving Key Performance Parameters (KPP) described in the Project Execution Plan [13]. The WBS dictionary is under change control. After achieving the Key Performance Parameters, the Project Manager will request acceptance and approval of CD-4. The Key Performance Parameters are those that demonstrate functionality of the system while achievement of beam parameters required for the experimental program will be obtained after routine tuning and operation of the accelerator complex. 

Two sets of KPPs have been defined. A set of Threshold parameters define the minimum acceptable performance for CD-4 while a set of Objective parameters define the desired outcome. The Objective KPPs are costed in the performance baseline.
Cost and Schedule
The Mu2e Project cost was developed from a bottoms-up, resource-loaded cost and schedule developed in Primavera P6. The total Project cost for Mu2e is $271M. The cost, broken down by Level 2 subsystem, is shown in Table 2.2.

[bookmark: _Ref265162785][bookmark: _Ref194137116]The overall estimate uncertainty for the technical component of the Project (not counting the Level-of-Effort Project Management tasks) is 37%. The contingency is a combination of design maturity, applied activity-by-activity, and a statistical evaluation of risks and opportunities [14]. A Tier 0 milestone schedule to construct Mu2e is shown in Table 2.3. 24 months of programmatic float has been added to the estimated Project completion date to arrive at a CD-4 milestone. 

[bookmark: _Ref273956275]Table 2.2. The Mu2e Total Project Cost, by level 2 subsystem. Costs are fully burdened and escalated into actual year $k. Estimate uncertainty percentage is for the work remaining. Completed work has an estimate uncertainty of 0%. Work performed is through September 2014.
	
	Performed
	ETC
	Estimate Uncertainty
	% EU on ETC
	Total

	Project Management
	9,447
	11,221
	860
	8%
	21,528

	Accelerator
	11,533
	29,272
	8,619
	29%
	49,424

	Conventional Construction
	2,470
	18,775
	3,462
	18%
	24,707

	Solenoids
	21,307
	66,661
	20,867
	31%
	108,835

	Muon Beamline
	4,353
	15,214
	5,454
	36%
	25,021

	Tracker
	3,020
	8,503
	3,204
	38%
	14,727

	Calorimeter
	520
	4,407
	1,113
	25%
	6,040

	Cosmic Ray Veto
	1,926
	4,847
	1,645
	34%
	8,418

	Trigger & DAQ
	1,789
	3,011
	963
	32%
	5,763

	Risk-based Contingency
	
	
	6537
	
	              6537

	Total
	56,366
	161,910
	52,724
	33%
	271,000



[bookmark: _Ref137799846][bookmark: _Toc164937060]Table 2.3 Preliminary CD Milestone Schedule. Note that satisfying the Key Performance Parameters is not a CD milestone but is added to provide context for the CD-4 milestone.
	Major Milestone Events
	Preliminary Schedule

	CD-0 (Approve Mission Need)
	1st Qtr, FY10 (A)

	CD-1 (Approve Alternative Selection and Cost Range)
	3d Qtr, FY12 (A)

	CD-3a (Approve start of Long-Lead Procurement)
	3d Qtr, FY14 (A)

	CD-2 (Approve Performance Baseline)
	1st Qtr, FY15

	CD-3b (Approve start of Phased Construction/Fabrication)
	1st Qtr, FY15

	CD-3c (Approve start of Construction)
	2d Qtr, FY16

	Key Performance Parameters Satisfied
	1st Qtr, FY21

	CD-4 (Includes 24 months of programmatic float)
	1st Qtr, FY23
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