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Chapter 7: Muon Beamline
Muon Beamline
Introduction
The fundamental goals of the muon beamline are to deliver a stopped muon rate of approximately 1010 per second to the muon stopping target, located in the Detector Solenoid (DS), and to reduce the background in the tracker, calorimeter and cosmic ray veto detectors to a level sufficient to achieve the desired experimental sensitivity.

It is important to identify all possible background sources and equip the muon beamline vacuum space with elements that can produce a muon beam with the requisite cleanliness while guiding negatively charged muons to the stopping target.  The stopping target and the surrounding absorbers must be designed to maximize the capture of muons and transmission of conversion electrons to the detector while minimizing particles that can result in background. 

The muon beamline is essentially a vacuum space, which serves as a free path for negatively charged muons within the desired momentum range.  The muons spiral to the detector area along the streamline of the B-field (created by superconducting solenoid magnets). The S-shaped Transport Solenoid muon channel is surrounded with coils that form a toroidal B-field in the two curved sections and solenoidal fields in the three straight sections.  The upstream toroidal field, with strategically placed collimators and absorber, filters the particle flux producing a momentum- and charge-selected muon beam, with good reduction in contamination from charged particles: e±, μ+, π±, p and neutral particles.  A thin window resides in the central straight section of the muon beamline.  The window stops antiprotons from reaching the muon stopping target and creating background.  It also serves to separate the upstream and downstream muon beamline vacuum volumes to prevent radioactive ions or atoms from the production target from contaminating the detector solenoid volume.  The muon stopping target consists of thin aluminum discs placed in the graded magnetic field region of the Detector Solenoid warm bore.  The muons have a high probability of stopping in the muon stopping target.  Muons not stopped in the target mostly bypass the detectors and are transported to the muon beam stop.  Protons and neutrons originating from the muon capture process in the stopping target, final collimator and muon beam stop are attenuated by absorbers to minimize detector background rates.  Stray particles produced in the vicinity of the primary production target and muon beamline are suppressed from impacting the cosmic ray veto detectors by substantial shielding surrounding the muon beamline.

The muon beamline Level 2 system is responsible for a variety of items essential to the effective transmission of the muon beam and performance of the Mu2e detectors. Muon beamline (WBS 5) is subdivided into eleven Level 3 sub-projects:

· WBS 5.1 Muon Beamline Project Management
· WBS 5.2 Muon Beamline Vacuum System
· The end enclosures and the infrastructure to evacuate the upstream and downstream muon beamline
· WBS 5.3 Muon Beamline Collimator
· The collimators and antiproton absorbers that reside inside the bore of the Transport Solenoids
· WBS 5.4 Upstream External Shielding
· The muon beamline shielding external to the Production Solenoid (PS) and the Upstream Transport Solenoid (TSu)
· WBS 5.5 Muon Stopping Target
· The muon stopping target and its support frame
· WBS 5.6 Muon Stopping Target Monitor
· The muon stopping target monitor and associated infrastructure
· WBS 5.7 Detector Solenoid Internal Shielding
· Shielding internal to the Detector Solenoid (DS) primarily intended to reduce background rates incident upon the tracker and calorimeter.
· WBS 5.8 Muon Beam Stop
· Muon beam stop and supports
· WBS 5.9 Downstream External Shielding
· The muon beamline shielding external to the Downstream Transport Solenoid (TSd) and the Detector Solenoid (DS).
· WBS 5.10 Detector Support and Installation System
· The system designed to support the assembled detector train, including the muon stopping target, the DS Internal Shielding, tracker, calorimeter and muon beam stop.  This system will facilitate relative alignment of the detectors, insertion into the DS bore, and extraction from the DS bore for detector servicing when required.
· WBS 5.11 Muon Beamline System Integration

The muon beamline WBS dictionary defines the technical objectives, scope, deliverables, relationships and assumptions for these various efforts [1]. The following sections provide a summary of the requirements and technical design for the muon beamline elements. Interfaces with the other Level 2 subsystems are documented in [2].


Vacuum System
[bookmark: _Ref391119076][bookmark: _Ref391118616]The muon beamline vacuum system consists of two distinct vacuum volumes that are physically separated by a sealed vacuum window located between sections of the Transport Solenoids as indicated in Figure 7.1.
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[bookmark: _Ref391216567]Figure 7.1. Overview of the Mu2e solenoids highlighting the location of the antiproton stopping window assembly located at the interface between the TSu and TSd. 
This vacuum window also serves as an antiproton stopping window [3].  (Additional details can be found in Section 7.3.)  The upstream vacuum volume is defined by the stainless steel inner cryostat wall of the Production Solenoid, the Heat and Radiation Shield (HRS), plus the stainless steel inner cryostat wall of the upstream Transport Solenoid (TSu).  For convenience we denote this space as PS+TSu.  The downstream vacuum volume is defined by the stainless steel inner cryostat walls of the downstream portion of the TS (TSd), and the Detector Solenoid (DS).  For convenience we denote this space as TSd+DS.

Under normal operating conditions, the operating pressure shall be maintained at or below the required vacuum levels listed below.  The pressure in the PS+TSu is set by target lifetime criteria.  The requirement on the pressure in the TSd+DS is intended to minimize secondary interaction in the detector volume.  The time required to pump down from one atmosphere to the required pressure in both the upstream and downstream vacuum volumes is expected to be on the order of one week.

Both vacuum volumes will need to be prepared and cleaned using standard high vacuum cleaning practices in order to achieve the required vacuum levels.  However, neither the PS+TSu nor the TSd+DS have stringent operational cleanliness requirements. That means that minor oil contamination from the vacuum pumps will be acceptable.  These volumes do not require accelerator quality vacuums or integrated silicon chip manufacturing cleanliness standards in operation.

A performance analysis of the muon beamline vacuum system is provided in Section 7.2.2.  High vacuum pumps used for the PS + TSu volume will be located in magnetic fields on the order of 500 Gauss.  There is little concern that the magnetic field in the PS region will be adversely affected by magnetic material in the vacuum pumps located in the remote handling room.  Therefore, these pumps and associated valves and instrumentation do not need to be non-magnetic as long as the equipment can function in those fringe fields and magnetically induced mechanical forces on those objects can be addressed.  Because the pumps used for the PS + TSu volume will be located several meters from the PS vessel, the pumping speed (and therefore the ultimate system pressure) is greatly affected the line diameter and length.  This line will need to be at least 0.6 meter in diameter.

Gas load contributions due to material outgassing, permeation across the vacuum boundary, leaks from the multiple vacuum windows, leaks from the many feed-throughs in the vacuum enclosures, and leaks from the detector straw tubes have been estimated and used to size the high vacuum pumps.  Bake-out of the assembled vacuum system components is impractical. Therefore, outgassing rates used in this assessment are based on minimally cleaned, non-baked surfaces.
Requirements
The requirements for the muon beamline vacuum system are provided in [4] and can be summarized as follows:

· Required vacuum level:
· PS + TSu;  1 x 10-5 torr
· DS + TSd;  1 x 10-4 torr
· Required vacuum pump down time:
· PS + TSu; approximately 100 hours
· DS + TSd; approximately 100 hours
· Magnetic field anticipated in vicinity of high vacuum pumps:
· PS + TSu; approximately 500 Gauss
· DS + TSd; approximately 600 Gauss
· Magnetic field anticipated in vicinity of backing and roughing vacuum pumps:
· PS + TSu; approximately 100 Gauss
· DS + TSd; approximately 100 Gauss
· Required pre-operational cleanliness for vessels:
· PS + TSu; standard high vacuum cleaning and degreasing
· DS + TSd; standard high vacuum cleaning and degreasing
· Required operational cleanliness:
· PS + TSu; minimize, but not eliminate vacuum pump oil back-streaming
· DS + TSd; minimize, but not eliminate vacuum pump oil back-streaming
· Appropriate windows and access ports must be provided as part of the enclosure for the Production Solenoid
· Appropriate window, ports and feedthroughs must be provided as part of the enclosure for the Detector Solenoid
· Vacuum lines (and other services) should be located to minimize penetrations in the detector shielding
· Penetrations to the transport and detector solenoids should if at all possible come through the bottom, and if they cannot be through the bottom, then they should be away from the target region.  In no cases should they penetrate the top [5].

Few, if any components of the vacuum system will be ASME code stamped since the ASME code applies to pressure vessels designed with an internal pressure of at least 15 psig.  The Mu2e vacuum vessels will not be designed for such a high internal pressure.  However, the external pressure criteria in the ASME Boiler and Pressure Vessel Code Section VIII, Division 1 will be applied to the vacuum vessels to ensure the vacuum vessels will not collapse.  Applying the external pressure portions of the ASME pressure vessel code to the vacuum vessels is in accordance with the standards of the Fermilab Engineering Manual [6] and Fermilab ES&H Manual (FESHM) [7], particularly the Vacuum Vessel Safety chapter 5033 [8].  Some welding details critical to good vacuum practice (avoiding trapped volumes) do not meet the ASME code requirements for pressure vessels and therefore preclude code stamping of the vacuum vessels.  Vacuum windows (thin membrane used for allowing the beam to enter the vessels, not optical windows) will meet FESHM chapter 5033.1 – Vacuum Window Safety [9].

An appropriately sized relief valve will be required on each vacuum volume to prevent the volume from being pressurized.
[bookmark: _Ref391285655]Technical Design
The vacuum system must be sized and located to address the above cited requirements.  The anticipated gas loads are a key factor is this assessment. Outgassing data rates use published literature values for minimally prepared samples. Where values in the CDR version of the requirements document 1481 are more optimistic than published values, the published values will be adopted. Where insufficient published data exists (borated polyethylene) outgassing measurements will be made.  

· Gas Loads after one hour for the two vacuum volumes calculated by applying the material outgassing rate per unit area times the estimated area in each volume:
· PS + TSu; 0.9468 torr-l/sec.
· DS + TSd; 32.06 torr-l/sec.

	Material
	q1 Value in Mu2e doc 1481-v4[10] 
	q1 Value in O’Hanlon [11] or Dayton[12]
	 Published q1 Value converted 

	
	Torr-liters /second-cm2
	W/m2
	Torr-liters /second-cm2

	Stainless steel
	8.28e-9
	2333e-7
	1.75e-7

	Tungsten

	5.19e-9
	5.33e-4
(Dayton)
	4.0 e-7
(Dayton)

	Copper

	4.01e-8
	5.33e-5
	4.0 e-8


	Aluminum

	6.22e-9
	84 e-7
	6.3e-9

	Lead

	1e-7
	No value given
	n/a


	Kapton
	1.9e-7
	No value given
	n/a

	Polyethylene

	2.0e-7
	
	2.30 e-7
(Elsey) [13]



PS+TSu Vacuum
Realistic Ultimate pressure Calculations of the PS+TSu considering Conductance Values:

Calculate the net pumping speed for the high vacuum mounted with a 10 meter long, 0.6 meter diameter tube using air as the gas at 22 C temperatures:

From O’Hanlon equation (3.21) [11], the conductance of an aperture is:

C aperture (l/s) = 11.6 * Area (in cm2)
For a 0.6 meter diameter aperture, A = π/4 * (602 cm2) = 2827 cm2
C aperture (l/s) = 11.6 * 2827 = 32,798 l/s

From O’Hanlon equation (3.26) [11], the conductance of a long tube is:

C long tube (l/s) = 12.1 * D3 (cm3) / Length (in cm)
For a 0.5906 meter diameter tube, 10 meters long, 
C long tube (l/s) = 12.1 * 59.063 (cm3) / 10*100 (in cm) = 2492 l/s

Net pumps speed at the chamber for a 10,000 l/s pump (combined speed of a 20,000 l/s pump and a cold trap) and a 4949 l/s conductance is:
1 / S net = 1/ S pump + 1/ C total
1/S net = 1/10000 + 1/2492
S net = 1880.5 l/s

For the PS+TSu at 1 hour:
P = Q / S = pressure (torr) = 5 x 10-4 torr
Where, 
Q = gas load torr-liters per second = 1 torr-liters per second
S = pump speed (net at the boundary of the chamber = 1880 l/s)

For the PS+TSu at 10 hours:
P = Q / S = pressure (torr) = 5 x 10-5 torr
Where, 
Q = gas load torr-liters per second = 0.1 torr-liters per second
S = pump speed (net at the boundary of the chamber = 1880 l/s)

For the PS+TSu at after many, many hours when outgassing is negligible:
P = Q / S = pressure (torr) = 5 x 10-6 torr
Where, 
Q = gas load torr-liters per second = 0.01 torr-liters per second
S = pump speed (net at the boundary of the chamber = 1995 l/s)
DS+TSd vacuum
Realistic calculations of the DS+TSd considering conductance values:

Calculate the net pumping speed for the high vacuum mounted with a 0.4 meter long short tube using air as the gas at 22 C temperatures:

From O’Hanlon equation (3.21) [11], the Conductance of an aperture is:
C aperture (l/s) = 11.6 * Area (in cm2)
For a 0.4 meter diameter aperture, A = π/4 * (402 cm2) = 1256 cm2
C aperture (l/s) = 11.6 * 1256 = 14,576 l/s

Note that the conductance of an aperture is the maximum conductance.  As noted on O’Hanlon page 35 [11], any structure longer than an aperture will have a lower conductance.
 
From O’Hanlon equation (3.26) [11], the conductance of a short tube is:

C short tube (l/s) = 11.6 * a * Area (in cm2)
For a 0.4 meter diameter aperture, A = π/4 * (40^2 cm2) = 1256 cm2
The value “a” comes from a transmission probability (see table 3.1 in O’Hanlon [11]).  For l/d = 1.0, “a” = 0.514
C short tube (l/s) = 11.6 * 0.514 * 1256 = 7,492  l/s

Combined conductance for a short tube and an aperture (see O’Hanlon eqn. 3.24) [11]:
1 / C total = 1/ C tube + 1/ C aperture
C total = 4948.8 l/s

Net pumps speed at the chamber for a 6000 l/s pump and a 4949 l/s conductance is:
1 / S net = 1/ S pump + 1/ C total
1/S net = 1/6000 + 1/4949 
S net = 2712 l/s
Use two pumps in parallel, so the combined speed is 2 * 2712 l/s = 5424 l/s

For the DS+TSd at 1 hour:
P = Q / S = pressure (torr) = 5.9 x 10-3 torr
Where, 
Q = gas load torr-liters per second = 32 torr-liters per second
S = pump speed (net at the boundary of the chamber = 5424 l/s)

For the DS+TSd at 10 hours:
P = Q / S = pressure (torr) = 5.9 x 10-4 torr
Where, 
Q = gas load torr-liters per second = 3.2 torr-liters per second
S = pump speed (net at the boundary of the chamber = 5424 l/s)

For the DS+TSd after many, many hours when outgassing is negligible:
P = Q / S = pressure (torr) = 5.9 x 10-5 torr
Where, 
Q = gas load torr-liters per second = 0.32 torr-liters per second
		S = pump speed (net at the boundary of the chamber = 5424 l/s)

Piping and Instrumentation Diagram
A piping and instrumentation diagram for the muon beamline vacuum system is available in Figure 7.2. The high vacuum pumps are expected to be diffusion pumps.  A view of the proposed implementation of the PS+TSu high vacuum system is shown in Figure 7.3.


[image: ]
[bookmark: _Ref391294774]Figure 7.2. Vacuum System Piping and Instrumentation Diagram [14].
[image: ]
[bookmark: _Ref391294783]Figure 7.3. View of the production solenoid region (from the north west) illustrating the location of the PS+TSu high vacuum pumps and associated ductwork.  The PS is surrounded by shielding.  TSu is visible on the left hand side of this figure.
Vacuum Vessel Enclosures
Two vacuum vessel assemblies are included in this system: the Production Solenoid enclosure, PSE and the Detector Solenoid enclosure.  The DS enclosure is composed of two elements:  the VPSP (vacuum pump spool piece) and IFB (Instrument Feedthrough Bulkhead).

Both vessel assemblies are stainless steel shells. Both require design and analysis to show they will restrain the vacuum loads in accordance with the safety standards (FESHM 5033) and applicable portions of the ASME boiler and pressure vessel code.  The DS Enclosure will require a seal between the VPSP and the IFB.  The radiation environment will need to be considered in the selection of the seals.  Flange bolting will depend on the seal requirements.
Pump-Down Sequence
In order to achieve the operating pressures a series of stages must be taken:
Stage 1:  Operate the roughing pumps to reduce the pressure to less than the allowable pressure across the antiproton stopping window assembly at the TSu/TSd interface. Use a control system to open and close valves on the PS and or DS side in order to avoid a differential pressure across the anti-proton stopping window.  Rough the diffusion pumps at the same time.
Stage 2: After achieving a pressure less than the maximum allowable differential across the antiproton stopping window assembly at the TSu/TSd interface, operate the roughing pumps until the pressure stops decreasing.  Continue to evacuate the diffusion pumps.
Stage 3: Energize the heaters on the diffusion pumps with the inlet valve closed. Cool down the cold traps. Once the diffusion pumps are up to temperature and the cold traps are ready, close the roughing line to the vessel and open the diffusion pump inlet valves.
Vacuum System Controls
Vacuum equipment is nearly always on-off type control.  This applies to pump and valves.
Since vacuum equipment uses on-off control, proportional, integral, and derivative control (P-I-D) algorithms are not required.
Prior to selecting hardware for implementing the control logic, a written interlock description must be prepared to correctly identify the I/O and logic complexity. 
Controls for the vacuum system should be implemented in a manner similar to the implementation of other controls used on Mu2e.
Programmable Logic Controllers should be selected to be compatible with PLC’s that the Fermilab group assigned responsibility for long term operation of the experiment is already using and prepared to maintain for the duration of the experiment.
Because the logic used for vacuum equipment is very simple, implementation on a PLC may not be essential, however, PLC usage allows a human-machine interface (HMI) that provides graphical displays similar to those on other systems.
Risks
The greatest risk related to the vacuum system is that the gas loads are found to exceed the estimates used to size the high vacuum pumping system.  The VPSP will be designed with additional hillside ports to accommodate additional pumping capacity if required.
The failure risk for windows designed to conform to FESHM 5033.1 should be low to moderate.  After completion of the final assembly and leak checking (which will occur after the magnetic field mapping [15]), the risk of additional leaks is expected to be low.
[bookmark: _Ref391298797]Quality Assurance
Quality Assurance will follow the Fermilab Quality Assurance Manual (QAM) [16] and the Requirements of the Fermilab Engineering Manual (FEM) [6].  The following process will be followed:

· Designs will be developed and documented in engineering notes and drawings by the originators.
· Engineering notes will be reviewed and checked by a second, competent individual.
· Drawings will follow the checking, approval and release process.
· Material requisitions will be prepared based on the sizing and requirements developed in the engineering notes and drawings.
· Purchasing will generate purchase orders based on the requisitions.
· Received and delivered material will be inspected, usually by the design engineer, for conformance to the purchase orders, requisitions, drawings and engineering note calculations.
· When formal quantitative inspections are required due to application of the “Graded Approach” chapter in the QAM, the need will be described in the applicable engineering note and the design engineer will arrange for qualified individuals to perform these inspections.  Helium Mass Spectrometry leak testing of vacuum vessel shells is an example of a quantitative inspection necessary to confirm the maximum leak rates assumed in the design calculation are achieved and the actual gas load due to leaks is below that used in the system sizing.
Installation and Commissioning
The installation of most muon beamline vacuum system components will occur as part of the project.  Final installation of the end cap enclosures as well as commissioning and initial operation will occur after CD-4 due to magnetic field mapping schedule constraints [15].

All vacuum pumps, electrical power and controls and cooling utilities will be installed to the greatest possible extent during the construction portion of the project.  Systems will be tested, leak checked, and instrumentation calibrated. As much of the vacuum ductwork as possible will be installed and leak tested.  

Spatial constraints in the Mu2e building will require the scheduling of the muon beamline vacuum components with other work within the building.  The muon beamline vacuum components installation will be scheduled around work for systems that set the critical path.  
[bookmark: _Ref391285477]Muon Beamline Collimators
The muon beamline collimators, in conjunction with the Transport Solenoids, will maximize the transport of negative muons that stop in the stopping target in the Detector Solenoid (DS) and strongly suppress all other particles delivered to the DS.  As illustrated in Figure 7.4, there are four collimators located within the warm bore of the muon beamline transport solenoids.  


[bookmark: _Ref391124477][image: ]Figure 7.4. Overview of the muon beamline highlighting the locations of the collimators positioned within the warm bore of the Mu2e Transport Solenoid cryostats.
The muon beamline collimators filter the beam as it passes through the Transport Solenoids (TSu and TSd), selecting muons of the desired charge and momentum range to optimize the probability of their capture in the muon stopping target.  This selection is achieved by a vertical offset of the apertures in the two collimators (COL3u and COL3d) with respect to the horizontal center plane to take advantage of “curvature drift” in the two transport solenoid bends formed by the two toroidal sections (see Figure 7.5).  In this curved B-field negatively charged particles are deflected upward in the first curved section, and pass through the offset apertures in COL3u and COL3d, and are deflected back onto the nominal beam line in the second curved section [17][18].  Since the drift direction depends on the charge, positively charged particles are driven downward in the first curved section and stopped in COL3u and COL3d.  The extent of a particle’s vertical displacement at the TSu/TSd interface is momentum dependent, thus the size and location of the vertical aperture will also select the beam by momentum.  COL3u and COL3d are designed so that they can be rotated on demand to efficiently transport positive muons in that rotated configuration to facilitate the collection of detector calibration data.

In addition to the role of beam filter the upstream collimator, COL1, protects the first several TS coils from radiation originating in the production target.


[bookmark: _Ref391296367][bookmark: _Ref391220072][image: ]Figure 7.5. Cutaway view of the Transport Solenoids and the collimators COL3u and COL3d showing the offset apertures in those collimators.  The upper spiraling negative muons (red) pass through the aperture while the positive muons (blue) are stopped by these collimators.
The detector area is required to be shielded from neutron background.  This is the primary purpose for introducing COL5 in the Mu2e muon beamline and as seen in Figure 7.4, COL5 is located near the upstream end of the DS.

A thin window assembly is installed between COL3u and COL3d to absorb antiprotons in the beam and to separate the muon beamline vacuum space into independent upstream and downstream volume.  More recent studies have indicated that an additional thin absorber will also be required to sufficiently suppress backgrounds from high energy antiprotons [19]. This window is proposed to be mounted near the upstream end of COL1, and is referred to here as the COL1 antiproton window. 
Requirements
The Mu2e system of collimators, in conjunction with the TS magnet system, will maximize the transport of negative muons that stop in the stopping target in the Detector Solenoid (DS) and strongly suppress all other particles delivered to the DS. As described in [20], the collimators and the antiproton stopping windows are required to:

· Charge and momentum select particles, preferentially muons from the beam
· Absorb antiprotons at the stopping windows
· Inhibit migration of radioactive molecules downstream into the detector solenoid 
· Protect the detectors from neutron background and low momentum muons which might not hit the stopping target
· Reduce particle debris incident upon TSu originated from the production target

The primary purpose of the collimators is to select charge and momentum by exploiting the drift, perpendicular to the plane of the S-shaped TS magnet, in opposite directions by positive and negative charges.  In the upstream curved solenoid portion, as shown in Figure 7.5, the spiraling positive (blue) and negative (red) muons are deflected downwards and upwards respectively, by amounts that depend on their momentum.  The vertical displacement midway through the S-shape TS magnet is:


 

where: e is the magnitude of the charge of the electron, and PL (PT) is the component of the momentum along (transverse) the magnetic field.  The particles also execute fast gyrations with radius:


 

Using the above equations the collimators can be designed to filter the beam favoring low-momentum particles.  The collimators need to be optimized to remove or heavily suppress electrons above 100 MeV. By using rotatable collimators (COL3u and COL3d) with offset apertures the selection cited above can be achieved.  These collimators will allow passage of the low momentum negative particles, including the desired low momentum negative (or positive – if the collimators are rotated 180 degrees) muons and strongly suppress positives (or negatives). The particle trajectories are re-centered on the solenoid axis by the second curved section of the TS.

Antiprotons (p-bar), if allowed to continue on to the muon stopping target, would produce a serious physics background [21].  There are several ways to decrease p-bar induced backgrounds.  The Mu2e approach is to introduce thin windows in the transport solenoid region.  The windows need to be thick enough to reduce the probability for p-bar passage through the windows but also thin enough to not substantially decrease the muon yield.  Secondary particles emerging from the antiproton windows need to be filtered out.  These requirements will drive the locations and sizes of the antiproton windows.  The antiproton windows should not be placed further downstream than the TSu/TSd interface.  Requiring an antiproton window near the upstream end of COL1 and at TSu/TSd interface sandwiched between COL3u and COL3d will satisfy the above requirements [19]. 

Radioactive molecules will be generated in the production solenoid area. These molecules can be long-lived and with time they can migrate downstream to the detector area producing undesirable physics background.  To prevent this migration the upstream PS+TSu vacuum volume will be isolated from the downstream TSd+DS vacuum volume by the antiproton stopping window assembly at the TSu/TSd interface, which will be a vacuum tight separator as well.  This vacuum window assembly needs to suppress molecule diffusion through the window material.  
Technical Design
The collimators will be supported by the inner walls of the TS cryostats and the flanges of those cryostats.  The collimators will each be assembled into individual housings that will have rollers to facilitate insertion inside the Transport Solenoid cryostat bores and flanges to connect the collimator housings to the TS cryostats thus providing support for the collimators.  The insertion clearance between the outside diameter of each collimator housing and the inner TS cryostat wall should be 1-2 mm radially. 

There are two types of collimator assembly configurations, the stationary collimators (COL1 and COL5), and the rotatable collimators (COL3u and COL3d). Several parameters of these collimators are summarized in 

Table 7.1. 
Stationary Collimators---COL1 and COL5
[bookmark: _Ref391214330]COL1 and COL5 are illustrated in Figure 7.6 and Figure 7.7.  The specified collimator material will be assembled into a stainless steel container that serve as the housing for the collimator.

Table 7.1.  Main parameters of the muon beamline collimators.
	Collimator Name
	Inner Bore Radius
(cm)      
	Outer Radius
(cm)
	Length
(cm)
	Material 
	Mass
(kg)

	COL1
	15.0
	24.0
	100.0
	Cu , C
	1020

	COL3u
	15.0/10.0
	24.0
	80.0
	Cu
	1012

	COL3d
	15.0/10.0
	24.0
	80.0
	Cu
	1012

	COL5
	12.8
	24.0
	100.0
	Polyethylene
	248




[bookmark: _Ref391220396][image: ]Figure 7.6. View of the COL1 as seen from the upstream end, illustrating the individual copper pieces inserted into the stainless steel housing.  Note the segmented innermost graphite layer.

The preliminary design of COL1 uses trapezoid shape copper bars to form the collimator body and the segmented graphite shells for the innermost layer of the collimator.  Each copper bar and graphite shell will be individually wrapped in glass insulating tape and vacuum impregnated after insertion inside the stainless steel housing.  This procedure will mechanically and thermally connect all parts together and eliminate voids inside the collimator body, which is important for performance in the muon beamline vacuum.  
[image: ]
[bookmark: _Ref391220411]Figure 7.7. View of COL5 as seen from below, highlighting the insertion rollers embedded in the stainless steel collimator housing.

COL1 serves dual functions.  Besides filtering high momentum particles it also reduces the particle flux into the TSu coils.  The unwanted energy from this particle debris that is deposited in the TSu coils could ultimately lower the quench limit of the superconducting solenoid magnet.  COL1 must be optimized together with any additional shielding material that may introduced into the bore of the TSu to reduce the peak power density deposited into the TS coils to less than 5 μW/g at the highest proton beam intensity.  Current estimates of the anticipated power density at the TS1 coil are about 0.5 μW/g [22].  

Although the heat loads in COL1 are quite modest in comparison to those in the Production Solenoid [22], the COL1 design needs to accommodate them.  Heat generated in the inner collimator parts due to incident radiation will be distributed through the body of the collimator because of the epoxy impregnation of all parts that will improve thermal connections between part surfaces in vacuum conditions.  The intent is to rely upon only passive cooling for COL1.

The electrical isolation of the individual trapezoid shape copper bars will reduce the eddy-currents during a quench of the solenoid and reduce the axial magnetic forces as well.  This collimator will be located inside the warm bore of the TSu and the flange of the stainless steel housing will be tightly bolted to the flange of the upstream end of the TSu cryostat to transfer axial forces.

Recent efforts to further suppress antiproton transmission [19] incorporated an additional 20cm long arc of graphite at the downstream end of COL1 as illustrated in Figure 7.8.  This additional material extends inward to a radius of 12cm, from Z=-325.4cm to Z=-305.4cm in the Standard Mu2e Coordinate System [23], covering the lowest 120 degrees in phi.

COL5 will have a polyethylene body, which will serve as an effective shield for the neutron backgrounds. Polyethylene rings will be machined and installed inside the stainless steel housing.  Four insertion rollers are integrated into the bottom side of the collimator housing to facilitate insertion of the collimator into the TSd solenoid warm bore.  The view of the collimator in Figure 7.7 is rotated by ~90 degrees around the beamline axis to show these insertion rollers.

The materials employed in the fabrication of the collimators must withstand the anticipated radiation dose.  The absorbed dose in the COL1 is estimated to be ~1.1MGy/yr. [24]. The absorbed dose in the vicinity of COL5 is estimated to be ~0.2MGy/yr. [25].  At this level of radiation dose, the polyethylene in COL5 is expected to perform acceptably [26].
[bookmark: _Ref391220257][image: Description: Screen shot 2014-05-02 at 12.16.56 PM.png]Figure 7.8. Cutaway view of the PS and the upstream end of TSu, showing COL1 (in red and yellow) with the additional graphite insert at the downstream end of COL1 highlighted in yellow. 
Rotatable Collimators---COL3u and COL3d
The copper body of the COL3u and COL3d (see Figure 7.9 and Figure 7.10) will be fabricated in a manner very similar to COL1, and the bodies will be assembled and epoxy impregnated inside inner housings. The inner housing will be inserted inside an outer stainless steel container and supported by two bearings.  The inner housing and collimator body will be capable of rotating with respect to the outer container.  

A large gear will be attached to the inner housing of each of these collimators to provide azimuthal rotation of the inner housing containing the collimator with respect to the outer container that will be attached to the TS cryostat by the container flange.  This rotation will be driven by electrical servomotors (see Figure 7.11) and will be electronically controlled for proper positioning.

There is 54 mm space between cryostat flanges of the TSu and TSd magnets and part of this space is devoted to a drive mechanism for a small spur gear that will engage the large gear attached to the collimator inner housing. A servomotor will drive the small gear via a drive shaft that passes through a vacuum feedthrough in the TS cryostat. 

A cut-away view of COL3u, antiproton stopping window assembly and COL3d inserted into the Transport Solenoids is shown in Figure 7.11.

[bookmark: _Ref391220086][image: ][image: 0652_001]Figure 7.9. Cross-sectional view of the central collimators COL3u and COL3d showing the dimensions of the aperture (with the aperture oriented in the position to transmit positive muons).

[bookmark: _Ref391220439]Figure 7.10. Preliminary design of the collimators COL3u/COL3d.

The materials employed in the fabrication of the collimators must withstand the anticipated radiation dose.  The absorbed dose in the vicinity of COL3u and COL3d is estimated to be ~0.5MGy/yr. [25].  

[bookmark: _Ref391220154][bookmark: _Ref391236083][image: ]
[bookmark: _Ref391298214]Figure 7.11. Preliminary design of the collimators COL3u and COL3d assembly inside TS cryostat shown in an exploded view above and in an assembled cross section view.  Also note the antiproton stopping window assembly.
Antiproton windows
The anti-proton stopping window assembly positioned between COL3u and COL3d is shown in Figure 7.11. The profile of that window was optimized in a study reported in [3].  As cited above, an additional thin absorber to be mounted near the upstream end of COL1 will also be required to sufficiently suppress backgrounds from high energy antiprotons [19]. 
The thin window at the TSu/TSd interface is currently specified as a beryllium plate whose thickness is 200m below the nominal aperture (with the collimators oriented to transport negative beam).  The thickness of the window increases to a maximum of 1301m above the top of the collimator aperture [19].  This beryllium window will be installed in the center of the stainless steel support disc (see Figure 7.11).  Vacuum tight seals of the window are provided by a flange.  The operating pressure inside the bore upstream of the antiproton stopping window assembly at the TSu/TSd interface is specified to be 10-5 torr [4].  Downstream of that antiproton stopping window assembly the operating pressure is specified to be 10-4 torr [4].

The version of the COL1 antiproton absorber, as represented in the most recent simulations [19], is a 350 m thick kapton window. This window is centered on the muon beamline and positioned just 1mm upstream of COL1. The diameter of this window is 30cm.  Due to the radiation levels expected in this region, a more robust material should be adopted in the final configuration.  Aluminum and beryllium are candidates for the window material.  The 1mm gap is also likely to be modified since it serves to baffle the pump down of the TSu region.
Risks
The most significant risk in the collimator system are likely to be operational risks associated with the rotation of the collimators (problems during rotation or loss of orientation), the insertion of the antiproton stopping window assembly at the TSu/TSd interface, or the difficulties with the COL1 antiproton absorber. The collimator rotation mechanism will be tested in advance to ensure that it is fully functional.  The collimators will be designed to ensure that the orientation can be re-established, and the possibility of ports to directly inspect the orientation will also be investigated.
Quality Assurance
Quality Assurance will follow the Fermilab Quality Assurance Manual (QAM) [16] and conform to the requirements of the Fermilab Engineering Manual (FEM) [6], similar to the procedures outlined in Section 7.2.4.
Installation and Commissioning
Collimators
The collimators will be installed inside the TSu and TSd cryostat bores prior to delivery of the TS assemblies to the Mu2e detector hall. Magnetic field mapping instrumentation [15] will need to be installed in the collimators prior to insertion of the collimators into the Transport Solenoid. 

Radiation exposure and activation of collimator components will need to be monitored before servicing or removal of components.  Studies of anticipated dose [25] and dose rate [27] are underway.

Access to the collimators after the muon beamline is established would be a long and complicated process.  As a consequence, the collimators will be designed so that access for service is not required during the lifetime of the experiment.
Antiproton Windows
Due to plans for magnetic field mapping, the antiproton windows are not expected to be installed until the field mappings are complete [15].

Installation and removal of the antiproton stopping window assembly at the TSu/TSd interface requires opening the TSu/TSd bellows connection by about 5mm and extracting the window assembly from between solenoids.  The window support disc will have seals on each side located close to external diameter for the vacuum sealing to the TS cryostat flanges. This antiproton stopping window assembly (which also serves as a vacuum window) must be serviceable and/or replaceable to address the remote possibility of window failure. It is expect that disassembly and removal of the antiproton stopping window assembly might be accomplished within three working days.  However, access to this window will require removal of upstream Cosmic Ray Veto and a substantial amount of shielding, which will take additional time and effort, and these items will need to be re-installed to resume operation. Consequently, the intent is to minimize the need to access the antiproton stopping window assembly at the TSu/TSd interface.
[bookmark: _Ref391315827]Upstream External Shielding
The upstream external shielding of the Muon Beamline surrounds the Production Solenoid and isolates the primary proton beamline from the Detector Solenoid hall while shielding the Cosmic Ray Veto (CRV) from radiation generated at the production target located in the PS and resulting from the secondary beam transported by the upstream Transport Solenoid (TSu).  The primary purpose of the Upstream External Shielding is to shield the Mu2e detectors, reducing the rate of neutron and gamma background impinging on the CRV to an acceptable level.  This shielding also serves to isolate the primary proton beamline from the downstream muon beamline, dividing the lower level of the Mu2e Experiment Hall into two independent zones.

The current configuration of this shielding is composed of 138 tons of reinforced normal density concrete and 243 tons of reinforced higher density (barite) concrete.  This concrete is supported by the lower level floor of the Mu2e Experiment Hall.  The shielding as implemented in the current simulation is illustrated in Figure 7.12.  

Additional information on recent Fermilab experience with barite and barite concrete is summarized in [28]. 
[bookmark: _Ref391320755][image: ]Figure 7.12. Overview of Mu2e Muon Beamline illustrating the Upstream External Shielding elements designed to limit the radiation rates from the primary proton target incident on the Cosmic Ray Veto as implemented in the current simulation.  Normal density concrete is shown in grey, while high density (barite) concrete is shown in blue.
Requirements
The Mu2e experiment will require a negative muon beam, stopping muons in an aluminum target and search for evidence of the neutrinoless conversion of stopped muons into electrons in the field of a nucleus [29].  During muon production, besides the required negatively charged muons, many other particles are created.  The primary purpose of the TS magnets and collimator system is to perform charge and momentum selection on the particle flux exiting the PS.  The S-shaped beamline is quite an effective filter of neutral particles however, to even further reduce the flux of particles headed downstream, additional shielding is required around the solenoid system.  The amount and type of shielding required for the desired detector performance is dependent upon the configuration of other materials in the path of the emerging particles (such as the HRS [30]), as well as on the sensitivity of the particle detectors being shielded.

The primary purpose of the upstream external shielding around the PS and TSu is to reduce the rate of particles incident on the Mu2e detectors, and the requirements for the upstream external shielding are described in [31].  The rate incident upon the Cosmic Ray Veto must be suppressed to a low enough level to support efficient operation of the CRV, so that potential sources of background due to incident cosmic rays can be identified and suppressed by the CRV.  The simulations have gone through numerous generations in an effort to arrive at a configuration that provides sufficient shielding capability implemented in (relatively) affordable materials. A recent version of results from the shielding simulation including CRV rates is available in [32].  The current understanding of the CRV rate requirements and results of implementing CRV detector response can be found in Chapter 10 and in [33], which also relies on parameters specified in [34].  An overview of the methods used to evaluate the CRV response is provided in [35].  An update on the most recent design of the shielding resulting from the simulations studies intended to match to the details of the civil construction plans is available in [36].  Simulations have illustrated the sensitivity of the CRV to significant gaps in coverage [37]. Efforts must be made to minimize open penetrations and direct line-of-sight cracks wherever feasible.  

The upstream external shielding also isolates the primary proton beamline from the DS hall, providing a natural radiation zone break and serves as an element of the airflow control system for the Mu2e Experiment Hall.

The upstream external shielding is entirely external to the muon beamline.  The temperature expected in this area is between 20 and 30 degrees Celsius (between 68 and 85 degrees Fahrenheit) [38]. Material must be dimensionally stable and maintain structural integrity over the operating life at these temperatures.
  
The reinforced concrete assemblies must be demonstrated to be stable under anticipated operating conditions, including the forces resulting from the solenoid fields.  The design must also take into consideration appropriate seismic related constraints.
Technical Design
The upstream external shielding surrounds the upstream portion of the Mu2e muon beamline, isolating the primary beamline from the DS detector hall, reducing the particle flux on the Mu2e detectors.  The upstream external shielding is composed of several elements as illustrated in Figure 7.12.

The PS External Shielding (shown in Figure 7.13) is currently composed of 22 inch thick reinforced concrete surrounding the sides and the top of the PS. The top of this shielding is 174 inches above floor level (Y), and the shielding is 207 inches long (Z), for a total mass of 90 tons. The cryo services to the PS penetrate this shielding in the south east corner just under the top of the shielding. An additional relief in this shielding may be required to accommodate the upstream muon beamline vacuum line.

[bookmark: _Ref391321383][image: ]Figure 7.13. Overview of the Mu2e muon beamline highlighting components of the upstream external shielding as implemented in the current simulation (in grey for normal density concrete and dark blue for high density concrete) and the Cosmic Ray Veto (in light blue covering the downstream external shielding).
The TSu External Shielding is primarily high density (barite) concrete surrounding the downstream end of the TSu.  The shielding is anticipated to be composed of 152 inch tall (Y) upright columns (shown triangular in profile in Figure 7.13 as per the current simulation), and 152 inch tall (Y) rectangular columns on each side of the TSu (for a total of 111 tons) and a high density concrete beam (39.5 inches wide (X), 23 inches tall (Y) and 264 inches long (Z), 15 tons) placed across the rectangular columns.  In addition, there is currently a 24 inch wide (X), 132 inch tall (Y), and 15 inch long (Z) 3 ton barite concrete column in the north west corner between the PS External Shielding and the west TSu External Shielding column.  This column is shorter than its neighbors to accommodate passage of services into the west wall relief.  Note that the TSu services are routed near the ceiling, and pass above the PS external shielding.

The space below TSu between the TSu support stands is not yet fully defined and will likely be difficult to access. It is currently expected to be filled with perhaps 2 tons of poly beads (either bagged or retained via an aluminum or stainless steel frame), estimated at about half the density of poly and located approximately as indicated in Figure 7.13.

The West Wall Shielding completes the coverage of the relief in the west wall through which the cryo and vacuum services will be routed from the alcove below the Solenoid and Power Supply Room to the PS and TSu, and provides additional shielding of the Mu2e detectors from the radiation emerging from the primary proton target located in the PS. The West Wall Shielding is currently composed entirely of high density (barite) concrete, but based upon available simulation results, it is anticipated that perhaps some of this wall may eventually be shielded using normal density concrete. The west wall shielding is currently 264 inches long (X), 175 inches tall (Y), and 38.5 inches thick (Z), for a total of 113 tons. The precise dimensions of this West Wall Shielding must be revisited once the dimensions of the CRV and its support scheme have been finalized.

The Upstream Shielding Cap completes the isolation of the primary proton beam from the DS hall, and is composed of normal density concrete blocks placed on top of the TSu External Shielding (39.5 inches long (X),  56 inches tall (Y), and 262 inches thick (Z), for a total of 24 tons) and on top of the West Wall Shielding (262 inches long (X),  56 inches tall (Y), and 38.5 inches thick (Z), for a total of 24 tons).

The upstream external shielding is made primarily of concrete reinforced with steel bars.  The Fermilab stock of blocks is unlikely to have sufficient quantity to fill the needs of the project.  Furthermore, the stock blocks are unlikely to meet the challenging space constraints, so new blocks will need to be designed and procured.  While the TSu external shielding columns implemented in the simulation (and shown in Figure 7.13) are composed of substantial blocks including unconventional (triangular) shapes, the actual implementation of the TSu external shielding is more likely to be realized utilizing an assembly of smaller blocks which are better matched to the lifting capacity available in the building.  Figure 7.14 illustrates the details of the proposed implementation.

It is also anticipated that the alcove below the Solenoid and Power Supply Room may require shielding (to reduce backshine from the west wall relief). 
Risks
Since the shielding materials will be in the stray field of the solenoids, the materials must not distort the field inside the solenoid bores, and must be selected to minimize the impact on the solenoid coil supports.  The baseline material for the reinforcing bars, lifting points and brackets is carbon steel, but stainless steel is an option if demonstrated to be necessary.  The shielding must also withstand the structural loads resulting from the magnetic fields.  Sensitivity has been investigated by simulations, and it is not anticipated that stainless steel rebar or fixtures will be required [39].

Unfortunately, the shielding is much more massive than the Mu2e detector, so the installation of the shielding may influence the alignment of the muon beamline. The anticipated sensitivity of the muon beamline to solenoid alignment is under evaluation, but the Mu2e detector hall floor is designed as a single 3.5 foot thick slab to minimize differential alignment complications among various elements of the muon beamline. Since the shielding installation should not be completed before the solenoid magnetic field mapping is [image: Nikolai_shielding_29APR2014-A1 (3)]complete, this risk is unlikely to be realized or retired prior to that time.
[bookmark: _Ref391322632]Figure 7.14. The upstream external shielding as viewed from the north east (with the PS on the right hand side and the DS on the left hand side of the figure).  The grey blocks are high density barite concrete blocks, while the green elements are composed of normal density concrete.
Staging of these blocks will likely require outside storage and handling capacity for these large blocks. Unfortunately, barite concrete has been reported to have poor frost resistance, losing 45 to 60% of its strength after 25 frost cycles [40], so special considerations for the storage of this high density concrete may be necessary if this behavior is confirmed. Efforts will be made to investigate this issue.
Quality Assurance
Structural and magnetic analysis will be completed to ensure all components will meet the requirements outlined in [31].

Close collaboration between Fermilab personnel and the vendor who makes the barite blocks will take place to ensure that the barite mix is appropriate with respect to density and manufacturability.

All blocks, both concrete and barite, will undergo inspection by the vendor before shipment to Fermilab. Test pieces may be required to ensure that manufacturing processes will be viable. All components will be inspected by FNAL personnel upon arrival at Fermilab, and discrepancies will be documented.  
Installation and Commissioning
The installation will be complicated since much of this shielding is beyond building crane coverage, and the shielding needs to be positioned near delicate equipment and fill significant space, and is intended to minimize line of sight cracks. Note that the PS External Shielding is not under crane coverage. The PS External Shielding must either be cast in the floor space under the PS hatch or cast elsewhere and lowered down the PS hatch and then translated to the east to surround the PS. The PS External Shielding will have to cross rails installed for the primary target remote handling system.  The current plan is to cast the PS External Shielding under the PS hatch, and then roll that shielding into place on rollers riding on steel floor plates embedded in the topping slab of the building floor and bridging across the tracks for the remote handling system.

Parts of the TSu External Shielding are beyond the building crane coverage, so additional installation equipment may be required.  The TSu external shielding will be assembled (primarily) from individual re-enforced barite concrete blocks, which will be sized to allow the possibility of using a spreader and counterbalancing blocks to position the blocks that are beyond direct crane coverage.

The installation sequence will be dictated by external constraints. It is anticipated that the solenoids and solenoid services will all be in place prior to final positioning of this shielding, and the initial round of solenoid alignment and field mapping must be completed prior to final positioning of the shielding to facilitate access to the various solenoid support and transport solenoid coil supports.

The anticipated installation sequence is to install the blocks making the west TS shield column, move the PS external shielding to its final position, install the blocks making the east TS shield column, then install the beam that spans these two columns and the north part of the Upstream Shielding Cap above the TS beam.  These shielding blocks should be installed after preliminary solenoid field mapping and completion of the electron source test.  Before installing the downstream external shielding, the air flow isolation of the primary beamline from the DS hall should be completed. This divider might be a thin aluminum plate attached to the blocks, or even a thin plastic sheet. After the downstream external shielding (WBS 5.9) and the CRV-U support installation is complete, then the West Wall shielding and the part of the Upstream Shielding Cap above the West Wall can be installed. 

Note that the part of the Upstream Shielding Cap above the West Wall and the West Wall Shielding may need to be removed to provide access to the rotating collimators and the antiproton stopping window area if/when service is required. Staging of these blocks will likely require outside storage and handling capacity for these large blocks should that situation arise.  Arrangements should be made to clearly label the blocks to distinguish the high density blocks from the standard blocks, as well as to indicate the location of the various blocks in the final assembly.

The PS and TS cryostats include external features that must be taken into account in the design and installation of the shielding, so the stay clears must be scrupulously respected [41][42].  The concrete block assembly is sensitive to variations in floor elevation, and must not interfere with the solenoids. Substantial variations in the floor level could result in significant complications during the assembly of the shielding.  So, the flatness of the floor provided by conventional facilities will need to be taken into account.
[bookmark: _Ref391305142]Muon Stopping Target
The muon stopping target is a central component of the Mu2e experiment.  Interactions in the stopping target cause energy loss and the capture of the beamline muons after they enter the DS.  The stopped muons form muonic atoms in the stopping target, where they can potentially undergo neutrino-less conversion of muons to electrons.  The stopping target design goal is to maximize the number of stopped muons while minimizing the amount of material traversed by conversion electrons that enter the acceptance of the downstream detector.
Requirements
The target material selection is based upon several criteria: 
· For low Z nuclei, the sensitivity to electron conversion is roughly proportional to Z, therefore Z should be maximized.
·  In order to avoid backgrounds (mainly from radiative pion capture), the measurement window when the search for the conversion electrons commences in the detectors should start on the order of 700 ns after the proton pulse.  For low Z nuclei, the capture rate scales roughly with Z4, therefore Z should not be too large.
· 


A potential background can come from radiative muon capture, via the reaction .  The photon can have a maximum energy (for example in the case where the neutrino energy is zero) in the vicinity of the conversion electron energy.  The photon can pair produce a fake conversion electron in the target or nearby materials.  With the proper choice of the target, the mass of the daughter nucleus exceeds that of the parent nucleus,, pushing the photon energy below the conversion electron energy.  An energy difference is desirable.
· The target material should be readily purified and chemically stable to avoid muon stops in foreign nuclei.  In particular, contaminants that produce higher conversion electron energies can pose a background threat from electrons produced by muon decay in orbit and should be avoided.
· Ideally the target material is self-supporting.
Additional details are available in [43].
Technical Design
[image: ]The location of the muon stopping target relative to other elements in the DS is shown in Figure 7.15. 
[bookmark: _Ref391301845][bookmark: _Ref391301701]Figure 7.15. Cross section view showing locations of components within the Detector Solenoid.  The muon stopping target is located between Z=5471mm and 6271mm.  The TSdA is the small disk at Z coordinate ~4230 mm [23]. The proton absorbers are conical frusta illustrated in light blue between Z= 4255 and Z = 8530mm.  Note that the muon stopping target and the IPA are surrounded by the OPA.
Baseline Muon Stopping Target
The target for the first run of the Mu2e experiment will be pure aluminum, which satisfies all of the above criteria.  The electron conversion energy is 104.97 MeV. The lifetime of muonic aluminum, 864 ns, is relatively long, enabling the use of a delay of 700 ns for the muon beam flash to die out before taking data [44][45][46].  

The baseline design of the muon stopping target consists of 17 aluminum foils of thickness 200 m with radii decreasing uniformly from 83 mm to 65 mm in the downstream direction, as illustrated in Figure 7.16.  
[image: Z:\Caltech\Mu2e_TDR_StoppingTarget_2014_Markus_Roehrken\stoppingtarget_supportstructure.png]

[bookmark: _Ref391216361][bookmark: _Ref391216300]Figure 7.16. Illustration of the preliminary design of the muon stopping target composed of 17 aluminum foils and its mechanical support frame.
The foils are placed with an equidistant spacing of 50 mm along the axis of the detector solenoid in the center of the muon beam, with the center of the target assembly at a Z position of 5871 mm that is 4329 mm in front of the center of the tracker. 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.  Each foil of the stopping target is mechanically fixed by three tungsten wires that are attached to a support structure located near the inner surface of the detector solenoid. The baseline design employs 3 mil diameter wire to support the target foils.  Simulations show that the tungsten has negligible effect on the energy straggling of conversion electrons [47].
Optimization Studies
In the interplay with the muon beam, the magnetic field and the tracker, the physical configuration and geometry of the muon stopping target directly affect the achievable sensitivity of the Mu2e experiment.  Alternative geometries to the baseline design are currently being studied in order to improve the performance of the muon stopping target and to enhance the overall sensitivity of the experiment.  Several competing effects must be considered in the optimization studies.  First, modifications of the total amount of the traversed material or its distribution may increase the number of stopped muons per proton pulse, thereby increasing the sensitivity of the experiment.  However, increasing the target mass, for example, results in more multiple Coulomb scattering and more energy loss of the outgoing conversion electrons.  These processes may alter the position and resolution of the conversion electrons before they enter the tracker.  In addition the mass and the matter distribution of the stopping target determine the magnitude and the experimental acceptance for background contributions originating from decay-in-orbit (DIO) electrons and other background sources. Moreover the technical feasibility of a mechanically stable configuration puts tight constraints on the target design. The ongoing optimization studies of the muon stopping target concentrate on improvements of the foil target design, and explore the potential of other geometric topologies and physical configurations. A selection of results from Monte Carlo simulations for different foil target configurations are shown in Figure 7.17. The examples shown already demonstrate the potential to improve the achievable sensitivity of the Mu2e experiment for foil target configurations with a larger number of thinner foils than the baseline design.

As alternative configuration, a target composed of low density aluminum wool, shows promise of further improvement in experimental sensitivity by providing additional flexibility in tailoring the mass and density distribution of the aluminum target material.
Risks
The target supports are delicate and could be damaged during installation or during installation of the surrounding outer proton absorber.  Design of the surrounding outer proton absorber is being optimized in an effort to minimize this risk. Ongoing prototyping studies should reduce risk of failure of the target supports.
Quality Assurance
Materials certifications will be required for the key components.  Components of the muon stopping target and support that are received from vendors will be inspected at Fermilab by quality control technicians.  They will check to verify that the components have been built to specifications.
Installation and Commissioning
The target assembly will be installed on the external rails at the appropriate time.  This installation must be performed with the appropriate care due to the delicate nature of the target suspension system.

[bookmark: _Ref391216582][bookmark: _Ref391216521][image: Z:\Caltech\Mu2e_TDR_StoppingTarget_2014_Markus_Roehrken\figure_signal_shapes_and_BF_limits.png]Figure 7.17.  Examples of the results for the optimization studies of the muon stopping target.  The results are obtained by full MC simulations including the simulation of hits in the tracker, pattern recognition and track reconstruction.  Top: Momentum spectra for conversion electrons (CEs) for target configurations composed of 17 foils at different target masses, and for decay-in-orbit electrons (DIOs) from the 17 foils nominal target.  The CE spectra are normalized to the same number of incident muons and have been scaled up by a common arbitrary factor to increase the visibility.  Bottom: Expected Feldman-Cousins 90% C.L. upper limit on the muon to electron conversion branching fraction for configurations composed of 17, 33 and 66 foils at different target masses [48].  In the left (right) figure the mass variations are realized by modifying the thickness (radii) of the foils.
Muon Stopping Target Monitor
Given the complexity of generating and collecting low energy negative muons in the production solenoid, and transporting them via the transport solenoids to the target in the detector solenoid, it is evident that some means of confirming the rate and integral number of negative muons that stop in the muon-stopping target is necessary. It is equally evident that such a device should prove to be useful in the initial process of tuning conditions for the proton beam and the solenoids. 
Requirements
The goal is to determine the number of stopped muons to an accuracy of 10% (at 1 standard deviation) over the course of the experiment [49].

It is possible to imagine a “dead-reckoning” calculation based on a simulation of the beamline, modeling of the stopping target, etc.  However, it seems prudent to directly monitor some process that signals the capture of a muon on an aluminum nucleus.  

One could monitor the X-rays emitted during the formation of a muonic atom and the associated cascade to the 1s state. The highest yield X-ray is the 2p →1s radiative transition that confirms the arrival of a muon in the ground state. Other observable X-rays having substantial yields and signaling arrival in the 1s state, are the 3p→1s, and the 4p→1s. Typically the 3d→2p transition that populates the 2p state also appears in the energy spectrum.  In addition, muons that stop in impurities in the target, such as oxygen, generate X-rays with their own characteristic energies, potentially allowing us to determine the fraction of muons that stop in impurity nuclei.

A solid-state detector such as Ge is typically used for detecting such X-rays.  However, these detectors have a relatively slow time response and are not normally used in an environment as intense as expected at Mu2e.  The Mu2e beam has an intense electron component at early times (beam flash); the same aluminum that stops muons will then produce bremsstrahlung photons (from those electrons) at a rate we calculate to be 51 MHz/cm2 with a mean energy of 1.4 MeV.  The interesting muons arrive about 100 nsec after the flash and produce their X-rays within picoseconds of their arrival.  Commercial off-the-shelf detectors and their electronics cannot manage these rates (MeV/sec limits) and their associated electronics are not fast enough [50].  This solution is still under study as of this writing but is not the baseline. The detector would also experience radiation damage from the beam flash and the neutron flux is problematic, requiring annealing once per day or less.

To eliminate the rate and radiation issues created by the flash, the baseline approach is to detect delayed gamma rays from the decays of radioactive nuclei produced in the muon capture process, rather than muonic X-rays.  These delayed gammas, like the X-rays, are unique to the target material, and information on their energies and intensities is available in the literature.  For 27Al, a 27Mg nucleus is produced in 13% of muon captures.  The excited 27Mg beta-decays back to an excited state of  27Al with a half-life of 9.5 minutes.  This 9.5 minute half-life gives us an opportunity to eliminate the problems of the beam flash.  The proton beam structure of Mu2e will be a stream of proton pulses for 0.5 s followed by 0.8 s idle. The gamma spectrum would be acquired during the relatively background-free idle period and the beam would be blocked using a thick collimator during the time the beam is on, eliminating the problems created by the beam flash [51].  After the beta emission, the excited 27Al returns rapidly to the ground state, producing an 844 keV gamma ray 72% of the time. 

Three requirements determine the best location for the Ge detector to view the muon stopping target:

· The detector should only view the target, if possible.  Hence the first requirement is for good collimation ahead of the detector.
· Because of the extraordinarily high X-ray and gamma rates the detector must be far from the source, along a low attenuation path for photons.
· The detector must lie beyond the Detector Solenoid (DS) magnetic field where it can be serviced periodically and annealed to repair radiation damage.

The Ge detector performance must be such that annealing to recover from radiation damage is not required more often than once per 2 months of calendar time.  
Technical Design
A preliminary spectrum of delayed gammas from muon capture in an aluminum target measured with a germanium detector is shown in Figure 7.18.  The gamma ray can be detected with a high resolution photon detector.  The gamma ray is unique to the target, and no other material in view of the detector will consist of aluminum.  Measurements by the AlCap experiment [52] will establish the normalization between the number of stopped muons and the rate of 844 keV gammas.  Good energy resolution is desirable in order to deliver good signal to noise and to resolve the 844 keV peak from gamma rays with nearby energies.  Commercially available intrinsic germanium detectors will be used because they deliver excellent resolution (~2 keV@1.33 MeV) together with high efficiency.  

Figure 7.19 shows a preliminary plot of the singles spectrum (self-triggered spectrum) from the AlCap experiment.  Muons are stopped at the estimated rates of 3 kHz in Aluminum and 4 kHz in lead shielding and other materials.  Despite the large number of stops in materials other than aluminum and the absence of any cuts on the gamma time relative to the muon stopping time, the 347 keV gamma line is clearly visible above the background.  In the case of Mu2e, the live window will be delayed in time from the stopped muons, therefore we expect the signal to noise to improve. This will be quantified in the future in the AlCap data by vetoing any Ge data within a few muon lifetimes after the muon’s arrival. Care will be taken in Mu2e to avoid viewing materials that are activated or stopping locations other than the target, therefore we expect that the background situation will be improved relative to that at AlCap. 

[bookmark: _Ref391370526][image: ]Figure 7.18. Preliminary singles germanium spectrum from the AlCap experiment at PSI. When muons stop in aluminum, they capture on the nucleus 60% of the time. A fraction of the captures produce 27Mg in the ground state, which has a half-life of 9.5 minutes. In the decay, an 844 keV gamma is produced 72% of the time.
[bookmark: _Ref391373708][image: ]Figure 7.19. Preliminary singles germanium spectrum from the AlCap experiment at PSI.  Muonic aluminum x-ray at 347 keV is clearly visible.
Germanium is moderately susceptible to radiation damage from neutrons and ionizing radiation (photons, charged particles).  Most of the damage is readily annealed by heating the Ge for about a day.  To provide continuous monitoring, multiple detectors would have to available to be rotated into the beam and annealed very often, which is undesirable.  In order to circumvent this, we propose to take advantage of the beam cycle and delayed nature of the gamma rays to block most of the harmful radiation from impinging upon the Ge detector by employing a blocking shutter. The primary proton beam arrives in a stream of 260 ns wide pulses separated by 1695 ns, for a period of 0.5 s, followed by 0.8 seconds during which there is no beam.  A shutter will block the beam for the 0.5 s when the proton pulses arrive, but will allow transmission during the 0.8 second beam-off period. For a 5 cm diameter active area in the detector, positioned 15 m downstream from the target, the fractional geometric acceptance is 1x10-6.  With a muon stopping rate of 1x1010 Hz, the incident rate of 844 keV gammas is 480 Hz.

In the Mu2e experiment, the Ge detector will be located near the axis of the Detector Solenoid, downstream of the bore vacuum, muon beam stop and endcap shielding. The detector is enclosed in a small concrete house to provide shielding (see Figure 7.20).  It will view the stopping target through a 10 cm diameter, 3 m long stainless steel pipe connected to the center of the downstream end of the Detector Solenoid.  Collimators inside the pipe will allow full view of the stopping target while limiting the view of other materials such as the last collimator in the TS solenoid (TS5).  A dipole magnet will sweep away electrons in the beam. The beamline will include a shutter that will be triggered to move into the beamline during the beam, and move out to provide a clear aperture between beam spills.  A vacuum window will separate the Detector Solenoid from the collimation pipe end window.  
[bookmark: _Ref391367266][image: C:\cygwin\home\Jim\Owner\mu2e\stm\STM-shielding.png]

[bookmark: _Ref391366664]Figure 7.20. The Ge detector will be housed in a concrete shield, placed downstream of the outer concrete shield of the end of the Detector Solenoid. The germanium views the stopping target through the collimated tube in red.
Radioactive sources, such as Europium-152, are required for calibration purposes. The calibration and absolute efficiency of the Ge detector will be determined following ANSI N42.14-1999 “American National Standard for Calibration and Use of Germanium Spectrometers for the Measurement of Gamma-Ray Emission Rates of Radionuclides”.  We expect a few percent measurement based on standard practice, well within the 10% requirement.
Risks
If the simulations indicate that a substantial mass is required for the shutter, reliably cycling that shutter every beam spill may represent a mechanical challenge. The Germanium detector will require liquid nitrogen cooling. The nitrogen supply will need to be appropriately routed to minimize the ODH risk.
Quality Assurance
Components of the muon stopping target monitor system that are received from vendors will be inspected at Fermilab by quality control technicians.  They will check to verify that the components have been built to specifications.	
Installation and Commissioning
Since the muon stopping target monitor system is located downstream of the DS bore, it will not be possible to install this system until the detector train has been inserted into the DS bore. The detector train will not be inserted into the DS bore before the solenoid magnetic field mapping is completed [15].  The muon stopping target monitor system must be designed to be readily and reliably extracted and re-inserted since the entire system must be removed to allow access to the detector train inside the DS bore for servicing when required (see Section 7.10).
[bookmark: _Ref391318315]Detector Solenoid Internal Shielding
A collection of absorbing materials is placed inside the DS warm bore to suppress the rates of protons and neutrons.  Excessive amounts of these particles will result in undesirable backgrounds in the tracker. The DS internal shielding consists of three objects:

· TSdA, Transport Solenoid downstream absorber 
· IPA, Inner Proton Absorber
· OPA, Outer Proton Absorber
Requirements
The detailed requirements are described in [53], but can be summarized as follows:

· Sufficiently reduce the background rates at the tracker so that electron tracks may be reliably reconstructed.
· Minimize the energy loss and multiple scattering of electrons that travel within the acceptance of the tracker, including those that pass through the inner proton absorber and its supports.
· Minimize muons stopping on the proton absorbers.
· Minimize contributions to the background rates in the calorimeter.
Technical Design
Figure 7.15 shows the placement of the TDR baseline design DS internal shielding components within the DS bore.  The TSdA is mounted on the downstream end of the TSd cryostat vacuum jacket.  The IPA is located just downstream of the muon stopping target. The OPA surrounds both the stopping target and the IPA.  It extends from just downstream of the TSd to just upstream of the tracker.  Table 7.2, Table 7.3, and Table 7.4 list the parameters for the IPA, OPA, and TSdA, respectively, as implemented in the current Mu2e simulation.
Transport Solenoid Downstream Absorber (TSdA):
This is an absorber in the shape of a disk.  A hole in the center allows the muon beam to pass through.  Simulations indicate that this disk reduces the hit rate in the tracker by ~30% while having only a small impact (~0.2%) on the acceptance for conversion electrons [56].  The TSdA has a mass of ~22 kg, assuming it is made of borated polyethylene.  It will be mounted on the end of the TSd cryostat vacuum jacket using retaining clips. There do not appear to be any significant technical issues associated with its manufacture or installation.

[bookmark: _Ref391202323]Table 7.2. Parameters of the IPA based on the current Mu2e simulation [55].  The IPA is aligned with the axis of the DS bore.  Z-start and z-end are in the Mu2e coordinate system [23]. The mass shown in this table does not include the supports.
Z-start				6281 mm
Z-end				7281 mm
Length				1000 mm
Inner radius at Z-start:		334.9 mm
Inner radius at Z-end:		352.8 mm
Thickness			0.5 mm
Material			HDPE
Density 			0.95 g/cm3
Mass (calculated):		1.0 kg 
Volume			0.0011 m3
Surface area			4.3 m2

[bookmark: _Ref391202367]Table 7.3. Parameters of the OPA based upon the current Mu2e simulation.  The OPA is centered on the axis of the DS bore. Z-start and Z-end are in the Mu2e coordinate system [23].  The mass shown in this table does not include the supports. 
Z-start				4255 mm
Z-end				8530 mm
Length				4275 mm
Inner radius at Z-start:		452.4 mm
Inner radius at Z-end:		728.4 mm
Inner radial tolerance			±5.0 mm
Thickness				20 mm
Material				5% borated polyethylene 
Density				0.95 to 1.08 g/cm3
Mass (calculated):			306 to 348 kg 
Volume				0.323 m3
Surface area				32.5 m2


[bookmark: _Ref391202378]Table 7.4. Parameters of the TSd absorber based upon the current Mu2e simulation.  The TSdA is centered on the axis of the DS bore and mounted on the downstream face of the TSd cryostat vacuum jacket. Z-start and Z-end are in the Mu2e coordinate system [23].
Z-start                            		4180 mm
Z-end                             		4230 mm
Length                           		50 mm
Inner radius:                  		250 mm
Outer radius:           			450 mm
Material                         		5% borated polyethylene
Density                           		0.95 to 1.08 g/cm3
Mass (calculated)             		20.9 kg to 23.8 kg 
Volume          			0.022 m2
Surface area				1.1 m2

Inner Proton Absorber (IPA):
The purpose of the IPA is to reduce the rate of protons intercepting the tracker while minimizing energy loss and straggling of conversion electrons.  The IPA should not intercept the muon beam.  The IPA is a thin (0.5 mm thickness) conical frustum.  It is required to be made of low-Z materials.  Identifying a thin material that will hold the required shape is non-trivial, but it is expected that the requirements can be met using carbon fiber.  Less expensive thermoplastic material such as HDPE is less likely to have sufficient mechanical rigidity at this thickness but the higher hydrogen content is preferred. The IPA will be supported from the OPA by tungsten wires.  Three wires would support the IPA near its upstream end and another three wires would support it near its downstream end.

Based upon the most recent simulations [54], the preference is for an IPA with a uniform thickness.  This can be achieved most effectively in designs in which the IPA is self-supporting or requires only a minimal support structure, e.g. support wires.  Carbon fiber can be made very stiff so it will satisfy the rigidity requirements.  One issue associated with this option is that a mandrel is required on which to wind the carbon fibers.  The cost of the mandrel would be a substantial fraction of the IPA manufacturing cost.

Assuming the IPA is realized in carbon fiber, it could be made at an internal facility at Fermilab.  On the other hand, if the IPA is made of thermoplastics for considerations of cost or other reasons, it will be manufactured by an outside vendor.
Outer Proton Absorber (OPA):
This is also a conical frustum, but much thicker than the IPA.  Its thickness is required to be at least 20 mm.  It will have to be made in sections to accommodate support of and access to the muon stopping target (see Section 7.5).  Slots will be made in the OPA to allow for the stopping target support wires to pass through and attach to the stopping target support frame. 
[bookmark: _Ref391201949][image: ]Figure 7.21.  Elevation view of the OPA and its support structure. Also shown are the stopping targets and their support frame.  The IPA is visible just downstream of the stopping targets.

The OPA will be made of two sections joined at about the same longitudinal location as the downstream end of the muon stopping target and the upstream end of the IPA. Each section will be supported by two sets of support feet, or cradles.  The cradles will most likely be made of stainless steel.  The feet will be mounted to bearing blocks that slide on the DS internal rails (see Section 7.10).  This arrangement is shown in Figure 7.21.

Borated polyethylene is readily available in 4 ft. x 8 ft. sheets.  We would require 8 sheets to make the complete OPA.  Among poly forming vendors that have been contacted to date, there appears to be little or no experience with forming borated polyethylene sheets into special shapes. These sheets are normally used as flat sheets in shielding applications.  We anticipate, however, that the required bending, welding, and/or joining of the sheets can be accomplished and plan to verify this via prototyping.

Slots will need to be cut into the OPA at the location of the stopping target supports.  This will allow tungsten support wires to be strung from the stopping targets to the support frame.  The support frame is located outside the volume enclosed by the OPA. Three slots separated by 120° are required.  The width of the slots is to be determined, but should be as narrow as possible without risk of damaging or breaking wires during assembly.  Figure 7.22 shows a view of the support structure for the OPA.
[bookmark: _Ref391201969][image: ]Figure 7.22. View of the OPA surrounding the stopping target and the IPA. Note the OPA supports.
Risks
The major risk for the IPA is the possibility that the selected material will not hold its required shape.  We will investigate whether options such as support ribs are acceptable; this can be checked via the Mu2e simulation.

Another risk for the OPA is that it may be difficult to form borated polyethylene into the required shape. A fallback would be to assemble the OPA from flat segments into the form of a barrel.  An important consideration here is whether the increased surface area would result in significant outgassing.  Studies of outgassing properties of borated polyethylene are planned.
Quality Assurance
Components of the DS internal shielding that are received from vendors will be inspected at Fermilab by quality control technicians.  They will check to verify that the components have been built to specifications.
Installation and Commissioning
The proton absorber system will be installed on its supports, and the assemblies will be mounted on the external rail system (consult Section 7.10) at the appropriate time, and subsequently rolled into the DS bore. The bearing blocks that support the OPA will include adjustment capability to facilitate alignment of the proton absorber assembly.  The OPA will surround the muon stopping target. Therefore, close communication with the Muon Stopping Target (WBS 5.5) and the Detector Support and Installation System (WBS 5.10) is essential. The installation of the proton absorbers will be incorporated into the assembly procedure for the other DS components.
Muon Beam Stop
[bookmark: _Ref164847052][bookmark: _Toc166232277]The muon beam stop (MBS) will be located within the bore of the DS, and is designed to absorb beam particles that reach the downstream end of the solenoid while minimizing the background to the upstream detectors resulting from muon decays and captures in the beam stop.  An illustration of the muon beam stop in the installed position with the other DS internal components is shown in Figure 7.23.
Requirements
As described in [57], the primary requirement for the MBS is to limit the induced rates in the Tracker, the Calorimeter and the Cosmic Ray Veto due to backsplash and secondary interactions.  These requirements can be summarized as follows:

· Backsplash particles from the MBS should not produce delayed signals from the tracker that could be mistaken for conversion electrons.  
· Based on GEANT simulation, products of muon capture in the beam stop will produce negligible background rates relative to other sources.  
· The MBS should not produce secondary particles with a larger radiation impact on the calorimeter than those that arise from the muon stopping target.
· Shielding should ensure that the rate seen by the CRV from particles originating in the MBS should not be larger than the rate from the stopping target.
· Simulations of cosmic ray background sources define the CRV requirements on the combined performance of the MBS and the surrounding downstream external shielding.  
· The muon beam stop should also provide a clear line-of-sight from the muon stopping target to the muon stopping target monitor, which is located well downstream of the MBS.
[bookmark: _Ref391212320][image: ]Figure 7.23. Cutaway view of the Detector Solenoid and surrounding downstream external shielding highlighting the relative locations of various elements inside the DS bore.  The muon beam stop is located at the downstream end of the DS bore.
The following requirements are incorporated into the optimization of the muon beam stop:

· The surface that intercepts the beam directly should be far from the detectors.
· This insures that the solid angle from the beam stop to the detectors is small thereby minimizing the flux of backscattered particles that could interact in the detector volume.
· Beam muons that arrive at the end of the beamline should be stopped quickly, but the resulting neutron flux in the calorimeter and tracker from muon capture must be kept to a reasonable value (for example it should not exceed the neutron flux from the stopping target).  
· A layer of low Z material such as polyethylene should be used to thermalize and absorb some of the neutrons produced in muon capture.
· The inner radius of the beam stop walls closest to the calorimeter should not be much smaller than the inner radius of the calorimeter.
· Aluminum and titanium should be avoided as candidates for MBS materials, since these are primary stopping target candidates; muonic x-rays from these materials should not reach the stopping target monitor located downstream.
Technical Design
The preliminary design of the MBS consists of stainless steel and high density polyethylene.  The backbone of the MBS is a stainless steel tube of 10mm wall thickness, outfitted with two integral reinforcing rings, each 40mm thick.  Inside the tube is polyethylene, and the outside of the tube is also partially covered by polyethylene pieces.  

The relative positions and descriptions of the components of the muon beam stop are shown in Figure 7.24 (suppressing the details of the supports).
As illustrated in Figure 7.24, the upstream polyethylene element (labeled b-i) covers the entire 360 degrees in azimuth.  As shown in the small inset, the downstream elements of the external polyethylene absorber (labeled b-ii and b-iii) do not cover the bottom 45 degrees of the MBS.  There is no Cosmic Ray Veto coverage at the bottom of the detector, so this part of the exterior absorber has been omitted to reduce the total mass (and cost) of the MBS, as well as to facilitate the sideways extraction of the external rail stands during insertion of the detector train (see Section 7.10).
[image: ]
[bookmark: _Ref391212519]Figure 7.24. Cutaway view illustrating the Muon Beam Stop components.
The end plug (labeled d in Figure 7.24) contains a 10 cm diameter hole through the center to provide a line-of-sight for the muon stopping target monitor located on the Detector Solenoid axis downstream of the MBS.  The precise sizes, volumes and masses of the muon beam stop elements are described in [57], and resulted from simulation studies and respecting the mechanical constraints [58].

Manufacturing and Assembly
The stainless steel outer shell will consist of a three-piece weldment, with an inner tube that is rolled and welded, and two steel flanges.  The polyethylene pieces which cover the inside diameter of the tube will be made of a series of rings, separately machined and bonded together with no line-of-sight cracks, except for the end plug, which will be made from a single sheet.  The pieces that cover the outside surface will be made in the same manner and fitted from the ends on the outside of the tube.  The center-outside rings will be made in more than one piece and bolted or attached together to fit on the outside surface.  The thickness of the rings will be limited to a maximum of 100 mm, the manufacturing limits on the raw material. 

The MBS components will be manufactured at outside facilities, assembled at Fermilab, and then transported as an assembly to the experiment hall.  Since there is sufficient time available, the stainless steel tube assembly will be manufactured and shipped to Fermilab for inspection prior to procurement of the HDPE.  Measurements of the inside diameter of the stainless steel tube will be used to determine the precise outside diameter of the HDPE parts that will fit inside it. The HDPE parts will then be manufactured, shipped to Fermilab and inspected. Finally, the stainless steel structure and the HDPE parts will be assembled.
 
Support and Alignment
In the final configuration, the MBS will be supported and aligned by a combination of two support mechanisms, one on the upstream end and one on the downstream end.  The upstream “Gimbal” support shown in Figure 7.25 will rest on a linear rail system and bearings, manufactured to fit inside the Detector Solenoid warm bore [57]. The downstream end of the MBS includes trunnion sockets and that end of the MBS will rest on trunnions (shown in Figure 7.26 and Figure 7.27), which are integrated into the Instrumentation Feedthrough Bulkhead (IFB), which will be supported by the IFB support structure [59].






[bookmark: _Ref278711760][bookmark: _Ref391212602][image: ][image: ]Figure 7.25. Gimbal Support including the saddle (A), the bridge (B) and the retaining pin (C). The saddle is fitted with a bronze bearing surface that will mate with the spherical section mounted on the bridge. The retaining pin is designed to ensure that the MBS body will not separate from the upstream support.  The bridge will be seated on bearings that mount on the rail system [59].
[bookmark: _Ref391212619][bookmark: _Ref391309421]Figure 7.26.  Details of a trunnion socket to be integrated into the back end of the MBS. Note the bronze insert and the removable cover plate.
[bookmark: _Ref391212627][bookmark: _Ref391309455]Risks
There are no moderate or high risks that involve the Muon Beam Stop.

There is a low risk that the fit of the polyethylene parts into and over the stainless tube will complicate the assembly of the MBS.  This risk will be mitigated by procuring the stainless steel tube first, and using the measured values to specify the sizes of the HDPE parts (as described above).  If time does not allow this to be done, careful tolerances and inspection of the parts before arrival will mitigate this risk.  

There is a low risk that the “gimbal and trunnion” assembly, which is designed to accommodate relative motion of the IFB on Hilman rollers will not work as planned.  Relative motion is anticipated since the upstream end of the MBS will be supported on the rail system while the downstream end will be supported via the IFB on the floor plates in the detector hall.  This risk will be mitigated by a test of the system at an [image: ]existing rail system mockup.
[bookmark: _Ref278711802]Figure 7.27. Muon Beam Stop connected to the Gimbal support on the upstream end and the IFB through the Trunnion support on the downstream end.
There also is a low risk that the weld between the stainless steel structural tube and the reinforcing rings will have a magnetic permeability higher than the requirements specify. This risk will be mitigated by performing tests on weld samples with the materials before manufacturing, and testing the MBS welds for permeability as part of the incoming inspection process.
Quality Assurance
Thorough structural, thermal and magnetic analysis will be completed to ensure all components will meet the requirements described in [57].

Test pieces will be manufactured to ensure that manufacturing processes will be viable.  Tests of weld samples will be made to ensure that the magnetic properties of the weld between stainless steel segments will have acceptably low magnetic permeability.  

After manufacturing, all components will be inspected by FNAL personnel upon arrival at Fermilab, and discrepancies will be documented.  

A full size rail system mockup has been assembled.  Tests of the support mechanism, including the trunnion and gimbal, will be completed and documented.  
Installation and Commissioning
Prior to installation of the MBS, the external rail system will be measured with respect to the DS geometric bore.  During the initial installation, the MBS will be lowered onto the external rail system.  The upstream end will be placed onto the “gimbal” support and the downstream end will be placed onto a temporary support that rests on the external rail system.  The MBS will then be rolled into the DS bore and placed into its approximate final axial position. The components will be measured in X and Y with respect to the geometric bore of the detector solenoid.  Adjustment is not expected to be necessary, because the tolerance of the MBS and support system is adequate to achieve the alignment criteria [57][59].

After the various detector components have been (similarly) aligned, the IFB will be moved into position, and the trunnions on the IFB will engage the trunnion socket on the MBS (see Figure 7.26 and Figure 7.27).  The temporary downstream MBS support will then be extracted. The MBS will then be coupled to the Calorimeter, Tracker, Proton Absorbers and Stopping Target. The axial attachment of all components will complete the “detector train”.  The services for the tracker and calorimeter (cables and tubes) will be routed and connected to the IFB. Then the entire “detector train,” consisting of all components, can then be inserted into the DS bore after the detectors are commissioned.
Downstream External Shielding
Shielding needs to be placed around the downstream Transport Solenoid (TSd) and the DS to limit the number of neutrons and gammas reaching the Cosmic Ray Veto Counter.  This shielding will be supported on the lower level floor of the Mu2e Experiment Hall. The primary purpose of this shielding is to reduce the rates of neutrons and gammas incident on the CRV to an acceptable level.  
Requirements
The physics requirements for the downstream external shielding are aimed at facilitating detection of the experimental signature events by reducing the experimental background rates.  In the Mu2e experimental setup the downstream cave is strategically placed to surround the TSd and DS cryostats.  The end cap shielding encloses the downstream end of the muon beamline vacuum enclosure. The requirements for the downstream external shielding [60] are as follows:

· Reduce the neutron and gamma background incident upon the Cosmic Ray Veto (CRV) Counters. 
· Allow a line of sight to the muon stopping target monitor and reduce the neutron and gamma background incident upon the muon stopping target monitor.

In addition to the above physics requirements, the downstream external shielding must satisfy the following mechanical and structural requirements:

· Provide a base for support of the CRV modules (as well as facilitate temporary storage of additional CRV modules removed from the upstream end during access to the antiproton window assembly at the TSu/TSd interface).  The materials used in the downstream external shielding must therefore be able to withstand the loads imposed on them by other parts within the assembly as well as the loads of the CRV modules and associated mounting fixtures [61].  
· Facilitate access to the IFB and the detector train inside the DS.
· Facilitate access to the antiproton stopping window assembly and the collimator rotation mechanism located at the TSu/TSd interface.
· Accommodate passage of power, cryo and vacuum services to the DS while reducing rates of particles escaping through this penetration.
· Reduce rates of particles escaping through the TSd trench as appropriate.
· Reduce rates of particles escaping through the DS trenches as appropriate.
· Stay clear of the solenoids during installation, and satisfy the constraints imposed by the building geometry.
· Provide a relatively economical structure that is mechanically stable and serviceable while allowing for adequate exit pathways.

Material requirements depend upon a number of factors beyond the mass of the components, including forces induced by effects of the solenoid magnetic fields on the steel reinforcement bars [39], and capacity to temporarily store CRV modules on top of the shielding while accessing the antiproton window assembly at the TSu/TSd interface.
Technical Design
The Downstream External Shielding is constructed of concrete and high density (barite) blocks, and will be completely external to the TSd and DS cryostats. 
 
The current configuration of this shielding is primarily composed of reinforced concrete T blocks assembled into two independent (but mated) sections. The “Downstream Cave”, which surrounds the body of the TSd and DS, and the “End Cap Shielding”, which serves to enclose the downstream end of the muon beamline vacuum space. The fully assembled downstream external shielding is illustrated in Figure 7.28. The upstream open end of this shield will be placed against the downstream end of the TSu External Shielding (WBS 5.4, see Section 7.4) [31].

As described above and shown in Figure 7.29 below, the downstream cave is placed around the TSd and DS, and the end cap shielding surrounds the downstream end of the muon beamline vacuum enclosure. All downstream external shielding is supported independently of the DS. 
[bookmark: _Ref391280117][image: ]Figure 7.28. An overview of the Downstream External Shielding, including the downstream cave and end cap shielding. Note that the Hilman rollers under the end cap shielding to facilitate movements are not represented in this view.  The TDR baseline design employs high density concrete at the upstream end and in the vicinity of the muon stopping target, indicated by the brown blocks, and normal density concrete elsewhere, indicated by the blue blocks.
The current design of the shielding requires 36-inch thick concrete to sufficiently suppress the rates at the CRV [35].  The upstream end of the downstream cave, which surrounds the TSd is composed of high density (barite) concrete [28]. The concrete blocks surrounding the muon stopping target region of the DS (~ 2m) are also to be composed of high density (barite) concrete, while the remainder of the concrete blocks are normal density concrete.

The downstream external shielding is constructed primarily of concrete blocks.  The blocks include steel reinforcement bars and brackets.  An illustration of a “typical” concrete block is shown in Figure 7.30


The concrete blocks include steel reinforcing bars and steel angles to protect the block’s edges (not shown in Figure 7.30). The default plan is to employ normal carbon steel reinforcement bars. Stainless steel reinforcement bars will only be used if demonstrated to be necessary due to magnetic field constraints.  In an attempt to minimize line of sight cracks, the current plan is to assemble the downstream external shielding primarily from T blocks.  Detailed drawings of similar T blocks are available at [63].
[bookmark: _Ref391280251][image: ]Figure 7.29. Plan view of the Upstream External Shielding (in light blue surrounding the PS and purple isolating the primary proton beamline from the DS hall) and the Downstream External Shielding (in blue surrounding the TSd and DS).
[bookmark: _Ref391280487][bookmark: _Ref265232353][image: ]Figure 7.30. Illustration of a typical concrete shielding block.
Downstream Cave
The downstream cave is composed of 409 tons of high density concrete and 312 tons of normal density concrete.  

The nominal dimensions for the downstream cave are shown in Figure 7.31, viewed from above and in Figure 7.32 viewed from the south side.  Figure 7.31 and Figure 7.32  also show the location of the downstream cave with respect to the Mu2e coordinate system [image: ][23]

[bookmark: _Ref391280732]Figure 7.31. Plan view of the downstream cave.  Note the penetration labyrinth for the services for the DS. Red dashed lines represent centerlines of the TS and DS. Dimensions in mm [and in inches].

End Cap Shielding
The end cap shielding is composed of 117 tons of normal density concrete.

The end cap shielding encloses the IFB. The IFB serves as the interface for services, cables and pipes from the Tracker and Calorimeter in the downstream muon beamline vacuum space.  A view of the end cap shielding is shown in Figure 7.33.  A side view (looking north) of the end cap shielding (without supporting rollers) is shown in Figure 7.34, and an end view (looking west) is shown in Figure 7.35.

Alignment and Construction
The side walls of the downstream cave must be installed after the solenoids are already in place, so they will all need to be installed from the outside of the solenoid envelope, and will be positioned close to the solenoids without contacting them.  To facilitate installation, the plan is to fix standoff angles on the floor just inside the nominal location so that the side wall blocks can be lowered within a few inches of the floor and then moved up against the stop for reliable and efficient alignment. 
[bookmark: _Ref391280854][image: ]Figure 7.32. Elevation view of the downstream cave (as seen from the south side). Red dashed lines represent centerlines of the TS and DS.  Dimensions in mm [and in inches].
[image: ]
[bookmark: _Ref391280903]Figure 7.33. End cap shielding as seen from the upstream end.
[bookmark: _Ref391280912][image: ][image: ]Figure 7.34. Elevation view of the end cap shielding (rollers supporting the end cap shielding in the 13 inch gap above the floor not shown).  The red dashed line represents the centerline elevation of the DS.  Dimensions in mm [and in inches].  

[bookmark: _Ref391281090]Figure 7.35. End view of the end cap shielding.  Red dashed lines identify the centerline of the DS.  Rollers supporting the end cap shielding are not shown.  Dimensions in mm [and in inches].  

Since the location of the downstream cave is constrained on the upstream end by the upstream external shielding and on the north, west and south sides by the solenoids and on east side by the north south DS trench, and the intent is to minimize line of sight cracks, the tolerances on the blocks and the spacing between blocks must be carefully controlled to accommodate these various constraints.  The plan is to build in an intentional gap between neighboring block surfaces to account for the tolerances.  Since the blocks are T blocks, this will result in local thinner regions in the shielding, but will not generate line of sight cracks (with the exception of the line of sight cracks between the side walls and the top blocks).

The assembly is also sensitive to variations in floor elevation.  Substantial variations in the floor level will result in significant complications during the assembly of the downstream cave.  If it turns out the floor is not level within the anticipated tolerances, the blocks dimensions may need to be adjusted by shimming and grouting as required [60].

Since the CRV modules will be supported from the downstream external shielding, and that shielding will be a concrete block assembly, a stay clear needs to be incorporated in the planning for the CRV modules. The CRV team should plan on mounting the CRV no closer that one inch from the nominal surface locations illustrated in Figure 7.31, Figure 7.32, Figure 7.34 and Figure 7.35.  

Concrete block tolerances should accommodate the above cited assembly constraints.

The shielding is to be assembled from many pieces, and the components are designed such that line-of-sight cracks are minimized.  Nevertheless, where cracks are unavoidable, such as penetrations for services and/or lifting fixture openings, it may be necessary to pack such spaces with filler material (such as poly beads or sand or borax) as needed. 

The downstream external shielding is made primarily of concrete blocks reinforced with steel bars.  It is very unlikely that a sufficient quantity of blocks in appropriate sizes will be available from the Fermilab stock to address these shielding needs and conform to the specialized space and size constraints.  So, due to these space constraints in the building, as well as the specialized sizes of the blocks involved, new blocks will need to be procured.  If simulations show that the steel reinforcement bars impact the magnetic fields to an unacceptable level, blocks with stainless steel reinforcement bars may need to be procured.  

Individual blocks will be sized so that they can be manoeuvred using a 30 ton building crane whenever possible.
[bookmark: _Ref391323733]Risks
There is a risk that the shielding may be inadequate, allowing a flux of neutrons and gammas that exceeds specifications.  The muon stopping target is a significant source of neutrons that could impact the detector performance.  If background rates in the TSd and DS regions are higher than anticipated, the particles incident on the cosmic ray veto counters will exceed the expected levels. To mitigate this risk, detailed simulations using G4beamline and MARS have been performed, and comparisons provide some indication of the level of uncertainty. Shielding has been significantly enhanced as a consequence of these studies and the CRV has been redesigned to rely upon four layers so that accidental coincidences can be suppressed.  

Also, rates of neutrons and photons incident on the CRV in the vicinity of the MBS may generate a need for additional shielding in the vicinity of the MBS. CRV livetime is dependent upon the incident particle rates, and will suffer if those rates become too high. Rates can be reduced by increasing the steel in the MBS or enhancing the external shielding in the vicinity of the MBS [64].

Since the shielding is much more massive than the Mu2e detector, the installation of the shielding may influence the alignment of the muon beamline. Civil construction plans attempt to take into account the anticipated loads. No substantial degradation in performance is anticipated assuming the muon beamline remains in a plane since the plan is to adjust the incident proton beam to accommodate shifts in the primary target elevation. Substantial local variations might require a re-alignment of the incident primary proton beamline, or else incur an iterative process of assessing performance and moving enough shielding to facilitate shimming and then putting the shielding back into place.  Hydrostatic levels will be installed on the solenoids to provide monitoring of the relative local changes in elevation.

A substantial mass and volume of shielding will need to be installed in tight spaces and in some places beyond crane coverage after the solenoids are in place.  This creates a threat of damage to surrounding elements. The elements most likely at risk are solenoids (and CRVs during re-installations after access to the TSu/TSd interface region). Mitigation includes constructing brackets to facilitate placement of shielding components and carefully planning the installation sequence and methods.

This shielding is not expected to be installed until after the magnetic field mapping is complete, so none of these risks have the potential to be realized prior to that time.
Quality Assurance
Thorough structural, thermal and magnetic analysis will be completed to ensure all components will meet the requirements described in [60].

Close collaboration between Fermilab personnel and the vendor who makes the barite blocks will take place to ensure that the barite mix is appropriate with respect to density and manufacturability.

All blocks, both concrete and barite, will undergo inspection by the vendor before shipment to Fermilab. Test pieces may be required to ensure that manufacturing processes will be viable. All components will be inspected by FNAL personnel upon arrival at Fermilab, and discrepancies will be documented.  

A study will be completed and documented with regard to the resistance of high density concrete to freezing cycles, and the storage methods of the barite blocks will be designed to accommodate this issue.

Tests of shimming methods, space available for components and for servicing after block installation, will be carefully considered. Assembly procedures will be verified to the fullest extent possible. 
Installation and Commissioning
The installation will be complicated because the shielding is heavy and large and needs to be positioned accurately and near delicate equipment. Furthermore, some of this shielding is not directly under building crane coverage due to the ceiling beam between the TS hatch and the DS hatch. 

The installation sequence will be dictated by external constraints. It is anticipated that the solenoids and solenoid services will all be in place prior to final positioning of the downstream external shielding, and the initial round of solenoid alignment and field mapping must be completed prior to final positioning of at least some of this shielding to facilitate access to the solenoid supports and the transport solenoid coil supports.

A description of the installation/assembly sequence for the downstream cave is as follows:

· Install the floor level block alignment feature, (the standoff angle mentioned above).
· Begin the sequence of installation of side wall blocks starting from the upstream end and moving towards the downstream end in repeated steps as follows:
· Install first vertical T block (call this block α for the moment) with long side nearest solenoid
· Temporarily position appropriate spacer next to this block
· Install next T block (call this block γ) with long side nearest solenoid
· Extract temporary spacer from between the two blocks α and γ just installed
· Install T block (call this block β) with long side away from solenoid between T blocks α and γ
· And repeat this sequence until the side walls are complete.

There are at least two special cases associated with the installation of the side wall blocks.  Both are addressed in [60].

1. Due to the hatch beam that supports the TS hatch blocks, direct crane access to the region near the upstream end of the DS is occluded, complicating the lifting process for blocks in this area.
2. The blocks which are to be located under the DS cryogenic line may require a special lifting fixture or tools to move into final position, and hand stacked blocks may be required to generate part of the labyrinth around the service line.

Once the side walls of the downstream cave are installed, the ceiling blocks can be installed, starting with the TSd ceiling support cross beam near the upstream end of the DS.  Pairs of T blocks with the long sides down must be installed before the mating block can be installed in between the pair. The ceiling blocks under the hatch beam may be installed using a coordinated lift and spreader.

Part of the downstream cave will need to be removed to provide access to the COL3u and COL3d collimator/antiproton stopping window area if/when service is required. Staging of these blocks will likely require outside storage and handling capacity for these large blocks should that situation arise. Unfortunately, barite concrete has been reported to have poor frost resistance, losing 45 to 60% of its strength after 25 frost cycles, so special considerations for the storage of this high density concrete may be appropriate [40].
  
If necessary, the end cap shielding assembly/installation could be completed after the detector train has been inserted into the DS bore so that the space is available during initial installation and commissioning.

Since it is anticipated that at least some of this downstream external shielding may have to be moved after initial installation, the blocks will be clearly labeled to distinguish the high density blocks from the standard blocks, as well as to designate the location of the individual blocks in the final assembly.
[bookmark: _Ref391305256]Detector Support and Installation System
Requirements
The detector support and installation system is required to transport and align components within the Detector Solenoid warm bore.  The muon stopping target, proton absorbers, tracker, calorimeter, and muon beam stop must be transported accurately and safely into position and aligned with respect to the standard Mu2e coordinate system [23]. The components vary significantly in mass (from less than 3 kg to nearly 5000 kg) as well as in their alignment accuracy requirements. These components will be supported by the inside wall of the Detector Solenoid cryostat.

Physics requirements dictate the overall size, location and placement accuracy of the individual components within the DS bore. In addition, the support structure must not impede particle trajectories or lead to an enhancement of detector rates or physics background as a result of interacting particles.  A detailed description of the requirements and specifications for the detector support and installation system can be found in [59].
Technical Design
An overall view of the detector train and the detector support and installation system is shown in Figure 7.23 and Figure 7.36.  The components are supported by two rails and transported on linear ball bearings. Two separate rail systems will be implemented, the “internal” and “external” systems.  Once installed, the alignment of all components will be maintained by the internal rail system.  Figure 7.23 shows the components inside the Detector Solenoid bore supported by the internal rail system, while Figure 7.36 shows the components on the external system (or staging area) before insertion into the DS.
Internal Rail System
Each component is enclosed within an individual support structure.  Descriptions of the individual support structures are included in the preliminary design sections for each component (see for example Section 7.7).

The support structure for each component will be mounted onto the rail system and aligned to the Detector Solenoid cryostat inner wall independently in the vertical (Y) and lateral (X) directions.  Vertical and lateral adjustment of components will be done using adjustment mechanisms illustrated in cross section in Figure 7.37. The rails will be shimmed/aligned via the 2nd tier bars and attached to stainless steel support platforms that are welded onto the inside wall of the DS cryostat.  The rails and the cryostat wall will support the weight of each component, allowing all alignment criteria to be achieved.  The rails and bearings are made exclusively of non-magnetic components described in [59]. The alignment criteria for each component are specified in [59]. A detailed breakdown of issues that affect the alignment is given in [66]. 

Structural analysis will verify that the loads of the objects imposed on the rail system will not exceed the load capacity of the rail system or the DS bore tube, respectively.

[image: ]
[bookmark: _Ref391213051]Figure 7.36. Detector components positioned on the external rail system.
External Rail System
The external rail system is positioned outside of the Detector Solenoid as the detector train is extracted and is used to support the detector train during servicing, and to move components into position inside the DS warm bore for operation.  The external rail system consists of a series of 6 stands, each of which can be installed or removed as needed.  The external stands are made of aluminum, each with sections of rails mounted to the top surface that can be connected and disconnected accurately.  The rails will be identical in cross section to those used for the internal system, and the last stand, closest to the cryostat, will be attached to the internal system during installation.  Figure 7.38 shows a single external stand with the rail attached.  Figure 7.39 shows a connection between rails on two stands, using a rail “link”, and Figure 7.40 shows a plan view of the external rail system with the components in position to begin insertion of the detector train into the DS.
[image: ]

[bookmark: _Ref391213111]Figure 7.37. Cross section of an internal rail mounted on the rail platform, and supporting a bearing block outfitted with a custom adjustment mechanism.
[bookmark: _Ref391213135][bookmark: _Ref164853340][bookmark: _Toc166232289][image: ]Figure 7.38. Individual external rail system stand.
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[bookmark: _Ref278655656][image: C:\Users\bossert\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\E1TR9335\Building_Garage_Layout.JPG]Figure 7.39. External rail system “link” attachment, which spans  between two external rail stands (in green).
Figure 7.40. Plan view of the complete external rail system, showing the detector train in the fully extracted position.
[bookmark: _Ref391213167]Cables, fibers, cooling tubes and source tubes from the tracker and calorimeter will be installed and attached to the Instrumentation Feed-Through Bulkhead (IFB) before moving the entire assembly, including the detector components, into position [59][4].  The cables and tubes will pass over the muon beam stop before being terminated in the IFB as shown in Figure 7.41. As a result, the tracker, the calorimeter, the muon beam stop and the IFB must be rigidly attached to one another in the axial direction and moved into place as a single unit.  In addition, to facilitate axial alignment and transportation, the proton absorbers and the muon stopping target will also be axially attached to the other components. After being individually aligned in X and Y, all components will be connected axially by coupling their respective bearing blocks, as shown in Figure 7.42. Each component will be measured axially with respect to the VPSP/IFB flange position [image: ]and adjusted before the axial position is locked into place.

[bookmark: _Ref391213211]Figure 7.41. Cables and cooling tubes over tracker, calorimeter and muon beam stop, terminated at the IFB.  
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[bookmark: _Ref391213223][bookmark: _Ref164853342][bookmark: _Toc166232290]Figure 7.42. Two bearing blocks mounted on a rail segment connected via the axial coupling mechanism.
Manufacturing and Assembly
Several manufacturers have been identified who make rail systems that will potentially fit the requirements of the project with respect to accuracy and load, but achieving both of these criteria while simultaneously satisfying the strict magnetic criteria of the Mu2e project has proven to be challenge, although vendors have been identified. 

The supports for the internal rail system will be welded to the inside wall of the Detector Solenoid by the cryostat manufacturer before the DS is delivered to FNAL.  The rail system and bearing blocks will be manufactured outside Fermilab by the rail system vendor and shipped to Fermilab.  The parts will then be mounted by Fermilab personnel to the existing supports, aligned with respect to the center of the DS geometric bore and installed. 
Risks
Due to the complexity and scope of the Mu2e installation activities, and given the numerous constraints imposed by the parallel installation of other components, the installation activities could take longer than expected, resulting in delays.  To mitigate this risk, the installation schedule will be worked through in detail, including access limitations and potential incompatibilities between activities. Any measurements, shimming and installation of rails within the solenoid bore that can be done before installation in the assembly hall will be considered.  If schedule slippage occurs, a second shift for installation activities can be added.

There is also a moderate risk that the tracker and/or calorimeter could move due to forces generated by the solenoid magnetic fields, or other changes in the operating environment. Movement would cause misalignment of either detector, introducing particle momentum measurement error. The mitigation plan for this risk is to complete FEA calculations of all forces and stresses expected within the bore area during operation, including measurements of prototype weights on a test mockup. Also, the tracker will be instrumented to monitor orientation including magnetic field measurement capability.  
Quality Assurance
Thorough structural, thermal and magnetic analysis will be completed to ensure all components will meet the requirements described in [59].

All components will be inspected by FNAL personnel upon arrival at Fermilab, and discrepancies will be documented.  Rails and bearings will also undergo documented inspections and testing by the manufacturer before being delivered to Fermilab. 
 
A full size rail system mockup (8 meters long) has been assembled.  Tests of shimming methods, rail and bearing deflections, coefficients of friction, space available for components and for servicing, binding issues, movement for thermal contraction, adjustment of components and alignment of components are being completed and documented.  Assembly procedures will be verified to the fullest extent possible.  
Installation and Commissioning
A brief summary of the installation process follows:

The Detector Solenoid, including the rail platforms provided by the DS vendor, will initially be measured with respect to fiducials placed within the detector hall.  The internal rails will be installed accurately with respect to the DS bore by use of specially machined 2nd tier bars bolted to the rail platforms as shown in Figure 7.37 and described in [59]. All components will then be placed on the rails and aligned.

During the initial installation, each component will be lowered onto the external rail system, rolled into the DS bore and placed into its approximate final axial position. The components will be measured in X and Y with respect to the geometric bore of the detector solenoid, comparing targets placed on the component structures to the initial bore measurements.  

Several iterations may be required to achieve the alignment criteria.  A final measurement will then be performed [59].

After the initial installation has been completed, the detector train can be rolled out of and back into that position on the set of rails provided by the detector support and installation system.  The rail system is designed to maintain the appropriate level of reproducibility every time the components are extracted and re-inserted into the DS bore.	
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