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[bookmark: _Toc285056454][bookmark: _Ref164655934][bookmark: _Ref164655935][bookmark: _Toc166637637]Solenoids
[bookmark: _Toc285056455][bookmark: _Toc166637638]Introduction
The solenoids perform several critical functions for the Mu2e experiment.  Magnetic fields generated from these magnets are used to efficiently collect and transport muons from the production target to the muon stopping target while minimizing the transmission of other particles. Electrons are transported from the stopping target to detector elements where a uniform and precisely measured magnetic field is used to determine the momentum of electrons.  The magnetic field values range from a peak of 4.6 T at the upstream end to 1 T at the downstream end.  In between is a complex field configuration consisting of graded fields, toroids and a uniform field region, each designed to satisfy a very specific set of criteria. 

[bookmark: _Toc285056456][bookmark: _Ref164524866][bookmark: _Ref164610373][bookmark: _Toc166637639]Mu2e proposes to create this complex field configuration through the use of three magnetically coupled solenoid systems: the Production Solenoid (PS), the Transport Solenoid (TS) and the Detector Solenoid (DS). Requirements for the magnets, as well as a design concept that meets these requirements are described below. The Mu2e Solenoid system also includes all ancillary systems such as magnet power converters, a cryogenic plant, cryogenic distribution and quench protection instrumentation and electronics.  The Solenoid system is shown in Figure 7.1.
Requirement
[bookmark: _Toc285056457][bookmark: _Toc166637640]General Requirements
The Mu2e solenoids and their supporting subsystems are designed to meet a complex set of requirements. The requirements are defined so that the deliverables will meet the physics goals of the experiment. The requirements are explained in detail in several reference documents and summarized below [1] - [8].

Because of the high magnetic field and large stored energy, the solenoids will be made from superconducting NbTi coils, indirectly cooled with liquid helium and stabilized with either high conductivity aluminum or copper. It must be possible to cool down and energize each solenoid independent of the state of the adjacent magnets. Individual magnets will have different schedules for installation and commissioning, requiring independent operation.  It will also be necessary to warm-up individual magnets to repair detector components housed inside or to anneal the conductor.  Furthermore, it may be required that the magnets be operated in special field configurations for detector calibration. 

[bookmark: _Ref192747412]Figure 7.1[image: ]. The Mu2e Solenoid System.
Significant axial forces will be present between these magnetically coupled systems and these forces will change if the fields are changed. The magnets must be designed to withstand this range of forces when they are being operated in their standard configuration as well as in the various configurations described above.  The mechanical support for each of the magnets will be independent and will not depend on adjacent magnets. This simplifies integration issues but complicates the mechanical support system.  The bore of the magnets share a common beam vacuum but the magnet vacuums will be bridged with bellowed connections.

The solenoid coils must be designed for repeated full field quenches and thermal cycles, without degradation in performance, over the lifetime of the experiment.  The expected duration of the experiment is 4 years at full luminosity; however the magnets should be designed for the possibility of an extended physics run at the maximum design luminosity.  The primary consequence of extended running will be the need for repeated thermal cycles to anneal the damage from irradiation. Quenches may occur during the initial campaign to full field as well as during normal operation conditions. The lifetime requirements are summarized in Table 7.1. 

	Design lifetime (min-max) 
	5 – 20 years

	Number of full thermal cycles after commissioning
	Up to 50

	Number of full quenches after commissioning
	> 50


[bookmark: _Ref164487349][bookmark: _Toc166232293]Table 7.1: Lifetime requirements for Solenoids.
[bookmark: _Ref318541955]Magnetic Field Requirements
Each of the solenoids performs a different set of functions and each has a unique set of field requirements. The requirements for each solenoid are described in the sections that follow and are summarized in Table 7.2.
PS Uniform axial gradient (PS2)
The Production Solenoid is a relatively high field solenoid with an axial grading that varies from 4.6 Tesla to 2.5 Tesla.  The purpose of the Production Solenoid is to trap charged pions from the production target and direct them towards the Transport Solenoid as they decay to muons.  The nominal peak field of 4.6 Tesla provides the high end of the field gradient while still allowing for sufficient operating margins for temperature and current density with NbTi superconductor. There is a  5% requirement on the deviation from a uniform gradient along the axis (dB/B). At radii less than 0.3 m there can be no local field minimums where particles might get trapped.


	Region
	Length
	smin
	smax
	Binitial
	Bfinal
	Rmax
	Uniformity Requirement

	 
	(m)
	(m)
	(m)
	(T)
	(T)
	(m)
	 

	PS1
	1.5
	-10.58
	-9.08
	> 4.5 T at s=9.4m
	n/a
	~0.5
	No local minimum anywhere

	PS2
	2.5
	-9.08
	-6.58
	n/a
	2.50
	0.25
	On axis, dB/B < 0.05 about a uniform negative axial gradient from the peak field in PS1 to the TS Binitial field. No local minima off axis.

	TS1
	1.0
	-6.58
	-5.58
	2.50
	2.40
	0.15
	|dB/B| < 0.05 about a uniform negative axial gradient.
dB/ds < -0.02T/m everywhere.

	TS2*
	4.6
	-5.58
	-0.98
	n/a
	n/a
	0.15
	Ripple |dB| < 0.02 T

	TS3
	1.95
	-0.98
	0.98
	2.40
	2.10
	0.15
	|dB/B| < 0.05 about a uniform negative axial gradient.
dB/ds < -0.02 T/m everywhere.

	TS4*
	4.6
	0.98
	5.58
	n/a
	n/a
	0.15
	Ripple |dB| < 0.02 T

	TS5
	1.0
	5.58
	6.58
	2.10
	2.00
	0.15
	|dB/B| < 0.05 about a uniform negative axial gradient.
dB/ds < -0.02 T/m everywhere.

	DS1 Gradient
	3.0
	6.58
	9.58
	2.00
	1.18
	0.3-0.7 cone
	dBs/ds = -0.25  0.05 T/m, 
|dB/B| < 0.05

	DS2 Transition
	1.2
	9.58
	10.78
	1.18
	1.00
	0.7
	Magnitude of gradient decreasing

	DS3 Uniform
	3.6
	10.78
	14.39
	1.00
	1.00
	0.7
	|dB/B| < 0.01 

	DS 4 Uniform
	1.5
	14.39
	15.85
	1.00
	1.00
	0.7
	|dB/B| < 0.05 


[bookmark: _Ref164487627][bookmark: _Toc166232294]Table 7.2: Summary of Mu2e Solenoid field specifications. The “s” coordinate is the path length along the central axis, referenced from the geometric center of TS3; “r” refers to the perpendicular distance from the solenoid axis.  With the exception of the PS1-PS2 interface, the required magnetic field values at the beginning and end of each straight section are shown. *Curved sections TS2 and TS4 are defined by |dBs/dr| > 0.275 T/m for r = 0.
Solenoid straight sections in the transport solenoid (TS1, TS3, TS5)
Particles produced with a small pitch in a uniform field region can take a very long time to progress down the beamline toward the muon stopping target.  This can result in background (Section 3.5.8). To suppress background from late arriving particles the 3 straight sections in the Transport Solenoid have negative axial gradients.  The gradients in TS1 and TS5 are required to be more uniform than the gradient in TS3. TS3 has a complicated interface to make it accessible to experimenters to service the rotating collimator and antiproton window housed inside. However, the field gradient must be negative at all locations in the straight sections for radii smaller than 0.15 m. The radius is set by the geometry of the beam collimators.  This requirement is intended to eliminate traps, where particles bounce between local maxima in the field until they eventually scatter out and travel to the Detector Solenoid where they arrive late and potentially cause background. 
Toroid sections (TS2 and TS4) 
In the toroidal sections of the Transport Solenoid, the field varies as ~1/r, where r is the distance from the toroid center of curvature. In a toroid region, spiraling particles drift up or down depending on the sign of their charge, with a displacement that is proportional to their momentum and inversely proportional to their pitch. Particles with small pitch progress slowly through the toroid and drift to the wall where they are absorbed.  This allows for a relaxed gradient specification in the toroid sections, defined by dBs/dr > 0.275 T/m, where s is the coordinate along the beam path. There is an additional requirement on the field ripple, dB, within a 0.15 m radius transverse to the central axis of the magnet system.  Large field ripples can trap particles.  
Detector Solenoid Gradient region (DS1, DS2)  
The muon stopping target resides in a graded field provided by the Detector Solenoid that varies from 2 Tesla to 1 Tesla.  On the Transport Solenoid side of the muon stopping target, the graded field captures conversion electrons that are emitted in the direction opposite the detector components causing them to reflect back towards the detector. On the downstream side of the stopping target, the graded field focuses electrons towards the tracker and calorimeter. The graded field also plays an important role in background suppression by shifting the pitch of beam particles that enter the Detector Solenoid out of the allowed range for conversion electrons before they reach the tracker. The muon stopping target is located approximately in the middle of DS1. The uniformity requirement for the graded field is dB/ds = 0.25 T/m, where s is the direction along the solenoid axis. DS2 is the transition region between the graded and uniform fields.  It should be as short as possible without introducing a local minimum in the axial field. 
Uniform field section (DS3 and DS4 Uniform).  
[bookmark: _Toc166637642][bookmark: _Ref301959238][bookmark: _Ref301959403]To accurately determine the conversion electron momentum and energy, the magnetic field in the region of the tracker is required to be uniform to within  1% inside a radius of 0.7 m.  Furthermore, the absolute field in the vicinity of the tracker must be measured to within  0.01%.  In the vicinity of the calorimeter, the field uniformity requirement is relaxed to 5% and the field measurement requirement is relaxed to  0.02%.
[bookmark: _Ref317968563]Alignment Requirements
Magnetic elements must be properly aligned to one another as well as external interfaces such as beam collimators, the proton beam line and internal detector elements. This is required to assure optimal muon transmission, suppression of backgrounds, minimization of forces amongst magnetically coupled systems and minimization of radiation damage due to improperly located collimators. Alignment requirements, which vary from amongst magnetic elements, are the subject of several ongoing analyses [8], [27]. Generally speaking, alignment tolerances between magnetic elements (PS, TSu, TSd, DS) in their cold and electrically powered nominal positions are ~10 mm. Alignment tolerances between coils within a cryostat are ~1 mm.  Alignment between magnets and tracker elements are ~0.1 mm.
[bookmark: _Ref318573550]Radiation Requirements
Radiation damage to the solenoids must be carefully considered during the design process. The coil insulation, superconductor and superconductor stabilizer are the biggest concerns. The largest radiation dose is estimated to be 0.3 MGy/year to the Production Solenoid at full beam intensity [9]. Materials with poor radiation properties must be avoided. Irradiation of the conductor and insulation is not expected to be a major concern over a 20-year life cycle.  There is a significant concern about damage to the superconductor stabilizer in the Production Solenoid, causing a significant reduction in electrical and thermal conductivity at low temperature [11]. For aluminum, the stabilizer room temperature resistivity ratio (RRR) must not fall below ~100 over the lifetime of the experiment.  For copper the requirement is for the RRR to stay above 30. 

The experimental hall in the vicinity of the PS will be highly activated and accessible only to highly trained personnel under strictly controlled conditions.  Therefore, every effort must be made to reduce the need for access. Cryogenic valves, power and instrumentation connections should be located outside of this area.
[bookmark: _Toc285056460][bookmark: _Toc166637643]Electrical Requirements
The following electrical requirements have been developed for the solenoid system.

The magnets will be designed with sufficient superconductor margin to allow operation without quenching at full field during the delivery of peak beam intensities. The target operating Jc margin is 30% and the required Tc margin is 1.5 K. 
The Superconductor will be “standard” copper stabilized NbTi strand.  In order to achieve the Jc and Tc margins for the Production Solenoid, the design Jc (4.2 K, 5T) value should be greater than 3000 A/mm2 for conductor in the peak field region of the PS. The magnet will be operated DC.  
For the Production and Detector Solenoids, the NbTi strand will be woven into a “Rutherford cable”. The cable will be further stabilized with low resistivity aluminum.  For the Transport Solenoid, NbTi can be cabled and soldered into a copper channel. This technology has been used successfully in MRI magnets with similar currents and fields [10].
The solenoids will be divided into several independent power circuits. Each circuit will have an external energy extraction resistor.  The value of the resistor will be chosen so that the peak voltages will be limited during a quench to less than 300 V to ground and then than 600 V across the magnet terminals.  For DS and PS depending on the intra-coil connection scheme, there is the possibility of ~100 V between adjacent coil layers. Coil-to-ground and layer-to-layer insulations must be sized to meet these requirements. Turn-to-turn voltages are not expected to exceed 10 V. However, cable insulations must be designed conservatively as these potentially damaging turn-to turn electrical breakdowns will be difficult to detect during fabrication.  
The peak coil temperature must not exceed 130 K as the result of a quench.  Stabilizer will be sized to meet this requirement.
[bookmark: _Toc285056461][bookmark: _Toc166637644]To insure that there is no net transfer of magnetic stored energy between magnets during a quench, the stand-alone time constant for energy extraction for each power circuit must be set to approximately 30 seconds.
Cryogenic Requirements
The solenoids will be divided into 4 cryogenic units.  All solenoid coils will be potted with epoxy and indirectly (conduction) cooled by liquid helium. The coils can be cooled using either a “force flow” or a “thermal siphoning” system.  80 K thermal intercepts in the cryostat will be cooled by liquid nitrogen.  

[bookmark: _Toc285056463][bookmark: _Toc166637645]Refrigerators (not included in the solenoid project scope) located in a separate cryo building will supply liquid helium for the entire solenoid system. Based on the estimated heat loads, the required liquid helium can be supplied by one Tevatron “satellite” refrigerator [12]. This means that during normal operations, the 4.5 K heat load cannot exceed 600 Watts. A second refrigerator will double the available capacity for use during initial cool-down and quench recovery. The time required to cool an individual magnet from room temperature to liquid helium temperature should be no more than a week.  Cryogens will flow to/from each cryostat via a single cryo-link chimney.  This chimney must be routed from the magnet cryostat through the magnet concrete shielding and cosmic ray telescope (DS), up to the cryogenic feed box located at ground level.  Care must be taken in locating these gaps in the shielding to avoid “line of sight” paths for neutron and cosmic ray backgrounds.   Chimneys must be routed to minimize interference with utilities and crane coverage.
Proposed Design
[bookmark: _Toc285056464][bookmark: _Toc166637646] For the purpose of this report the solenoid system can be divided into the following areas: Production Solenoid, Detector Solenoid, Transport Solenoid, cryogenic system, power systems/quench protection, magnetic field mapping and monitoring and solenoid installation and commissioning. The solenoids are shown in Figure 7.1.
[bookmark: _Toc285056466][bookmark: _Toc166637648]Production Solenoid (PS)
The Production Solenoid is a wide aperture superconducting solenoid with an axially graded field. Its primary role is to maximize the stopped muon yield by efficiently capturing pions and focusing secondary muons towards the Transport Solenoid. The PS also provides a clear bore for beam line elements including the primary production target and radiation shield (not shown).  The shield and target will be mechanically supported from the PS cryostat. The salient features of the PS are shown in Table 7.3 and pictorially in Figure 7.2.

The Production Solenoid must generate a uniform axially graded field ranging from 4.6 T to 2.5 T. This axial field change is accomplished using three solenoid coils with 3, 2 and 2 layers of aluminum stabilized NbTi superconducting cable, each coil with the same inner diameter.  The axial length of the PS coils range from 0.75 to 1.8 meters. The coil lengths are a design parameter used to achieve the required gradient uniformity and field matching at the Transport Solenoid.

While the maximum required on-axis field is 4.6 T, it is highly desirable to be able to adjust the peak field by ~10% and still be able to meet the field uniformity requirements. An adjustment upward will allow for a ~10 % increase in the stopped muon yield at the stopping target; a lower field value would still allow the experiment to operate, albeit with a ~10% decrease in stopped muons.  This range is reflected in the PS parameter table where applicable. 

In this section the various Production Solenoid design features (conductor, coil, and cryostat) are presented.  This is followed by a summary of the studies that have been performed to show how the PS design meets the project’s requirements. Details of these studies have been documented in various design notes [9][13][14][15].

[bookmark: _Ref175976414][image: ]Figure 7.2. Cross Section of the 3-coil design of the axially graded Production Solenoid.
Conductor Design
Figure 7.3 shows a cross section of the Production Solenoid conductor. The conductor consists of copper-clad NbTi superconducting strand formed in a Rutherford cable and stabilized with structurally enhanced aluminum. The nickel doped aluminum alloy was chosen to be a compromise between a high RRR and good mechanical strength. The insulation type and thickness were chosen to meet the required voltage standoff while minimizing the thermal barriers that could impede efficient conduction cooling.  

The PS employs a composite cable insulation made of polyamide and pre-preg glass tapes. This type of insulation, originally developed for the TRISTAN/TOPAZ solenoid, was also used in the ATLAS Central Solenoid [18]. The cable is insulated with two layers of composite tape consisting of 25 m of a semi-dry (BT) epoxy on one side of 25 m Kapton tape and 75 m of pre-preg E-glass on the other side.

	Parameter
	Units
	Value

	Cable bare width
	mm
	30.00

	Cable bare thickness
	mm
	5.50

	Overall Stabilizer/non-stabilizer ratio in bare cable
	
	5.56

	Radial insulation thickness
	mm
	0.25

	Axial insulation thickness
	mm
	0.25

	Coil inner diameter
	m
	1.70

	Coil length
	m
	4.01

	Operating temperature
	K
	4.6

	Operating current
	kA
	9.20±0.95

	Peak axial field at the operating current
	T
	4.56±0.46

	Peak coil field at the operating current
	T
	4.97±0.51

	Quench current at the operating temperature
	kA
	15.81

	Current sharing temperature at the operating current
	K
	7.04-6.50

	Minimum temperature margin
	K
	1.50

	Maximum allowable temperature
	K
	5.54-5.00

	Fraction of SSL at the operating temperature
	
	0.52-0.64

	Fraction of SSL at the maximum allowable temperature
	
	0.63-0.69

	Stored energy
	MJ
	55.15-79.74

	Self-inductance
	H
	1.58

	Net axial force with TS powered on
	MN
	1.28-1.36

	Cold-mass weight
	tonnes
	10.93


[bookmark: _Ref164488416][bookmark: _Toc166232295]Table 7.3: Parameters for the Production Solenoid. The range, where specified, denotes variations of the trim current. 
 To facilitate the heat extraction from the coil and increase the structural integrity, all gaps between turns and layers are to be filled with epoxy resin during vacuum impregnation. Since the composite cable insulation is impermeable for epoxy, the sheets of dry E-glass insulation are introduced between the coil layers and between coil and support structure to provide paths for epoxy penetration, as shown in Figure 7.3. It will ensure a good thermal and structural contact between the cables, thermal bridges, and the support structure. The purpose and design of the thermal bridges, as well as the ground insulation between the thermal bridges and the coil are discussed later in the text.

The ground insulation between the cables and the support structure with the total thickness of 2 mm consists of dry E-glass and 2x25 m layers of Kapton. The extra thickness of E-glass between the coil and support structure allows for the machining the outer coil surface after the impregnation for precise fitting the surfaces of the support shells and the coils. 

[image: D:\Project\Mu2e\Alternative\PS0\Dec2011 design\Cable_Dec2011.wmf][image: ][image: ]



[bookmark: _Ref175976666]
[bookmark: _Ref192747540]Figure 7.3. Production Solenoid conductor cross section (left) and insulating scheme (middle-right).
Coil Design
As shown in Figure 7.2, the Production Solenoid consists of three coils that all use the same conductor. The coil parameters are shown in Table 7.4. Each coil has an aluminum outer support structure to manage hoop stress. The cylinder thickness ranges from 83 mm for the 3-layer coil to 40 mm for the 2-layer coils. The material of choice for the coil outer support shells is Al 5083-O. This particular grade of aluminum was selected because of the material strength enhancement at cryogenic temperatures, and because it does not exhibit a reduction of strength after welding.

	Coil No.
	ID
	OD
	Length
	Peak Current Density

	
	(mm)
	(mm)
	mm
	(A/mm2)

	3-Layer
	1700
	1892
	1710
	52.86

	2-Layer
	1700
	1828
	1332
	52.86

	2-Layer
	1700
	1828
	750
	47.92


[bookmark: _Ref164489522][bookmark: _Toc166232296]Table 7.4: Production Solenoid Coil Parameters.
The final coil design will be developed in conjunction with the Production Solenoid manufacturer. For the current baseline design each coil will be wound on a collapsible mandrel. The coil layers are separated from one another by 0.25 mm thick sheets of dry E-glass insulation that provide paths for epoxy during the impregnation. Layers of aluminum made of 1 mm thick strips are installed on the inner coil surfaces either prior to or after the impregnation. These aluminum layers form thermal bridges by connecting to 4 mm sheets of aluminum placed between the coil ends and the end flanges. This is shown pictorially in Figure 7.4. Once wound, the outer support structure will be placed around the coil and will form the outer surface of the fixture used to pot the coils. The ground insulation between the coil and the support structure includes 2 mm of composite fiberglass/polyimide insulation.

[image: ]The three-coil structure will have aluminum end flanges between the coil modules and at both ends of the cold mass. The coil modules will be bolted together in line to form the 4-meter long cold mass assembly. The coil conductors will be bused in series and powered by a power converter through a pair of HTS leads rated for 10 kA. In addition, the 3-layer coil and the middle 2-layer coil will be connected to a bipolar trim power converter rated at +/- 1 kA, either through a dedicated pair of leads or through one main lead and one additional lead. This is shown schematically in Figure 7.5.
[bookmark: _Ref175977142]Figure 7.4. Production Solenoid coils with insulation and cooling features.

[bookmark: _Ref175977291][image: B:\Project\Mu2e\Alternative\PS0\Dec2011 design\PS_Dec2011_electrical2.png]Figure 7.5. Electrical connection scheme for the Production Solenoid coils.
Cryostat and Mechanical Support Design
The superconductor will be indirectly cooled via heat exchange from the coils to helium - filled aluminum tubes welded to the aluminum outer support structure (see Figure 7.6).  A “thermal siphoning” cooling scheme will be used to cool the Production Solenoid.

Also shown in Figure 7.6 are the axial and radial support structures. The PS axial anchors run the entire length of the cryostat and are anchored to the cold mass at the center of the vacuum vessel. Eight axial rods made from Inconel 718, four running from each end of the vacuum vessel and attaching to the center of the cold mass, constitute the axial anchor system. The center attachment point allows for radial shrinkage of the cold mass during cool-down. A series of Belleville springs at the end of each rod accommodate approximately 3 mm of axial contraction of the rods themselves during cool-down.  In this configuration, each set of four rods resist axial loads in each of the two directions. In both cases, the set that is not in use slides, [image: ps cold mass assembly - v2.TIF]unloading the Belleville springs rather than allowing them to go into compression. 
[bookmark: _Ref318730198]Figure 7.6.  Coil cold mass with cooling tubes and support structure.
The radial supports have been designed to resist the weight of the cold mass and any off-center load due to magnetic field. As with the axial supports, Inconel 718 was chosen for a series of 16 tension rods arranged in pairs at each end of the cold mass.

Several candidate materials were studied for the anchor rods. Inconel 718 was chosen because it is structurally strong and represents a relatively low heat load to the cryogenic system. Inconel 718 has the added benefit that it is readily available and is well suited for welding. The allowable stress for Inconel 718 in the annealed and precipitation hardened condition is 425 MPa or 62,000 psi. The lengths of the support rods are summarized in Table 7.5.

The coils will be housed in a stainless steel cryostat.  The thickness of the stainless steel will be chosen to support the weight of the expected 60 tonne internal heat shield. Cryostat parameters are shown in Table 7.5 and are shown pictorially in Figure 7.7.

	Cryostat Component 
	Value (mm) 
	Material 

	Vacuum Vessel Outer Shell
(OD / Wall thickness)
	2600 / 20
	Stainless Steel

	Vacuum Vessel Inner Shell
(ID / Wall thickness)
	1500 / 20
	Stainless Steel

	Vacuum Vessel End Wall
(Thickness)
	30
	Stainless Steel

	Thermal Shield Outer Shell
(OD / Wall thickness)
	2460 / 6
	Aluminum

	Thermal Shield Inner Shell
(ID / Wall thickness)
	1600 / 6
	Aluminum

	Thermal Shield End Wall
(Thickness)
	6
	Aluminum

	Coil Axial Support Rods, 8X
(Diameter / Length)
	38.1 / 2100
	Inconel 718

	Coil and Thermal Shield Radial Support Rods, 32X (Diameter / Length)
	15.88 / 875
	Inconel 718


[bookmark: _Ref164490952][bookmark: _Toc166232297]Table 7.5: Production Solenoid cryostat dimensions and materials.
Magnetic Analysis
In addition to providing the necessary field distribution, the design includes the possibility of changing the peak axial field and gradient with minor impact on the transition field at the TS interface. That is accomplished by changing the current in two coil sections connected to the trim power supply. The peak axial field in the Production Solenoid is 5.02 T and the peak field at the conductor is 5.48 T in the first (upstream) coil when operating at the maximum trim current.  

Figure 7.8 shows the magnetic model created within COMSOL Multiphysics code with the flux density diagram at the maximum operating current. Note that the picture also shows the straight section of the Transport Solenoid that was included in the model for the field matching purposes and the Heat and Radiation shield made from C63200 bronze with the relative magnetic permeability of 1.04. 

[image: ]The field in the PS is a combination of the field from the PS coils and a contribution from the adjacent Transport Solenoid.  (See Figure 7.9) In the PS2 region, the gradient is negative and the 1.45 m long region has a gradient variation within ± 5% from the value of -1.0 T/m (as shown in Figure 7.10). The magnet is designed to operate at 52 - 64 % of the short sample limit along the load line at the liquid helium temperature of 4.6 K and at 63-69 % of the short sample limit at the maximum allowable temperatures of 5.0 - 5.5 K. 
[bookmark: _Ref318732564][image: 3D_field]Figure 7.7.  Production Solenoid Cryostat.
[bookmark: _Ref318539638]Figure 7.8  FEM magnet model with the flux density diagram
[bookmark: _Ref175979407][image: B:\Project\Mu2e\Alternative\PS0\Dec2011 design\Magnetic\Bz(z)_1.png][image: B:\Project\Mu2e\Alternative\PS0\Dec2011 design\Magnetic\Bz(z)_2.png]Figure 7.9. Axial field profiles on the Production Solenoid axis. Different lines correspond to the maximum, zero and minimum trim currents.

[bookmark: _Ref318469021]Figure 7.10. The design magnetic field Bz(r=0) in the PS2 region compared to field tolerances (dashed lines) at zero trim current.
Mechanical Analysis
Several studies were performed to understand the performance of the Production Solenoid conductor, coil and support structure during cool-down from 300 K to 4.6 K and during coil excitation.  A finite element model was developed using COMSOL.  The measured mechanical properties for the conductor, insulator and support materials were used as inputs.

The mechanical strength of the conductor is an important contributor to the overall mechanical integrity of the magnet. Lacking data for the actual PS cable, the material strengths are derived from the ATLAS Central Solenoid cable that has the same width but is a factor of 1.3 thinner.  This is a conservative assumption since the PS cable has a factor of ~3 lower stabilizer-to-strand ratio than the ATLAS cable. 

Table 7.6 lists the measured ATLAS cable parameters from reference [16].  Since there is no data for the ultimate cable strength at 4.2 K, the maximum allowable stress for the cable is based on 2/3 of the yield strength. It is expected that this criterion will be more conservative than using 1/2 of the ultimate strength, a scaling that is often used when the ultimate cable strength is known. As shown, the maximum allowable stress for the cable is 98 MPa.

	Material/Property
	Temp, K
	Al. Stabilizer
	Overall Cable

	Yield Strength, MPa
	
300
	81
	128

	Ultimate Strength, MPa
	
	86
	184

	Maximum allowable stress, MPa
	
	43
	85

	Yield strength, MPa
	
4.2
	110
	147

	Ultimate Strength, MPa
	
	294
	-

	Maximum allowable stress, MPa
	
	73
	98


[bookmark: _Ref302031173]Table 7.6: Measured strength of aluminum-stabilized ATLAS cable.
Table 7.7 shows the expected mechanical forces on the Production Solenoid cold mass during normal operation and quench [9]. When the Transport Solenoid is also powered, there will be a net force of ~1.4 MN pulling the PS towards the TS. Transverse forces are possible due to misalignment with the TS coils, however these forces self-center the two magnets with respect to each other. Note that because of the curved nature of the TS, there is a slight horizontal force when the Transport Solenoid is energized. These forces are well within the structural limits of the Inconel Rods in Table 7.7.


	Total force on PS coil
	At nominal position, kN
	Sensitivity to the coil displacement, kN/cm

	Fx
	-15.7
	-9.0

	Fy
	0.0
	

	Fz
	1361.9
	18.0


[bookmark: _Ref164494462][bookmark: _Ref176243184][bookmark: _Toc166232299]Table 7.7: Summary of the expected mechanical forces on the Production Solenoid cold mass during the operation at the maximum trim current and force sensitivity to the displacements from the nominal position. 
A structural analysis of the PS coils was performed using the material properties defined in the coil and conductor section.  The peak equivalent stresses are 21 MPa in the coil and 51 MPa in the support structure after cool-down. Energizing the coil with the maximum operating current brings the stresses to 73 MPa and 96 MPa for the coil and support structure, respectively, lower than the maximum allowable stresses at the nominal operating temperature.

Another important structural parameter is the shear/de-bonding stress in the coil insulation. Since the main purpose of the insulation is to create the electrical barrier between turns and the support structure, it is desirable to minimize the shear/de-bonding stresses under all conditions since these can significantly degrade the effectiveness of the insulation over time.

Since the coils have lower thermal contraction coefficients than the support shells in the radial and azimuthal directions, the interfaces between the coils and the support shells are always under normal compression. The shear stresses at these interfaces are within 5 MPa. 

In order to avoid creating tensions and shear stresses between coils and end flanges that can be the sources of quenches, there are layers of mica paper between the thermal plates and the end flanges.
Thermal Analysis
Secondary particles generated from the 8 kW proton beam interacting with the production target will deposit energy in the Production Solenoid coils. A bronze heat shield lining the warm bore of the PS will intercept most of the energy. However, an expected 20 W of continuous beam power will still be deposited in the cold mass.  The radiation heat is extracted from the coil through the system of thermal bridges and plates. Because of the irradiation-induced degradation, one cannot take advantage of thin layers of high-purity Al as it is often done in conduction-cooled magnets; the thermal bridges and plates need to be sufficiently thick to conduct the heat even after irradiation. 

The thermal bridges, made from 1 mm sheets of the same aluminum used for the cable stabilizer, are installed on the inner coil surface and extend throughout each coil length. The ends of the thermal bridges are connected to the thermal plates by either welding or soldering, as shown in Figure 7.4. The composite ground insulation, with a total thickness of 500 m, separates the insulated cables from the metal parts on all sides. There are two 25 m layers of Kapton between the layers of fiberglass in the ground insulation. The 125 m thick dry E-glass sheets placed between the coil layers are to be filled with epoxy during the coil impregnation. The outer coil surface is wrapped with a sufficient thickness of fiberglass prior to impregnation that will be machined down to an average of 2 mm after the coils are impregnated.

The thermal plates, made from 4 mm sheets of the same aluminum alloy as the cable stabilizer, protrude outside of the coil and are welded to the outer surface of the support shells, where the cooling tubes are installed. The ends of the thermal plates are stress-relieved by providing a clearance at the corners of the support shells to accommodate the differential contraction between the coils and shells due to cool-down and Lorentz forces. Layers of mica paper are introduced between the thermal plates, flanges and support shells to avoid accumulation of shear stresses at these interfaces. There is also a layer of high-purity Al installed between the support shells and cooling tubes, helping to equalize the thermal loads between the tubes. 

A 3D finite element model created within the COMSOL Multiphysics code was finalized to the level of individual cable layers and included all the cooling/insulation features described earlier. The simulation was made for the worst expected case when the RRR of all Al elements (excluding the support structure made of Al 5083-O) was degraded to 100. The law of mixtures was used to define the equivalent thermal conductivities of the insulated cables, the interlayer insulation, and the ground insulation. All other elements had the actual thermal properties of the corresponding materials.

In addition, the relevant static heat loads were applied to all external surfaces to model the thermal radiation/gas conduction, to the middle support ring to model the heat load through the axial supports and to the end flanges to model the heat load through the transverse supports. It was assumed that the cooling tubes are kept at constant temperature T0 by the cryogenic system. One half of the cold mass was modeled since the production target lies in the horizontal plane and the heat deposition map is symmetric with respect to that plane.
The resulting temperature in the cold mass is shown in Figure 7.11 for T0 = 4.6 K. The maximum temperature is in the middle of the inner surface of the thickest coil; that location coincides with the peak field location, and, therefore, directly affects the thermal margin. In order to determine the thermal parameter space, the radiation power was scaled up to a factor of 16. Figure 7.12 shows the peak coil temperature as a function of radiation power factor. 

[image: :Screen shot 2012-03-07 at 4.59.26 PM   Mar 7.png]Under the static heat load, the peak temperature increment between the coil and the cooling tubes is ~30 mK, indicating that most of the static heat load is intercepted by the thermal bridges and plates before it enters the coil. Under the nominal dynamic heat load, the temperature increment increases up to ~236 mK. Nevertheless, the peak coil temperature is below the maximum allowable temperature by ~164 mK that provides an additional thermal margin to offset the uncertainly in calculating the power depositions, fabrication tolerances and material properties. As shown, the radiation power can be increased by a factor of ~2 before the peak coil temperature starts to violate the maximum allowable value based on the 1.5 K thermal margin. 

[bookmark: _Ref192759586]Figure 7.11. Temperature distribution in the PS coldmass (left) and in the coil (right) at T0 = 4.6 K.
Quench Analysis
The quench protection system is designed to extract energy to dump resistors outside of the cryostat. The quench protection system continuously monitors the voltage across the magnet leads. If the resistive voltage component exceeds the quench detection threshold of 0.5 V for more than 1 second, the power supply is disconnected and the current starts flowing through the dump resistor. The resistance of the dump is driven by the maximum allowable voltage of 600 V which, for the given operating current, corresponds to a resistance of ~ 0.06 Ω.
[bookmark: _Ref192759628][image: :Screen shot 2012-03-07 at 5.07.01 PM   Mar 7.png]Figure 7.12. Peak coil temperature as a function radiation power factor that is the scale factor applied to the nominal radiation power. A curve for the Cu-stabilized cable is shown for relative comparison.
A 3-D quench propagation model was built using QLASA [17] for the PS coil geometry described in Table 7.3. It was assumed that quenches start at the peak field point in the middle of the upstream coil section when it is energized with the maximum operating current. The results are shown in Figure 7.13 for aluminum and copper stabilizer with various room temperature resistivity ratio (RRR) values. For the nominal values of RRR for aluminum (1000) and Copper (100), the peak temperature is ~80 K. As stated in Section 7.2.4, the RRR will be degraded during operation due to neutron radiation from the production target. Reducing the RRR in the PS coils to the minimum values achieved during one year of operation of 200 (Al) and 73 (Cu), raises the peak temperature to ~108 K.  

The radiation deposition in the PS coils will not be uniform. To simulate non-uniform degradation of electrical conductivity in the aluminum stabilizer, the RRR of a short (10 m) cable segment was reduced to the minimum one year value, leaving the RRR of the remaining coil at the average one year values of 400 and 88 for Al and Cu, respectively. This represents the worst-case scenario compared to uniform degradation of the whole coil since the quench detection time is increased while the local heating power in the degraded segment remains the same. As shown, the peak temperature rises to ~132 K, which is close to the peak temperature requirement [2].

[image: :Screen shot 2012-03-07 at 9.41.30 PM   Mar 7.png]The quench analysis is conservative because it does not include quench-back due to heating of the coil support structure by the eddy currents during the current discharge. This effect would create a more uniform heat distribution in the coil and lower the peak temperature.
[bookmark: _Ref175985291]Figure 7.13. Production Solenoid quench current decay and peak coil temperature for various coil RRR values: Initial (solid), RRR uniformly degraded to the minimum value (dashed), RRR degraded in 10-m section of coil (dotted).
Transport Solenoid
The Transport Solenoid consists of a series of wide aperture superconducting solenoid rings arranged into two cryostats. Each cryostat has a chimney for superconducting leads, helium supply and return lines and instrument ports. Internal mechanical supports in each cryostat transmit forces to external mechanical supports that connect to the experiment enclosure structure. The Transport Solenoid does not have an iron return yoke.

As shown in Figure 7.14, the Transport Solenoid is segmented into the following set of components:
· TS1 - Straight section that interfaces with the Production Solenoid.
· TS2 - Toroid section downstream of TS1.
· TS3 - Straight section downstream of TS2 (TS3u coils are in the TSu cryostat, TS3d coils are in the TSd cryostat).
· TS4 - Toroid section downstream of TS3.
· [image: ]TS5 - Straight section downstream of TS4 that interfaces with and the Detector Solenoid.
[bookmark: _Ref175985523]Figure 7.14. The Transport Solenoid with the significant components identified.
The Transport Solenoid performs the following functions:
· Pions and muons are created in the production target in the Production Solenoid. The Transport Solenoid maximizes the muon yield by efficiently focusing these secondary pions and subsequent secondary muons towards the stopping target located in the Detector Solenoid. High energy negatively charged particles, positively charged particles and line-of-sight neutral particles will nearly all be eliminated by the two 90° bends combined with a series of absorbers and collimators.  
· The TS1 field must be matched to the field of the Production Solenoid at the interface for optimum beam transmission.
· There must be a negative axial gradient at all locations in the straight sections (TS1, TS3 and TS5) for radii smaller than 0.15 m to prevent particles from becoming trapped or otherwise losing longitudinal momentum.
· Through the first toroid section (TS2) the beam will disperse vertically, allowing a collimator in TS3 to perform a sign and momentum selection. 
· The second toroid section (TS4) will nearly undo the vertical dispersion, placing the muon beam centroid near the TS5 axis.
· The TS5 field must be matched to the field of the Detector Solenoid at the interface for optimum transmission of the muon beam to the stopping target.
· The Transport Solenoid acts as a beamline interface for the antiproton window and various collimators, including the rotating collimator in TS3.

The Transport Solenoid consists of two independent cryostats and power units. The TS1, TS2 and TS3u coils are assigned to the TSu cryostat. The TS3d, TS4 and TS5 coils share the TSd cryostat. Each cryostat will have its own superconducting link, feed box, power converter and extraction circuit. 

All TS coils use the same conductor design and similar cooling schemes. The TSu unit and the TSd unit are nearly identical, so only the conceptual design of TSu will be presented. 
TSu Design Concept
TSu is shown in Figure 7.15 and includes the following design features:
· A single cryostat to avoid gaps between coils and reduce complexity and cost.
· The coils are powered in series to minimize the number of leads and the complexity of the power and quench protection systems.
· The quench protection strategy is based on extracting most of the energy to external dump resistors.
· Coils are preassembled and tested inside modules (mostly with two coils per module) in order to reduce complexity during cold mass assembly.
· [bookmark: _Ref164501811]The mechanical support system consists of 15 supports: four supports along the toroid main radius, four axial supports close to each end, and three gravity supports.

There is a gap between the TS3u and the TS3d coils as a result of the cryostat interfaces and the mechanical hardware necessary to actuate the rotating collimator and to insert the anti-proton window. In an early study of the TS magnetic design [20] it was shown that if this gap is larger than 150 mm a significant increase in complexity is needed to meet the field requirements. Subsequent studies have shown that the present coil layout can accommodate a larger gap if the inner radius of the TS3 coils is larger than the inner radius of the other TS coils. To allow for a 220 mm gap, the inner radius of the TS3 coils have been increased to 465 mm, compared to an inner radius of 405 mm for the remaining TS coils. Further details about the TSu [image: ::New figure 7.15.JPG]design can be found in reference [19].

[bookmark: _Ref175985780]Figure 7.15. TSu cross section along the horizontal plane. 
TSd Design Concept
The TSd coil and cryostat designs are very similar to TSu. TS3d coils are connected to a toroidal section (TS4) and to a straight section (TS5) in a single cryostat and powered in series.
Conductor Design
The conductor used for the TS is an aluminum stabilized NbTi Rutherford cable. This kind of conductor is typically used for detector systems in particle accelerators and colliders. The strand diameter and Rutherford cable thickness proposed have been used for the conductor of the BELLE detector solenoid at KEK [24].  A cross section of the cable is shown in Figure 7.16.

The cable parameters are shown in Table 7.8.  The insulation is made of fiberglass braided (or tape with some overlap) with a thickness of 0.125 mm per side. Epoxy impregnation completes the insulation. 

The TSu is powered by a dedicated power supply with an operating current of 1730 A. With this conductor and insulation configuration the critical engineering current density is 47 A/mm2 with a peak field of 3.4 T. The operating current fraction on the load line at 5.1 K is 58%. The temperature margin at 5.1 K and 3.4 T is 1.82 K. 

	Conductor Parameter  
	Unit
	Value
	Comment

	Cable critical current  (at 5T, 4.2K)
	A
	5570
	For reference

	NbTi critical current density (at 5T, 4.2K)
	A/mm2
	2700
	After coextr.

	Cable critical current  (at 3.5T, 4.2K)
	A
	7140
	

	Number of NbTi strands
	
	12
	

	Strand diameter
	mm
	0.67
	

	Strand copper/SC ratio
	
	~1/1
	

	Copper RRR
	
	> 150
	

	Filament size
	um
	< 30
	

	Strand twist
	mm
	50
	Typical

	Rutherford cable width
	mm
	4.23
	

	Rutherford cable thickness
	mm
	1.15
	

	Cable width (bare)
	mm
	9.9
	

	Cable thickness (bare)
	mm
	3.15
	

	Overall Al/Cu/SC ratio
	
	13/1/1
	

	Aluminum RRR
	
	500
	

	Aluminum 0.2% yield strength at 300 K 
	MPa
	30
	

	Aluminum 0.2% yield strength at 4.2 K 
	MPa
	40
	

	Shear strength btw aluminum - strands
	MPa
	> 20
	


[bookmark: _Ref317970579][bookmark: _Ref164503628][bookmark: _Toc166232300]Table 7.8 TS Conductor Parameters


[bookmark: _Ref318101973]Figure 7.16 Cross Section of TS Cable[image: ].
TSu Coil Design
The TS coils will be wound on collapsible mandrels and then inserted into aluminum shells (modules). The modules are assembled into a single cold mass and power unit. TS1 is a straight solenoid made of 3 coils (Figure 7.17) with different outer diameters and separated by flanges. Table 7.9 lists the main coil parameters for TS1. 
TS2 is a quarter of a toroid made of 18 coils (Figure 7.18). Table 7.10 lists the main coil parameters for TS2.  

 (
TS1
TS2
PS
)TS3u is a straight solenoid made of four coils (Figure 7.19).  Table 7.11 lists the main coil parameters for TS3u.
[bookmark: _Ref318102129]Figure 7.17 TS1 Coils.
[bookmark: _Ref192779953][image: :Screen shot 2012-03-07 at 10.44.43 PM   Mar 7.png]Figure 7.18. TS2 coils. The upstream end is at the top.
[bookmark: _Ref317011402]

	COIL No.
	Inner radius
(mm)
	Outer radius
(mm)
	Length
(mm)
	Layers

	Turns/layer

	1
	405
	423.0
	172.6
	5
	17

	2
	405
	430.3
	284.2
	7
	28

	3
	405
	444.9
	162.4
	11
	16


[bookmark: _Ref192780297]Table 7.9. TS1 coil parameters

	
COIL No.
	Inner radius
(mm)
	Outer radius
(mm)
	Length
(mm)
	 Layers

	Turns/layer

	4
	405
	448.6
	172.6
	12
	17

	5
	405
	448.6
	172.6
	12
	17

	6
	405
	448.6
	172.6
	12
	17

	7
	405
	463.2
	172.6
	16
	17

	8
	405
	463.2
	172.6
	16
	17

	9
	405
	463.2
	172.6
	16
	17

	10
	405
	463.2
	172.6
	16
	17

	11
	405
	466.8
	172.6
	17
	17

	12
	405
	466.8
	172.6
	17
	17

	13
	405
	466.8
	172.6
	17
	17

	14
	405
	466.8
	172.6
	17
	17

	15
	405
	470.5
	172.6
	18
	17

	16
	405
	470.5
	172.6
	18
	17

	17
	405
	470.5
	172.6
	18
	17

	18
	405
	470.5
	172.6
	18
	17

	19
	405
	470.5
	172.6
	18
	17

	20
	405
	477.8
	172.6
	20
	17

	21
	405
	448.6
	172.6
	12
	17


[bookmark: _Ref302030080]Table 7.10: TS2 Coil parameters.

 (
TS3
TS2
TS4
)
[bookmark: _Ref318102332]
[bookmark: _Ref192780432]Figure 7.19. TS3 Coils. TS3u coils are adjacent to TS2; TS3d coils are adjacent to TS4
	Coil 
	Inner radius
(mm)
(mm)
	Outer radius
(mm)
	Length
(mm)
	Layers

	Turns/layer

	22
	465
	523.2
	172.6
	16
	17

	23
	465
	512.2
	81.2
	13
	8

	24
	465
	519.5
	172.6
	15
	17

	25
	465
	621.7
	81.2
	43
	8


[bookmark: _Ref301985711][bookmark: _Ref301964290][bookmark: _Ref164517732][bookmark: _Toc166232304]Table 7.11 TS3u coil parameters
[image: ]Each module in the toroid and in TS3 can house two coils, which are inserted from each end. Each module will be warmed up, allowing sufficient clearance for coil insertion followed by a shrink fit. A typical TS2 module without coils is shown in Figure 7.20. The modules can be fabricated by using a 5-axis industrial milling machine and a CNC lathe. The cross section of all TSu coils and modules is shown in Figure 7.21.  The cooling system is attached to each module’s outer surface. Heat will be conducted from the coil to the cooling system by conduction through the module (made of Al 5083-O) and by strips of pure aluminum connected to the coil inner surface. 
[bookmark: _Ref318102486]Figure 7.20.  Typical TS2 Coil Module.  One coil will be inserted from each side.
TSu Mechanical Design and Cryostat
The TSu cryostat contains the TS1, TS2 and TS3u coils. It consists of the components and systems listed below.

· Structural supports for the magnetic coils and the vacuum vessel.
· A 4.5 K cooling circuit.
· An 80 K thermal shield.
· A vacuum vessel with a warm bore.
· Interface to the PS cryostat.
· Interface to the proton beam line.
· Interface to the TSd cryostat and to the antiproton window. 
· Interface to a cryogenic transfer line.
· Support for a Collimator in the warm bore at the PS interface.
· [image: ::Screen shot 2012-05-09 at 9.03.28 AM   May 9.png]Support for a Rotatable Collimator in the warm bore at the TSd interface, and interface with rotating mechanism.
[bookmark: _Ref318102593]Figure 7.21.  Cross Section of TSu showing modules and coils.
TS1 is a straight section with a length of 704 mm with a free end flange that interfaces with the Production Solenoid. The other end has a flange that bolts to a mating flange on TS2, a toroid with a global centerline bend radius of 2.929 m. TS3u is a straight solenoid 750 mm long with a free end flange that interfaces with the TS3d. The other end of TS3u has a flange that bolts to a mating flange on the TS2.  TS3u is made of two modules housing two coils each. TS2 is made of 9 modules housing two coils each. TS1 is made of a single module housing three coils.

The mechanical support system for TSu consists of four radial supports (in the direction of the toroid main radius), eight axial supports and 3 gravity supports, as shown in Figure 7.22. The radial supports react only against tensional loads. The axial supports operate under both tension and compression. The orientation and configuration of the axial supports are designed to allow a clear path for the proton beam tube that passes nearby as it intersects the PS. A picture of the TSu support system is shown in Figure 7.23. The dimensions of the supports are listed in Table 7.12. The radial and gravity supports are made from rods (the table shows outer diameter and length), the axial supports are made from pipes (the table shows outer diameter, wall thickness and length). All supports are made of Inconel 718. 

[image: ]The TSu cryostat is shown in Figure 7.23 and Figure 7.24.  Table 7.13 lists the dimensions and materials for the various cryostat components.
[bookmark: _Ref175989580]Figure 7.22. TSu support structure.

	Name
	Function and Location
	Dimensions

	Rs_1a
	Radial at TSd end
	28.6 mm OD, 1 m length

	Rs_1b
	Radial at TSd end
	28.6 mm OD, 1 m length

	Rs_2a
	Radial at PS end
	28.6 mm OD, 1 m length

	Rs_2b
	Radial at PS end
	28.6 mm OD, 1 m length

	As_1a1
	Axial at TSd end
	73 mm OD, 3 mm thick, 0.75 m

	As_1a2
	Axial at TSd end
	73 mm OD, 3 mm thick, 0.75 m

	As_1b1
	Axial at TSd end
	73 mm OD, 3 mm thick, 0.75 m

	As_1b2
	Axial at TSd end
	73 mm OD, 3 mm thick, 0.75 m

	As_2a1
	Axial at PS end
	73 mm OD, 3 mm thick, 0.75 m

	As_2a2
	Axial at PS end
	73 mm OD, 3 mm thick, 0.75 m

	As_2b1
	Axial at PS end
	73 mm OD, 3 mm thick, 0.75 m

	As_2b2
	Axial at PS end
	73 mm OD, 3 mm thick, 0.75 m

	Gr_1
	Gravity at TSd end
	25 mm OD, 1 m length

	Gr_2
	Gravity in the center
	25 mm OD, 1 m length

	Gr_3
	Gravity at PS end
	25 mm OD, 1 m length


[bookmark: _Ref317179919]Table 7.12.  Locations and dimensions of TSu supports.
	Cryostat Component
	Dimension
(mm)
	Material

	Vacuum Vessel Outer Shell
(OD / wall thickness)
	1350 / 25
	Stainless Steel

	Vacuum Vessel Inner Shell
(ID / wall thickness)
	500 / 12.7
	Stainless Steel

	Vacuum Vessel End Wall
(upstream / downstream thickness)
	30 / 15
	Stainless Steel

	Thermal Shield Outer Shell
(OD / wall thickness)
	1100 / ~2
	Aluminum

	Thermal Shield Inner Shell
(ID / wall thickness)
	650 / ~2
	Aluminum

	Thermal Shield End Wall
(thickness)
	3
	Aluminum


[bookmark: _Ref317971988][bookmark: _Ref164506986][bookmark: _Toc166232303]Table 7.13 TSu Cryostat Parameters
[bookmark: _Ref175989567][bookmark: _Ref317254100][image: ]
[bookmark: _Ref317971807]Figure 7.23. View of TSu cryostat. Note proton beam line on the right.
The interface between TS3u and the PS cryostats will be flanged connections with bellows. The incoming proton beam line passes through the TSu cryostat where there is the large section housing the axial supports at the ends of the PS. The cryostat around the TS1 coils has a cutout to avoid interference with the proton beam.

The interface between TS3u and TS3d cryostats will be flanged connections with bellows housing the frame of the antiproton window (also used to separate upstream and downstream vacuum) between mating flanges. The bellows will allow for up to 20 mm of axial offset (See Figure 7.25).

[bookmark: _Ref175989577][image: ]Figure 7.24. Top view of the TSu cryostat.  Note the proton beam tube near the top of the figure.
TS Magnetic Analysis
As shown in the requirements section (7.2.2) the straight sections and the toroid sections have unique field requirements. The straight sections require a field gradient that is negative everywhere inside a radius of 0.15 m.  In the toroid sections the field ripple must be small and the radial gradient must satisfy |dBs / dr| > 0.275 T/m. 

An OPERA model of all Mu2e Solenoids was generated using the design coil geometries. There is no iron yoke around any Mu2e magnet and the fringe field of the PS and DS magnets has a significant impact on the trajectory of the particles in the Transport Solenoid causing some horizontal drift. This drift is corrected by a small rotation around the vertical axis of the TS2 and TS4 coils. A pictorial description of the OPERA model is shown in Figure 7.26. The results of the magnetic analysis are shown in Figure 7.27 to Figure 7.30.

In each straight section (TS1, TS3 and TS5) the generated fields and gradients are shown and compared to requirements (black lines). For the toroid sections (TS2 and TS4), the field ripples are compared to requirements. In all cases the field specifications are met.




[image: ]
[bookmark: _Ref318102769]Figure 7.25.  TSu Cryostat Interfaces.  Top: TSu-PS interface; Bottom; TSu-TSd interface.



[image: :Screen shot 2012-03-07 at 11.27.02 PM   Mar 7.png][image: ]
[bookmark: _Ref318118392][bookmark: _Ref175990705]Figure 7.26.  Left: OPERA model of the Transport Solenoid. Right All Mu2e Coils.
[bookmark: _Ref318103052][bookmark: _Ref175991384]Figure 7.27. Axial field distribution at the center of TS1 (left). Axial gradient along TS1 (right).
[bookmark: _Ref175991386][image: :Screen shot 2012-03-07 at 11.29.32 PM   Mar 7.png]Figure 7.28. Axial field distribution at the center of TS3 (left). Axial gradient along TS3 (right).
[bookmark: _Ref175991388][image: :Screen shot 2012-03-07 at 11.33.04 PM   Mar 7.png]Figure 7.29. Axial field distribution at the center of TS5 (left). Axial gradient along TS5 (right).
[bookmark: _Ref175991554][image: ]

[bookmark: _Ref318103011]Figure 7.30. Ripple in the TS2 and TS4 curved sections.
TS Mechanical Analysis
Several load cases were simulated in order to study the TS coil displacements, the stresses in the coils, the structure and support rods during normal operation and various failure scenarios. Large variation of the forces can be generated when the magnetic systems adjacent to TSu are powered off.  These conditions will be avoided during commissioning and normal operation. Nonetheless, they may occur in the case of a quench or the failure of adjacent systems. The TSu structure and supports have been designed for normal operation with sufficient margin to withstand these failure modes. 

After cooldown (Figure 7.31) and during excitation (Figure 7.32) the von Mises stress in the coils is less than 25 MPa (excluding stress concentrations points due to the mesh).  Table 7.14 shows the stress in the supports during normal operation (all magnets at operating current) and in case of failure scenarios (PS off or TSd off, with all other magnets on). The radial supports see the highest tensile load during normal operation. The axial supports could see the highest tensile stresses or some compression if adjacent magnets fail. The supports are made of Inconel 718 (allowable stress when cold: 531 MPa), and are designed to withstand the full load of these failure modes. 

Table 7.15 shows the von Mises stress (MPa) in the support structure after cooldown, during normal operation, and for failure modes. In all conditions the stresses are below the allowable stress for Al-5083 (107 MPa at 4 K).

	Name
	Function and Location
	All On
	PS Off
	TSd Off

	Rs_1a
	Radial at TSd end
	293
	132
	182

	Rs_1b
	Radial at TSd end
	324
	154
	213

	Rs_2a
	Radial at PS end
	319
	189
	145

	Rs_2b
	Radial at PS end
	354
	210
	180

	As_1a1
	Axial at TSd end
	356
	472
	-134

	As_1a2
	Axial at TSd end
	339
	461
	-152

	As_1b1
	Axial at TSd end
	430
	434
	-8

	As_1b2
	Axial at TSd end
	413
	421
	-24

	As_2a1
	Axial at PS end
	346
	-95
	446

	As_2a2
	Axial at PS end
	322
	-107
	422

	As_2b1
	Axial at PS end
	374
	-6
	399

	As_2b2
	Axial at PS end
	351
	-19
	376


[bookmark: _Ref317178394]Table 7.14. Peak stress (MPa) in TSu supports during normal operation (All On) and for the failure modes discussed in the text. Numbers in bold show the highest load condition.
TSu Quench Protection and Analysis
The quench protection strategy in the Transport Solenoid is based on extracting most of the energy to external dump resistors rather than relying on the quench to propagate through a series of small coils, which is inefficient and could damage the magnets. If the resistive voltage component exceeds the quench detection threshold of 0.5 V for more than 1 second, the current is shunted through a 0.34 Ohm dump resistor and the power supply is switched off.  Symmetric grounding will be used to keep the maximum coil-to-ground voltage well below the requirement with 600 V at the leads when the dump resistance is inserted into the circuit. Symmetric grounding may be disconnected in case of a single-point coil-to-ground failure. Therefore, the ground insulation should be 2 mm thick and will be made of several layers (minimum 6 layers) of fiberglass cloth or G10. The layer-to-layer insulation should be 0.25 mm [image: ]thick and will be made from 0.125 mm think fiberglass tape with a 45% overlap.
[bookmark: _Ref318103199]Figure 7.31. Equivalent stress (MPa) in the TS coils after cooldown.

[bookmark: _Ref318103208][bookmark: _Ref176244054][image: ]Figure 7.32.  Equivalent stress (MPa) in the TS coils during excitation.

	Case
	Stress

	After cooldown
	40 MPa

	All magnets at nominal current
	49 MPa

	PS off
	57 MPa

	TSd off
	44 MPa


[bookmark: _Ref317239280]Table 7.15. Peak stress in the TSu structure during normal operation and for failure modes.

The main parameters of the TSu quench protection system are shown in Table 7.16.  The TSu stored energy at nominal operating current (1730 A) is 7.1 MJ (with the adjacent magnets powered off). In this analysis, 10.4 MJ of stored energy was used to account for coupling with the adjacent magnets and to provide some margin. The inductance was scaled accordingly. 

The hot spot temperature was computed using the numerical code QLASA [17] in the adiabatic condition, assuming that the quench propagates only in the quenching coil.  The “High Field” column shows the results when the quench starts in the peak field area of the coil with the highest field (3.4 T).  The “Low Field” column shows the results for the case when the quench starts in a low field (1.0 T) area of a coil with a low peak field (2.2 T). The hot spot temperature is well below 120 K (the maximum acceptable temperature) in both cases, even with these conservative assumptions.  

	
	Units
	High Field
	Low Field

	Copper RRR
	
	100
	

	Aluminum RRR
	
	200
	

	Operating current
	A
	1730
	

	B max in quenching coil
	T
	3.4
	2.2

	B where quench starts
	T
	3.4
	1.0

	Energy (with coupling & margin)
	MJ
	10.4
	

	Inductance (with coupling & margin)
	H
	6.95
	

	Dump resistance
	Ohm
	0.34
	

	L/R
	s
	20.4
	

	Quench detection threshold
	V
	0.5
	

	Time above threshold before QPS activation
	s
	1
	

	Voltage at leads at dump insertion
	V
	590
	

	Hot spot temperature (QLASA)
	K
	70
	69

	Jeng
	A/mm2
	47
	

	Iop / Ic (5.1 K) on load line
	
	58%
	

	Temperature of heat generation (3.4 T, Iop)
	K
	6.92
	


[bookmark: _Ref302028333]Table 7.16.  TSu quench protection parameters.  The High Field column shows the results for a quench that starts in the peak field area of the coil with the highest field. The Low Field column shows the results for a quench that starts in a low field (1.0T) area of a coil with a low peak field.
[bookmark: _Toc285056468][bookmark: _Ref164615034][bookmark: _Ref164686528][bookmark: _Toc166637649][bookmark: _Toc285056480][bookmark: _Toc166637663]Detector Solenoid
[bookmark: _Toc285056467]The main functions of the Detector Solenoid (DS) are to provide a graded field in the region of the stopping target and to provide a precision magnetic field in a volume large enough to house the tracker downstream of the stopping target. The inner diameter of the magnet cryostat is 1.9 m and its length is 10.75 m.  The inner cryostat wall supports the stopping target, tracker, calorimeter and other equipment installed in the Detector Solenoid. This warm bore volume is under vacuum during operation. It is sealed on one side by the muon beam stop, while it is open on the other side where it interfaces with the Transport Solenoid. The last section of the Transport Solenoid protrudes into the DS cryostat. 

[image: Fig2]The Detector Solenoid is designed to satisfy the field and operational requirements defined in the DS requirements document [3]. The overall structure of the solenoid is shown in Figure 7.33.  It consists of two sections: a “gradient section”, which is about 4 m long, and a “spectrometer section” of about 6 m. The magnetic field at the entrance of the gradient section is 2 T and decreases linearly to 1 T at the entry of the spectrometer section, where it is uniform over 5 m. 

[bookmark: _Ref318367693]Figure 7.33.  Overall structure of the Detector Solenoid coils and cryostat.
The Detector Solenoid coil design is based on a high purity aluminum sheath surrounding a NbTi Rutherford cable. This type of conductor has been used successfully in many similar superconducting detector solenoids. Aluminum has very small resistivity and a large thermal conductivity at low temperatures providing excellent stability. Furthermore, aluminum stabilized conductors can be extruded in lengths of several kilometers. Precise rectangular conductor shapes can be obtained, allowing for high accuracy in the coil winding. 

Two types of conductor are required; both 20 mm high. The “narrow” (5.25 mm wide) conductor will be used in the DS gradient section, while the “wide” (7 mm wide) conductor is used in the spectrometer section. The dimensions are optimized to give the required field when identical current is transported in both conductors. The conductors contain Rutherford-type NbTi cables with 12 and 8 strands, respectively. The strands have a diameter of 1.3 mm, a SC/Cu ratio of 1, and a critical current of 2750 A/mm2 (4.2 K, 5 T). As a result, the conductors have significant stability and safety margins in case of a quench. 

In the baseline design, the gradient section is wound in two layers using the “narrow” conductor (20 mm  5.25 mm), which is necessary to obtain a field of 2 T. The field gradient is obtained by introducing several sets of spacers between coil turns. The field uniformity in the spectrometer section is achieved with a “wide” conductor (20 mm  7 mm), wound in a single layer coil. 

It is envisaged that the DS coil will be wound in standardized modules on accurately machined collapsible mandrels. After curing, the winding mandrels are extracted and the outer aluminum support cylinders are placed over each module and the assembly epoxy bonded. The preassembled modules are then electrically connected and bolted together with spacers in a single cold mass before installation in the cryostat. The Detector Solenoid (cold mass and cryostat) weights about 39 tonnes.  Other parameters of the magnet are summarized in Table 7.17.

	Parameter
	Units
	Value

	Coil
	
	

	Inner radius
	mm
	1050

	Thickness
	mm
	43

	Length
	mm
	10,150

	Mass (cold mass)
	tonnes
	8.8

	Cryostat
	
	

	Inner diameter
	mm
	1900

	Outer diameter
	mm
	2656

	Length
	mm
	10,750

	Mass
	tonnes
	30


[bookmark: _Ref318359436][bookmark: _Ref164530920][bookmark: _Toc166232309]Table 7.17.   Summary of the Detector Solenoid parameters.
Coil Layout
The DS coil layout, shown in Figure 7.34 consists of 11 modules, seven in the gradient section and four in the spectrometer section. Two module types used in the gradient section differ only in number of turns (that is active length) and are wound in two-layers. The modules are separated by pre-machined spacers to give the correct field profile. The spectrometer section contains three identical modules, wound as single layer coil. Finally, to provide a sharp field fall-off, a short two-layer module, identical to that used in the gradient section, is mounted on the far end of the spectrometer section. The parameters of the Detector Solenoid coils are listed in Table 7.18.
[image: ]
[bookmark: _Ref318360613]Figure 7.34.  Layout of the Detector Solenoid coils. Coils segments are labeled C1-C11.  See Table 7.18. TS5 coils are shown on the left. 

	Segment Number
	Zmin
(m)
	Length
(mm)
	Inner radius
(m)
	Current
(A)
	Turns
	Conductor
(mm/mm)
	Current density
(A/mm2)

	1
	3.539
	419.75
	1.050
	6114
	2x73
	20  5.25
	58.23

	2
	3.964
	419.75
	1.050
	6114
	2x73
	20  5.25
	58.23

	3
	4.389
	419.75
	1.050
	6114
	2x73
	20  5.25
	58.23

	4
	5.042
	419.75
	1.050
	6114
	2x73
	20  5.25
	58.23

	5
	5.699
	362.25
	1.050
	6114
	2x63
	20  5.25
	58.23

	6
	6.369
	362.25
	1.050
	6114
	2x63
	20  5.25
	58.23

	7
	7.176
	362.25
	1.050
	6114
	2x63
	20  5.25
	58.23

	8
	7.949
	1777.5
	1.050
	6114
	1x237
	20  7.00
	43.67

	9
	9.761
	1777.5
	1.050
	6114
	1x237
	20  7.00
	43.67

	10
	11.544
	1777.5
	1.050
	6114
	1x237
	20  7.00
	43.67

	11
	13.326
	362.25
	1.050
	6114
	2x63
	20  5.25
	58.23


[bookmark: _Ref164605447][bookmark: _Toc166232310]Table 7.18: Parameters of the Detector Solenoid coil segments.
The two-layer modules are bonded with epoxy to the inner surface of a 5083-0 aluminum support cylinder.  The thicknesses of the support cylinders range from 1-3 cm and are chosen so that they can resist the full stress generated by the magnetic pressure. The cylinder also provides a load path to the cold mass support system. This aluminum grade is non-heat-treatable and can be reliably welded without loss of strength. It is also one of only three materials for which the ASME Code, Section VIII, Div. 1, allows higher working stresses at cryogenic temperatures.  The layout of the coil modules, spacers and support cylinder is shown in Figure 7.35.
Cryostat Design
The Detector Solenoid cold mass is held within the cryostat by radial and axial support systems, as shown in Figure 7.36. The radial support system consists of 8 pairs of tangentially opposed Inconel 718 rods, 4 pairs at each end. The rods are 66 cm long, and 12.7 mm in diameter. At the ends of each rod there is a spherical bearing to accommodate motion from thermal contraction. The axial support system consists of eight 1.25" Schedule 10 Inconel 718 rods, located on the downstream end only. The axial forces are in all cases directed upstream where the DS interfaces with the TS and the axial support system is always in tension. The axial supports use spherical bearings at the rod ends to accommodate the radial thermal contraction of the cold mass. The warm ends of the axial supports connect directly to the cryostat [image: ::fig7.35.PNG]outer shell.
[bookmark: _Ref192821755]Figure 7.35. Layout of the Detector Solenoid coil modules, spacers and support cylinder.
The cryostat consists of concentric 2 cm thick stainless steel cylindrical shells connected by annular end rings. The shells are sized according to ASME Section VIII, Div. 1 rules [23] for cylindrical shells under external pressure. Given that the bore of the solenoid may be evacuated while the magnet is warm (at room temperature and pressure), both the inner and outer shells have a design external pressure of 1 atmosphere. The cryostat sits on two saddles, positioned very close to the ends of the vessel, also shown in Figure 7.36.

The relative permeability of the candidate 300-series (austenitic) stainless steels can range up to 1.02 at 200 Oersteds. A 2-D finite element analysis shows that the effect of this permeability on the solenoid field is about 0.01% [23].

The cryostat provides the load path for cold mass reactions (weight and magnetic force) through its support system. The axial supports bear directly against the cryostat outer shell, and transmit the forces to the saddle support. This arrangement essentially produces no stresses on the cryostat. The warm ends of the radial supports attach to the cryostat through towers, which transmit the load through the outer shell to the saddles. 

[image: ::fig7.36.PNG]The bore of the cryostat must accommodate approximately 10 tonnes of detectors, shielding and other equipment. This load rests on rails attached to the inside of the inner vacuum vessel [25].

[bookmark: _Ref318878416]Figure 7.36.  Radial and axial supports for the cold mass at the downstream end of the DS magnet.  Also shown are the support saddles for the cryostat.
Magnetic Analysis
For field characterization, the Detector Solenoid can be divided into four axial sections: DS1-DS4.  Note that the coils upstream of DS2 have a large impact on the field quality of the Transport Solenoid.  At the same time, there is a contribution from the Transport Solenoid that must be accounted for in the DS magnet design. Using a 3-D finite element model it was possible to determine the distribution of the conductors and spacers in both sections of the DS coil to satisfy the requirements given in reference [1] in the presence of field contributions from the TS. This is shown pictorially in Figure 7.37.

The peak field in the Detector Solenoid coils is 2.2 T and occurs in the first module of the gradient section. At the operating current of 6.1 kA, the magnet is at 45% of conductor quench current, with a temperature margin of 2.5 K with respect to the assumed conductor temperature of 5.0 K. The field in other segments of the gradient section is lower with a consequently larger temperature margin.

Figure 7.38 and Figure 7.39 compare the calculated field with the field requirements in the spectrometer and gradient sections.  As shown, the field on axis meets the field tolerance specifications.  In the spectrometer section, the field at the outer radius may need to be adjusted slightly at the axial extremes.   
[bookmark: _Ref318708836][image: ]Figure 7.37.  Magnetic field on the central axis of the Detector Solenoid. As shown, there is an important contribution to the gradient section form adjacent TS coils.
Mechanical Analysis
The primary direction of Lorentz forces in a solenoid is radially outward, tending to dilate the coils. Flux also bends around the magnet ends, producing additional forces that tend to compress the solenoid axially. If these radial or axial forces are imbalanced, due to non-uniform field and current density or a non-symmetric positioning of the magnet relative to external fields, net forces result which must be reacted by the cold mass support system.


[bookmark: _Ref318386914][image: ][image: ]Figure 7.38 Comparison of the magnetic field with the field requirements in the DS spectrometer section (DS3-4 Uniform).  Field requirements from Table 7.2 are shown in green.  B is relative to a uniform field of 1.0 T on axis (blue) and at a radial distance of 0.7 m (red).
[bookmark: _Ref318386733]Figure 7.39.  Comparison of the magnetic field with the field requirements in the DS gradient section (DS1 Gradient). Field requirements from Table 7.2 are shown in green.  B is relative to uniform gradient of -0.25 T/m and a field value of 1. 5 T at the stopping target on axis (blue); on a radial cone from 0.3m to 0.7 m starting at the upstream end of DS1 section (red).
The asymmetry of the Detector Solenoid inherently forces the DS toward the TS. However, this axial force will vary depending on how accurately the solenoid is positioned relative to the TS. A radial centering force is associated with misalignment of the Detector Solenoid with respect to the axis of the Transport Solenoid. The radial centering forces reacted by the radial support system are not divided equally between the upstream and downstream ends of the magnet. The upstream end reacts approximately 80% of the total radial centering force.

Axial and radial centering forces were calculated with a 3-D finite element model that included the Transport Solenoid and the Detector Solenoid. The assumption was made that the misalignments would not exceed  2 cm. It should be noted that the radial misalignments studied were uniform along the length of the magnet; rotation of the solenoid was not considered.

A summary of the forces used for the design of the cold mass support is given in Table 7.19. The axial force is at a maximum when the TS is operating, and equals 100 tonnes. The radial centering force with the TS off can reach 1 tonne for an installation 2 cm from the nominally centered position.

	Description
	Calculated Force (Tons / kN)

	Axial Force – 0 cm offset
	98 / 960

	Axial force – 2 cm offset
	100 / 98

	Dead Weight
	8.8 / 86

	Radial Centering Force
	1 / 9.8


[bookmark: _Ref164609623][bookmark: _Toc166232311]Table 7.19: Summary of forces used for the design of the DS cold mass support system.

[bookmark: _Ref175997939] The equivalent stress in the coil and its support cylinder at various loading stages is shown in Figure 7.40 and Figure 7.41.  The maximum equivalent stress in the conductor is 35 MPa, while it is 42 MPa in the support cylinder. Both maxima occur in the first segment of the gradient section. The stresses in the remainder of the magnet are much lower. The maximum allowable working stress of 5083-0 aluminum at 77 K is 107 MPa, so the support cylinder provides structural integrity of the coil even in the case of full load.
Quench Analysis
The Detector Solenoid must be protected in case of a quench, whether occurring in the body or in the leads of the magnet, and from any malfunctions of the cooling and powering systems. The Detector Solenoid will be powered with a dedicated power convertor. The circuit will contain protection elements for the solenoids (circuit breakers and extraction resistors) as well as for ancillary equipment (current leads, bus bars, grounding circuits) as shown in section 7.3.5. The normal powering and discharge of the circuit will be performed with ramp rates that pose negligible risk of quench. In case of minor faults, a slow discharge of the circuit will be launched without provoking a magnet quench. Only in case of a major fault shall the fast discharge be engaged and the magnet energy extracted quickly in a controlled way. This mode of protection relies on extraction resistors, dimensioned such that the [image: ::fig7.40.PNG]peak voltage to ground is less than 500 V. 
[bookmark: _Ref318708636]Figure 7.40. Equivalent stress inside the first DS coil layer for the three load cases; cooldown, powering, and combined cooldown and powering.
An analysis of the quench propagation using the QLASA code [17] in the adiabatic regime indicates that for a wide range of parameters (starting quench positions and different RRR of the Al-stabilizer) the peak temperature in the coil remains below 85 K. As the Detector Solenoid design relies on Al-stabilized conductor and an Al-support cylinder, it is expected that the protection properties of the magnet will be strongly enhanced by quench-back. A quench simulation model based on ANSYS was developed to study this case [22]. The model includes all material and dimensional features of the conductors, and the field and eddy current distribution in the coil and its support cylinder. This model shows that when quench-back is suppressed, the maximum temperature in the coil is 80 K, very close to the adiabatic result. In case of quench-back, initiated by discharging the magnet through a dump resistor, all sections of the magnet are resistive within a few seconds after the quench begins. The maximum temperature in the coil in that case is 30 K. These [image: ::fig7.41.PNG]results indicate that the DS magnet can be safely protected whatever the origin of a quench. 
[bookmark: _Ref318368828]Figure 7.41. Equivalent stress in the DS support cylinder for the three load cases: cooldown (SE1), powering (SE2), and the combined cooldown + powering (SE3)
Thermal Analysis
The Detector Solenoid cold mass is indirectly cooled by liquid helium flowing in tubes welded to the outer surface of the support cylinders. The liquid helium will be supplied by either a forced-flow or thermosiphon system. At present, the analysis has been completed for the case of forced-flow cooling with a mass flow rate of 50 g/s and a pressure of 0.23 MPa. Under these conditions and given the expected heat load of 20 W from mechanical supports and radiation, the temperature of the liquid helium leaving the magnet will be 0.1 K above the entry temperature. Under these conditions the maximum coil temperature rise is 0.49 K and occurs in the region of the axial supports. Due to the superior performance associated with thermosiphon cooling, further work will be focused on this option.
[bookmark: _Ref318882098]Cryogenic Distribution 
Introduction
The superconducting solenoids require a cryogenic distribution system and supporting cryoplant for liquid helium and liquid nitrogen. The requirements for this system are described in Section 7.2. The scheme is to divide the solenoids into 4 semi-autonomous cryostats. Cryostats can be cooled down or warmed up independent of the state of the other cryostats.  Each cryostat will require 4.5 K liquid helium as well as 80 - 90 K liquid nitrogen for the cryostat thermal shields.  This system is shown in block diagram form in Figure 7.42 and described in detail in the sections below. 
[bookmark: _Ref318543971][image: ]
[bookmark: _Ref192856447]Figure 7.42.  Block Diagram for the Mu2e Cryogenic System.
Cryoplant description
While the cryoplant is beyond the scope of this project, it is an important interface to the cryogenic distribution system. Thus, a brief description of the system is provided here. Refrigerators and refrigerator components from the Tevatron will be recycled and refurbished to provide liquid helium for the solenoids.  As shown below, one satellite refrigerator appears to be sufficient for steady state operation with a second satellite for redundancy (hot spare) as well as added capacity for cool-down and quench recovery. The Refrigeration vs. Liquefaction curve for a satellite refrigerator is shown in Figure 7.43.  As shown, a steady state operation of 450 Watts with 1.5 g/s liquefaction can be comfortably achieved with one refrigerator.

[bookmark: _Ref176014833][image: ::Screen shot 2011-03-26 at 3.15.57 PM   Mar 26.png]A separate building will be dedicated to the refrigerator and support equipment for Mu2e and other Muon Campus experiments. Three modified satellite refrigerators will be installed to support operations of the cryogenic components. To sustain reliable operation, these refrigerators will be modified to have redundant sets of dry and wet expanders. New valve boxes to interface refrigerators, expanders and the distribution system must be built. 
[bookmark: _Ref318544140]Figure 7.43.  Satellite Refrigerator Stand Alone Capacity.
Cryogenic Distribution System
The cryogenic distribution box will be located between the feedboxes and the refrigerator building, shown schematically in Figure 7.42. The distribution box will contain electronic cryovalves for controlling the flow of liquid helium to the individual cryostats.  In this way, magnets can be individually warmed up or cooled down, as required. The distribution box will require liquid nitrogen to cool the 80 K helium lines for the cryostat thermal shields. Figure 7.44 is a model showing the cryogenic distribution system. The feedboxes will be located in a room in the above grade detector service building. From the feedboxes, cryogenic distribution lines will run to each cryostat. A chase will be designed for this above-grade to below-grade transition to minimize the line of sight for radiation from the detector.  The horizontal runs will be located near the ceiling of the below-grade detector hall. The locations of the cryostat penetrations will depend on the individual cryostat, but will be chosen to [image: ]avoid interference with mechanical supports or required radiation shielding.
[bookmark: _Ref176016202]
[bookmark: _Ref192824831]Figure 7.44.  Layout of Cryogenic Distribution System.
Feedbox Distribution
The cryo distribution feedbox is modeled after previous designs of similar systems. Aside from the local cryogenic distribution, it serves as the cryo-to-room-temperature interface for magnet power supplies and instrumentation for thermal and quench systems. A feedbox schematic is shown in Figure 7.45.  Note that this feedbox is configured for thermal siphoning conduction cooling. With a simple modification the box can be reconfigured for forced flow application.

It is envisioned that recycled HTS leads from the Tevatron will be used, at least for the high current Detector and Production Solenoids. It has been demonstrated that these leads are capable of 10 kA DC operation [26]. Additional studies are needed to validate their application with the large Mu2e solenoids with significant time constants and stored energy.  Liquid nitrogen will be required to cool the HTS section of the leads.
Cryogenic distribution lines
The cross section for the cryogenic distribution line is shown in Figure 7.46.  The line contains two 0.625” lines for liquid helium.  These lines, while supplying helium to the cryostat, will conductively cool the magnet supply and return electrical bus.  Additional lines are shown for the 4 K return and the 80 K for the cryostat shield.  The distribution lines will be vacuum jacketed to minimize the heat load. Each line [image: ]will be approximately 20 meters in length.

[bookmark: _Ref318124534][image: :Screen shot 2011-04-16 at 10.22.53 PM   Apr 16.png]Figure 7.45 Schematic of Feedbox with thermal siphoning.
[bookmark: _Ref318120505]Figure 7.46 Cross Section of cryogenic distribution line.
Cryogenic analysis of Magnets
Studies have been performed on each of the magnet subsystems (PS, TS and DS) to evaluate the basic cooling schemes (thermal siphoning vs. forces flow) as well as the geometry, sizing of pipes, etc.  Estimates of the static and dynamic heat loads and cool-down times were obtained from these studies. Details of these studies are reported in the reference design reports but summarized here. 

[image: Mu2eSiphonSchematic-9Dec10cr.jpg]As an example, Figure 7.47 shows a schematic of a thermal siphoning piping scheme for the Production Solenoid. The piping on the upper right is a continuation of the piping shown on the bottom right of Figure 7.45. Note that the liquid supply control valves shown are not physically located on the cryostat.  They must be placed in a low radiation area so they can be serviced in the event of a failure.
[bookmark: _Ref318038931]Figure 7.47 Thermalsiphon magnet cooling scheme for the Production Solenoid.
Table 7.20 and Table 7.21 include estimates of the heat loads and liquid helium requirements for the solenoid system. In this study, it is assumed that the PS will utilize thermal siphoning while the TS and DS will use a forced flow system. As shown, the total heat load to 4.5 K is 436 W. As shown in Figure 7.43, this is well within the capacity of one satellite refrigerator running in steady state.  It assumes a heat load of 65 W in the PS, which is dominated by dynamic (beam) heating.  This value is strongly correlated to the heat shield design and is subject to uncertainties in the particle production model used in simulations of the proton beam interacting in the production target. The heat load to 80 K is dominated by the cryostat design and cryostat surface area. As shown, the heat load is 1.6 kW, which translates into a required liquid nitrogen flow of ~550 liters/day.

	Best Estimates (no contingency)
	Production
 Solenoid
	TSu
	TSd
	Detector 
Solenoid
	Total

	Nominal Temperature
	80 K

	80 K magnet heat (W)
	130.7
	252.0
	252.0
	500.0
	1134.7

	80 K feedbox and link heat (W)
	140.0
	140.0
	140.0
	140.0
	560.0

	Total 80 K heat (W)
	270.7
	392.0
	392.0
	640.0
	1694.7

	N2 usage for shield (liquid liters/day)
	149.93
	217.11
	217.11
	354.46
	938.6

	
	
	
	
	
	

	Number of 10,000 A HTS leads
	2
	0
	0
	2
	4

	Number of 2000 A HTS leads
	0
	2
	2
	0
	4

	N2 lead flow per magnet (g/s)
	2.2
	0.2
	0.2
	2.2
	4.8

	N2 usage for leads (liquid liters/day)
	237.6
	21.6
	21.6
	237.6
	518.4


[bookmark: _Ref301989101]Table 7.20: Heat load estimate at 80 K. 

	Best Estimates (no contingency)
	PS
	TSu
	TSd
	DS
	Total

	Nominal Temperature

	4.5 K magnet heat (W)
	64.9
	44.0
	42.0
	22.5
	173.4

	4.5 K feedbox and link heat (W)
	14.0
	14.0
	14.0
	14.0
	56.0

	Thermal Siphon
	
	
	
	
	

	Total heat load (W)
	78.90
	
	
	
	78.9

	Total helium flow (g/s)
	4.20
	
	
	
	4.20

	2.3 bar to 2.0 bar forced flow
	
	
	
	
	

	Helium inlet temperature (K)
	
	4.5
	4.5
	4.5
	13.5

	Total heat added (W)
	
	58.0
	56.0
	36.5
	150.5

	Selected flow rate (g/s)
	
	50.0
	50.0
	50.0
	150

	Exit temperature (K)
	
	4.68
	4.67
	4.61
	

	Circulating pump real work (W)
	
	25.0
	25.0
	25.0
	75.0

	Circulating pump system static heat (W)
	
	15.0
	15.0
	15.0
	45.0

	Total refrigerator cooling load (W)
	
	98.0
	96.0
	76.5
	270.5


[bookmark: _Ref301989111][bookmark: _Ref302037937]Table 7.21:  Heat load at 4.5K.  The total heat load is 349.4 W.
[bookmark: _Ref318120973]Magnet Powering and Quench Protection
Introduction and Scope
The Mu2e solenoid system, shown schematically in Figure 7.48, is powered in four independent sectors:

· The Production Solenoid.
· Two sectors in the Transport Solenoid (TSu and TSd).
· The Detector Solenoid.

As can be seen in Table 7.22 there is a large variation of electrical parameters between the five sectors, with currents ranging from 1730 A for the TS, to 10.2 kA for the PS running at the highest field (5T). As a result of the different requirements, the possibilities for standardization across the five sectors are limited. 

The Solenoids must be protected in case of a quench, whether occurring in the body or in the leads of a magnet, and from any malfunctions of the cooling and powering system. Furthermore, due to strong coupling between the PS, TS and DS appropriate measures have to be taken to protect each component in case a malfunction or quench occurs in any part of the solenoid system.

	[bookmark: OLE_LINK1]Parameter
	Unit
	PS
	TSu
	TSd
	DS

	Max. allowable conductor temperature
	K
	5.0
	5.4
	5.5
	6.1

	Maximum current
	A
	10150
	1730
	1730
	5976

	Peak field in coil
	T
	5.48
	3.4
	3.
	2.2

	Current fraction along load line at 4.5 K
	%
	63
	58
	50
	45

	Inductance
	H
	1.58
	7
	7
	1.61

	Stored energy
	MJ
	79.7
	10.4
	9
	28.7

	Cold mass
	tonnes
	10.9
	13
	13
	8

	E/m
	kJ/kg
	7.31
	0.8
	0.7
	3.6


[bookmark: _Ref176083023]Table 7.22. Main electrical parameters of the Mu2e magnets.
Power Supply System
 As shown in Figure 7.48, each of the four power sectors has a dedicated power source that is sized to its nominal current requirement. This allows the current in each sector to be set arbitrarily to any level between the minimum and maximum value. Each circuit contains protection elements for the power sources (e.g. freewheeling diodes), the magnets (circuit breakers and extraction resistors) and ancillary equipment (current leads, bus bars and grounding circuit). All of these elements will be sized for the required operating conditions, which includes significant coupling between sectors, and will include a high level of redundancy.  

The main elements and parameters of the power supply system are shown in Figure 7.49 and listed below.



1. Power converters:
a. Two-quadrant, 6 kA/+10 V/-4V and 1 kA/+10 V/-4V, thyristor based modules are envisaged. With appropriate module configuration, all nominal currents can be provided.
b. All power converters will have internal DC current transformers (DCCT) for current regulation. Additional driving signals for regulation will be provided by a DCCT directly linked to the magnet leads.
c. The power converters will be water cooled. 
d. Internal freewheeling thyristors, mounted on air-cooled heat sinks, will provide protection in case of a water fault or other internal converter failure. The thyristors will be rated to carry nominal currents for a duration that is equivalent to about one time constant of the circuit. 

2. Dump resistors:
a. Air-cooled resistors in parallel with the magnets are foreseen for all circuits. The discharge time constants will be closely matched for all circuits.
b. Peak voltages across the resistors will be less than 600 V. All circuit elements will be tested to a standoff voltage of about 1.5 kV.
c. The maximum temperature of the resistors following a fast dump will be less than 200 C. The recovery after the fast dump will a few hours, shorter than the expected recovery of the cryogenic system. In the case of slow dump, the resistors are expected to recover in less than an hour.
 
3. Circuit breakers:
a. Each leg of the two buses leading to a power converter will have an independent mechanical breaker. The main dump resistor will be permanently connected to the magnets. The circuit for slow dump will be activated with a separate breaker. 
b. The breakers will be air-cooled and normally in an open state. 
c. An opening time of about 0.1 s is required for all circuit breakers.

4. Busbars:
a. The busbars will be made of copper and will be air-cooled. Their total resistance will be significantly less than the resistance of the circuit in case of slow dump, but sufficient for converter regulation.

5. Grounding circuit:
a.   The grounding circuit divides symmetrically the voltage across the magnet terminals through a 1 k resistance. The leakage current to ground is continuously monitored and will trigger a magnet discharge if a preset limit is reached.
[bookmark: _Ref318045648][bookmark: _Ref176082601][image: ]Figure 7.48. Schematic of the electrical circuit for a Mu2e magnet for the case where each magnet is powered individually.
Quench Protection System
As can be seen from Table 7.22 and in reference [7], the set of magnet requirements lead to a large variation of electrical parameters between the four independent power sectors, including a range of stored energy that varies from 9 MJ (TSd) to 67 MJ (PS).  As shown in Section 7.3.4, there are also long superconducting busbars that connects the magnets to the cold-to-room-temperature power transitions. A quench could result in a fast deposition of this energy into the cold mass of the solenoids or busbars.  Such a transition, if uncontrolled, could damage the magnets. In order to avoid such situations, a system that effectively protects the magnet at all times must be devised.

Both the Power Supply System and the Quench Protection System are designed to protect the solenoids including the superconducting busbars. They are both integrated with the Magnet Control System (MCS), which combines the supervision of all systems necessary for safe operation of the magnets. The elements of the protection systems are schematically represented in Figure 7.49.

The function of the Power Supply System, described in [6], is to safely operate the magnets during both nominal and transitory conditions and in the case of faults, to safely discharge the magnets and allow for their quick recovery. This system also includes the dump resistors used for discharging the magnets in case of a minor fault (slow dump) or emergency discharge (fast dump). The latter occurs if a quench is detected in any of the superconducting magnets, or in any part of the cold electrical circuit (cold busbars or current leads). It is the job of the quench protection system to detect and signal such a resistive transition.
[image: ]
[bookmark: _Ref318544636]Figure 7.49. Schematic of the elements of the Power Supply System (PSS) and other systems relevant for the protection and powering of the mu2e magnets. The think lines at the bottom of the figure represent the magnetic coupling of the solenoids.
In case of a quench, the quench protection system could also activate additional protection measures that are not part of the electrical circuit. For example, quench heater power supplies could be activated when the order is given to the power supply system to discharge the magnets. Quench heaters are a well-known technique for protecting superconducting magnets, relying on resistive layers imbedded in the coil windings. A short and intense current pulse through the resistive layers generates a rapid temperature rise and provokes a quick spread of resistive volume in the superconducting coil. The number and location of quench heaters in the Mu2e magnets is still under study.
[bookmark: _Ref176083055] Although several redundant levels of quench detection and protection elements are envisaged for the Mu2e magnets, it is always possible that some or all of them may fail to act. The magnets themselves must be designed to maintain the temperature of the coils below 130 K in the case of a full energy discharge. This is best accomplished if quench-back is enhanced by the design of the superconductor and its support structure. Also, magnet protection can be improved through passive thermal bridges between turns, which enhance the spread of the dissipated energy throughout the coil.
[bookmark: _Ref318468964]Magnetic Field Mapping 
 Requirements for the Mu2e solenoids [1] are derived from a set of unique magnetic field specifications that must be met in order for Mu2e to satisfy its physics goals. Efficient transport of negatively charged muons to the stopping target combined with effective suppression of positively charged particles, line-of-sight neutral particles, and high energy negatively charged particles is required. Throughout the solenoid system the specifications on absolute field strengths and local gradients are at the 1 to 5 percent level. These levels are consistent with known manufacturing, assembly and alignment tolerances as well as uncertainties in the final geometry due to thermal changes and large mechanical forces from magnetic interactions and vacuum systems. Furthermore final state electron tracking and momentum determination relies upon a precise field map of the DS spectrometer region, at the level of 0.01 percent.

To ensure that Mu2e physics goals can be met, it is necessary to validate the fields produced by the solenoids; the specific requirements are elaborated in [8].  Clearly for such a large and complex system of magnets, achieving the desired field profile across the entire transport channel in the final magnet configuration will require great attention to quality control during the fabrication of individual components. Measurements of coil conductor geometry and electrical (insulation) properties will be required at certain steps, to recognize any errors or problems and corrective action will need to be taken before repairs become difficult and expensive.  

[bookmark: _Toc166637653]Once the large PS and DS solenoids are built, there is a possibility to perform a magnetic field map at the vendor location with the coils at room temperature; such a map could be performed with a relatively simple apparatus, and would provide some confidence prior to shipping the magnets to Fermilab. However the maximum current in the room temperature coils is limited by stabilizer cross sectional area and cooling conditions. Prior to installation in the cryostat (with air flow cooling), the coils may tolerate 1% of the nominal operating current. This, of course, does not ensure the magnet performance when cold; however, it is not expected that vendors will have the necessary cryogenic, power, and quench protection system infrastructure needed to confirm cold test performance prior to shipping to Fermilab.  Therefore, we assume that all cryogenic performance tests and full-field magnetic measurements will be conducted at Fermilab; this entails risk to magnet cost and schedule associated with possible need to return a magnet to the vendor for repair.
  
The situation with the TS toroidal solenoid is slightly different: we envision that (pairs of) individual coil modules will be tested under cryogenic conditions at Fermilab before they are put together into their final TSu and TSd arrangements.  Thus, coil quench performance and basic magnetic field profiles will be confirmed at an early stage. However, there are constraints that severely limit what direct field measurements can be made within the fully assembled Transport Solenoids. First, there will be no infrastructure for cold power testing of the completed TS magnets except at the Mu2e experimental hall. Second, current plans for installation and commissioning make it unlikely there will be an opportunity to measure magnetic fields in either of the TSu or TSd sections.  TSu will be installed first (after PS), and could be tested in a stand-alone fashion (with PS not powered, due to force imbalance); however once TSd is installed, it would be time consuming and impractical to re-position the magnets to install and remove a field mapping system. Thus, a different solution is envisioned for validating the final field configuration throughout the transport channel which involves monitoring of coil positions (and adjustments) under thermal and magnetic force conditions, with fixed arrays of in-situ Hall probe sensors in each straight section, and finally a test of low energy electron transport through the channel. 

The field mapping effort is intertwined with the installation and commissioning of the Mu2e magnets, beam line, and detector systems. Mapping of the PS and DS fields is important not only for qualifying the magnetic profile, but also to determine the magnetic axis for proper positioning of each solenoid. Therefore a reasonably quick coarse-grid map of the stand-alone DS and PS solenoids is envisioned to be performed immediately following (or during) the cold power and quench performance testing of these solenoids. These field maps would be followed by magnet position adjustments, and a thermal cycle to room temperature and back to 4.5 K. A second round of very thorough field maps would then be performed, once the entire magnetic system is installed and commissioned. This “final” configuration is likely to be approached in an iterative fashion, since the TS coil positions will be monitored at each interface and adjustments made to achieve the desired result. For final configuration magnetic measurements several steps are required: first, the DS and PS volumes would be mapped; second the regions within the TS1 and TS5 collimator holes at the interfaces with PS and DS would be mapped.  The in-situ arrays in these regions will provide complementary information and monitor field conditions during operation (although sensor calibration changes, from beam irradiation, are expected to introduce uncertainty over time).  Note that field maps of the PS will be required at three possible operating points, with the peak field at 4.6 T (nominal), 4.2 T, and 5.0 T.  The DS spectrometer region will be mapped at the nominal 1 T field, and also at the physics calibration field of 0.7 T.
Design of Field Mapping System
The Mu2e field mapping system is conceptually similar to systems previously developed for mapping the large detector solenoids for the CMS and ATLAS experiments at CERN [31][32]. The field mapping system, shown schematically in Figure 7.50 will utilize arrays of Hall and NMR probes that are rigidly mounted and accurately oriented along arms of a non-magnetic mechanical motion carriage device capable of positioning the probe array precisely in azimuthal and axial coordinates. The motion carriage and probe arrays will be supported on, and will translate along, precision non-magnetic rails that are securely mounted to the magnet cryostat or inner vacuum bore. The carriage, probes and rails will all be referenced to one another by survey, and will have precision encoders for position and angle determination. For actuating the transporter motion, both pneumatic and non-magnetic cable drive (with external motor) options can be considered.

[bookmark: _Ref176083097]Since PS and DS have very similar geometry and volumes to be mapped, a single (adjustable) mapping system will be used for both. Since the detector elements will be installed on a precisely aligned (~0.125 mm) non-magnetic rail system (responsibility of the Muon Beamline group [33]), it is natural for the magnetic field mapper to utilize these rails for positioning along the axial direction. In the PS, the Heat & Radiation Shield (HRS) will also be installed on support rails (once field mapping is completed), and these can serve to guide the mapping system motion in the PS. For the PS and DS mapping, Hall probes would be mounted at fixed radii along “propeller” arms that will be stepped through a series of angles at each axial Z position. To map the PS-TS1 and DS-TS5 interfaces (inside the collimator holes), the transport system will be reconfigured with a different array of Hall probes positioned on a long (counterweighted) extension that will extend through the collimator. The transporter design needs flexibility to adjust for differences in rail width and magnetic axis height; these differences are relatively small. Relying upon a single field mapper saves on component and labor cost, but it entails some risk to schedule because using this device will be on the critical path to proceeding with final steps in the solenoid and detector assembly.  It will need to be relocated, reconfigured, set up, surveyed, and operated several times during the mapping program. 
The most demanding Mu2e measurement requirements are in the DS spectrometer uniform field region, where the field components must be determined to 1 G in a 1 T field (0.01% precision); the PS 2.5 to 5 T field must be measured at ~1% precision.  Therefore the field mapping system will use modern, commercially available 3-axis Hall probes that are calibrated to 0.1% linearity over the required range (0-5 T) of magnetic fields. NMR probes will accompany the Hall probe arrays to provide the required 30 ppm absolute field reference measurement in the DS spectrometer region; to get a sufficiently uniform field for the NMR system to lock on to a signal in the DS gradient section, “gradient compensation coils” will be used.  
[bookmark: _Ref318105764][image: ]Figure 7.50.  Schematic side view of a mapping system that translates along rails (dark blue) within the large aperture solenoid.  Two arrangements of Hall probe arrays allow the same system to map the large solenoid volumes as well as the TS collimator interface regions.  . 
Fixed Array Design
[bookmark: _Ref318105866]Fixed arrays of magnetic probes will be permanently deployed in the solenoid system to monitor long-term stability. The field at interface regions at the ends of each Transport Solenoid cryostat may be sensitive to small changes in geometry.  Fixed arrays in these regions will determine how much magnetic or vacuum forces affect the field profiles, and if they agree with the expected fields. In the TS3 straight section, in-situ Hall sensors are the only practical way to directly verify that the field profile has the required continuous negative gradient. To make the (strength and gradient) measurements, linear arrays of several precisely spaced 1-D Hall probes will be installed to measure the axial field strength at the beam tube radius on either side of each interface; a platinum RTD will accompany each Hall probe to measure and compensate for the sensor temperature. 
 
The arrays will be mounted on the outer surfaces of the collimator support shells.  This will allow them to be pre-assembled as a robust mechanical structure, and mounted in a precisely measured geometry that will be well defined with respect to the cryostat.  Furthermore, this scheme will simplify routing and protection of wiring, and will provide shielding of the sensors by the collimators to minimize radiation damage.  The same scheme, shown in Figure 7.51, can be applied at each of the collimators, TS1, TS3u, TS3d, and TS5.  Four arrays (up, down, left, right) of 4 or 5 probes will be mounted on the shells at each of the 4 collimators to give sufficiently redundant information to determine and understand the field profiles.

  Accurate electron momentum reconstruction requires a precise knowledge of the magnetic field in the tracker region of the Detector Solenoid.  A fixed array of probes will be deployed in the tracker region to monitor the stability of the field over time. Two (or more) NMR probes will be rigidly mounted to each end of the tracker frame along with a set of 3-axis Hall probes. This arrangement will allow for monitoring the field stability over time, and will also be sensitive to changes in the orientation of the tracker. The precise positions of these Hall probes should be determined by survey in order to accurately relate them to the mapped field coordinate system. The Muon Beamline group has responsibility for coordinating survey and alignment specifications and efforts [27].
[bookmark: _Ref318717419][image: ]Figure 7.51. Concept for in-situ Hall probe arrays mounted on the outside of collimator support shells.
Coil Displacement Sensors
Displacement sensors will be used to monitor the coil positions with respect to cryostat walls at each of the TS interfaces (TS1, TS3u, TS3d, and TS5). This will allow comparison with expectation under conditions of cool down and when energizing the fields.  If adjustment of the coil positions and angles is necessary, these sensors will provide feedback on resulting coil positions.  The preferred approach is to utilize commercial fiber optic displacement sensors, which have very good resolution up to the required range of expected TS coil displacements and have been adapted to MRI applications – they therefore work in a magnetic field and are available with vacuum feed-throughs. To fully determine coil positions and angle displacements, four axial and four transverse sensors are required at each of the four interfaces, for a total of 32 sensors. A readout system is also required.
Electron Source and Detectors
The concept for testing the final magnetic configuration is to study the transport of low energy electrons from the PS production target region all the way to the DS stopping target region. To do this, once the HRS is installed in the PS, an electron source would be moved into the location where the production target will be installed later. Possible electron sources include a Beta source (~1 MeV average energy), or an electron gun (up to ~25 keV).  It will be necessary to measure where electrons end up from different transverse starting positions, so measurements at the center position and translations (up, down, left, right) of the beta source would be performed using a ceramic/piezo motion stage. In the case of the electron gun, a fixed array of 5 guns would explore the same dependence on position. For the electron gun, the entire transport channel would need to be evacuated; this may not be necessary (but would be beneficial) for the beta source option.  Downstream, detectors would be deployed to determine where the electrons end up.  One option is to tile the upstream face of the TS1, TS3u, and TS5 collimators (outside the hole) with (phosphor screen plus) scintillators, as shown in Figure 7.52. HPD photo detectors, which have been shown to work in fields up to 5 T, can be used to detect the scintillation light. Four quadrants would indicate if, and where, electrons from each source position hit the collimator.  These detectors could simply be left in place after the test.  At the stopping target location, another array of more finely segmented scintillation-based detectors would be placed, and removed after completion of the test. Thus, with the full magnetic configuration and evacuated channel, the transport of low energy electrons (which will closely follow the magnetic field lines) will be studied as a function of the electron starting position, to confirm expectations and validate the final configuration.
System Integration, Installation and Commissioning
Mu2e Building Layout
  A detailed and fully integrated installation procedure will be developed for the Mu2e solenoids and supporting equipment as part of the preliminary and final design process. The solenoids will be constructed elsewhere and installed in the Mu2e detector enclosure at the appropriate time. The detector hall will contain two independent 30 ton cranes for handling the components.  These two cranes will have the capability to be connected and controlled as one 60 ton crane for handling large components like the Detector Solenoid. The layout of the underground detector [image: ]enclosure is shown in Figure 7.53.
  
[bookmark: _Ref318105930]Figure 7.52. Concept for one (of four) quadrant scintillation tile at upstream side of a collimator.
The building is open over the Detector Solenoid during installation and will be filled in with shielding blocks during operations. This ensures there is direct crane coverage for installing the Detector Solenoid. There is no crane overage over the Production or Transport Solenoids so each component must be moved into place using a rail system.  The rail system can be seen in Figure 7.53. This system is similar to other installations at Fermilab, including CDF and D0. The rails are imbedded in the concrete floor during construction. Each rail has holes for mounting a hydraulic cylinder for pushing or pulling the heavy components into place.
Magnet and System Installation
Once the magnet assemblies are accepted by Fermilab and delivered to the Mu2e building, installation can begin.  Installing the Detector Solenoid assembly is straight forward as it can be lowered directly into place. Installation of the Production Solenoid assembly is a little more difficult. The Production Solenoid must be lowered down a hatch outside of the building and then rolled into place by way of a rail system built into the floor of the enclosure. Installation of the TS magnets will also utilize a rail system.
[bookmark: _Ref176083378][bookmark: _Ref318106062][bookmark: _Ref192826153][image: ]Figure 7.53. Layout of the Mu2e detector enclosure layout.
The installation plan is broken down into magnets and all other solenoid systems.  The magnet sequence is important but the other systems can be worked on in parallel.  A detailed installation plan that optimizes the assembly and installation tasks will be developed during the preliminary and final design process. The general installation plan is as follows.

Magnet installation sequence:
1)	Install DS and PS assemblies (order does not matter here).
2)	Install TSu magnet.
3)	Install TSd magnet.
4)	Make up magnet interconnects.
5)	Connect magnets to cryogenic and vacuum system.

Other system installations:
1)	Feed box installation.
2)	Transfer line installation.
3)	Magnet power system installation.
4)	Cryogenic instrumentation and controls.
5)	Insulating vacuum system installation.
Once all systems are installed and preliminary testing is complete, the magnet system commissioning can begin.
Magnet System Commissioning
The solenoids will be fully assembled as a magnet system and cold tested in the Mu2e detector enclosure. The Production Solenoid heat shield and detector components will not be present during initial magnet commissioning.  Clear magnet bores are required for mapping the magnetic field of each solenoid. Once the magnets are cold tested and the field maps measured, installation of the heat shield and detector components can begin.
Considered Alternatives to the Proposed Design
[bookmark: _Toc285056472][bookmark: _Toc166637654]During the process of developing the conceptual design, several alternate designs have been considered. These designs were not selected as the preferred alternatives for several reasons. Primary considerations were cost, design feasibility and ease of fabrication. A few alternative designs (more precisely alternative materials) are still under consideration for the Transport Solenoid. The choice of cryogenic cooling schemes for Transport and Detector solenoids (thermal siphoning vs. forced flow) is still under consideration.
[bookmark: _Toc285056473][bookmark: _Toc166637655]Production Solenoid Alternative Designs
A number of alternative design solutions were considered in the course of the PS magnet design studies. These were developed to various levels of detail, but always to a level that was sufficient to discriminate between alternatives.  
4-layer Coil
A coil design with 4-3-2 layers has been studied (shown in Figure 7.54) [9]. The extra layer of cable allows increasing the Al stabilizer thickness by 0.5 mm and to operate at a lower current while fulfilling the design requirements. As a result, the peak quench temperature is reduced. However, adding an extra layer of cable increases the magnet cost, and, at the same time, reduces the thermal margin because of the larger coil volume impacted by the radiation power and a larger number of insulation layers in the radial direction that impedes the heat transfer. Thus in order to achieve the same thermal margin as the 3-layer design, at least one thermal bridge has to be embedded between the cable layers, potentially impacting electrical reliability.
Continuous Coil
 A continuous coil concept, shown in  Figure 7.55 was investigated where the complete Production Solenoid coil is wound from a single piece of cable. This assumes that continuous conductor of the required length can be obtained. The overall coil length, cable dimensions, number of layers and main operating parameters are the same as the baseline concept. The difference is in the absence of axial gaps separating the individual coil sections. The result is a slightly smoother field profile. However, it was recognized that this approach has a number of challenges absent in the baseline design. The primary disadvantage is that the mechanical support across such a large span is more difficult because the forces are different in regions that have a different number of windings.  The 3-coil baseline design has full-radius flanges between coils that allow for radial and axial supports that are sized for the expected force on each [image: ]coil.

[bookmark: _Ref192827021][image: ::Screen shot 2011-03-26 at 1.56.14 PM   Mar 26.png]Figure 7.54. Alternate PS “4-3-2” layers with iron yoke.
[bookmark: _Ref318468633] Figure 7.55.  Possible support structure for the continuous coil design.  The coils are in red. The structures depicted in blue and green provide mechanical support.
Copper Stabilized Cable
Copper stabilized cable was considered for the MECO Production Solenoid [29]. The advantages of this approach might be a potentially larger number of vendors who are capable of producing the cable as well as the potential for cost savings. However, copper-stabilized cable has a number of important disadvantages. The total dynamic heat load in copper-stabilized cable is a factor of three larger than in aluminum-stabilized cable due to larger energy loss from secondary particles that interact in the stabilizer [30]. Because of the relatively low margin between the required cooling temperature and the helium boiling temperature, the increased heat load from copper stabilizer is likely to require either a sub-cooled helium supply or the pool-boiling cooling scheme considered by MECO. Both options would have an impact on the magnet cost that could partially or completely eliminate the cost advantage of using the copper stabilizer. Another disadvantage of using copper is an increase in the weight of the cold mass of the Production Solenoid by approximately a factor of two, requiring a proportional increase of the radial support strength (and the corresponding static heat load). 

Perhaps the most important impact of using copper-stabilized cable is in the incomplete recovery of the resistivity after irradiation and subsequent annealing. According to [11], copper only recovers to ~ 90% of the initial resistivity after room temperature annealing leading to a degradation of the quench performance after prolonged irradiation. Aluminum does not exhibit such behavior, recovering to 100% of the initial resistivity after a thermal cycle. 
G10 Spiders as the Cold Mass Support
An alternative means of supporting the cold mass in the radial direction is through the use of “spiders”. Spiders are rings made of low thermal conductivity material (usually G10 or G11) that are anchored to the cold mass and the cryostat wall at several points. A possible spider concept is illustrated in Figure 7.56.

[image: :Screen shot 2011-04-17 at 9.24.19 PM   Apr 17.png]One disadvantage of a spider support is a potential interference with the thermal siphon cooling tubes.  Another disadvantage is the potential for large thermal stresses to develop in the spider due either to a mismatch in the thermal expansion coefficients of the spiders and the cold mass or potential magnet shifts during transitions from warm to cold.
[bookmark: _Ref318719215]Figure 7.56. Alternative cold mass support design: G-10 spider ring (left) and spider attachments to the cold mass (right).
[bookmark: _Toc285056474][bookmark: _Toc166637656]TS Design Alternatives
Several alternative designs have been considered for the Transport Solenoid.  Aside from a number of studies to optimize the number of individual coils required in the Transport Solenoid to meet the field specifications, most of the alternative studies centered on the complicated central straight section (TS3), and on the design of the modules.  
TS3 in a separate cryostat.
In this design, all TS3 coils are in a dedicated cryostat (see Figure 7.57). This cryostat is connected with bellows to the adjacent cryostats (TS1-2 upstream, and TS3-4 downstream). It can be quickly disconnected from the adjacent cryostats and can be lowered (or moved sideways) in order to access its warm bore for maintenance and replacement of the rotatable collimators and the anti-proton window. 

The drawbacks of this design are the extra costs due to the separate cryostat, its support system, the dedicated feedbox, cryogenic link and service lines. More details about this alternative design can be found in [35].
[bookmark: _Ref318545195][image: ]  Figure 7.57  Alternative design with TS3 coils in dedicated cryostat.
Copper stabilized conductor
Copper stabilized conductors (for instance: Wire-in-channel, or Rutherford-in-channel) have some advantages with respect to aluminum stabilized conductors: they are less expensive and can be provided by a larger number of vendors. But they also have drawbacks. The RRR degradation of copper due to radiation does not anneal completely at room temperature, whereas aluminum does. Additionally, aluminum stabilized conductors can easily provide more stability than copper.

An example of a TS design using a copper stabilized conductor is presented in [35]. Since the TS coils will be coupled with the larger adjacent magnet systems, a large stability margin is recommended. 
TS modules made of stainless steel used as bobbins
[image: ]This alternative design employs a stainless steel structure to support the TS coils, which are wound and impregnated in the modules.  The modules can house three or four coils each (see Figure 7.58). The use of stainless steel makes it easy to fabricate the TS modules, but makes it hard to provide axial pre-stress to the coils. The axial thermal contraction of the coils is larger than the thermal contraction of stainless steel, therefore axial pre-stress must be provided by using bladders or slices of material with a very low thermal contraction coefficient (for instance INVAR).  More details about this design are presented in [35].  
[bookmark: _Ref318545244]Figure 7.58  Cross-section of 4-coil stainless-steel module/bobbin for TS.
TS modules made of aluminum used as bobbins
In this design the aluminum-stabilized cable is wound on bobbins made of aluminum alloy (Al-5083) that can house three or four coils. These modules are very similar to the modules presented in the previous alternative design, with the exception of the material and the fabrication method. This concept solves the issue of the axial thermal contraction.  On the other hand there is a risk of separation between the coil ID and the bobbin OD during cooldown and powering.  This risk can be reduced by using a bandage to pre-stress the coil after winding and/or impregnation.  In order to completely eliminate this risk, a stainless steel liner should be inserted in the ID of the modules. By using both features (bandage and liner) this design [35] meets all requirements, although the module fabrication is quite complicated and expensive. 
Detector Solenoid Design Alternatives
Two Layer spectrometer section
In the process of developing the Detector Solenoid conceptual design, several alternatives were considered. The two-layer design for both the gradient and spectrometer section, powered in series was found to satisfy the field requirements with satisfactory margins.  This two-layer design avoids the problem of having an uncompensated return bus, whose field is on the order of 25-40 G. However, the present field uniformity requirement of |dB/B|< 1.0% or 100 G (see Table 7.2) means that this field non uniformity is not an important consideration. 

[image: ]For this two layer design, a very wide cable is needed in the spectrometer section to power the gradient and spectrometer sections from a single supply, (see Figure 7.59). The wide spectrometer cable is almost three times wider than the gradient section conductor. This added aluminum is not needed for quench protection or stability, but is used to achieve the required engineering density.  Thus, the weight of the magnet becomes very large, on the order of 50 tonnes. Furthermore, the cost of the magnet conductor increases with the additional conductor-quality aluminum volume. The baseline “single-layer” spectrometer is a much more efficient use of conductor, while still meeting the Mu2e magnetic field requirements. 

[bookmark: _Ref318212250]Figure 7.59.  An alternate design for the Detector Solenoid coil featuring two- layer gradient and spectrometer section.
[bookmark: _GoBack]Another possibility was to power the DS spectrometer and gradient on separate power supplies. In this concept, the DS could be fabricated with a single conductor geometry, possibly resulting in savings in conductor fabrication cost. The disadvantage of this approach is the additional superconducting leads for the independently powered coil segments.  Furthermore, the gradient section would have to be powered at a much high current, on the order of 15 kA.  The added complication of high current power leads and high current-rated DC breakers offset the cost benefits of this approach relative to the baseline design. 
 Copper stabilizer
[bookmark: _Toc166637657]The primary reason to choose Aluminum stabilizer over copper for the Detector Solenoid is weight. Copper stabilizer would increase the weight of the coil itself to almost 60 tonnes.  Adding in the weight of the cryostat would render the Detector Solenoid too heavy to lift with the proposed 60 Ton crane in the experimental hall.  
Iron Return Yokes for PS and DS
An earlier baseline design for Mu2e called for iron return yokes for the PS and DS (shown for PS in Figure 7.54).  This iron contributed modestly to the PS and DS fields (1-5%), and through pole pieces helped to shape the transition field between PS/DS and the neighboring TS coils. They also performed secondary roles as a radiation shield and reduced the amount of stray fields in the experimental hall. The disadvantage was the cost, driven by the very large volume, and the requirement that the iron must be mechanically supported against the significant forces from the Mu2e magnetic elements. The iron-less baseline is able to provide the same magnetic field.    Care must be taken to guard magnet-sensitive objects in the experiment hall.   
Cryogenic Alternatives
Thermal siphoning vs. forced flow
[bookmark: _Toc166637658]The baseline cooling scheme for the Production Solenoid is thermal siphoning; the baseline cooling scheme for the Transport and Detector Solenoids is a forced flow system. The cryogenic feedboxes will be designed to accommodate both types of cooling (with some modifications). It is unlikely that forced flow cooling would be adopted for the Production Solenoid. Thermal siphoning provides liquid helium at a lower inlet temperature to the magnet and the PS requires as much temperature margin as possible because of heating from secondaries from the production target. It is possible that thermal siphoning could be adopted for the Detector Solenoid after further analysis and depending on vendor preference. 
Power
Recycle existing power converters from Tevatron
With the decommissioning of the Tevatron, there will likely be many 5000 A/30 V power converters available.  Some cost savings may be realized by using existing boxes. The significant downside is that these power converters were all purchased in the 1980’s or earlier, so they have been in service for 25 years or more. While it is difficult to predict the lifetime of a power converter, the primary failure mode is deterioration of the transformer’s electrical insulation. Since the cost of a power converter is relatively small compared to the cost and difficulty of repairing one the Mu2e solenoids, it seems prudent to invest in new devices.  Furthermore, the existing power converters do not have the “two quadrant” capability required for Mu2e (see Section 7.3.5).
R&D Plan
 The purpose of the solenoid R&D program is to validate critical design choices.   These items can be divided into the following categories:  magnet, cryo and magnetic measurement and control.
Magnet-related R&D
Aluminum Stabilized Conductor
The Production Solenoid, Detector Solenoid and possibly the Transport Solenoid will use aluminum stabilized superconductor. The superconductor can be a single NbTi strand or several strands combined into a cable. The aluminum, which is coextruded over the NbTi cable, provides both electrical stability and mechanical strength to the superconductor. Since the electrical, thermal and mechanical properties of the cable are integral to the solenoid performance, it is important to demonstrate that a cable can be made within specifications and at a reasonable cost.  

Work has already begun on high current superconducting cable, applicable to the Production Solenoid, as part of the US-Japan HEP collaboration. 200 meters of cable, as shown in Figure 7.60, has been fabricated in Japanese industry. At the same time, there is a newly formed collaboration in Europe to develop a wide range of aluminum stabilized conductors for future applications.  

The Mu2e plan is to work with both the Japanese and European collaborations to validate the technology for the Production, Detector and Transport Solenoids. The result of these collaborations will be one or two cables of the order of 100-200 meters in length that are suitable for the PS, DS and if needed, the TS. Tests will be performed on these cables to verify that they meet the specifications outlined above.  Additional mechanical studies will be performed to measure the composite elastic modulus and thermal contraction coefficients.  From these studies a final design and vendor for the conductor will be chosen for each conductor application.

[image: :Screen shot 2011-08-27 at 5.31.46 PM   Aug 27.png]
[bookmark: _Ref318719385] Figure 7.60. Prototype conductor for the Production Solenoid fabricated in Japanese industry.
TS Coil Prototype
The design concept for the Transport Solenoid toroidal sections calls for the use of solenoid rings implemented in a curved geometry. As shown in section 7.3, non-linear layout of these coils complicates results in complicated stresses during cool down and excitation.  

[image: ] A two-coil prototype is proposed, using the mandrel and coil wind for the two largest coils in TS2. A schematic of the prototype coil bobbin is shown in Figure 7.61. The purpose of this coil is to validate the TS mechanical, electrical and thermal design as well as to gain experience in the fabrication of this unique coil structure.   The coil will contain as many features of the final design as possible, including cooling tubes to simulate the proposed force flow conductive cooling scheme.
[bookmark: _Ref318719561]Figure 7.61.  Schematic of Transport Solenoid test coil bobbin.
The completed two-coil prototype will be tested in the Fermilab Magnet Test Facility.  Strain gauges will be mounted on the coil and mechanical structure to study the force during cooldown and excitation. Tests will include current excitation and magnetic field measurements. Afterwards, the coil will be sectioned to allow for visual inspection of the potting after a cool down and excitation.  
PS Coil Prototype
[image: ] Using the conductor that was developed as part of the US-Japan agreement, a prototype coil similar in cross section to the PS coils will be built in industry. A schematic of the coil is shown in Figure 7.62.  As shown, this coil will incorporate several of the features used in the baseline PS coil as discussed in Section 7.3.1. A film heater will be inserted in between coil turns. This film, when connected to an external power source, can be used to study the quench and thermal properties of the coil. The plan is to build this coil in FY2012. The coil will then be shipped to Fermilab for testing. Depending on the results of these tests and the availability of PS conductor, a second coil is envisioned.
[bookmark: _Ref318468816]Figure 7.62.  Production Solenoid prototype coil cross section.
Splicing Superconducting Cables
The electrical operation of the solenoids will require several electrical joints.  A summary of the joints required for the solenoids is shown in Table 7.23.  Connections will occur between adjacent coils within a solenoid; between coil and superconducting bus; between bus and cryogenic-to-room-temperature power leads; even inside of a coil winding a splice may be needed in the case of conductor breakage. Because of the large amounts of stored energy and the difficulty of repairing a coil once in operation, it is essential that each splice be very reliable.

	Solenoid
	Intra-Coil 
	Magnet lead to SC Bus
	SC Bus
	SC bus to Feedbox
	Feedbox SC to HTS Power lead

	PS
	6
	2
	6
	2
	2

	TSu
	24
	2
	6
	2
	2

	TSd
	26
	2
	6
	2
	2

	DS
	10
	2
	6
	2
	2

	Total
	
	
	
	106
	


[bookmark: _Ref324193542]Table 7.23  Summary of Mu2e Conductor Joints
Electrical joints in superconductors encapsulated in aluminum require special consideration. The joint must be mechanically strong and be of low resistance (~1 n at cryogenic temperatures) without damaging the NbTi superconductor due to overheating.  Experience from the two large aluminum stabilized solenoids for CMS and ATLAS show that reliable joints can be made using TIG welding [39],[40]. In the case of CMS, joints were made between coil layers and between each of the 5 longitudinal segments. Conductor segments were routed to the outer support cylinder.  The segments were oriented in a “praying hands” configuration, which allows for long joint lengths to minimize resistance. For the ATLAS central solenoid, the splices were made internal to the coils.  This was accomplished by butting the conductor units together in a continuous wind, then placing a weld between an adjacent turn to the joint.  This has the effect of shorting one turn (acceptable within the ATLAS field quality specs) but results in a long, low resistance joint.  In both the CMS and ATLAS solenoids, joints on the order of 1 n were achieved.  

Splices between copper and aluminum stabilized bus (for example, at the power lead to the superconducting bus connection) can only be made if the aluminum stabilizer is removed either mechanically or by chemical etching.  Care must be taken not to damage the copper coated NbTi strand. As shown in Figure 7.63 and in [41], tests were performed at Fermilab to study the chemical etching process. A combination of acid and base treatments were performed. The result is a mechanically strong splice with no visible damage to the NbTi conductor copper stabilizer.  While the results are encouraging, cold resistance measurements have not yet been performed to verify the electrical integrity of the splice. 
[image: ::Screen shot 2012-05-09 at 8.58.29 AM   May 9.png]
[bookmark: _Ref324234195]Figure 7.63  a) Chemical Etching of Aluminum Stabilized NbTi Conductor.  b) Successful Solder Joint.
 Using as a guide the experience on recently built detector solenoids, a test program is planned to develop in-house expertise to perform these joints. Elements of this program include:

1. Aluminum-to-aluminum joints on prototype conductor samples. Joints will be tested for resistance as well as superconductor performance.   
2. Additional studies on “etched aluminum” NbTi-NbTi soldered joints will be performed, including investigation of direct Aluminum-NbTi connections. Low temperature, high current tests will be performed. 
3. Tests of PS and TS prototype magnets will include both intra-coil (aluminum-aluminum) and Superconducting bus to lead (aluminum-NbTi) joints. These joints will be monitored during high current testing for resistance/power dissipation.

Results of these studies will be incorporated into the technical specifications that will eventually be passed on to vendors. For the PS and DS, these splices will be performed by the vendor and will not be easily tested until the magnet is already in a cryostat. Thus, we will require vendors to perform splice joint inspections during fabrication. Splice inspection as well as an approved weld test regimen will be incorporated into the QA/QC  plan for the PS and DS vendor.   For the TS, all splices will be performed at Fermilab.  All TS production coils will be tested in 4-coil units prior to installation into cryostats.
Cryo-related R&D
Cryo feed-throughs
Magnet and superconducting power bus will require a transition from the bath- cooled lead cryostat to the indirectly-cooled cryo link. This transition will occur in the cryogenic feedbox, through the stainless steel wall of the HTS power lead Dewar, as shown in Figure 7.45.   Prototype feed-throughs will be developed during the project design phase. These feed-throughs will be used during the test of the previously mentioned PS and TS prototype magnets.  
HTS Power Lead Testing
The baseline plan is to re-cycle High Temperature Superconducting (HTS) power leads from the Tevatron. These leads were designed for 6 kA operation.  However, during bench testing, one set of leads were shown to comfortably operate at close to 10 kA, making them a possible candidate for Mu2e. An additional constraint for Mu2e, in addition to the high current, is that the leads will be connected to a large inductive load. Each HTS lead needs to be retested, to verify that they can operate safely at 6 kA or higher.  During a power-lead quench, the leads must not overheat or develop excessively high voltage to ground. The plan is to evaluate each set of HTS leads in the Fermilab Magnet Test Facility using an existing test apparatus. 
Magnetic Measurement and Power Supply Control R&D
Field Mapping Prototype
As described in Section 7.3.6, each Mu2e solenoid section has a unique set of field measurement requirements. Field mappers will be developed to perform point scans over the entire magnetic volume.  While each mapper will be unique, they will all utilize 3-D Hall and NMR probes that must be remotely actuated. Prior to the fabrication of the production mappers, sample 3-D Hall and NMR probes will be acquired and evaluated for this application. The Fermilab Zip Tracker may be employed to evaluate these devices for precision use over a large magnetic volume.
Power Supply Control
Power supply control for the solenoids is significantly complicated by the large magnetic coupling between adjacent elements. While the final list of operating scenarios is still being studied, it is likely that sub-elements of the magnetic system may be powered individually or in groups for special beam operation or diagnostics.  A prototype power controller and data acquisition system will be built to understand these issues. Prior to use on the actual Mu2e solenoid system the controls will be tested using computer simulations of coupled magnetic systems and on coupled resistive loads.  
ES&H 
While there are several potential hazards associated with large, superconducting magnet systems, the hazards are well understood and have documented and proven mitigation strategies. The primary areas of ES&H concerns are listed below. A more detailed analysis for the solenoids, along with the rest of the Project, is covered in the Mu2e Preliminary Hazard Analysis Document [36].
Radiation
An 8 kW proton beam will interact with a target in the bore of the Production Solenoid. A sizable fraction of the generated secondary beam will be intercepted by the PS heat shield and surrounding structures. The PS and its surroundings will become radioactive and access will be restricted in accordance with well-established Fermilab procedures. 
Cryogenics
Cryogenic hazards associated with the Mu2e solenoids will include the potential for oxygen deficient atmospheres due to catastrophic failure of the cryogenic systems, thermal (cold burn) hazards from cryogenic components, and pressure hazards. Initiators could include the failure/rupture of cryogenic systems from overpressure, failure of insulating vacuum jackets, mechanical damage/failure, deficient maintenance, or improper procedures.

An Oxygen Deficiency Hazard (ODH) analyses will be conducted in areas at risk for releasing significant amounts of inert gases. ODH mitigation could include deployment of oxygen deficiency sensors that alarm locally and read back into the Control Room at times when oxygen levels fall below preset levels (OSHA 29CFR 1910.146 considers atmospheres containing less than 19.5% oxygen by volume to be oxygen deficient).  Emergency response procedures will be developed for responding to these alarm systems.

Dewar vessel filling stations and piping systems will be evaluated for ODH risk and handled as described above. Use of these systems will be limited to trained personnel. Personal Protective Equipment (gloves, goggles, face shields) will be supplied at the station and their use required. A written operating procedure will be posted at the fill station.

All piping and storage systems will be designed and installed to comply with applicable ASME and ANSI standards. The Fermilab Cryogenic Safety Subcommittee is the Authority with Jurisdiction for reviewing and approving all cryogenic systems and operational procedures.
With any cryogenic system there is a potential for thermal burns. The facility’s distribution systems will be adequately marked and protected from inadvertent contact. All staff, visitors, and users of the Mu2e facility, as with all accelerator complexes, will undergo general hazard awareness training that will cover the potential hazards of cryogenic material.
Stored Magnetic Energy 
The Mu2e solenoid system will have over 100 MJ of stored energy that must be controlled and, if necessary, safely dissipated under electrical fault conditions.  Operating currents will be as high as 10 kA. Sophisticated quench protection systems have been designed to dissipate the stored energy in the solenoids in a controlled and safe fashion (see Section 7.3.5). Under quench conditions the power will be dissipated in approximately 30 seconds.  
Coupled Magnetic forces
Forces between solenoid elements are in excess of 100 tonnes.  The solenoids are designed to resist these forces, but access to the solenoids will be restricted during times when they are powered.
Stray Magnetic Fields
One concern associated with large magnets is the strength and extent of the fringe fields and how they may affect persons and equipment in their vicinity. Fringe fields in excess of 5 gauss are of particular concern because they could affect medical electronic devices (pacemakers), while fields over 600 gauss could impact ferromagnetic implants (artificial joints) and other material (tools).

The Production Solenoid, Detector Solenoid and the Transport Solenoids have no return yokes. There are stray magnetic fields that are as large as 10 kG (1 Tesla) falling off to about 1 kG at a distance of 100 cm [38]. Access will be restricted when the solenoids are powered and warnings will be posted for people with pacemakers.
Pressure Safety
In order to operate at cryogenic temperatures, the coils must be thermally insulated from the ambient surroundings.  This requires a very large cryostat with an enclosed vacuum volume that encapsulates the coils. Vacuum vessels pose a potential hazard to equipment and personnel from collapse, rupture or implosion.  This danger is greatest near thin windows that are often required by experimenters.  The vacuum system associated with the solenoid cryostats pose little danger because of the substantial material used for the cryostats that form the vacuum barrier.
Very heavy objects
The solenoids are very heavy. For example, the Detector Solenoid weights ~40 tonnes. There are significant mechanical hazards associated with the transport of heavy objects from one location to another.  The solenoids will be moved by crane and by guide rails in the floor of the detector enclosure.

The potential consequences of mechanical hazards include serious injury or death to equipment operators and bystanders, damage to equipment, and interruption of the program. A dropped or shifted load, equipment failure, improper procedures or insufficient training/qualification of operators could initiate these hazards. 

A hazard risk assessment will be conducted to evaluate the specific hazards to personnel for each of these activities and determine the means to mitigate the hazards. Any support structure that must carry over 10 tonnes will be reviewed for adherence to standard Fermilab engineering practices. Special lifting fixtures and transports will be designed for use with the solenoids. All lifting fixtures will be engineered, fabricated, and tested in accordance with ANSI/ASME Standard B30.20 (Below-the-Hook Lifting Devices). All applicable Fermilab design standards governing lifting devices will also be met. The maximum allowable lifting load will be legibly marked on each fixture.  Sufficient space will be available inside the enclosures for personnel to remain clear of all lifting operations.  Crane training, crane interlocks, inspections, and periodic maintenance will follow the procedures listed in the Fermilab ES&H Manual (FESHM). Personnel requiring authorization to use material handling devices must complete laboratory specified training and pass a qualification practical exam conducted by a skilled operator.
Electrical Hazards
Significant power and current are required to operate the Mu2e solenoids. Electrical hazards include the potential for serious injury, death, and equipment damage. Exposed conductors, defective or substandard equipment, can cause electrical shock and arc flash lack of adequate training, or improper procedures. 

[bookmark: _Toc285056477][bookmark: _Toc166637660]The electrical systems used to power the Mu2e solenoids and the hazards associated with them are similar to those in other experimental areas at Fermilab. Power distribution systems for the solenoids will be designed in strict compliance with applicable code. All systems will be grounded.  Particular care will be provided for cable distribution to ensure code compliance with cable tray loading and content requirements. All electrical equipment and cables and cable trays will be protected against mechanical hazards. Established Fermilab ES&H procedures and Lock out/Tag out procedures will be employed to assure safety. 
Risk
[bookmark: _Toc285056478]There are several potential risks associated with the acquisition of a large, superconducting magnet system. These risks are understood and have documented and proven mitigation strategies have been developed. The primary identifiable risks are listed below with an estimate of their severity. A more detailed analysis for the solenoids along with the rest of the project is covered in the Mu2e Risk Analysis Documentation [37].
Schedule delay (high)
Unanticipated technical difficulties or overly aggressive schedule estimates can lead to schedule delays.  This is the highest risk to the solenoid system. The solenoids are on the project critical path, so any delay to the solenoid schedule will likely result in a delay in the entire project. This can be mitigated through careful analysis of vendor’s capabilities prior to awarding contracts, and monitoring vendor progress throughout the project. Built into the project plan is the ability to install and commission individual magnet components in the order that they arrive from the vendor. 
Interface problems (moderate)
There is a moderate risk that solenoids built by different vendors might not fit together mechanically or magnetically. Detailed and carefully reviewed interface specifications, QA and QC requirements built into the vendor contracts are important elements to mitigating this risk.
Too few or no bidders on larger solenoid or solenoid component acquisitions (moderate)
Fabrication of complicated one-of-a-kind items requires non-standard tooling and design capabilities. This poses a risk that the number of interested vendors might be limited. To mitigate this risk, the Project has initiated communications with a number of qualified vendors to gauge interest. Additionally, conceptual designs for the solenoids have been developed using, whenever practically possible, established fabrication methods commonly employed in existing large aperture solenoids. 
 Underestimate force issues on magnetic coupling of adjacent magnets (moderate)
There are large magnetic forces that are a strong function of the fabrication details. Building adequate safety margin into the design specifications mitigates this risk. A second mitigation strategy is to perform a thorough engineering analysis of  the final design of the entire system before authorizing fabrication.  
Properties of aluminum stabilizer under high radiation (moderate)
Experiments have shown that the electrical conductivity of aluminum degrades under high levels of radiation. This could have a deleterious effect on the magnets ability to respond to a quench. The Production Solenoid, because of its large stored energy and anticipated radiation exposure, is particularly susceptible to damage. The PS uses aluminum for its stabilizer. It has been shown that warming the aluminum to room temperature repairs the damage. Partial warm-up to temperatures below room temperature results in partial repair [11]. The risk can be mitigated by scheduled room temperature or partial warm-ups, based on measured or calculated radiation deposition. To understand the required frequency of warm-ups several studies must be performed.  These include studies of the effect of radiation on the conductivity of the chosen aluminum alloy, a study of the radiation deposition for the final heat shield design for the Production Solenoid, and a thorough study of the quench protection strategy for the anticipated local increases in aluminum resistivity.  
Planned cryogenic capability vs. calculated heat load (moderate)
[bookmark: _Toc166637661]Cryogens will be delivered to the solenoids by reconfiguring existing Fermilab satellite refrigerators. Preliminary heat load estimates and expected refrigerator capabilities indicate that one refrigerator will be sufficient for operations.  If there are additional heat loads, one refrigerator may not be enough.  This risk is mitigated by performing detailed studies of a refurbished refrigerator and by installing a hot spare that can be used in parallel with the primary refrigerator to provide additional cooling capacity, if needed.
Tevatron HTS leads cannot be used (moderate)
The baseline plan is to use the HTS leads designed and fabricated for the Tevatron.  One set of leads was used successfully in powering Tevatron circuits with currents on the order of 5 kA. The other leads have been in storage for the past 10 years. For Mu2e, the currents will go as high as 10 kA. Bench tests of one pair of HTS leads demonstrate that they can operate at this current. Others have only been tested to the nominal Tevatron operating current. This risk is mitigated by re-testing the Tevatron leads under the expected Mu2e conditions at an early stage in the Project.
Fabrication errors in TS lead to low muon transmission(moderate)
The “S shaped” TS is used to select muons of the proper momentum and sign, and reduce backgrounds. The field requirements are complex, and the field is difficult to measure and verify once in place.  Misplaced coils might lead to unexpected fields, resulting in poor muon transmission.  The risk is mitigated by performing detailed simulations, considering all realistic scenarios for misalignment. Mechanical adjustments to the coil position will be designed into the system.  In situ magnetic measurement probes will be placed in the system to monitor the field.   
Quality Assurance
Quality Assurance (QA) will play a very important role in all phases of the Mu2e solenoid program: Design, Procurement, Production and Inspection/Testing. Several of the deliverables will be “one-of-a-kind” objects critical to the experimental program and will be extremely difficult to service once the experiment is in operation. Therefore it is imperative that an effective QA program be implemented to guarantee that the solenoids meet their detailed specifications and operate reliably for the duration of the experimental program.

The Mu2e solenoid project, for both in-house and vendor-provided components, will be executed in a manner that is consistent with the Fermilab Integrated Quality Assurance (IQA) Program as well as the Fermilab Technical Division TD-2010 Quality Management Program. Details of the program will be described in the Mu2e QA plan [33]. Highlights of the QA implementation for the Mu2e solenoids are outlined below.
Document Control and Records Management
Control documents will be created and maintained at a level commensurate with the level of work performed. At the highest level, documents must go through version control, and change approval by Project Managers. These documents include engineering specifications, engineering drawings, travelers and operating procedures. The Fermilab Engineering Data Management System (EDMS) and the Mu2e document database will be used as the repository for these documents.  Records of less formal documentation, such as presentations from in-house design meetings, vendor contacts and in-house reviews will also be stored in the document database. 

It is important to keep records to provide evidence of the work performed.  As much as possible, the records should be kept in an electronic format so all interested parties can access them. Records include documentation from all phases of the project: design, procurement, production and inspection/testing.  
Functional and Interface Specifications
Engineering requirements will be conveyed to designers, procurement and production staff through functional and interface specification documents.  Documents will specify the component performance requirements, mechanical tolerances and in some cases the required material properties.  These documents will be formally controlled documents, subject to review and approval by project management.
Testing
Because of the high degree of reliability required of the solenoid components, a program of testing will be implemented throughout the production process.  Specific to the solenoid fabrication, the following tests will be performed:

· Electrical measurements will be performed to assure that the coils have the proper electrical insulation to withstand the anticipated high voltage from coil to ground as well as between coil turns. Tests will be performed both at room temperature and in a cryogenic helium environment.
· Vendors will perform magnetic measurements after the coils have been fabricated and installed in cryostats but prior to shipping to Fermilab.  Measurements will be compared to calculated values for acceptable field quality as defined by the functional specifications.
· Mechanical dimensions will be measured during fabrication to ensure that the magnet coils have the proper dimensions. This is critical due to the tight mechanical tolerances between components. Additional material tests will be performed to validate structural integrity at cryogenic temperatures. 
Calibration and Monitoring
 Instrumentation will be developed and/or commercially acquired for evaluating the electrical, magnetic and mechanical properties of the solenoid components. This instrumentation will be periodically calibrated. Calibration records will be kept along with the instrumentation data in an approved database. A subset of the instrumentation will be used post-production, as part of final vendor tests prior to shipment, acceptance tests upon arrival at Fermilab, and during installation and commissioning.
Review Process
Progress on design, procurement and production will be periodically evaluated through a series of reviews. Reviews serve to verify that the project is ready to proceed to the next phase. Reviews will range from formal Mu2e project reviews to informal in-house reviews. Review presentations, review evaluations and review responses will be reported to the Mu2e project management. They will also be recorded in the Mu2e document database. 
Vendor Responsibility
[bookmark: _Toc285056479][bookmark: _Toc166637662]Key provisions of the Mu2e QA plan will be written into contracts with vendors.  The level of QA implementation will be sized according to the project risk associated with the procurement.  For procurements greater than $250k (the PS, DS, TS, power supplies, cryo feed boxes, etc.) vendors will be required to submit their own written QA plan. 
Value Management
The Solenoids are the major cost driver for the Mu2e project. Therefore, it is essential to provide the most economical solutions while not compromising the project’s success.  Because the solenoids are also the schedule driver for Mu2e, value management must be applied to the design at an early stage. Value management is an ongoing enterprise that is continuously applied to the design process.  The current conceptual design includes a number of features that have resulted from value management considerations. Value management principles will continue to be applied as the design advances. 

The following are some of the areas where value management has already been applied to the design and some areas where further value management principles may be applied.
Production Solenoid
The length of the Production Solenoid was shortened when a new model for pion production, based on data from the HARP experiment, was implemented in the Mu2e Monte Carlo. The new production model indicated that an adequate number of stopped muons could be obtained with a shorter Production Solenoid. Reducing the length of the Production Solenoid not only reduces the cost of the solenoid itself, but of the heat shield inside of the PS as well. It also simplifies the cooling system. A final set of studies will be performed to optimize the length before fabrication. 

Additionally, the nominal peak field of the solenoid was lowered from 5.0 T to 4.6 T. This is accomplished by reducing the maximum number of coil layers from four to three. While this reduces the muon yield by about 10%, it saves money by simplifying the coil fabrication and reducing the required amount of superconductor.
Transport Solenoid
A decision was made to use the same conductor for all sections of the Transport Solenoid.  Conductor can be purchased in bulk at a lower unit price.  All TS magnets will operate at the same current, saving on the spare inventory of power leads and power converters.
Detector Solenoid
A potential cost driver for the Detector Solenoid is the required field uniformity in the downstream section occupied by the tracker. Based on a set of initial studies of momentum resolution in the tracker the uniformity requirement in the spectrometer section of the DS was relaxed from 0.1% to 1%. In the calorimeter section of DS the uniformity requirement was relaxed to 5%, allowing the DS length to be reduced by about 1 meter. Relaxing these requirements has also made it possible to move from a two-layer coil to a single layer coil, resulting in significant cost savings. 
Cryogenic Distribution
Liquid helium will be distributed from a Fermilab-supplied refrigerator system to four identical cryogenic feedboxes. This will reduce design costs as well as the number of required spares. The tradeoff between this approach and building feedboxes to meet the specific cryogenic requirements of each sub element (PS, TSu, TSd, and DS) will be evaluated.

Studies will be performed to confirm that the existing Tevatron HTS power leads can be used for Mu2e’s application. The alternative is to purchase new HTS leads specifically designed for the Mu2e feedboxes.
Power Distribution
To power the solenoids, 6 kA and 2 kA power converters will be purchased.  The 6 kA boxes can be used in parallel for the Production and Detector Solenoids. The Transport Solenoid is configured for all sub elements to operate at 2 kA. This will reduce the number of required spares. The cost benefit of both air-cooled and water-cooled bus work and extraction circuits will be evaluated.
Magnetic Measurement
The magnetic field inside the various regions of the solenoids will be measured and monitored using a series of 3-D Hall probes (Section 7.3.6). Studies will be performed to determine the optimum number of sensors required to meet the needs of the experiment.  A major cost driver for this system will be the accuracy required of the Hall probes and the position resolution required for the Hall probe arrays. These requirements will be evaluated together with the tracking group and a deployment strategy developed that balances the cost benefits vs. program risks. 
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