6-166
	Mu2e Technical Design Report
6-165
Chapter 6: Solenoids
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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 measure 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. 

Mu2e creates 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, magnetic field mapping, cryogenic distribution and quench protection instrumentation and electronics. The solenoid system is shown in Figure 6.1.
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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 amount of stored energy, the solenoids will be made from superconducting NbTi coils, indirectly cooled with liquid helium and stabilized with high conductivity aluminum. 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. 
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[bookmark: _Ref273518317]Figure 6.1. 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 these 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 3 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 6.1.
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[bookmark: _Ref264840802]Table 6.1. Lifetime requirements for Solenoids.
	Design lifetime (min-max) 
	5 – 20 years

	Number of full thermal cycles after commissioning
	Up to 100

	Number of full quenches after commissioning
	> 100



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 6.2.

Note that these requirements are necessary but not sufficient to fully specify the field. The magnetic field generated from the coil assemblies must keep experimental backgrounds at an acceptable limit as defined in [1]. The field is verified to meet the Mu2e requirements only after extensive computer background simulations supplied by the Mu2e experiment. These studies must cover the full range of possible field values that can result from coil manufacturing tolerances.





[bookmark: _Ref264841618]Table 6.2. 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.
	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 < -0.02T/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, dBs/ds negative

	DS 4 Uniform
	1.5
	14.39
	15.85
	1.00
	1.00
	0.7
	|dB/B| < 0.05, dBs/ds negative 





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.
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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.  To suppress background from these late arriving particles, the three straight sections in the Transport Solenoid employ negative axial gradients 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 may 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 [11].  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 other 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 DS1.  In a conical volume defined by the proton absorber 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. 

Nearly Uniform field section (DS3 and DS4 Uniform)
The field in this region has two competing requirements.  First, the magnetic field is important for the measurement of the electron momentum and energy.   The tracker-determined trajectory, along with the magnetic field map, determines the electron momentum.  This requires the magnetic field to be as uniform as possible.  The tracker-determined trajectory is then extrapolated into the downstream calorimeter and matched with calorimeter energy deposition.  The energy/momentum match further validates the electron identification.  The second design consideration is that local field minima are a potential source of backgrounds. This background is reduced by superimposing a small negative axial gradient in the tracker and calorimeter region.
Alignment Requirements
Magnetic elements must be properly aligned with respect to one another as well as external interfaces such as beam collimators, the proton beam line and internal detector elements in order 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.  Generally speaking, alignment tolerances between cryostated magnetic elements (PS, TSu, TSd, DS) in their cold and electrically powered nominal positions are ~10 mm.  Alignment tolerances between coils within a cryostated magnet are ~5 mm.  Alignment between magnets and tracker elements is ~0.1 mm.
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 at full beam intensity to the Production Solenoid [10]. 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 [9].

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 connections and instrumentation connections should be located outside of this area.
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 must be greater than 2800 A/mm2 for conductor in the peak field region of the PS. The magnet will be operated DC.  
The NbTi strand will be woven into a Rutherford cable. The cable will be further stabilized with low resistivity aluminum.  
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 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.
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.  
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.  Cryogens will flow to and from each cryostat via a single cryo-link chimney.  This chimney must be routed from the magnet cryostat through the concrete shielding and cosmic ray veto counters 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.  The chimney should be routed to minimize interference with utilities and crane coverage.
Technical Design
Production Solenoid
The first in the chain of the Mu2e magnets is the Production Solenoid (PS), shown in Figure 6.2. The role of PS is to collect and focus pions and muons generated in interactions of the 8-GeV proton beam with a tilted high-Z target by supplying a peak axial field between 4.6 T and 5.0 T and an axial gradient of ~1 T/m within the 1.5 m diameter warm bore. 

[bookmark: _Ref264841735][bookmark: _Ref365469885]Figure 6.2. Cross-section through the PS cryostat with a part of the Transport Solenoid (TS) cryostat shown. HRS is not shown.

The PS is a challenging magnet because of the relatively high magnetic field and a harsh radiation environment that requires state-of-the-art conductor both in terms of the current-carrying capacity and structural strength. The PS coils are protected from radiation by a massive Heat and Radiation Shield (HRS) made of bronze, placed within the warm magnet bore. The HRS volume and cost were minimized while keeping the absorbed dose, peak power density, total power dissipation and number of displacements per atom (DPA) within the acceptable limits.

The magnet consists of three superconducting coils made of Al-stabilized NbTi cable surrounded by support shells made of structural Al and bolted together to form a single cold-mass assembly. The cold mass is supported inside the cryostat using a system of axial and radial support rods. During normal operation of the Mu2e magnet system, the axial force on the cold mass is about 1.3 MN acting toward the TS. The axial force reverses the direction in the case of a quench during stand-alone PS operation, which requires a 2-way axial support system.

In the case of a quench, the quench protection system extracts the stored energy to a dump resistor located outside of the magnet cryostat. Because of the relatively low resistivity of the Al support shells, a considerable fraction of the stored energy dissipates there due to eddy currents, accelerating the quench propagation in the coil volume. 

The cold mass is instrumented with voltage taps, temperature gauges, strain gauges, and displacement sensors that monitor the magnet parameters during operation. Witness samples made of Al and Cu are placed at strategic locations on the inner cold mass surface to monitor the degradation of the cable stabilizer under irradiation. Once the critical level of degradation is detected, the magnet will be thermo-cycled to room temperature to restore the stabilizer resistivity.

General Requirements
The Mu2e Production Solenoid (PS) magnet must meet the specific design and operational requirements as defined in [2]. Because of the relatively high cost, complexity and difficulty to replace once installed into the system, the PS should have adequate operating margins and be as fail-resistant as practically achievable. 

In particular, the magnet must be able to operate with the other adjacent magnets or standalone, survive the worst-case quench, tolerate reversal of the axial force direction, and return to the nominal operating parameters without retraining after each thermal cycle. The main magnet requirements to be used as the design key point are discussed below.

Magnetic Field
The magnetic field requirements for the Mu2e experiment are described in [1]. The PS field varies with the axial position. The maximum axial field on the axis is required to be at least 4.5 T. The axial field shall monotonically decrease with no more than ±5% non-linearity from the peak value to 2.5 T over the length of 2.8 m. In order to guarantee meeting the peak field requirement, the magnet shall be designed and fully operational at the maximum axial field of 5.0 T while meeting all other requirements under the static thermal load, excluding the particle radiation load. Note that energizing the magnet to 5.0 T requires using a trim power supply in TS to maintain the 2.5 T field at the interface with the TS magnet.

Particle Radiation Load
The magnet will experience particle irradiation due to interaction of the proton beam with the fixed target in the magnet aperture. The HRS is designed to limit the main radiation quantities to the following values: peak coil power density - 30 µW/g, total heat load on the cold mass - 100 W, peak lifetime absorbed dose - 7 MGy, and displacements per atom - (DPA) – (4-6)•10-5 year-1 [9]. The magnet shall be designed to operate under this maximum radiation load while meeting all other requirements.

Degradation of RRR
The residual resistivity ratio (RRR) of the cable stabilizer degrades under irradiation at cryogenic temperatures. The minimum allowable values for the RRR of Al and Cu stabilizers are 100 and 50, which will be reached in about a year of continuous operation for the given DPA values with a sufficient safety margin [9]. Once the critical degradation of RRR is detected, the magnet will be thermo-cycled to recover the RRR. The magnet shall be designed to operate at the minimum allowable values of RRR while meeting all other requirements.

Cooling
The magnet shall be cooled by heat conduction to the thermo-siphon system connected to the cryogenic plant, which provides the nominal liquid helium temperature of 4.70 K. In order to maintain the required 1.5 K temperature margin, the maximum allowable temperature of the superconducting coils is 5.10 K when operating at 4.6 T peak axial field and 4.85 K when operating at 5.0 T peak axial field.

Quench Protection
The magnet will be protected from quenches by an active quench protection system, which continuously monitors the coil voltages and extracts the energy to an external dump resistor once a quench is detected. The maximum coil temperatures and voltages during a protected quench must be limited to 130 K and 600 V.

Structural Criteria
The superconducting coils shall be reinforced against Lorentz forces by external support shells made of structural Al, and the cryostat shells will be made of austenitic stainless steel. The thicknesses of the coil support shells and cryostat shells must be chosen according to the 2013 ASME Boiler and Pressure Vessel Code for operation at 5.0 T peak axial field. Plastic deformation of the cable stabilizer shall be considered during calculation of the shell stresses.

The maximum allowable stress in all other structural elements, including the cold mass assembly bolts and the cryostat suspension rods, is the lesser of 2/3 of the minimum specified Yield Strength (Sy) or 1/3 of the minimum specified Ultimate Strength (Su). An additional safety factor of 2 will be included in calculation of the gravity loads on the cold mass suspension components. 

A separate shipping restraint system shall be devised for supporting the cold mass during transportation. The cold mass suspension components shall not be used to support the shipping and handling loads.

[bookmark: _Ref264970322]Cold Mass
The PS cold mass consists of three epoxy-impregnated coils wound from an insulated Al-stabilized NbTi conductor and installed within the support shells made of structural Al. The shells are bolted together to form a single cold mass assembly as shown in Figure 6.3. The assembly procedure is outlined in [10]. The three separate coil modules have 3, 2 and 2 layers of Al-stabilized NbTi cable, wound in the “hard-way” around the aperture. The coil modules are reinforced by the shells made of structural Al. 

The experiment relies on the magnet providing a precise magnetic field distribution in the aperture; thus, it is important to put the exact number of turns in each coil and to maintain the proper coil dimensions at room temperature and after cooldown. Figure 6.4 shows the necessary coil envelope dimensions at room temperature.

The cold mass cross-section is shown in Figure 6.5 and the details related to the component location and the warm to cold correlation are given in [10]. 

[bookmark: _Ref264841941][bookmark: _Ref264841759][bookmark: _Ref363637937]Figure 6.3. General cold mass view.

[bookmark: _Ref264841988][bookmark: _Ref364671681][bookmark: _Ref364671654]Figure 6.4. Room temperature dimensions in [mm] of the coil envelopes, which include the cables with the cable insulation and the inter-layer insulation. Other cold mass components are excluded from the coil envelopes.

[bookmark: _Ref264842180][bookmark: _Ref364260396]Figure 6.5. Cold mass cross-section though the thermal bridge strips at the non-TS end.

Cold Mass Components

Cable
The PS cable conforms to the specifications described in [13] - [15]. The cable employs aluminum stabilizer that is placed around the NbTi Rutherford type cable by either conforming or hot extrusion. Such cable technology has been used in nearly every large detector solenoid built in the past decades with the most recent examples being ATLAS Central Solenoid, ATLAS Toroids and CMS [16] - [19]. 

The PS cable cross-section is shown in Figure 6.6 and the cable parameters are summarized in Figure 6.7. A precipitation-hardened Al-0.1wt%Ni alloy is used for the stabilizer that in conjunction with cold working achieves the target 0.2% yield strength of > 80 MPa at 4.2 K and the RRR of  > 600 [19]. 

The cable is structurally sound and bendable in the hard way, meaning the minor edge in, and in the easy way around the radii specified in Table 6.3 without degradation of the critical current, de-lamination of strands from Al stabilizer or buckling.
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	Unit
	Value
	Tolerance

	Cable critical current at 5.0T, 4.22K
	kA
	>50.7
	

	Cable critical current at 5.6T, 6.25K
	kA
	>10.0
	

	NbTi filament diameter
	µm
	<40
	

	RRR of Cu matrix
	-
	≥80
	

	RRR of Al stabilizer
	-
	≥600
	

	Strand Cu/non-Cu ratio
	-
	0.95
	±0.05

	0.2% yield strength of Al stabilizer at 4.2K/293K
	MPa
	≥80/60
	

	Shear strength of Al-Cu bond at 4.2K
	MPa
	≥50
	

	Overall cable width at 4.2K/293K
	mm
	30.0/30.1
	±0.1

	Overall cable minor edge thickness at 4.2K/293K
	mm
	5.40/5.42
	±0.03

	Overall cable major edge thickness at 4.2K/293K
	mm
	5.60/5.62
	±0.03

	Strand diameter at 4.2K/293K
	mm
	1.300/1.303
	±0.005

	Number of strands
	-
	32
	

	No degradation/de-lamination/buckling after the hard-way bending with the radius of
	m
	0.85
	-0.02

	No degradation/de-lamination/buckling after the easy-way bending with the radius of
	m
	0.10
	-0.01

	Total delivered cable length
	km
	≥10.7
	




[bookmark: _Ref264842247][bookmark: _Ref363227204][bookmark: _Ref363227167]Figure 6.6. Cable cross-section with dimensions in (mm) at room temperature.

The specified minimum critical current is guaranteed by the cable vendor after the final cable heat treatment at (150 ± 2) ºC for 24 hours that replicates the epoxy and insulation curing process. It is the responsibility of the magnet vendor to verify that the cable meets the minimum critical current requirement if the vendor selects a curing cycle with a different temperature or duration. 

The minimum cable unit lengths to be delivered are specified in Table 6.4 after cutting all the samples required for tests. Each cable unit will be delivered on a separate spool and has a sufficient length to wind one of the coil layers without inner splices. Note that there is one extra piece length for the longest layer (4 pieces instead of 3 required) that is to be held in reserve, allowing replacement of any coil layer in the case of unforeseen fabrication difficulties.  

[bookmark: _Ref264842349][bookmark: _Ref363565315]Table 6.4. PS cable unit lengths.
	Type
	Number of units
	Minimum unit length, m

	1
	4
	1660

	2
	2
	1280

	3
	2
	750



Insulation
Besides providing adequate electrical strength and radiation resistance, the coil insulation should have a relatively high thermal conductivity. This additional requirement, usually not as important for detector magnets of particle colliders, is due to the internal coil heating under the strong neutron radiation coming from the production target. The insulation design therefore plays a vital role in facilitating the heat extraction from the coil and reducing the peak coil temperature, especially in the case of conduction cooling, which requires careful analysis. A summary of the PS cable dimensions including insulation is shown in in Table 6.5.

The PS employs a composite cable insulation made of polyimide and pre-preg glass tapes. This type of insulation, originally developed for the TRISTAN/TOPAZ solenoid, was also used in the ATLAS Central Solenoid [16]. The nominal cable insulation thickness is 250 µm per side. It is made of two layers of 125 µm thick composite tape consisting of 25 µm of a semi-dry (BT) epoxy on one side of 25 µm polyimide (Kapton) tape and 75 µm of pre-preg E-glass on the other side as shown in Figure 6.7. The epoxy side should face the cable surface. The thickness of the pre-preg E-glass is a parameter that depends on the coil packing factor in the azimuthal direction, and shall be determined experimentally for the given winding setup. The E-glass thickness can be adjusted in 50-75 µm range in order to fit the required number of turns in the coil envelopes shown in Figure 6.4. 

The ground insulation has a total thickness of 500 µm all around the coil envelopes. It is made of two layers of 250 µm thick composite sheet or wide tape each consisting of 25 µm polyimide (Kapton) in between the two layers of 112.5 µm pre-preg E-glass as shown in Figure 6.7.

[bookmark: _Ref264842371]Table 6.5. Cold and warm dimensions of the cable as wound in the coil.
	Number
	Component name
	Material
	CTE (293K-4K), mm/m
	Thickness, mm

	
	
	
	
	Cold
	Warm

	
	
	
	
	
	

	Radial direction

	1
	Cable insulation
	G-10+Kapton
	8.650
	0.250
	0.252

	2
	Cable
	Al+Cu+NbTi
	3.356
	30.000
	30.101

	3
	Cable insulation
	G-10+Kapton
	8.650
	0.250
	0.252

	 
	Total
	 
	3.443
	30.500
	30.605

	Axial direction

	1
	Cable insulation
	G-10+Kapton
	8.650
	0.250
	0.252

	2
	Cable
	Al+Cu+NbTi
	3.759
	5.500
	5.521

	3
	Cable insulation
	G-10+Kapton
	8.650
	0.250
	0.252

	 
	Total
	 
	4.167
	6.000
	6.025



[bookmark: _Ref264842275][bookmark: _Ref363565570]Figure 6.7. Coil insulation scheme. 

To facilitate heat extraction from the coil and to increase structural integrity, all gaps between turns and layers are to be filled with epoxy resin. Depending on the vendor’s experience, either vacuum impregnation or wet winding techniques can be used. Because the composite cable insulation is impermeable for epoxy, 500 µm thick layers of dry E glass are introduced between the coil layers to provide paths for epoxy penetration during the vacuum impregnation. If wet winding is used, the inter-layer insulation is to be saturated with liquid epoxy prior to the cable placement. To reduce the risk of having unfilled gaps between the layers, pre-preg interlayer insulation shall not be used.
Thermal Bridges
The cold mass is to be cooled via heat conduction to the thermosiphon system. To facilitate static and dynamic heat extraction and reduce the temperature increment in the coil, the cold mass is equipped with thermal bridges shown in Figure 6.8, bonded to the inner and outer coil surfaces using electrically non-conductive adhesive suitable for cryogenic applications. 

[bookmark: _Ref264842469][bookmark: _Ref365297240]Figure 6.8. Coil to flange interface components.

The thermal bridges are strips of high purity 5N Al with a minimum residual resistivity ratio (RRR) of 1500 and 1.5±0.1 mm thickness.  Each strip must be produced as a single continuous piece of sufficient length to make a connection with the cooling tubes. Joining several pieces by welding, soldering, gluing, etc. is not allowed. The strips are connected to the cooling tubes base plates by welding. The strips are routed to the outer cold mass surface between the bolts connecting the coil modules, hence the number of strips per inner or outer surface of the coil must be equal to the number of bolts per interface and the strip width must be selected to fit into the given space with sufficient clearance.
For the currently selected number and size of bolts, the strip width shall be in the 90-95 mm range. All strip edges must be rounded with ≥0.2 mm radius. In order to fit into the allocated space between the bolts, the thermal bridges must be separated from each other by equal distances. Since the inner and outer bridges share the same space between the bolts, it is crucial to put them at the same azimuthal positions. The gaps between the thermal bridges are to be filled with G-10CR. 
To improve the strip surface adhesion to the coil insulation, the strips must be prepared with a uniform satin-matte finish by abrasive blasting to the roughness Ra of 5-10 µm, which represents an average of all the peaks and valleys in a standardized measurement area. Immediately prior to installation, the strips must be cleaned by Abzol VG or equivalent cleaner.

Inner Coil Surface
The inner coil surface is comprised of a 500 µm layer of dry fiberglass (E-glass), shown in Figure 6.5 to be impregnated with epoxy. The purpose of this material is to improve the bond strength between the thermal bridges and the coil surface by reducing the possibility of crack development and propagation at the edges of the strips.  

Buffer between the Coils and the Support Shells
There is an extra layer of epoxy-impregnated fiberglass around the ground insulation that serves as a buffer material separating the coils from the support shells. The coils are to be wrapped with a sufficient amount of dry E-glass (5-10 mm thickness) prior to impregnation. After impregnation, the buffer material is to be machined down to an average of 2 mm to create a smooth, cylindrical mating surface.

Washer Plates between the Coils and the Flanges
The ground insulation at the coil ends shall be protected from possible damage by the edges of the thermal bridge strips during magnet fabrication and operation. This is accomplished by placing a 1.5 mm thick washer plate made of G-10CR between the ground insulation and the strips as shown in Figure 6.8. A second washer plate of the same thickness and material is placed on the other side of the strips to create a uniform sliding surface. The gaps between the thermal bridges are to be filled with G-10CR spacers. The washer plates will be permanently bonded to the strips, spacers between them and the ground insulation using non-electrically conductive adhesive resin suitable for cryogenic applications. 

Sliding Layers
Due to presence of the NbTi/Cu strands in the Al-stabilized cable, the overall thermal contraction coefficient of the coil in the radial and azimuthal directions is less than that of the aluminum. Also, because of the structure bending under the Lorentz forces, small gaps tend to develop at some of the coil-flange interfaces. 

To avoid accumulation of shear and tensile stresses at these interfaces, which can lead to cracks in insulation triggering magnet quenches, the coils will be allowed to slide with low friction and, if needed, separate from the end flanges. This is accomplished by placing a 100 µm layer of mica paper between the washer plates and the flanges as shown in Figure 6.8.

Support Shells
The support shells are cylinders made of Al 5083-O alloy that are placed around the coils in order to limit coil deformation and stresses under the Lorentz forces. Since they are the main structural elements of the cold mass, care must be taken to maintain the structural integrity and uniformity of material properties. Each shell is to be produced as a single solid piece using forging. Making the shell by welding several pieces is not allowed.

The shells are connected together using bolts passing through the flanges. The thermal bridges are made of soft aluminum that should not be stressed during assembly or operation. Hence, the faces of the shells have slots for routing the thermal bridges between the coils and the cooling tubes as shown in Figure 6.9. The number of slots is the same as the number of thermal bridges and the number of bolts per interface. The slot depth is 5±0.5 mm and the minimum slot width is 95 mm. 

The forged shells shall have oversized dimensions to allow for machining of the inner and outer surfaces and the faces. The cooling tubes are welded to the outer surface prior to machining of the inner surface. The inner surface is to be machined after the coil outer surface is machined and measured. The required radial interference between the coils and the support shells is 0±0.5 mm at room temperature. The coil must be permanently bonded to the shell using adhesive resin suitable for cryogenic applications that must fill all the gaps between the coil and the shell. 

To improve the coil-shell adhesion, the inner shell surface must be prepared with a uniform satin-matte finish by abrasive blasting to a roughness Ra of 5‑10 µm, which represents an average of all peaks and valleys in a standardized measurement area. The mating coil and shell surfaces must be air dusted and cleaned by Abzol VG or equivalent cleaner.

Flanges
The flanges are disks made of Al 5083-O that cover the coil ends (outer flanges) or separate the coils from each other (inner flanges). The flanges shall be produced as single pieces by forging and machining. Alternatively, several flanges can be cut from a larger forged cylinder and machined to the proper dimensions. Just as is the case with the shell, joining several flange pieces by welding is not allowed. 

The required axial interference between the coil faces and the flanges is 0±0.25 mm at room temperature, which may be finely tuned by adding/removing layers of mica paper between the coils and the flanges. 

[bookmark: _Ref264842607][bookmark: _Ref366488278]Figure 6.9. Shell to flange interface with the thermal bridges shown. Coil and insulation are not shown.

Bolts
The coil modules are connected using bolts passing through the flanges. The bolt material shall have the same or higher thermal contraction than the flange material in the 4 – 293 K temperature range to avoid losing the preload after cooling down. The material of choice for the bolts is Al 7075-T73, which has a slightly higher thermal contraction than Al 5083-O and a factor of ~1.7 higher tensile strength at the room temperature.

In order to meet the load requirements during assembly, transportation and operation, 48 equally spaced M24 bolts are used for each shell-flange interface. The bolt holes penetrate through the islands between the slots in the faces of the shells as shown in Figure 6.9. The joint strength benefits from the friction between the mating surfaces. In order to keep the shear load between the bolts and the mating surfaces uniform, the friction force under each bolt will be higher than the shear force; hence, the bolts shall be sufficiently preloaded during the assembly.

It is reasonable to assume some preload relaxation will occur days after the cold mass assembly due to local material yielding and creep. Each bolt preload shall be measured again at least 7 days after the cold mass assembly and adjusted if necessary prior to the cold mass installation in the cryostat.

Venting Holes
A general requirement for cold mass construction is that there may not be any partially closed volumes, for example, those closed by a threaded fastener that could considerably increase the cryostat evacuation time. Consequently, any closed volume larger than 0.5 cm3 must be either permanently sealed by a vacuum-tight weld or vented to the cryostat vacuum space through an additional hole. The minimum venting hole diameter is 1 mm. 

Electrical Connections and Conductor Joints
The electrical connection scheme of the PS coils is shown in Figure 6.10. The cable will be provided in sufficient piece-lengths to allow winding of complete layers without splices. Two types of joints are used within the cold mass as shown in Figure 6.11. The layer-to-layer joints are located at the ends of each coil layer next to the end flanges. The coil-to-coil and coil joints are located on the outer cold mass surface, similar to CMS [22]–[23]. 

[bookmark: _Ref264842649][bookmark: _Ref366078371]Figure 6.10. Electrical connections of the PS coil sections. Layer to layer joints are not shown.

All cable joints inside the cryostat are to be made without removing the Al stabilizer. The Al-to-Al joints shall be made by TIG welding of the adjoining cable edges.  The acceptable weld filler materials are: 1199-O aluminum, 5N aluminum or 5N aluminum doped with 0.1wt% Ni (this is the material of the cable stabilizer). 

The electrical resistance of any joint shall not exceed 1 nΩ at 4.2 K temperature and 5 T field. The minimum joint length will be determined experimentally by welding and testing cable samples. The critical current degradation in the superconducting cables due to joint welding shall not exceed 10%. Note above requirements were met in the CMS [22] and ATLAS CS [24] aluminum cable joints. A proposed starting point is the procedure developed for welding the CMS cables [22].
[bookmark: _Ref264842669][bookmark: _Ref371435299]Figure 6.11. Splice joints: layer-to-layer (left) and coil-to-coil (right).

[bookmark: _Ref264970446]Cryostat
The PS cryostat consists of the following components and systems:

Structural supports for the magnetic coils and vacuum vessel to ground
A 4.7 K cooling circuit
An 80 K thermal shield
An 80 K cooling circuit
A vacuum vessel with a warm bore
Multi-layer insulation (MLI)
Interface to the TS cryostat
Interface to the cryogenic transfer line
Interface to the HRS in the warm bore
Interface to the vacuum enclosure at the non-TS end

The dimensions and materials for the cryostat components are described in [10]. The interfaces are discussed separately in Section 6.3.1.5.



Thermosiphon Cooling System
The PS magnet will be conduction cooled using a thermosiphon cooling scheme. The thermosiphon consists of two manifolds, one at the top and the other at the bottom of the cold mass, connected by 17 siphon tubes that provide parallel liquid helium flow paths to cool the cold mass. Sizing and attachment details of the cooling tubes are critical for proper performance of the system. A detailed thermal analysis of the coil, as will be described later in Section 6.3.1.6, is required to ensure the coil temperature is within the specified thermal margin. 

Heat Loads
The PS cold mass assembly will be cooled with saturated helium at 4.7 K flowing in a thermosiphon circuit. The heat load contributions at 4.7 K originate from the following sources:

80 K radiation from the inner and outer thermal shields
Conductive heat loads from the axial and radial supports
Heat generation or dynamic heat load from particle irradiation

Table 6.6 summarizes the different heat loads at 4.7 K.

Design of the Thermosiphon System
The thermosiphon cooling works on the basis of a flow circulation induced by the density difference between the heated liquid/vapor and the unheated coolant. Conceptually, saturated helium is filled from the bottom supply manifold, through the siphon tubes to the top return manifold. The liquid helium in the siphon tubes conductively absorbs the heat from the cold mass and as the helium temperature increases, the density of the helium decreases, pushing the heated liquid up while forcing the colder liquid to the bottom in a natural circulation loop.

As the thermosiphon system is essentially driven by gravity, the siphon tubes must be oriented vertically. The siphon tubes are semi-circular segments that are welded to the cold mass itself and attached at the bottom and top to the supply and return manifolds, respectively. The thermosiphon cooling concept has been successfully demonstrated and used on the ALEPH solenoid [25] and CMS detector solenoid  [26].

The advantage of the thermosiphon system is reliability, as it does not include any moving parts such as cold pumps. It is also efficient because the temperature is uniform due to the fact that the cooling helium flow spontaneously adapts to the heat load distribution.

[bookmark: _Ref264842721][bookmark: _Ref377460736]Table 6.6. Summary of heat loads at 4.7 K.
	80 K radiation heat load to 4.7 K surfaces

	Surface
	Surface area (m2)
	Number of MLI layers
	Heat flux (W/m2)
	Heat load (W)

	Cold mass outer surface
	28.4
	30
	0.2
	5.68

	Cold mass inner surface
	21.4
	30
	0.2
	4.28

	Total heat load from 80 K radiation
	10

	Conductive heat load from supports to 4.7 K components

	Component
	Heat load per support (W)
	Quantity
	Total heat load (W)

	Axial supports (TS end/short)
	0.143
	6
	0.86

	Axial supports (non-TS end/long)
	0.2183
	6
	1.31

	Radial supports
	0.282
	16
	4.51

	Total conductive heat load at 4.7 K
	6.7

	Dynamic heat load on the cold mass due to particle irradiation 

	MARS V15 particle simulation
	Total heat load on cold mass (W)

	
	28

	Total heat load to 4.7 K components (static + dynamic)
	45



Siphon Tube Locations
An important design note is that the locations of the siphon tubes are important to the cooling of the PS magnet. The reference locations are described in [10]. One of the criteria for locating the siphon tubes is that the first tube is placed at a convenient distance from the Non-TS end of the coil housing so as to allow for bolt insertion and ease of welding. The rest of the tubes shall be placed at equal intervals. The positional tolerance for the tube locations will be ±2 mm.  

Design of the Siphon Tubes
As described in Section 6.3.1.2, the major contributors to the cooling of the PS coils are the high-purity aluminum strips known as thermal bridges, which thermally connect the magnet coils to the cooling tubes. In order to best utilize the design arrangement, the siphon tubes have been designed with a special geometry as shown in Figure 6.12. 

[bookmark: _Ref264842781][bookmark: _Ref371932331]Figure 6.12. Siphon tube connections.

Because almost the entire heat load from the magnet is transmitted to the cooling tubes through the thermal bridges, any appreciable T must be recovered. For this reason, the siphon tubes are extruded with the special “D” shape to have a flat face at the bottom, and the base plates of 99.999% pure (5N) aluminum are Electron Beam Welded (EBW) to the flat faces of the siphon tubes. The EBW assures the full weld penetration through the tube-plate interface, and the presence of the highly conductive aluminum plates minimizes the T between the thermal bridges and the liquid helium.

The base plates are TIG welded all along to the support shells as shown in Figure 6.12 using Al 1199-O as the filler prior to the final machining of the shell inner surfaces and the coil insertion. The thermal bridges are TIG welded to the base plates as shown in Figure 6.12 after the coil and shell assembly but prior to the final cold mass assembly.

Thermal Shield
The PS magnet cold mass is shielded from the room temperature (300 K) thermal radiation by means of 6 mm thick 6061-T6 aluminum cylinders both at the inner and outer surfaces. The thermal margins for the shields are designed to be around 85 K. The thermal shields themselves will be cooled with Liquid Nitrogen (LN2).

Pressurized two phase nitrogen will be supplied from a liquid nitrogen dewar at about 95 psia (65 kPa absolute) to a distribution box that is located above the feedbox level for each magnet of the Mu2e experiment. At the distribution box, the two phase nitrogen will be routed through a phase separator where it will be sub-cooled to about 90 K. Following this, the sub-cooled LN2 will be throttled to about 82 K with about 9% vapor content at the inlet to the solenoid magnet. Table 6.7 summarizes the heat loads in the PS at LN2 temperatures.  
[bookmark: _Ref264843084][bookmark: _Ref377462073]
[bookmark: _Ref273013955]Table 6.7. Summary of heat loads at 80 K.	
	300 K radiation heat load to 80 K surfaces

	Surface
	Surface area (m2)
	Number of MLI layers
	Heat flux (W/m2)
	Heat load (W)

	Outer thermal shield outer surface
	32.1
	60
	1.5
	48.15

	Inner thermal shield inner surface
	20.85
	60
	1.5
	31.3

	Total heat load from 300 K radiation
	
	79.5

	Conductive heat load from supports to 80 K components

	Component
	Heat load per support (W)
	Quantity
	Total heat load (W)

	Cold mass axial supports (TS end/short)
	0.75
	6
	4.50

	Cold mass axial supports (non-TS end/long)
	1.145
	6
	6.87

	Cold mass radial supports
	1.4825
	16
	23.7

	Thermal shield radial supports
	0.75
	16
	11.9

	Total conductive heat load to 80 K
	
	47.0

	Dynamic heat load on the thermal shield due to particle irradiation

	MARS V15 particle simulation
	Total heat load on thermal shield (W)

	
	2

	Total heat load to 80 K components (static + dynamic)
	128.5



Both the inner and the outer thermal shields are cooled in series by a .5” ID extruded tube that is skip welded to the cold mass side of the shields. The tube has been sized to occupy the least space while providing for a low pressure drop along its entire run length and maintaining a positive pressure at the end of its run as it vents to the atmosphere.

Multilayer Insulation
Multilayer insulation or MLI, as it is commonly known, will be used to intercept the thermal radiation from the room temperature (300 K) level to the thermal shields’ (80 K) level and from the 80 K level to the liquid helium or 4.7 K level. Optimal numbers of layers of MLI have been proven to be very effective [27] in intercepting thermal radiation, and their use is necessary for superconducting applications such as solenoid magnets and RF cryomodules. The recommended numbers of layers for the PS magnet are shown in Table 6.8.

[bookmark: _Ref264844371][bookmark: _Ref377462216]Table 6.8. Recommended number of MLI layers.
	Location
	Number of layers
	Layer density

	Between Cryostat walls and thermal shield, i.e. between 300 K level and 80 K level
	60
	3 layers/mm

	Between thermal shield and cold mass, i.e. between 80 K level and 4.7 K level
	30
	3 layers/mm



Cold Mass Suspension System
The suspension system serves as the structural attachment of all cryostat systems to the vacuum vessel, which in turn anchors them to the experimental area floor. At the same time, it needs to impose as little thermal load on the cryogenic system as possible. These two requirements, structural integrity and low thermal load, are generally at odds with one another. 

The PS cryostat cold mass suspension consists of axial and radial support systems for both the coil and thermal shield assemblies designed to resist axial magnetic and off-center forces as well as gravity loads. The maximum axial force on the cold mass is estimated in Section 6.3.1.6 to be 1427 kN toward the TS. The maximum force away from the TS is 115 kN and the weight of the cold mass plus the force due to possible misalignment is 158 kN. The complete cryostat assembly and the location of the coil and thermal shield are shown in Figure 6.13.

Coil Assembly Axial Anchor
In order to minimize the length of any penetration out of the end of the vacuum vessel, the PS axial anchors run the entire length of the cryostat and anchor the cold mass near the center of the vacuum vessel. Twelve axial rods, six running from each end of the vacuum vessel and attaching to the cold mass about one-third of the overall length from the TS end constitute the anchor system. The axial anchor coil attachment point allows for radial shrinkage of the cold mass during cool-down. 

[bookmark: _Ref264844410][bookmark: _Ref366078491]Figure 6.13. PS cryostat assembly cross-section.

A series of Belleville springs at the vacuum vessel end of each rod accommodates a maximum of 3 mm of axial contraction of the rods themselves during cool-down. In this configuration, each set of six rods resists axial loads in each of two directions. In both cases, the set not in use is allowed to slide, unloading the Belleville springs rather than allowing them to be compressed. The details of the axial anchor center and end attachments are described in [10].

Several candidate materials were studied for the anchor rods themselves. As mentioned earlier, they must be structurally strong and present a relatively low heat load to the cryogenic system. Early in the design process, we elected to consider an all-metal anchor system for reasons of ease of attachment and overall reliability. Starting with materials commonly used in superconducting magnets and using a figure of merit defined as the ratio of allowable stress divided by thermal conductivity to 4.7 K, the best choices were determined to be titanium and Inconel 718 with the latter being chosen primarily due to availability and ease of fabrication, especially welding. The allowable stress for Inconel 718 in the annealed and precipitation hardened condition is 530 MPa.
To resist the 1427 kN maximum axial load acting toward the TS with an adequate safety factor requires 6 28.58 mm diameter rods. A much smaller 115 kN axial force acts away from the TS during some fault conditions. This force is resisted by 6 12.7 mm diameter rods. 

Coil Assembly Radial Support
The radial supports oppose the weight of the magnet and any off-center load that exists due to misalignment of the coil inside the vacuum vessel. The assumed maximum radial load is 2 g’s or 20 tonnes. 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. The coil end is attached by a spherical clevis. A spherical washer pair attaches the vacuum vessel end. Belleville springs at the warm end accommodate thermal contraction during cool-down. The details of the radial support attachment to the cold mass and the vacuum vessel are described in [10].

Figure 6.14 shows the complete coil assembly and the axial and radial supports.

[bookmark: _Ref264844435][bookmark: _Ref377464369][bookmark: _Ref366078685][bookmark: _Ref377464255]Figure 6.14. Figure PS cold mass suspension system.

Thermal Shield Axial and Radial Supports
The thermal shield supports resist gravity and shipping and handling loads. The weight of the complete thermal shield assembly is approximately 1 tonne. The thermal shield is attached to the cold mass axial supports at the 80 K intercept on the 28.58 mm support rods, providing a natural axial support point for the thermal shield assembly. The radial supports are lightly loaded and are identical to those on the cold mass shown above.  They share the design with the cold mass supports for commonality of design. Since they only have connections to the vacuum vessel and thermal shield, they don’t contribute to the 4.7 K heat load.

Summary
[bookmark: _Ref377463602]The coil and thermal shield suspension systems have been designed to support these structures when they are subjected to magnetic forces, misalignment inside the vacuum vessel, magnet quenches, gravity, shipping and handling, and loads from the radiation absorber. Each set of components has been sized to meet the unique requirements of these loads.

[bookmark: _Ref264971649]Instrumentation
The production solenoid requires a large number of instrumentation sensors and associated wiring to be installed during fabrication. This instrumentation falls into four groups:  

Quench protection
Cryogenic monitoring and controls
Mechanical characterization
Conductor resistance monitoring


Voltage Taps
Voltage taps are critical elements of the magnet protection system. Voltage tap connections and cabling must be robust, vacuum compatible, radiation hard and able to withstand voltages up to 1.7 kV (during the Hipot test). Voltage tap cables must be bundled and routed to minimize pickup and cross-talk. 

Tap Locations
A schematic of the coil and leads voltage tap connections and cabling is described in [10]. Voltage taps are the physical connections to the bus in which the instrumentation wires for quench protection and resistance measurements are terminated. A tap can be made by drilling a hole into the aluminum stabilizer of the solenoid coils or leads so non-magnetic screws can be used to secure the wires. Taps are made on either side of each splice between the layers of each coil, on either side of each splice between coils, and at the ends of each lead including the trim lead. Each tap will have two wires connected to them.

Superconducting Wire Sensors
In addition to the voltage taps across the solenoid leads superconducting NbTi twisted pairs bonded to the leads will be used to detect quenches. The wires must be bonded to the leads in a way that provides electrical isolation while maintaining good thermal contact. During normal operation, the wires will be superconducting. In the event the lead quenches, the wire should also heat above the transition temperatures, so quenches in the leads may be detected by monitoring the wire resistance.

Temperature Monitoring
The temperature of the magnet coils, heat shield, and support rods must be monitored. Resistive Temperature Devices (RTDs) will monitor the temperatures of the following solenoid components:

Cold-mass during cool-down and warm-up
Cold-mass near support rod mounts
Magnet Warm spots
Supply manifold
Return manifold
80 K Heat Shield
Radial Support Rods
Axial Support Rods

Cernox RTDs will be used to monitor components operating at temperatures close to that of liquid helium, such as the cold mass. Platinum sensors will be used for components operating at higher temperatures, such as the 80 K thermal shield. A description of the temperature sensors is given in [10].

Strain Gauges
Temperature compensated strain gauge full bridges installed on each radial and axial support post will monitor the forces on the cold mass. A description of the strain gauges is given in [10]. 

Strain gauges can be connected using a 32 AWG phosphor bronze triple twisted pair.
Strain gauge cables must be thermally anchored to at least one point.
The recommended gauge, Vishay Micromeasurement Model EK-06-250TB-1000 dual strain gauge rosette, provides a flexible polyimide backing to allow the gauges to be mounted easily on the curved surfaces of the rod in combination with a nickel-chromium alloy sensitive to temperatures as low as -195 C. The 0.25 inch length/1000 Ohm resistance gauge is the longest, highest resistivity gauge available with these characteristics. 

Position Sensors
The position of the coil with respect to the vacuum vessel in all three dimensions shall be monitored at both ends of the magnet using a total of 12 non-contact, non-magnetic sensors, for example Philtec DMS-RC290 optical sensors or equivalent. The position sensors must have an operating range of at least 40 mm and an integral linearity and a long term stability of 100 µm or better.  Two position sensors at each end of the cold-mass in the horizontal symmetry plane shall monitor the X position of the coil and two sensors in the vertical symmetry plane at each end will monitor the Y position of the coil. The Z position will be monitored by 4 sensors mounted longitudinally in the horizontal symmetry plane.

RRR Monitors
High radiation levels in the PS during operation are expected to degrade the residual resistance ratio (RRR) of the copper and aluminum stabilizers.  RRR monitors (RRRM), described in [10], consisting of aluminum and copper wires wound around circuit boards shall be attached to the cold-mass to allow for measurement of radiation-induced resistance changes.  

[bookmark: _Ref264970263]Interfaces

Cryostat Inner Shell
The PS cryostat inner shell is part of the PS Cryostat detailed in Section 6.3.1.3 of this document. The inner shell is a primary component of the PS insulating vacuum system (Section 6.3.1.3) on its OD as well as a primary component of the Muon Beamline Vacuum System on its ID; therefore, it must be designed and manufactured with vacuum performance in mind.

All surfaces must be thoroughly cleaned and degreased before welding.  Shell longitudinal and circumferential welds must be designed to minimize the chance of virtual leaks in the vacuum systems.  All inner bore welds must be ground smooth.

The PS cryostat inner shell provides the interface for a Heat and Radiation Shield (HRS) that will be supplied, installed, and connected by Fermilab. The HRS is a large cylindrical weldment that will be installed by sliding it into the upstream end of the PS bore.

The PS inner shell must support the HRS gravity loads, as well as the HRS installation and operating forces as described in [28].  The HRS is undergoing design simulations, so the specification of the PS interface features described below will be finalized once the HRS design has been finalized.

HRS Downstream Connection
After the HRS is inserted into the PS bore and alignment measurements are taken, the downstream end of the HRS will be shimmed and welded to the PS cryostat inner shell. A feature required in the PS is a weld ring in the cryostat bore. The HRS weld ring must be manufactured from 316L stainless steel and welded into the PS cryostat bore 597.0 mm from the downstream end plate as shown in Figure 6.15. The HRS weld ring thickness must be 0.76 mm, and the final inner diameter of the ring after welding must be 1295 mm.
[bookmark: _Ref264844473][bookmark: _Ref374399633]Figure 6.15. HRS downstream connection to PS.

The HRS weld ring is also a component of the muon beamline vacuum system and must be designed and manufactured with vacuum performance in mind.  All surfaces must be thoroughly cleaned and degreased before welding.  The weld must be continuous on the downstream face of the ring; skip welds are allowed on the upstream face.




HRS Upstream Connection
The upstream end of the HRS will also be welded to the PS after HRS installation and alignment.  The feature required in the PS is a stub extension of the PS cryostat inner shell that allows a heavy structural and vacuum weld to be made far enough away from the PS to protect the cold-mass insulation from weld heat.  Figure 6.16 and Figure 6.17 show a possible stub connection to the PS, and the HRS flange.  
[bookmark: _Ref264844502][bookmark: _Ref374266374]Figure 6.16. Figure 7.16 HRS upstream connection to PS.

[bookmark: _Ref264844524][bookmark: _Ref374266380]Figure 6.17. Stub extension geometry and connections.

The PS inner shell stub extension must be manufactured from 316L stainless steel and welded to the PS cryostat. The stub must extend 50.8 mm from the upstream cryostat end plate and the stub shell thickness must be 20.0 mm.  The upstream stub end must have an outer diameter weld prep for attaching to the HRS flange. 

The final inner diameter of the stub after welding must be 1500.0 mm and the final outer diameter of the stub after welding must be 1540.0 mm.  The inner diameter of the stub and the PS cryostat inner shell must provide a contiguous bore diameter to allow the HRS to slide into place as described in Section 6.3.1.5.

Connection to TS
The PS Solenoid must connect to the TSu Solenoid to provide a common muon beamline vacuum system volume. The connection will be made with a flexible bellows to allow any combination of axial and lateral movement produced by cool-down and magnetic forces between solenoids.  The bellows will be procured and welded in place to both the PS and the TSu by Fermilab.

A feature required in the PS is a weldable face on the downstream cryostat end plate.  The downstream face of the cryostat end plate in the area between 1800.0 mm diameter and 1850.0 mm diameter must be free from steps, discontinuities, or voids.

Any welds on the downstream face of the PS cryostat end plate must be ground smooth in this area.  Fermilab will align TSu and PS and make the light vacuum weld to the PS face so that the bellows is in a neutral, un-flexed position as shown in Figure 6.18. 
[bookmark: _Ref374351697]
Connection to Transfer Line
The PS Solenoid must connect to a transfer line that supplies the magnet with power and cryogenic fluids.  The transfer line also provides a pump-out duct for the PS insulating vacuum and acts as a conduit for instrumentation signals entering and leaving the magnet.

A section of the transfer line that will connect to this extension port is shown in Figure 6.19. 

The feature required in the PS is a transfer line extension port protruding from the side of the PS cryostat chimney. The PS transfer line extension port must be manufactured from 316L stainless steel tube with a 254.0 mm (10.0 inch) OD and a 2.8 mm (0.109 inch) wall.

The PS transfer line extension port must be positioned 1005.0 mm in the negative X direction from the PS vertical centerline and 1294.0 mm above the horizontal centerline of the PS bore as shown in Figure 6.20. The port must extend 550.0 mm in positive Z from the center of the PS chimney.

[bookmark: _Ref264844565]Figure 6.18. Connection between PS and TSu.

[bookmark: _Ref264844584][bookmark: _Ref374351733]Figure 6.19. Section of transfer line.

[bookmark: _Ref264844619][bookmark: _Ref374351829]Figure 6.20. PS chimney ports end view.

The PS transfer line extension port is also a component of the PS insulating vacuum system and must be designed and manufactured with vacuum performance in mind.  All surfaces must be thoroughly cleaned and degreased before welding.  The weld must be continuous outside the PS chimney; skip welds are allowed inside the chimney.

Superconductor and Piping
The PS superconductor and all the cryogenic pipes required for magnet operation will enter the PS through the transfer line.  The PS features necessary to make these connections are the extension of the PS conductor and piping out the transfer line extension port described above. See also Section 6.3.1.2 and Section 6.3.1.3 of this document.

The PS must be delivered with 2.0 ± 0.1 m of each superconducting cable, and 1.0 ± 0.1 m of each cryogenic pipe extending out beyond the end of the transfer line extension port.  The pipes must be sealed and superconductor supported and protected from contamination and damage in shipping and handling.
Thermal Shields and Insulation
The thermal shields in the PS must be thermally connected to the thermal shields in the transfer line extension port.  This may be accomplished by connecting the thermal shield sections together through the thermal shield in the PS chimney.  The PS must be delivered with 0.50±0.05 m of thermal shield extending out beyond the end of the transfer line extension port.  The thermal shield must be protected from contamination and damage during shipping and handling.  See also Section 6.3.1.3 of this document.

Likewise, the 4 K and 80 K MLI blankets in the PS must be connected and continuous through the transfer line extension port.  This also may be accomplished by connecting the blanket sections together through the MLI blankets in the PS chimney.  The PS must be delivered with 0.50±0.05 m of MLI extending out beyond the end of the transfer line extension port.  The MLI must be protected from contamination and damage during shipping and handling. 

Instrumentation
All instrumentation cables coming into or out of the PS must be routed through the transfer line extension port.  This may be accomplished by routing all instrumentation through the PS chimney in a way that protects the cables from mechanical and thermal damage. Section 6.3.1.4 of this document specifies that some cables must be routed along the conductor leads.  All cables must be strain relieved and secured inside the solenoid.

The PS must be delivered with 2.0±0.1 m of all instrumentation cables extending out beyond the end of the transfer line extension port. All instrumentation cables and labeling must be protected from contamination and damage during shipping and handling.

Instrumentation Port
It may not be feasible to route all solenoid instrumentation through the transfer line as described above.  For this reason, an additional instrumentation port is required coming out the side of the PS cryostat chimney.  The PS instrumentation port must be manufactured from 316L stainless steel tube, 101.6 mm (4.0 inch) OD x 2.11 mm (0.083 inch) wall.

The PS instrumentation port must be positioned 725.0 mm in the negative X direction from the PS vertical centerline and 1350.0 mm above the horizontal centerline of the PS bore as shown in Figure 6.20.  The port must extend 700.0 mm in the positive Z direction from the center of the PS chimney.



Insulating Vacuum System
The PS cold mass resides in an insulating vacuum space formed between the inner and outer cryostat shells and the upstream and downstream cryostat end plates.  The inner bore of the PS cryostat is also part of the Muon Beamline Vacuum space. Therefore, the PS cryostat must be designed to operate under any combination of vacuum and atmospheric pressures including: vacuum in the insulating vacuum space and atmospheric pressure in the PS bore; atmospheric pressure in the insulating vacuum space and vacuum in the PS bore; and vacuum in both the bore and insulating vacuum spaces.

The specified operating pressure of the PS insulating vacuum system is 1·10-5 Torr at maximum.  The specified operating pressure of the Muon Beamline Vacuum system is 1·10-4 Torr at maximum. The insulating vacuum features required on the PS are pump-out ports.  The transfer line extension port above is one pump-out port, and an additional series of radial ports on the outer cryostat shell must be provided.  Possible locations of these ports are shown in Figure 6.21.

The PS radial pump-out ports must be manufactured from 316L stainless steel tube, 203.2 mm (8.0 inch) OD.

Shipping Restraints
The PS axial and radial supports described in Section 6.3.1.3 are not intended to restrain the maximum forces that might be induced from shipping and handling.  Therefore, additional shipping restraints must be added to the PS cryostat to keep the cold mass positioned within the cryostat and protect the axial and radial supports.

A possible implementation of these shipping restraints is shown in Figure 6.21.  The ports on the outer cryostat shell for the insulating vacuum may be used for connection of radial shipping restraints.  Axial threaded holes may be provided in each cryostat end plate.
[bookmark: _Ref264845405]Figure 6.21. PS axial and radial shipping restraints.
[bookmark: _Ref264845466][bookmark: _Ref374353610]Magnet Support
[bookmark: _Ref374353577]The PS Solenoid gravity and magnetic loads are ultimately transferred through the PS support saddles shown in Section 6.3.1.3 of this document to the floor. The PS support feet will be bolted to a support frame by Fermilab that in turn will be bolted to pads provided in the floor of the Mu2e building. A side view of the PS and support frame is shown in Figure 6.22. The interface features required as part of the PS are the two support feet that weld to the reinforced saddles of the cryostat. The support feet must be manufactured from 316L stainless steel with a length of 2528 mm, a width of 700.0 mm, and a thickness of 50.0 mm.

[bookmark: _Ref272945847]Figure 6.22. PS mounted on support frame.

[bookmark: _Ref264970214]Analyses

Magnetic Analysis
According to the requirements document [2], the PS magnet should have magnetic field gradient along the magnet axis with the peak field on the axis of 4.6 T and the field at the interface with the Transport Solenoid (TS) of 2.5-2.7 T. It implies that the current per unit of length must vary by a factor of ~2 along the magnet. 

In order to satisfy this requirement, the magnet consists of three sections with 3, 2 and 2 layers of the cable described in Figure 6.6 and Table 6.3, wound in the hard way around the aperture. 

Figure 6.23 shows the COMSOL Multiphysics FEM magnet model with the flux density diagram. 

[bookmark: _Ref264845568][bookmark: _Ref373920358]Figure 6.23. PS magnet model with the flux density in Tesla at the maximum current. HRS and the coil support shells are also shown.

Note that the pictures also show the straight section of the TS isincluded in the model for the field matching purposes. Also included is the Heat and Radiation Shield (HRS) [30] made from C63200 bronze with a nominal relative magnetic permeability of 1.04. Since it is not an electro-technical material with well controlled magnetic properties, the magnetic permeability was increased to 1.1 during modeling to account for possible property variations. 

In order to guarantee meeting the peak field requirement of 4.6 T, the magnet is designed to operate with 5.0 T on the axis while meeting all other requirements specified in [2]. Since the PS should provide the same field at the interface with the TS regardless of the peak field on the axis, adjustment of the peak field (and consequently the axial field gradient) is accomplished by a trim power in TS. The field in the central part of the magnet is shown in Figure 6.24 together with the specification. 

[bookmark: _Ref264845593][bookmark: _Ref373920401]Figure 6.24,  Flux density and the field specification in the central part of the magnet in the global coordinate system at the nominal operating current.

The magnet is designed to operate at 63 % of the short sample limit (SSL) along the load line at the nominal field and the temperature of 4.7 K, as shown in Figure 6.25. At higher temperatures, the SSL shifts closer to the operating point and passes through it at a temperature of 6.60 K, which is the current-sharing temperature at the nominal operating current. In order to maintain the temperature margin requirement of 1.5 K at that current, the coil temperature cannot exceed 5.10 K. In that case, the magnet operates at 68 % with respect to the SSL at that temperature. The major PS parameters are summarized in Table 6.11 for the nominal and maximum operating conditions.

[bookmark: _Ref264845622][bookmark: _Ref373920415]Figure 6.25. Critical currents and the magnet load line.

During normal operation, the axial force on the PS coil acts toward the TS coil. The axial and transverse force sensitivity due to possible PS to TS and PS to HRS misalignment was studied using the COMSOL and OPERA 3D models. The forces were calculated at the nominal coil position as well as during the coil displacement. Table 6.9 and Table 6.10 list the results of this analysis. The forces scale linearly with the displacements much smaller than the transverse coil size.

[bookmark: _Ref264845864][bookmark: _Ref373920469]Table 6.9. Forces on the PS coil due to interaction with the TS coil and the force sensitivity due to coil misalignment when PS operates at 5.0 T on the axis and the TS is at the nominal field. HRS is not present.
	Force on PS coil
	At the nominal position, kN
	Sensitivity to the coil displacement, kN/cm

	Fx
	-15.7
	-9.0

	Fy
	 0.0
	

	Fz
	1361.9
	18.0



[bookmark: _Ref264845883]Table 6.10. Forces on the PS coil due to interaction with the HRS and the force sensitivity due to coil misalignment when the PS operates at 5.0 T on the axis and the HRS has a magnetic permeability of 1.1. TS is off.
	Force on PS coil
	At the nominal position, kN
	Sensitivity to the coil displacement, kN/cm

	Fx
	0
	19.5

	Fy
	0
	

	Fz
	29.0
	-18.6



[bookmark: _Ref264845804][bookmark: _Ref373920496]Table 6.11. Magnet parameters.
	Parameter
	Unit
	Operating current

	
	
	Nominal
	Maximum

	Liquid helium temperature (TLHe)
	K
	                   4.7

	Operating current (Iop)
	A
	9200
	10150

	Peak axial field at Iop
	T
	4.56
	5.01

	Peak coil field at Iop
	T
	4.96
	5.48

	Quench current at TLHe
	A
	                       14649

	Current-sharing temperature at Iop
	K
	6.60
	6.30

	Minimum temperature margin
	K
	                     1.50

	Maximum allowable temperature (Tmaxall)
	K
	5.10
	4.80

	Fraction of SSL at TLHe
	
	0.628
	0.693

	Fraction of SSL at Tmaxall
	
	0.676
	0.705

	Stored energy
	MJ
	66.83
	79.74

	Self field inductance
	H
	                     1.58

	Fast dump resistance
	m  
	                      59.11

	Peak dump voltage
	V
	544
	600

	Initial time constant of fast discharge
	s
	                     26.7

	Cable length
	km
	                     8.67

	Cryostat inner diameter
	m
	                    1.50

	Cryostat length
	m
	                    4.50

	Cold mass
	tonnes
	                   13.1

	Cryostat mass (excl. HRS)
	tonnes
	                   10.7



The force sensitivities to the PS coil displacement relative to those of the TS and HRS have opposite signs and would partially cancel each other if the HRS to the TS position were fixed. It is, however, likely that the HRS will be displaced with the PS coil since it is supported by the PS cryostat wall and the cancellation will not happen. Moreover, the HRS may already be displaced in relation to the PS coil in opposition to PS-TS displacement.; thus, there is a possibility of a worst-case scenario in which the displacement forces are additive, regardless of the sensitivities’ signs.
Radiation Analysis
Simulations were performed with the MARS15 code [31] on the model shown in Figure 6.26. The neutrons were propagated down to 0.001 eV. The full set of critical radiation quantities was calculated. The superconducting coil material was described using a homogeneous approach (the material was represented as a mix of all elements with appropriate weight factors). The origin of the MARS15 coordinate system in the global coordinates is at X0 = 3.904 m, Y0 = 0 m, Z0 = -9.068 m.
[bookmark: _Ref264846049][bookmark: _Ref365466687]Figure 6.26. MARS15 model of the PS magnet and the HRS.

The peak calculated Displacement per Atom (DPA), which characterizes radiation damage in metals, was ~2.5·10-5 yr-1 and the peak power density was 12.6 µW/g [32]. The corresponding peak absorbed dose for the coil insulation is 240 kGy/yr; total dynamic heat load in the cold mass is 28 W. 

While these quantities are a factor of 2-3 less than the limits set in the requirements [9], the power density distribution in the cold mass is strongly non-uniform as shown in Figure 6.27, which creates a localized hot spot in the middle of the first coil. Because of this and the degradation of material properties under irradiation, a careful thermal analysis (presented later in this section) is required to determine if the design meets the peak temperature requirements.

Degradation of RRR
Residual Resistivity Ratio (RRR) is an important parameter for superconducting magnet design that affects the magnet performance during operation in superconducting mode and irreversible transition to the normal state (quench). RRR of aluminum and copper stabilizers used in the coil is considerably degraded under neutron irradiation at cryogenic temperatures. A number of experiments have been performed in order to estimate the effect of neutron radiation on metal resistivity [33][34], however, the different (reactor) neutron energy spectrum in these experiments requires the numerical analysis to interpret the data for the Mu2e energy spectrum, which carries a large (factor of two) uncertainty.

[bookmark: _Ref264846074][bookmark: _Ref372539153]Figure 6.27. Figure Radiation power distribution in the cold mass.

The RRR degradation of aluminum and copper calculated using the above results is shown in Figure 6.28. Taking conservative safety factors into account, the calculated DPA translates into the degradation of RRR in Al and Cu from the initial values of 600 and 80 to 100 and 50 respectively in about one year of the experiment’s operation. These numbers are regarded as the minimum allowable values for RRR. 

The magnet will be equipped with RRR gauges that monitor the material property changes during operation. Once the critical resistivity degradation is detected, the magnet will be thermo-cycled to room temperature, restoring the original resistivity in Al and ~87% of that in Cu [33][34].


Quench Protection Analysis
The purpose of the quench protection system is to limit the peak coil temperature to 130 K and the peak coil to ground voltage to 600 V during any normally protected quench. This is achieved by detecting the resistive voltage rise associated with quench development and extracting the stored energy to an external dump resistor.
[bookmark: _Ref264846107][bookmark: _Ref372560366]Figure 6.28. Degradation of aluminum and copper RRR in PS coil as a function of DPA.

Quench Protection System (QPS)
A schematic of the magnet electrical circuit is shown in Figure 6.29. The magnet is powered by a two-quadrant thyristor-based power converter with a maximum voltage of 20 V. The power converter has an internal DC current transformer (DCCT) for current regulation. In the case of a quench, the energy is extracted to the fast dump resistor permanently connected between the magnet leads with a resistance of 59 mΩ, chosen to limit the voltage across the magnet leads to 600 V at the maximum operating current. The power converter reverses the voltage when the slow ramp-down is requested. 

[bookmark: _Ref264846802][bookmark: _Ref373937491]Figure 6.29.  Schematic of the magnet electrical circuit.

Each leg of two buses leading to the power converter has an independent, electronically controlled solid-state breaker. The bus-bars are made of copper. Their total resistance is significantly less than the resistance of the circuit in the case of a slow ramp-down, but sufficient for converter regulation. The grounding circuit symmetrically divides the voltage across the magnet terminals through a 1 kΩ resistor. The leakage current to ground is continuously monitored and triggers the magnet discharge if the preset limit is reached.

Each coil layer is equipped with redundant voltage taps connected to the QPS as described in Section 6.3.1.4. The QPS continuously monitors the magnet voltages during operation. If the resistive voltage exceeding the detection threshold of 0.5 V is detected, the QPS waits for 1 s to eliminate false signals and to give the magnet a chance to recover if the perturbation energy was less than the minimum quench energy (MQE) at a given location. If the resistive voltage remains above the detection threshold, the QPS activates the main breaker to disconnect the power converter from the magnet and the current discharges through the fast dump resistor.

Quench Analysis Strategy
The goal of the quench analysis was to determine the peak temperatures and voltages in the magnet at different operating conditions. The primary tool for modeling the quench development in the PS magnet was COMSOL Multiphysics code that was benchmarked against QLASA code [35] at an early stage of the analysis. 

It is safe to assume that the quench may occur at any location of the magnet and at any stage of the operation. Because of the potentially time consuming nature of the simulations, several representative cases have been carefully selected. Two strategic quench locations have been chosen for analysis: the high-field region in the inner layer of the 3-layer coil and the low-field region at the magnet end adjacent to the TS as shown in Figure 6.30. All simulations were performed at the maximum operating current specified in Figure 6.11.

[bookmark: _Ref264846854][bookmark: _Ref373937919]Figure 6.30. FEM quench analysis model showing two characteristic quench locations.

The PS to TS magnetic coupling was not included in the analysis, which essentially means the TS current remained constant during the PS discharge (it could be either on or off); however, it is possible that the PS quench will induce sufficiently large eddy currents in the TS structure to trigger the TS quench. Interaction of different magnets and the corresponding impact on the QPS will be considered in the next stage of the analysis. 
Magnet Commissioning Stage
[bookmark: _Ref373941129]During the commissioning stage, the magnet will be tested in the stand-alone mode before and after the HRS is installed, and then as part of the Mu2e magnet system. During this stage, the RRR will remain at its maximum value. Figure 6.31 shows the resistive zone for the quench start at the high field and low field locations when the quenches are induced at multiple locations due to heating of the coil support structure by the eddy currents, also known as quench-back. The peak coil temperatures and voltages are shown in Figure 6.32.
[bookmark: _Ref264846895][bookmark: _Ref373941562]Figure 6.31. Resistive zones (dark regions) from the quenches originating at the HF (left) and LF (right) locations at the beginning of the quench-back from the structure. 
[bookmark: _Ref264846916]Figure 6.32. Peak coil temperatures (left) and voltages (right) during the quench at the maximum RRR of the cable stabilizer.

The maximum peak temperature of 69 K occurs during the quench at the high field location without the HRS. Adding the HRS reduces the peak quench temperature by 0.9 K. Although a part of the stored energy dissipates in the HRS volume, the effect on the peak coil temperature is small because this energy dissipates outside of the cryostat and does not contribute to coil heating and accelerating the quench propagation. In case of quenches at the low field location, the peak quench temperature is further reduced to 58 K, and diminishes further by 0.5 K when the HRS is installed. The peak resistive voltage of 100-112 V, generated in the coil depending on the location, is offset by a factor of six higher inductive voltage. The dump voltage, which is the sum of the resistive and inductive coil voltages, is always less than 600 V.

Normal Operation Stage
The HRS will always be present during normal operation stage, and the cable RRR will gradually decrease from the maximum to the minimum allowed values in about one year. The RRR degradation will not be uniform because of the non-uniform distribution of the radiation flux in the cold mass; however, for the purpose of this study, it was assumed that the RRR of the cable stabilizer will uniformly degrade to the minimum allowed values specified above in the whole coil volume. 

[bookmark: _Ref374002503]The case of the maximum RRR has already been considered in the previous section. Figure 6.23 shows the peak coil temperatures and voltages when the RRR is degraded to the minimum allowed value. The peak coil temperatures are 82 K and 78 K for the quenches at the high field and the low field locations, respectively. While the absolute temperatures increased by 14-20 K with respect to the maximum RRR case, the temperature difference between the high field and the low field quenches reduced by more than a factor of two. The peak resistive voltages increased by almost a factor of three, but are still a factor of two less than the peak voltage across the dump. 

Despite the practically negligible effect on the peak quench temperature, the presence of the HRS during a quench creates an additional force on the cold mass due to interaction of the induced eddy currents with the magnetic field. The force evolution on the cold mass due to interaction with the HRS is shown in Figure 6.34 (left). Because the considered HRS material is a general purpose bronze with no strict control over the magnetic and electrical properties, its nominal magnetic permeability was increased to 1.1 and the electrical resistivity reduced to 1×10‑7 Ω·m to account for the possible property variations. The maximum dynamic force of 115 kN in the direction away from the TS is reached at ~3.5 s after the quench start. The 2-way cold mass axial support system described in Section 6.3.1.3 is designed to counteract this additional force.
Figure 6.33. Peak coil temperatures (left) and voltages during quench (right) at the minimum RRR.

There is a strong dependence of the initial quench propagation speed and the coil voltages on the quench location and material properties. Figure 6.34 (right) presents the resistive coil voltages before the current discharge for different quench scenarios. The slowest voltage growth is for the quench at the low field location and the maximum RRR, where it takes ~1 s to reach the quench detection threshold. The fastest voltage growth is for the quench at the high field location and the minimum RRR, where it takes ~0.2 s to reach the same threshold. 
[bookmark: _Ref264846972][bookmark: _Ref374002582]Figure 6.34. Axial Lorentz force on the cold mass (left) and the resistive voltages before the current discharge (right).



QPS Failure
It has been shown in the previous section that proper operation of the QPS limits the peak coil temperatures and voltages well below the acceptable values at all stages of the operation. A catastrophic failure of the QPS was considered as a part of the risk assessment. It was assumed that the energy extraction circuit would fail completely and all of the stored energy dissipates in the cold mass. In reality, it represents a simultaneous failure of both dump switches, or an electrical short between the bus-bars and the subsequent arc with nearly zero resistance. The only mechanism of the energy dissipation is the normal zone propagation and the quench-back from the structure when the field change becomes sufficiently high. 

The peak coil temperatures and voltages are shown in Figure 6.35. In contrast to the protected quench behavior, the maximum temperature of 240 K is for the maximum RRR quench at the low field location because of the slowest propagation speed. The minimum temperature of 130 K is for the minimum RRR quench at the high field location, which has the fastest propagation speed. The low-field quenches have a low probability of occurring due to a high MQE. 
[bookmark: _Ref264847024][bookmark: _Ref374004298]Figure 6.35. Peak coil temperatures (top) and voltages (bottom) during an unprotected quench.

The resistive coil voltage increases to a maximum of 800 V during the minimum RRR quench at the high field location; however, the voltage across the dump resistor is zero, meaning the inductive voltage is the mirror image of the resistive voltage. These voltages mostly cancel each other inside of the coil.

Quench Energy Balance
The energy dissipations in different magnet components are presented in Table 6.12 for various quench conditions discussed earlier. During the protected quenches, most of the energy is extracted to the dump resistor with 12-18% of the total stored energy dissipating in the coils in the case of maximum RRR and 32-35% of that dissipating in the case of minimum RRR. 

When the energy extraction fails, all the stored energy dissipates in the cold mass, because contribution from the HRS is practically negligible as a result of the slow current decay and consequently low dB/dt, with ~91% of the total stored energy dissipating in the coils. 

[bookmark: _Ref264847072][bookmark: _Ref374023526]Table 6.12. Quench energy balance.
	Quench condition
	Dump activation delay (s)
	             Total energy dissipated, MJ

	     RRR
	Location
	HRS
	
	

	max
	min
	High
Field
	Low
Field
	
	
	Coils
	Shells
	Dump
	HRS

	Normally protected

	x
	
	x
	
	
	1.6
	14.33
	5.03
	60.45
	0

	x
	
	x
	
	x
	1.6
	14.00
	4.96
	59.97
	0.87

	x
	
	
	x
	
	2.0
	10.74
	4.95
	64.11
	0

	x
	
	
	x
	x
	2.0
	10.23
	4.89
	63.82
	0.86

	
	x
	x
	
	x
	1.2
	27.97
	6.73
	43.92
	1.19

	
	x
	
	x
	x
	1.4
	25.70
	6.54
	46.41
	1.16

	Unprotected

	x
	
	x
	
	
	∞
	73.14
	6.66
	0
	0

	x
	
	
	x
	
	∞
	73.65
	6.15
	0
	0

	
	x
	x
	
	
	∞
	72.20
	7.60
	0
	0

	
	x
	
	x
	
	∞
	72.57
	7.24
	0
	0


 
Forces on the Cold Mass
The total forces on the PS cold mass that will be intercepted by the cryostat suspension system and transferred to the experiment’s floor. Forces on the cold mass include static Lorentz forces between the PS and TS coils, the static and dynamic electromagnetic forces between the PS and the HRS, the forces due to misalignment between the above components, the cold mass weight and the dynamic forces during transportation.

Assuming that the PS cold mass position can be kept accurate to 1 cm in any direction relative to the TS and the HRS, and taking the worst-case scenario from Table 6.9, Table 6.10 and Figure 6.34, the peak axial force on the cold mass is 1427 kN toward the TS and 115 kN away from the TS. 

The peak static transverse force on the cold mass comes from the cold mass weight of 129 kN and the force due to worst-case PS coil misalignment of 29 kN; however, it is reasonable to assume 2g acceleration for transportation purposes, which results in a peak dynamic transverse force of 258 kN. 

Because of the different number of layers and shell thicknesses, the weight distribution is not uniform along the cold mass. The cold mass center of gravity is 1.75 m from the non-TS end flange (or 2.27 m from the TS end flange), which is exactly at the end of the 3-layer coil. It results in a weight distribution of 0.435:0.565 between the TS and non-TS end flanges. The peak dynamic transverse force is therefore applied to the TS end flange is 112 kN and that applied to the non-TS end flange is 146 kN.

Thermal Analysis

Thermal Interfaces
Secondary particles generated from the 8.3 kW proton beam interacting with the production target will deposit energy in the Production Solenoid coils.  A heat shield lining the warm bore of the PS made of bronze will intercept most of the energy [36]. However, an expected 28 W of continuous beam power will still be deposited in the cold mass.  The radiation heat is extracted from the coil through a system of thermal bridges. Because of the irradiation-induced degradation, one cannot take advantage of thin layers of high-purity Al as is often done in conduction-cooled magnets; the thermal bridges need to be sufficiently thick to conduct the heat even after irradiation. 

The thermal bridges, made of 1.5-mm Al sheets of the same composition as the cable stabilizer, are installed on the inner coil surface and extend throughout each coil length as described in Section 6.3.1.2. The ends of the thermal bridges are bent around the coil and the outer shell assembly and connected to the base plates of the cooling tubes by means of weld joints as described in Section 6.3.1.2.

The coil insulation details are described in Section 6.3.1.2. The composite ground insulation with a total thickness of 500 µm separates the insulated cables from the metal parts on all sides as shown in Figure 6.7. There are two 25 µm layers of Kapton embedded between the layers of fiberglass in the ground insulation. The 250 µm thick dry E-glass sheets placed between the coil layers are to be filled with epoxy during 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 ends of the thermal bridges 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 cooling down and Lorentz forces. Layers of mica paper are introduced between the thermal bridges, flanges and support shells to avoid accumulation of shear stresses at these interfaces. 

3D Thermal Model
[bookmark: _Ref373767643]A 3D FEM model created within NX 7.5/ANSYS 14.5 interface, shown in Figure 6.36, was finalized to the level of lumped cable turns to form each coil layer and included all the cooling/insulation features described earlier. The simulation was performed for the worst expected case, when the RRR of all Al elements (excluding the support structure made of Al 5083-O) was degraded to the minimum allowable value of 100.  The rule 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.
[bookmark: _Ref264908639]Figure 6.36. 3D thermal model of the PS cold mass. 

The 3D thermal analysis was performed for the radiation heat load in case of the baseline absorber design described above. In addition to that, the static heat loads at 4.7 K listed in Table 6.6 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 were kept at the constant temperature T0 by the cryogenic system. One-half of the cold mass was modeled since the particle production target lies in the horizontal plane and the heat deposition map is statistically symmetric with respect to that plane. The distribution of the radiation power is strongly non-uniform in the azimuthal and axial directions as shown in Figure 6.27 and Figure 6.37.

[bookmark: _Ref264908669][bookmark: _Ref373767659]Figure 6.37. Dynamic heat load (W/m3) in the cold mass as generated by MARS code. The model is rotated by 90 degrees around the magnetic axis for clarity (i.e. the vertical model plane is the horizontal plane of the experiment).

The resulting cold mass temperature is shown in Figure 6.38 for T0 = 4.7 K. The maximum temperature is in the middle of the inner surface of the thickest (3-layer) coil; that location coincides with the peak field location, and, therefore, directly affects the thermal margin. 

Under the static heat load, the peak temperature difference between the coil and the cooling tubes is ~125 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 ~369 mK. Nevertheless, the peak coil temperature is below the maximum allowable temperature (including 1.5 K thermal margin) by ~31 mK at the maximum current corresponding to the nominal 4.6 T field on the axis. It provides an additional thermal margin to offset the uncertainty in calculating the power depositions, fabrication tolerances and material properties. 


[bookmark: _Ref264908771][bookmark: _Ref373936920]Figure 6.38.  Coil temperature distribution due to static and dynamic heat load at T0 = 4.7 K.

Cold Mass Structural Analysis
The cold mass structural elements are designed according to the structural criteria specified in Section 6.3.1.2. Because the cold mass includes the insulation and the cable consisting of different materials, the structural properties of these components have to be determined from a separate analysis. The structural properties of constituent insulating and metallic materials of the cable and the calculation of average orthotropic properties of the insulated cable stack using FEM models are described in [10]. 

Support Shell Properties
The material of choice of the coil outer support shells is Al 5083-O.  That particular grade of aluminum was selected because the ASME BPV code allows taking advantage of the material strength enhancement at cryogenic temperatures, and because it does not exhibit reduction of strength after welding. Table 6.13 lists the maximum allowable stresses derived from [37].

[bookmark: _Ref264908812][bookmark: _Ref374108704]Table 6.13. Maximum allowable stress of Al 5083-O at cryogenic temperatures (≤77K).
	Thickness range, mm
	Maximum allowable stress, MPa

	1.30 - 38.10
	107.6

	38.13 - 76.20
	101.3

	76.23 - 127.00
	95.8



Elastic Cold Mass Analysis
The coils are supported against Lorentz forces by the external shells made of Al 5083‑O. Each coil with its support shell forms a separate assembly. The coil assemblies are bolted together through the end flanges that constitute the cold mass assembly.

A preliminary elastic structural analysis [38] was performed using the material properties defined in [10]. The coils were modeled as objects with uniform orthotropic material properties. The buffer layer between the coils and the shells described in Section 6.3.1.2 was modeled separately with the properties of G10. It was assumed that any gaps between the coils and the support shell are filled with epoxy. Consequently, the FEM model was created with zero coil-shell gaps and zero pre-stress at room temperature. The coil sections are to be assembled with layers of mica paper between the coils and the end flanges to allow free sliding at these interfaces.  The model included frictionless contact elements at these locations.  

Figure 6.39 shows deformation and equivalent stress in the cold mass assembly due to cooling down and energizing with the maximum operating current defined in Table 6.11. The equivalent stress distribution in the coil and the support structure is shown in Figure 6.40 The peak equivalent stresses are 21 MPa in the coil and 51 MPa in the support structure after the cool-down. Energizing the PS with the maximum operating current brings the stresses to 73 MPa and 96 MPa for the coil and the support structure, respectively. Thus the shell stresses are within the maximum allowable values listed in Table 6.13 at all conditions. The shell thicknesses determined from this analysis were 83 mm, 50 mm and 50 mm for the 3-layer coil and two 2-layer coils respectively.

Plastic Structural Properties of Aluminium Stabilizer
Because of the difference in the thermal contraction coefficients between the NbTi/Cu strands and Al stabilizer, the Rutherford cable will be under compression and the Al stabilizer will be under tension after the cool-down. The large difference in the thermal contractions results in the plastic deformation of Al stabilizer already after the cool-down. The Lorentz forces during the magnet excitation increase the tension in the stabilizer and hence the amount of plastic deformation; hence, the plastic deformation plays an important role in the structural properties of the cold mass and must be carefully studied.

[bookmark: _Ref264908841]Figure 6.39. Deformation and equivalent stress in the cold mass due to cooling down from room temperature to 4.7 K and energizing with the maximum operating current.

Because the degree of plasticity in Al stabilizer depends on the amount of cold work applied during cable fabrication, the Ramberg–Osgood equation in the following form was fitted to the available stress-strain measurements from the ATLAS R&D to describe the stress-strain relationship in the Al stabilizer [24]:


where  is strain, σ is stress, 0 is reference strain (normally 0.002),  σ0 is reference stress at 0 strain (normally the offset yield stress), E is elasticity modulus and n is the fitting parameter. Once the fitting is established, it is possible produce stress-strain curves for other yield stresses by changing the reference stress as shown in Figure 6.41.




[bookmark: _Ref264909222][bookmark: _Ref374109906]Figure 6.40. Equivalent stresses in the coil and the support structure due to cooling down from room temperature to 4.7 K (two left plots) and subsequently energizing with the maximum operating current (two right plots).

[bookmark: _Ref264909257][bookmark: _Ref374368551]Figure 6.41. Fitting the Ramberg–Osgood equation to the measured stress-strain curve of the Al stabilizer and scaling the curve to other offset yield stresses. 


Elastoplastic Analysis of the Complete Coil
Since it was found that plasticity of Al stabilizer plays an important role in the structural properties of the cable stack, it was necessary to include it in analysis of the complete coil in order to determine the impact on the thicknesses of the support shells. Since every cable in the coil, in general, experiences different Lorentz forces, the amount of plastic strain is also different. Therefore, the plastic properties of the coil cannot be simply described with some equivalent properties as was done in the case of the elastic analysis.

Instead, a complete FEM model has been created using COMSOL Multiphysics code. Every cable in the coil was explicitly modelled and contained the Rutherford cable, stabilizer and insulation. The Al stabilizer was assigned the plastic properties described above.

The equivalent stresses in the support shells with the thicknesses defined above after cool-down were within the limits, but the peak stress when energized was considerably higher than the maximum allowable value listed in Table 6.13 due to the impact of the stabilizer’s plasticity that reduces the effective coil modulus and therefore transfers larger forces to the support shells. To alleviate this problem, shell thicknesses were increased to 125 mm, 70 mm and 70 mm for the 3-layer coil and two 2-layer coils respectively. The resulting equivalent stresses shown in Figure 6.42 are within the maximum allowable values. These shell thicknesses are the nominal design values.
[bookmark: _Ref264909433]Figure 6.42. Equivalent stress in the cold mass after cool-down to 4.7 K and energizing with the maximum operating current for the increased shell thicknesses.

Displacements
Displacements of the cold mass key locations determined in elastoplastic analysis after cool-down and energizing with the maximum operating current are described in [10]. Information from this analysis was used in defining the warm and cold dimensions of the cold mass components. 
Transport Solenoid

Introduction and General Requirements
[bookmark: _Toc285056466][bookmark: _Toc166637648]The Transport Solenoid consists of a series of wide aperture superconducting solenoid rings contained in 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 6.43, 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 and TS3d coils are in the TSd cryostat.
TS4 - Toroid section downstream of TS3.
TS5 - Straight section downstream of TS4 that interfaces with the Detector Solenoid.

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 be almost completely eliminated by the two 90° bends combined with a series of absorbers and collimators.  
The TS1 field must be merged with 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 losing longitudinal momentum.
Through the first toroid section (TS2) the beam will disperse vertically, allowing a collimator in TS3 to filter the particles based on sign and momentum. 
The second toroid section (TS4) will nearly undo the vertical dispersion, placing the muon beam in the center of the TS5 axis.
The TS5 field must be merged with 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.
[bookmark: _Ref264910649]Figure 6.43. The Transport Solenoid with the significant components identified.

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 preliminary design of TSu will be presented. 

TSu Design
The TSu is shown in Figure 6.44 and includes the following design features:

A single cryostat is employed 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 and delivering it to external dump resistors.
Coils are preassembled and tested inside modules, with two coils per module in most cases, in order to reduce complexity during cold mass assembly.
[bookmark: _Ref164501811]The mechanical support system consists of 17 supports including: four supports along the toroid main radius, four axial supports close to each end, and three gravity supports.

[bookmark: _Ref264910683][bookmark: _Ref175985780]Figure 6.44. TSu cross section along the horizontal plane.

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. To allow for a 220 mm gap, the inner radii of the TS3 coils have been increased to 465 mm, compared to inner radii of 405 mm for the remaining TS coils. Further details about the TSu design can be found in reference [39].

Conductor Design and Performance
The conductor used for the TS coils is an aluminum stabilized NbTi Rutherford cable. This kind of conductor is typically used for detector systems in particle accelerators and colliders. The TS cable design is based on the conductor used for the BELLE detector solenoid at KEK [40]. The TS conductor was designed to have sufficient temperature and enthalpy margins to accommodate possible energy releases in the coils during energization. The same cable design will be used for all the TSu and TSd coils. The main cable design parameters are summarized in Table 6.14. The TS cable conforms to the specifications described in [55] - [57]. A cross section of the cable is shown in Figure 6.45. The insulation is made of braided fiberglass or tape with some overlap with a thickness of 0.25 mm per side. Epoxy impregnation completes the insulation process. 

[bookmark: _Ref317970579][bookmark: _Ref164503628][bookmark: _Toc166232300]
[bookmark: _Ref264910732]Table 6.14. Summary of TS conductor main design parameters.
	Conductor Parameter
	Unit
	Design Value
	Measured Value

	Cable critical current at 5T, 4.2K
	A
	5900
	5950-6300

	Number of strands
	
	14
	

	Strand diameter
	mm
	0.67
	within tolerances

	Strand copper/SC ratio
	
	1 ± 0.05
	0.97-1.02

	Initial RRR of Cu matrix 
	
	150
	100-104

	Filament size
	µm
	< 30
	25.5-25.7

	Strand twist pitch
	mm
	15 ± 2
	15.8-15.9

	Rutherford cable width
	mm
	4.79 ± 0.01
	within tolerances

	Rutherford cable thickness
	mm
	1.15 ± 0.006
	within tolerances

	Al-stabilized cable width (bare) at room temperature
	mm
	9.85 ± 0.05
	within tolerances

	Al-stabilized cable thickness (bare) at room temperature
	mm
	3.11 ± 0.03
	within tolerances

	Initial RRR of Aluminum stabilizer
	
	> 800
	925-1160

	Aluminum 0.2% yield strength at 300 K
	MPa
	> 30
	45-56

	Aluminum 0.2% yield strength at 4.2 K
	MPa
	> 40
	74-84

	Shear strength between Aluminum and NbTi strands
	MPa
	> 20
	35-46




[bookmark: _Ref264910764][bookmark: _Ref318101973]


[bookmark: _Ref273014323]Figure 6.45. Cross-section of TS Al-stabilized cable. 

The TSu is powered by a dedicated power supply with an operating current of 1730 A. With this configuration of conductor and insulation, the critical engineering current density is 47 A/mm2 and has 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. 

A prototype length (3.2 km) of the TS conductor was fabricated and measurements of this cable are summarized in Table 6.14. Figure 6.46 presents the critical current test results performed on full Al-stabilized conductors. The results show that the design parameters can be reached in a consistent manner.

[bookmark: _Ref264910790]Figure 6.46. Summary of critical current test results performed on full Al-stabilized cables and strand samples extracted from TS cables after chemical etching of the stabilizer.

TS Magnetic Design
As shown in the requirements (Section 6.2) 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. 

A computer model of all Mu2e Solenoids was generated using the design coil geometries. There is no iron yoke around any Mu2e magnets and the fringe field of the PS and DS magnets has a significant impact on the trajectory of the particles in the Transport Solenoid, which causes some horizontal drift. This drift is corrected by a small rotation around the vertical axis of the TS2 and TS4 coils. The results of the magnetic analysis are shown in Figure 6.47 through Figure 6.50. 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, represented by the black lines, are met.


[bookmark: _Ref264910816]Figure 6.47. Axial field distribution at the center of TS1 (left). Axial gradient along TS1 (right).


Figure 6.48. Axial field distribution at the center of TS3 (left). Axial gradient along TS3 (right).

Figure 6.49. Axial field distribution at the center of TS5 (left). Axial gradient along TS5 (right).


[bookmark: _Ref264910833]Figure 6.50. Ripple in the TS2 and TS4 curved sections.

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 with different outer diameters and separated by flanges. TS2 is a quarter of a toroid made of 18 coils. TS3u is a straight solenoid made of four coils. Figure 6.51 shows the distribution of these coils and Table 6.15 lists the main coil parameters.


[bookmark: _Ref264911936]
[bookmark: _Ref273014779]Table 6.15. TSu Coil parameters.
	Coil #
	Section
	Coil
Inner
Radius [mm]
	Coil Outer
Radius [mm]
	Coil Length [mm]
	Number of layers
	Number of turns per layer

	
	
	
	
	
	
	

	1
	TS1
	405.00
	423.00
	172.60
	5
	17

	2
	
	405.00
	430.30
	284.20
	7
	28

	3
	
	405.00
	444.90
	162.40
	11
	16

	4
	TS2
	405.00
	448.60
	172.60
	12
	17

	5
	
	405.00
	448.60
	172.60
	12
	17

	6
	
	405.00
	448.60
	172.60
	12
	17

	7
	
	405.00
	463.20
	172.60
	16
	17

	8
	
	405.00
	463.20
	172.60
	16
	17

	9
	
	405.00
	463.20
	172.60
	16
	17

	10
	
	405.00
	463.20
	172.60
	16
	17

	11
	
	405.00
	466.80
	172.60
	17
	17

	12
	
	405.00
	466.80
	172.60
	17
	17

	13
	
	405.00
	466.80
	172.60
	17
	17

	14
	
	405.00
	466.80
	172.60
	17
	17

	15
	
	405.00
	470.50
	172.60
	18
	17

	16
	
	405.00
	470.50
	172.60
	18
	17

	17
	
	405.00
	470.50
	172.60
	18
	17

	18
	
	405.00
	470.50
	172.60
	18
	17

	19
	
	405.00
	470.50
	172.60
	18
	17

	20
	
	405.00
	477.80
	172.60
	20
	17

	21
	
	405.00
	448.60
	172.60
	12
	17

	22
	TS3u
	465.00
	523.20
	172.60
	16
	17

	23
	
	465.00
	512.20
	81.20
	13
	8

	24
	
	465.00
	519.50
	172.60
	15
	17

	25
	
	465.00
	621.70
	81.20
	43
	8




The TSu cold mass is comprised of thirteen coil modules. Each module consists of bobbins made of 5083-0 Al. Most coil modules contain two wound coils inside the inner diameter. There are twenty-five coils total. Modules are bolted together at flanges to create a rigid structural unit. That unit is mounted in the cryostat using seventeen Inconel support rods, each of which have a spherical bearing at each end. The TS cold mass and cryostat components are shown in Figure 6.52.

Each module can house up to two coils, which are inserted into each end. A typical module can be seen in Figure 6.53. Each coil is wound in a collapsible mandrel over an aluminum strip, which is used to provide cooling for the coil and ground insulation (around the whole coil). Each module will be warmed up, allowing sufficient clearance (typically 1 mm) for coil insertion followed by a shrink fit. 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 6.54.

[bookmark: _Ref264911807][bookmark: _Ref318102332]Figure 6.51. TSu coil locations with respect to the adjacent magnets

[bookmark: _Ref264911827]Figure 6.52. TSu components (partial cutaway).
[bookmark: _Ref301964290][bookmark: _Ref164517732][bookmark: _Toc166232304]
[bookmark: _Ref264911866]Figure 6.53. A typical TS coil module.

[bookmark: _Ref264911887]Figure 6.54. TSu modules assembled together (left) and cross section showing modules and their coils (right).

TS1 is a straight section with a length of 704 mm and a free end flange that interfaces with the Production Solenoid (Figure 6.55). TS2 is a toroid with a global centerline bend radius of 2.929 m. TS3u is a 750 mm long straight solenoid with a free end flange that interfaces with the TS3d (Figure 6.57).
[bookmark: _Ref264911976]Figure 6.55. TSu-PS cryostat interface.


[bookmark: _Ref264914878]Figure 6.56. TSu interface with TSd.



[bookmark: _Ref264912003][bookmark: _Ref175989577]Figure 6.57.  TSu Cooling scheme sketch.

The TS coils will be cooled down to cryogenic temperatures through an indirect cooling method. Each module will have an aluminum tube welded to it (Figure 6.54) where the liquid helium flows providing cooling for the aluminum shell that houses the coil. Pure aluminum strips coming from the inner bore of the coils are attached to this tube providing cooling to the coil. The tube can also provide cooling for the splice boxes.

During the final assembly, modules will be bolted together and cryogenic connections will be made in between the modules, as well as the splices. Figure 6.57 shows a sketch of the TSu cooling scheme

TSu Mechanical Design
There are several methods currently under investigation for the splices:

Rutherford-to-Rutherford splicing (shown in Figure 6.58) can be done effectively with good electrical resistance and mechanical strength; however, the removal of the aluminum from the cable can be complicated because of the difficulty involved in manipulating an object as large as the module.
Soldering the two cables together (Al-to-Al) is possible using Indium or a Tin Silver alloy. This procedure can also be done relatively fast with minimal preparation of the surface of the conductor, as no aluminum removal is necessary. This type of joint usually provides good electrical resistance but a very poor mechanical bond. This problem can be overcome through the use of the design splice cooling box.
Weld of the two conductors is also possible. This process yields good mechanical bonds and, typically, good electrical resistance; however welds have the potential to degrade the superconductor given conductor's overall size.
[bookmark: _Ref264912141]Figure 6.58. Example of a Rutherford-to-Rutherford splice.

The mechanical support system for TSu consists of 4 radial supports (in the direction of the toroid main radius), 8 axial supports and 3 gravity supports, as shown in Figure 6.59.

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. The supports are made of Inconel 718. 

[bookmark: _Ref264912194]Figure 6.59.  TSu support structure (cooling pipes not shown).

The structural analyses were performed in order to reveal the maximum loads the supports will see during normal operation and for a range of fault and misalignment scenarios. Because they are simple two-force members, the support capacities can be determined by well-understood closed-form calculations. The magnetic and gravity supports are shown in Figure 6.60 and Figure 6.61, respectively.Figure 8. Gravity Support


  
[bookmark: _Ref264912241]Figure 6.60. Magnetic force support.


[bookmark: _Ref264912247]Figure 6.61. Gravity support.

The seventeen Inconel support rods are configured in such a way that three supports bear only the weight of the cold mass (approximately 70 kN), while the remaining supports, which are considerably more robust, oppose the magnetic forces. Under normal operation, these forces tend to act toward the center of the toroid’s axis of revolution in the horizontal plane, and total 1915 kN.
Of the fourteen magnetic force supports, only the four axial supports at the downstream end are designed to resist both tension and compression. The remaining supports can resist only tension.

The magnetic supports attach at their cold ends to three reinforced bobbins on the cold mass and at their warm ends to three reinforced support rings on the cryostat. The warm support ends attach to the cryostat at nozzles. The radial supports lie in the horizontal plane; the axial supports are tipped outward 15 degrees from the toroid magnetic axis to prevent interference with the cryostat shell. 

The cryostat sits on three rectangular boxes that attach to the floor in the experimental hall. These boxes are ultimately responsible for safely transferring the total magnetic force into the structure of the floor. 
Current thoughts on the alignment and cool down strategy are as follows:

The cold mass is suspended on the gravity supports and adjusted so that the center of the toroid lies slightly below the centers of the PS solenoid and the TSd magnet. This vertical offset compensates for the small upward motion caused by contraction of the gravity supports on cool down. All other supports, including the downstream axial supports, are loose during this operation.
When vertical alignment is achieved, the downstream axial supports (which can resist both tension and compression) are locked in place.
The magnet is cooled down.
After cool down, the tension-only supports are tightened just enough to remove any play.

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 (Table 6.16). Large variation of the forces could be generated when the magnetic systems adjacent to TSu are powered off.  These conditions will be avoided during normal operation; nonetheless, they will occur during test of TSu as stand-alone magnet and 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 special and failure modes. 

After cooldown (Figure 6.62) and during excitation (Figure 6.63) the von Mises stress in the coils is less than 25 MPa when stress concentration points due to the mesh are excluded Table 6.16 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, which has an allowable stress of 531 MPa when cold, and are designed to withstand the full load of these failure modes In all conditions the stresses are below the allowable stress for Al-5083 (107 MPa at 4 K).


[bookmark: _Ref264914570]Figure 6.62. Stresses (in MPa) in the TSu coils after cool down.


[bookmark: _Ref264914624][bookmark: _Ref318103208]Figure 6.63. Stresses (in MPa) in the TSu coils during excitation.

The global displacements (vector sum) of the cold mass for the cool down, energized and warm up load cases are shown in Figure 6.64 and Figure 6.65, respectively. The cool down and warm up displacements are given relative to the original warm position. The contribution from energizing is small compared to the thermal contractions, and so is shown with the cool down load step subtracted out; in other words, the energizing deformations are relative to the cool down position. The cool down deformations are consistent with the lengths and thermal contractions of the cold mass. Because the downstream axial supports are fixed in axial translation, the motion of the downstream end of the cold mass is primarily that of the support contractions and the contraction of the last bobbin. This displacement amounts to about 4‑5 mm. At the upstream end, total displacements of up to 20-21 mm occur.


[bookmark: _Ref264914475]Table 6.16. Stresses in the support rods (in MPa) under different power conditions.
	Support
	Load Case

	 
	Normal Operation
	PS Failed
	TSd Failed

	Upstream Axial 1
	158
	0
	250

	Upstream Axial 2
	169
	0
	262

	Upstream Axial 3
	151
	0
	208

	Upstream Axial 4
	164
	0
	220

	Downstream Axial 1
	175
	371
	-121

	Downstream Axial 2
	176
	374
	-119

	Downstream Axial 3
	192
	294
	-62

	Downstream Axial 4
	204
	309
	-53

	Upstream Radial 1
	159
	51
	70

	Upstream Radial 2
	154
	18
	64

	Downstream Radial 1
	140
	0
	94

	Downstream Radial 2
	134
	3
	88

	Center Radial 1
	283
	14
	165

	Center Radial 2
	263
	18
	145

	Gravity 1
	24
	24
	24

	Gravity 2
	28
	27
	28

	Gravity 3
	20
	19
	20



The deformations due to energizing, seen in Figure 6.65, show that displacements of about 1.8 mm will occur at approximately the midpoint of the toroidal arc. The axial and radial supports provide good stiffness against the attractive forces from the PS and TSd, with displacements of less than a millimeter at each end. Later in this report the individual coil motions from the cryostat simulation will be given.

The TSu cryostat is shown in Figure 6.66 and Figure 6.67. Table 6.17 lists the dimensions and materials for the various cryostat components. The TSu cryostat 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.
Support for a Rotatable Collimator in the warm bore at the TSd interface, and interface with rotating mechanism.


[bookmark: _Ref264914671]Figure 6.64. Cold mass displacements after cool down. 
[bookmark: _Ref264914651][bookmark: _Ref317971988][bookmark: _Ref164506986][bookmark: _Toc166232303]Figure 6.65. Cold mass displacements during the energization relative to the cool down.
[bookmark: _Ref264914529]Table 6.17. TSu Cryostat Parameters.
	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: _Ref175989567][bookmark: _Ref317254100]
[bookmark: _Ref264914780][bookmark: _Ref317971807]Figure 6.66. View of TSu cryostat. The proton beam line can be seen on the right.

[bookmark: _Ref264914759]Figure 6.67. Top view of the TSu cryostat.  The proton beam tube can be seen near the top of the figure.

The interface between TS3u and the PS cryostats will consist of flanged connections with bellows. The incoming proton beam line passes through the TSu cryostat where a large section of the cryostat houses the axial supports at the ends of the PS. The cryostat around the TS1 coils has a cutout to prevent interference with the proton beam. This can be seen in Figure 6.55 and Figure 6.67.

The interface between TS3u and TS3d cryostats will consist of flanged connections with bellows housing the frame of the antiproton window, which is also used to separate upstream and downstream vacuum, between mating flanges. The bellows will allow for up to 20 mm of axial offset. Details of this interface can be seen in Figure 6.56.

TSd Design Concept
The TSd coil and cryostat designs are very similar to those of TSu. TS3d coils are connected to a toroidal section (TS4) and to a straight section (TS5) in a single cryostat and powered in series. Part of TS5 is housed inside the DS, and this can be seen in Figure 6.68.

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 will be shunted through a 0.34 Ohm dump resistor and the power supply will be 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 activated in the circuit. Symmetric grounding may be disconnected in case of a single-point coil-to-ground failure. The ground insulation must therefore be 2 mm thick and be made of several layers (minimum 6 layers) of fiberglass cloth or G10. The layer-to-layer insulation will be 0.25 mm thick and made from 0.125 mm thick fiberglass tape with a 45% overlap.

[bookmark: _Ref264914916]Figure 6.68.  TSd-DS interface.

The main parameters of the TSu quench protection system are shown in Table 6.18. The TSu energy stored 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 [1] 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 the maximum acceptable temperature (120 K) in both cases, even with these conservative assumptions.

[bookmark: _Ref302028333]
[bookmark: _Ref272868948]Table 6.18. 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.
	
	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
	



TS Module Testing 
Upon receipt from the vendor, an incoming inspection will be made to certify that each coil module meets specification. This inspection will include measurements of the overall module geometry, inductance, resistance, hipot to ground, and room-temperature magnetic field angle using a Single Stretched Wire (SSW) system and survey, in addition to instrumentation checks. All of these measurements must be performed on each coil. The magnetic center axis of each coil with respect to the module alignment surfaces must be measured at room temperature with a precision of 1 mm and 1 mrad to check that module machining and coil insertion meet tolerances. 

After SSW measurement of the individual modules, preparation for each cold test will follow. Generally this involves making internal electrical splices, adding voltage taps, bolting modules together, completing the electrical joint and cryogenic connection between modules, adding cryogenic fittings for test stand connections, preparing and securing the current leads and final leak, pressure and electrical testing. The test subject will then be delivered to the Fermilab solenoid test facility and mounted to the top plate assembly using four support rods that will adapt to a module bolted flange. Current lead connections to the test stand superconducting bus and cryogenic supply and return connections will then be made and tested. Finally, internal instrumentation and quench protection connections are made and checked before the entire assembly is installed into the STF vacuum vessel. This test preparation plan assumes that a permanent full coverage thermal shield with multi-layer superinsulation will exist in the vessel before production testing begins; this shield will obviate the need for custom, labor-intensive and time consuming shielding and insulation of each test subject. Once the magnet is installed and the vessel evacuated, final electrical, leak and pressure tests are followed by controlled helium cool down to 4.5 K. 

The cryogenic quench performance test will be performed on all coils, tested in two (or three) module assemblies. Because of the TS magnet complexity and the large number of electrical joints between coils, the baseline plan is to perform cryogenic power testing of all modules. The modules must reach a current 20% above the 1730 A operating current in order to be accepted from the vendor. Hall probes will monitor the peak field on each coil during each test. Internal coil-to-coil electrical joint resistances will be measured during each cold test to ensure that they do not exceed the required maximum value. Coil and conduction-cooling component temperatures will be monitored to certify performance of the cryogenic elements of each module assembly.

A total of 14 tests will be performed in the STF at the Fermilab Central Helium Liquifier, of either single coil module or pair of modules, and these tests must occur at an estimated rate of one test per month. The STF cryostat with two modules assembled can be seen in Figure 6.69. Figure 6.70 identifies the module combinations for each test, numbered in the order they will be tested.
[bookmark: _Ref264915284]Figure 6.69. Solenoid test facility with two TS modules in it (left) and a detailed view of the supports for the modules (right).


[bookmark: _Ref264915332]Figure 6.70.  TSu (left) and TSd (right) module pairing and ordering for cold tests.

During the power testing, internal splice resistances will be measured, and conductor RRR will be measured for each coil during the warm up to room temperature. After removing the test subject from the vacuum vessel, disassembly follows the assembly procedure in reverse
Detector Solenoid
Overview and General Requirements
[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 10.9 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 VSP and instrumentation feed through bulkhead, 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. 

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 6.71.  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 it decreases linearly to 1 T at the entry to the spectrometer section, where it is then uniform over 5 m.
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. 

[bookmark: _Ref264915368]Figure 6.71. Overall structure of the Detector Solenoid coils and cryostat.

Two types of conductor are required, both 20 mm in height. The “narrow” (5.25 mm in width) DS1-type conductor will be used in the DS gradient section, while the “wide” (7 mm in width) DS2-type 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” DS1-type 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” DS2-type 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 42 tonnes.  Other parameters of the magnet are summarized in Table 6.19.
Magnetic Field Design
Figure 6.72 shows the coil structure of the Mu2e solenoid system. DS is composed of 11 coils. DS overlaps the three last coils of TS. Figure 6.73 shows the details of DS coils and the overlap with TS.

[bookmark: _Ref264915399][bookmark: _Ref242528476]Table 6.19. Summary of the Detector Solenoid parameters
	Parameter
	Units
	Value

	Coil
	
	

	Inner radius
	mm
	1050

	Thickness (two layer coil)
	mm
	43

	Length
	mm
	10,150

	Mass (cold mass)
	Kg
	10,000

	Cryostat
	
	

	Inner diameter
	mm
	1900

	Outer diameter
	mm
	2656

	Length
	mm
	10,750

	Mass
	Kg
	32,000


PS
TS
DS



[bookmark: _Ref242496314]Figure 7.72 Coil layout for the Production Solenoid (PS), Transport Solenoid (TS) and Detector Solenoid (DS).



[bookmark: _Ref264915708]Figure 6.72. Coil layout for the Production Solenoid (PS), Transport Solenoid (TS) and Detector Solenoid (DS).


[bookmark: _Ref264915740]Figure 6.73. Detail of the DS coils and the three TS coils overlapped by DS.

Magnetic Requirements
The magnetic field in the DS is divided into three main sections: the gradient region (DS1), the transition region (DS2) and a nearly-constant field region (DS3-4). The overall magnetic field distribution along the DS can be seen in Figure 6.74. The field at the upstream end of DS is around 2 T. This field is only achievable when the TS coils are in operational condition. The field linearly decreases to approximately 1 T. The nearly-constant field region is subdivided in two different regions: the Spectrometer region (DS3) and the Calorimeter region (DS4), the last has slightly relaxed tolerances. Table 6.20 summarizes the magnetic requirement in all of these sections.

In general, local minima need to be avoided as much as possible; local minima could trap particles that could be a source of backgrounds.
[bookmark: _Ref264915793][bookmark: _Ref242496521]Figure 6.74. DS magnetic field on-axis.


[bookmark: _Ref264915823][bookmark: _Ref242587881][bookmark: _Ref242587855]Table 6.20. Detector Solenoid Magnetic Requirements.
	
Region
	 L (m)
	   z (min)
	   z (max)
	Rmax (m)
	dBs/ds
(T/m)
	dB/B
max
	dB/B
where

	DS1 Gradient
	3.0
	3.93
	6.93
	0.3‑0.7cone
	-0.25±0.05
	0.05
	r <Rmax

	DS2 Transition
	1.2
	6.93
	8.13
	na
	gradient magnitude decreasing
	na
	na

	DS3
Uniform
	3.6
	8.13
	11.73
	0.7
	negative gradient 
	0.01
	r<Rmax

	DS4
Uniform
	1.5
	11.73
	13.23
	0.7
	negative gradient
	0.05
	r<Rmax



Magnetic Design and Performance
[image: ]Figure 6.75 shows the distribution of coils that form the detector solenoid. DS is composed of 11 coils. The TS coils were suppressed from the picture for clarity. However the field contribution from the TS is significant and it has to be taken into account in the design. Table 6.21 summarizes the geometry of the DS coils at the nominal operating temperature and coils are energized.
[bookmark: _Ref242496831][bookmark: _Ref242522836][bookmark: _Ref242587935]
[bookmark: _Ref264915953]Figure 6.75. DS coils.


[bookmark: _Ref264915978][bookmark: _Ref242497200]Table 6.21. Coils geometry summary at 4.2K and when the coils are powered.
	Coil #
	Coil IR [m]
	Coil OR [m]
	Coil Length [m]
	#ZC [m]
	# Layers
	#Turns Per Layer
	Total #Turns

	
	
	
	
	
	
	
	

	1
	1.0500
	1.0915
	0.42075
	3.7489
	2
	73
	146

	2
	1.0500
	1.0915
	0.42075
	4.1739
	2
	73
	146

	3
	1.0500
	1.0915
	0.42075
	4.5989
	2
	73
	146

	4
	1.0500
	1.0915
	0.42075
	5.2519
	2
	73
	146

	5
	1.0500
	1.0915
	0.36325
	5.8801
	2
	63
	126

	6
	1.0500
	1.0915
	0.36325
	6.5701
	2
	63
	126

	7
	1.0500
	1.0915
	0.36325
	7.3971
	2
	63
	126

	8
	1.0500
	1.0705
	1.8310
	8.8178
	1
	244
	244

	9
	1.0500
	1.0705
	1.8310
	10.6528
	1
	244
	244

	10
	1.0500
	1.0705
	1.8310
	12.4883
	1
	244
	244

	11
	1.0500
	1.0915
	0.36325
	13.6425
	2
	63
	126



There are single and double layer coils. The double layer coils can be found in two different lengths. The coils are wound from two conductor sizes. Double-layer coils use DS1-type conductor and single-layer coils use DS2-type. The single-layer coils are the longest coils, and they are located in the spectrometer/calorimeter region. The design takes into consideration a 0.250 mm thick insulation around the conductor.

DS is powered using a single power supply. The operational current is 6114 A.

Conductor Design
The design of the Detector Solenoid coils is based on two conductors (DS1-type and DS2-type) composed of a high purity aluminum case surrounding a Nb-Ti Rutherford cable. 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 high accuracy of coil winding. The dimensions of the DS1-type and DS2-type conductors are optimized to produce the required field distributions when identical current is transported in both conductors.

The manufacturing of the aluminum stabilized conductor is a multi-step process that can be briefly summarized as follows:

Fabrication of NbTi strands
Cabling of NbTi strands into rectangular Rutherford Cables of prescribed size
Fabrication of aluminum billets with prescribed high purity
Cladding of Rutherford cables with aluminum
Cold working of aluminum clad cable to reach required size and mechanical properties
Testing of final cable and sub components

The DS cable conforms to specifications described in [58] - [60].

DS Strands
DS strand features and technical specifications are summarized in Table 6.22.

Cable Design

Technical Specifications for the DS Rutherford Cables
[bookmark: _Ref264916223][bookmark: _Ref236884633]The Rutherford-type NbTi cables for the Detector Solenoid contain 12 and 8 strands, respectively. As detailed in the following, to meet the specifications with the required margins, a maximum allowable cabling degradation of 5% is factored into the design, reducing the single strand Jc to 2600 A/mm2. In Table 6.23 and Table 6.24 the technical specifications for DS1-type and DS2-type Rutherford cable are summarized. The number of strands for DS1 and DS2 is optimized to satisfy the magnetic design and the margins required by the experiment, while having the same level of current transported by the two cables.




[bookmark: _Ref273219377]Table 6.22. Strand mechanical and electrical specifications (for reference).
	Parameter
	Unit
	Value
	Tolerance

	Diameter
	mm
	1.303
	 0.005

	Cu /SC ratio
	
	1 : 1
	 0.1

	Filament Diameter
	µm
	40
	-

	Surface coating
	
	None
	

	Minimum critical current 
(at 4.22 K, 5 T)
	A
	1850
	-

	Minimum RRR
	
	80
	

	Twist direction
	
	Left
	

	Twist pitch
	mm
	30
	 4




[bookmark: _Ref264916247][bookmark: _Ref236987621]Table 6.23. Cable 1 (DS1) mechanical and electrical specifications.
	Parameter
	Unit
	Value
	Tolerance

	Number of strands
	
	12
	-

	Cable width
	mm
	7.88
	 0.01

	Cable thickness at 5 kPsi
	mm
	2.34
	 0.01 

	Transposition angle
	degree
	15
	 0.5 

	Lay direction
	
	Right
	-

	Minimum critical current
(at 4.22 K, 5T) 
	A
	20900
	-

	RRR
	
	 60
	

	Cable residual twist
	degree
	< 45
	

	Minimum bending radius
	mm
	20
	



Technical Specifications for DS Al-Stabilized Cables
To meet the specifications with the required margins on conductor performance, as explained in the following, a maximum allowable extrusion plus cold work degradation of 10% is factored in the design.  The requirements of the field uniformity in the gradient and spectrometer sections impose similar dimensional tolerances of the conductors, as specified in Figure 6.76 and Figure 6.77. Cable parameters with their tolerances are summarized in Table 6.25 and Table 6.26. A final cold work step in the manufacturing process is envisioned to insure final cable dimensions as well as to meet the required properties of pure Aluminum. To meet the magnet design specifications in terms of mechanical requirements and quench protection, minimum values for Aluminum and Copper RRR, Aluminum yield strength and bonding strength between the Aluminum case and the Rutherford cable are explicitly specified for each of the cable designs.

[bookmark: _Ref264916250][bookmark: _Ref236987714]Table 6.24. Cable 2 (DS2) mechanical and electrical specifications. 
	Parameter
	Unit
	Value
	Tolerance

	Number of strands
	
	8
	-

	Cable width
	mm
	5.25
	 0.01

	Cable thickness at 5 kPsi
	mm
	2.34
	 0.01 

	Transposition angle
	mm
	15
	 0.5 

	Lay direction
	
	Right
	-

	Minimum critical current
(at 4.22 K, 5T) 
	A
	13900
	-

	RRR
	
	 60
	

	Cable residual twist
	degree
	< 45
	

	Minimum bending radius
	mm
	20
	



[bookmark: _Ref264917155][bookmark: _Ref236890891]
[bookmark: _Ref273015898]Table 6.25. Mechanical and electrical specifications of the DS1 aluminum stabilized cables in final state (i.e. after cold work).
	Parameter
	Unit
	Value
	Tolerance

	Cable critical current (at 5 T, 4.22 K)
	A
	> 18800 A
	

	Cable width (after cold work) at 293K
	mm
	20.1
	 0.1

	Cable thickness (after cold work) at 293K
	mm
	5.27
	 0.03

	Copper RRR
	
	> 80
	

	Aluminum RRR
	
	> 800
	

	Aluminum 0.2% yield strength at 293 K
	MPa
	> 30
	

	Aluminum 0.2% yield strength at 4.2 K
	MPa
	> 40
	

	Shear strength between aluminum and strands
	MPa
	> 20
	



DS1 and DS2 conductors have been designed keeping in mind that the magnet is required to operate at least at 45% of conductor quench current, allowing a temperature margin of 2.5K with respect with the conductor temperature of 5K.

Production Lengths
The detector solenoid coil modules will feature a combined total length of 17 km of Al-stabilized NbTi cable, including one spare unit per cable design. Number of units and unit lengths are summarized in Table 6.27.
[bookmark: _Ref264917074][bookmark: _Ref245125629][bookmark: _Ref264917061][image: ]Figure 6.76. Cross-section of DS1 Al-Stabilized Rutherford Cable at 293K.

[bookmark: _Ref264917079][bookmark: _Ref243815812][image: ]Figure 6.77. Cross-section of DS2 Al-Stabilized Rutherford Cable at 293K.


[bookmark: _Ref236890899]Table 6.26. Mechanical and electrical specifications of the DS2 aluminum stabilized cables in final state (i.e. after cold work).
	Parameter
	Unit
	Value
	Tolerance

	Cable critical current (at 5 T, 4.22 K)
	A
	> 12500 A
	

	Cable width (after cold work)
	mm
	20.1
	 0.1

	Cable thickness (after cold work)
	mm
	7.03
	 0.03

	Copper RRR
	
	> 80
	

	Aluminum RRR
	
	> 800
	

	Aluminum 0.2% yield strength at 293 K
	MPa
	> 30
	

	Aluminum 0.2% yield strength at 4.2 K
	MPa
	> 40
	

	Shear strength between aluminum and strands
	MPa
	> 20
	



[bookmark: _Ref264918129][bookmark: _Ref242529719]Table 6.27. Summary of Production Lengths for DS Al-stabilized Cable.  
	Cable
	Number of Units
	Unit Length

	DS1
	             9
	1100 meters

	DS2
	             4
	1750 meters




Coil Design

Coil Design Overview
Figure 6.78 shows the layout of all 11 DS coils. Table 6.28 lists coil parameters at room temperature.

[image: ]
[bookmark: _Ref264918188]Figure 6.78. Layout of the DS Coils.

Insulation Scheme
The DS employs a composite cable insulation made of polyimide and pre-preg glass tapes as shown in Figure 6.79. Additional ground and coil insulation is shown in Figure 6.80.

[bookmark: _Ref264918224][bookmark: _Ref242613648]Table 6.28. Parameters of the Detector Solenoid coil segments at 300 K. Both DS1 and DS2 cables included the 0.25 mm composite cable and 0.5 mm ground insulation.
	Coil Number
	Center Z (mm)
	Length (mm)
	Length Tolerance (mm)
	Inner Radius (mm)
	Radius Tolerance (mm)
	Turns

	1
	241
	422.5
	2
	1053.5
	1
	2x73 DS1

	2
	668
	422.5
	2
	1053.5
	1
	2x73 DS1

	3
	1095
	422.5
	2
	1053.5
	1
	2x73 DS1

	4
	1751
	422.5
	2
	1053.5
	1
	2x73 DS1

	5
	2382
	364.5
	2
	1053.5
	1
	2x63 DS1

	6
	3075
	364.5
	2
	1053.5
	1
	2x63 DS1

	7
	3905
	364.5
	2
	1053.5
	1
	2x63 DS1

	8
	5332
	1838.5
	7
	1053.5
	1
	1x244 DS2

	9
	7175
	1838.5
	7
	1053.5
	1
	1x244 DS2

	10
	9018
	1838.5
	7
	1053.5
	1
	1x244 DS2

	11
	10177
	364.5
	2
	1053.5
	1
	2x63 DS1


[bookmark: _Ref264918254][bookmark: _Ref242530891][image: ][image: ]Figure 6.79.  Composite tape for cable insulation.

[bookmark: _Ref264918275][bookmark: _Ref242531289]Figure 6.80. Insulation Scheme.

Coil Winding
The most productive way to produce compact and rigid coils is by applying the outer coil winding technique, utilizing a collapsible inner mandrel as shown in Figure 6.81.
[bookmark: _Ref264918301][bookmark: _Ref242531812]Figure 6.81. Winding around a collapsible mandrel and under axial pressure.

Radial and axial positions of the coil during winding need to be controlled to obtain the specified tolerances. The radial position can be maintained by a stiff mandrel with correct radial dimensions and by applying appropriate cable tension during the winding process. For axial position control, compression tooling is required to apply pressure as shown in the figure. This will ensure that the winding is under axial compression at all times, resulting in the appropriate packing factor. 

The winding mandrel needs to be collapsible, so it can be removed from the coil bore after the coil is installed into the support cylinder. The mandrel should be stiff enough that it will not become significantly deformed during coil winding. The winding surface of the mandrel should have precise radial dimensions and is required to be smooth.

During winding, axial pressure is always applied, and the tension in the cable is maintained. The radial and axial positions of each turn must be controlled within the specified tolerance. The cable insulation must not be damaged. 

Coil Curing
The coils need to be cured and vacuum-impregnated. The curing is necessary to solidify the epoxy used in the composite insulation, and the vacuum impregnation is necessary to fill the voids between the layers and to form a buffer on the outer coil surface for further machining.  These two processes can be performed simultaneously or in series. The mandrel will remain in the coil during these manufacturing processes.

Splice Design
The DS coil cable (lead) connections/splices are welded joints. The aluminum matrix of the coil conductor on both sides of the narrow edges is welded together. The splice length is 700 mm (see Figure 6.82). Weld penetration depth needs to be 3 mm. No additional solder material will be used. Welding will be performed in an argon gas atmosphere. This welding procedure will need special tooling to keep the conductors in the right position and prevent heating of the NbTi superconductor above 350 C for more than 15 minutes.
[bookmark: _Ref264918383][bookmark: _Ref243816506][image: ] Figure 6.82. Splice schematic.

Splice boxes are used to support the splices. The splice box bases will be welded to the helium cooling pipes (Figure 6.83).

Cold Mass Design
Coils, their support cylinders and the spacers form the cold mass.

Support Cylinders and Spool Pieces
Support cylinders are used on the outside of the coil to take the magnetic load and maintain the coil position. These support cylinders are made of aluminium 5083. When coils are inserted into the support cylinder they form a spool piece. This operation requires precise machining and shrink fitting activity. The coils and the support cylinders need to be shrink fitted with interference so there is always radial pressure between the two. 
[bookmark: _Ref264918418][bookmark: _Ref243818007]Figure 6.83. Splice box design.

Spacers
Figure 6.84 shows the Spool Pieces and spacers; the spool pieces are not labeled separately, only the coils are labeled with C1 through C11.
[image: ]
[bookmark: _Ref264918493][bookmark: _Ref242534253]Figure 6.84. Coils, support cylinders and spacers. 
Spacers need to be placed between the coils (spool pieces) to obtain the correct magnetic profile. Spacers have nominal dimensions, but the actual length of each spacer will be determined by the actual length of each coil.

Cold Mass Assembly
Aluminum alloy bolts will be used to connect coil modules, taking into account the weight of the cold mass, magnetic forces, and dynamic forces during assembly and shipping. After coil modules are connected together, cooling tubes will be welded to the cold mass.

Cold Mass Support System
Inconel 718, a 52% nickel alloy, is used for the cold mass radial and axial supports. The DS cold mass support system (see Figure 6.85) uses 16 tangentially arranged metallic rods, eight on each end, to support against dead weight and lateral de-centering forces. Eight metallic rods at the downstream end only provide support against the axial magnetic forces. 
[bookmark: _Ref264918530]Figure 6.85. Down-stream End of DS (cryostat end-ring removed for clarity).
The radial support rods are 630 mm long and 12.7 mm in diameter. The axial support rods are 3295 mm long, 25.4 mm in diameter. Both support types are made from Inconel 718, and all supports are connected to their 5083-0 Al brackets at the cold mass by one inch diameter Inconel 718 pins. Both support systems use spherical rod ends to adjust for motion during cool-down, including the axial thermal contraction of 36 mm at the upstream end.  The design loads are summarized in Table 6.29. 

[bookmark: _Ref264919482][bookmark: _Ref242608381]   Table 6.29. Design Load Summary.
	Load (kN)
	Axial Support
	Upstream Radial Support

	Nominal
	964
	3.1

	Decentering
	17
	7.6

	Weight
	 
	60.5

	Maximum
	981
	68.1

	Design load
	1000
	70




Thermal Design
Introduction
The cold mass assembly and the thermal shields of the DS are indirectly conductively cooled. The cold mass is cooled by saturated helium at 4.7 K flowing in a Thermosiphon scheme and the thermal shields are cooled by pressurized 2 phase nitrogen containing approximately 90% liquid nitrogen at around 82 K. The thermal margin allocated for the magnet requires that the superconducting coils of the magnet to be maintained at temperatures less than 5.1 K and the thermal shields at temperatures less than 85 K.

Heat Loads
Table 6.30 through Table 6.32 summarize the heat loads at 4.7K.

[bookmark: _Ref264919536][bookmark: _Ref242677612]Table 6.30. Radiation Heat Load at 4.7 K.
	
	Surface Area (m^2)
	Number of MLI layers
	Heat Flux (W/m^2) 
	Heat Load (Watt)

	Cold mass outer surface
	84.7
	20
	0.2 [41]
	16.94

	Cold mass inner surface
	66.5
	20
	0.2 [41]
	13.3

	Total Radiative Load on cold mass
	
	30.24






Table 6.31. Conductive Heat Load from Suspension System at 4.7 K.
	Component
	Cross Section (m^2)
	Length (80 K to 4.7 K) (m)
	Heat Load per support (W)
	Quantity
	Total heat load (W)

	Axial
	0.507
	2.5
	0.07
	     8
	0.56

	Radial
	0.127
	0.5
	0.09   
	   16
	1.44

	Total conductive load at 4.7 K
	
	2



[bookmark: _Ref243825056]
[bookmark: _Ref264919513]Table 6.32. Summary of Heat Load at Helium Temperatures (4.7 K).
	Radiation Heat Load
	30.24 W

	Suspension System
	2 W

	Transfer line heat load (from feedbox to magnet)
	4 W

	Feedbox Heat Load
	10 W




Thermosiphon Cooling Scheme for Cold Mass Assembly

[image: ]Figure 6.86 shows a schematic representation of the thermosiphon concept.
[bookmark: _Ref264919580][bookmark: _Ref242618824]Figure 6.86. Thermosiphon Cooling Principle.
Saturated helium is filled from the bottom supply manifold and then travels through the siphon tubes to the top return manifold. The liquid helium in the siphon tubes conductively absorbs the heat from the cold mass and as the helium temperature increases, the density of the helium decreases, pushing the heated liquid up while forcing the colder liquid to the bottom in a natural circulation loop.

As the thermosiphon system is essentially driven by gravity, the siphon tubes must be oriented vertically. The siphon tubes are semi-circular segments that are welded to the cold mass itself and attached at the bottom and top to the supply and return manifolds. 

Table 6.33 through Table 6.35 summarize the heat loads at 80 K. Table 6.36 lists piping parameters for the thermosiphon scheme.

[bookmark: _Ref272869987][bookmark: _Ref245128549]Table 6.33. Radiation Heat load to the Thermal Shields at 80 K.
	
	Surface Area (m^2)
	Number of MLI layers
	Heat Flux (W/m^2)
	Heat Load (Watt)

	Outer thermal shield outer surface
	87.6
	60
	1.5 [42]
	131.4

	Inner thermal shield inner surface
	66.34
	60
	1.5 [42]
	99.51

	Total Radiative Load on thermal shields
	
	231




[bookmark: _Ref264919646]Table 6.34. Conductive Heat Load from Suspension Systems at 80 K.
	
	Component
	Heat Load per support (W)
	Quantity
	Total heat load (W)

	Cold mass Suspension System Intercept
	Axial Support
	4.25
	8
	34

	
	Radial Support
	1.125
	16
	18

	Thermal shield suspension system
	Center Connector
	2.85
	48
	137

	
	Radial Connector
	0.31
	384
	119

	Total conductive heat load
	
	308



[bookmark: _Ref245128603]
[bookmark: _Ref272870018]Table 6.35. Summary of Heat Loads at Nitrogen Temperatures (80 K).
	Radiative Heat Load
	231 W

	Conductive heat load
	308 W

	Transfer line heat load
	80 W

	HTS current lead heat load
	60 W




[bookmark: _Ref264919609][bookmark: _Ref243825775]Table 6.36. Thermosiphon Piping Parameters.
	Component
	Outer Diameter (inch)
	Wall Thickness (inch )
	Material

	Bottom Supply Header
	3.5
	.25
	Aluminum 6061-T6

	Top Return Header
	3.5
	.25
	Aluminum 6061-T6

	Siphon Tubes
	1.25
	.125
	Aluminum 6061-T6

	Transition Tubes
	1.0
	.065
	Aluminum 6061-T6

	Inlet Line
	1.25
	.065
	Aluminum 6061-T6

	Return Line
	1.5
	.065
	Aluminum 6061-T6



Two Phase Forced Flow Cooling for the Thermal Shields
Both thermal shields will be cooled with a LN2 circuit supplying two phase nitrogen at around 1.7 bar of pressure. Table 6.37 summarizes piping parameters for the thermal shields.

[bookmark: _Ref264919696][bookmark: _Ref243826203][bookmark: _Ref243826079]Table 6.37. Piping parameters for Thermal Shields.
	Component
	Outer Diameter (inch)
	Wall Thickness (inch)
	Material

	Outer thermal shield LN2 piping
	.625
	.0625
	Aluminum 6061-T6

	Inner thermal shield LN2 piping
	.625
	.0625
	Aluminum 6061-T6

	Inlet LN2 Line
	.625
	.0625
	Aluminum 6061-T6

	Return LN2 Line
	.625
	.0625
	Aluminum 6061-T6



Cryostat Design
The length of the cryostat is 10900 mm. The outer diameter is 2656 mm, and the inner diameter is 1900 mm. The material chosen is stainless steel 316L, which has yield strength of 172 MPa, and allowable stress for the pressure vessel design is 115 MPa. The cryostat consists of concentric 2 cm thick cylindrical shells connected by annular end rings (which are 4 cm thick). The shells are sized according to ASME Section VIII, Div. 1 rules 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). The outer shell is designed for 1 atmosphere external pressure; the inner shell is designed for both internal and external pressure of 1 atmosphere. The cryostat sits on two saddles, positioned very close to the ends of the vessel. The configuration is shown in Figure 6.87.

The bore of the cryostat must accommodate approximately 10 tons of detectors, shielding and other equipment. This load rests on rails attached to the inner shell of the vacuum vessel. The cryostat provides the load path for cold mass reactions (weight and magnetic force) through its support system. The axial supports bear directly on the cryostat outer shell and transmit the forces to the saddle support. This arrangement produces essentially no stress on the cryostat. The warm ends of the radial supports attach to the cryostat [image: ]through towers, which transmit the load through the outer shell to the saddles. 
[bookmark: _Ref264919839][bookmark: _Ref242684173]Figure 6.87. DS Cryostat features.

Openings on Outer Shell	
There are several openings in the outer shell of the cryostat. The largest one is the chimney, with a diameter of 36 inches (915 mm). Electrical conductors and cooling pipes as well as sensor wires, will all go through this chimney. Openings are also needed for the vacuum pump ports: there are 8 of them, four on each end. The diameter of the pump ports is 200 mm. The smallest ones are radial support towers with diameter of 100 mm. There are 16 of them, eight on each end. Prior to fabrication, all of them need to be evaluated to determine whether reinforcement is needed to comply with the ASME pressure vessel code.

Loads on the Inner Shell
The Mu2e detectors will sit inside the cryostat on two rails. The DS cryostat will provide a support platform for the rails. These platforms are attached to the inside of the inner vacuum shell as shown in Figure 6.88.
[bookmark: _Ref264919854][bookmark: _Ref242689734][bookmark: _Ref242689668]Figure 6.88. Support platform inside the DS bore

The inner vacuum shell of the cryostat will support the tracker, calorimeter, muon stopping target, the upstream end of the muon beamline and internal detector shielding loads. These loads, which total approximately 70 kN, are shown in Figure 6.89. 

[bookmark: _Ref264919877][bookmark: _Ref242690198]Figure 6.89. Loads on the Inner Cryostat Shell. 
Thermal Shield and Insulation
In order to reduce the radiation heat load to the solenoid cold mass and to provide thermal interception for cold mass supports, there will be a thermal shield between the vacuum vessel and the cold mass as shown in Figure 6.90.
[bookmark: _Ref264919897][bookmark: _Ref243832361]Figure 6.90. Schematic of 80K thermal shield.

The thermal shield is made of 3 mm thick aluminum sheets. Both the inner and outer shields are divided into 6 segments axially and 4 segments in the circular direction. The pieces are electrically separated in order to reduce eddy currents and accommodate thermal shrinkage; however, they form a complete thermal radiation cover for the 4.5 K cold mass. They are fastened to the vacuum vessel walls by G10 connectors. For each aluminum sheet, the center connector fixes the position and the radial connectors at the corners allow thermal contractions.

Cooling tubes with 80 K helium are welded to the thermal shield. The design of the zigzag cooling tube allows some flexibility at connections between thermal shield pieces to allow thermal contraction.  

Thermal connections are made between the cold mass supports and the thermal shield so that most of the heat from the 300 K along the supports will be intercepted. 

Multi-layer super-insulation will be put between the cryostat and the thermal shielding to further reduce radiative heating from the 300 K vacuum vessel. The thickness of the super-insulation will be about 15 mm, and its apparent conductivity will be no more than 0.062 mW/m-K. This results in a heat load to the thermal shielding of no more than 1 W/m2. The other heat loads are all listed in Table 6.38. There will also be some multi-layer insulation between thermal shield and cold mass to reduce the heat load to the cold mass.

[bookmark: _Ref264920286][bookmark: _Ref242690455]Table 6.38. Heat loads to the thermal shield.
	
	
	Intensity
	Quantity
	Heat (W)

	Radiation
	surface
	1 W/m2
	180 m2
	180 

	Conduction
	Center connector
	2.85 W/each
	48
	137

	
	Radial connector
	0.31 W/each
	384
	119

	
	Axial support
	4.25 W/each
	8
	34

	
	Radial support
	1.125 W/each
	16
	18

	
	
	
	Total
	488



Reinforcement of the Vacuum Vessel Outer Shell
A reinforcement ring is added to the outer shell of the vacuum vessel on top of the supporting saddle. This will add stiffness to the vacuum vessel, especially during the installation of the cold mass before the vessel is closed by the end flanges. The reinforcement ring is made of 2 cm thick steel plate. This is the same thickness as the outer shell. The reinforcement ring can be welded to the outer shell.

Instrumentation
Instrumentation sensors are installed to provide quench protection, cryogenic monitoring and control, and mechanical characterization. Details are provided in reference [11].

Quench Protection Instrumentation
The quench protection system monitors the coils and superconducting current leads for resistive growth and provides a trigger to shut down the power supply in order to limit the rise in conductor temperature due to Joule heating. The primary sensors for quench detection are voltage taps. Redundant voltage taps must be installed across each power lead and across each splice. The splice taps will also allow for monitoring of the splice resistances.  The superconducting leads may be monitored by superconducting wire sensors in addition to voltage taps. Superconducting NbTi twisted pairs bonded to the leads will be used to detect quenches. The wires must be bonded to the leads in a way that ensures electrical isolation while maintaining good thermal contact. During normal operation, the wires will be superconducting. In the event that the lead quenches the wire should also heat above the transition temperatures so that quenches in the leads may be detected by monitoring the wire resistance.

Cryogenic Monitoring and Controls Instrumentation
Instrumentation will be implemented for cryogenic monitoring and controls. Temperature sensors are required for monitoring and controlling the solenoid’s cool down, warm up, operational steady state, and changes in response to a heat load such as a magnet quench. Temperature sensors will be installed for monitoring the temperatures of the magnet’s warm spots and delta-Ts during cool-down and warm-up, the thermal shields, the coil near the support posts, and the supply and return manifolds. 

Mechanical Characterization Instrumentation
The mechanical state of the solenoid will be monitored using strain gauges and position sensors. Several strain gauges will be installed on the upstream, downstream, and longitudinal supports. Position sensors will be mounted between the coil and cryostat to monitor coil displacement. 

Interfaces

Cryostat Inner Shell
The inner shell is a primary component of the DS insulating vacuum system on its OD, as well as a primary component of the Muon Beamline Vacuum System on its ID. 

Connection to Vacuum Pump Spool Piece
The Vacuum Pump Spool Piece (VPSP) is an element of the Muon Beamline Vacuum System that attaches to the downstream end of the DS cryostat.  The VPSP is shown in Figure 6.91.
[bookmark: _Ref264920320][bookmark: _Ref244017971]Figure 6.91. Features of the Vacuum Pump Spool Piece.
The feature required in the DS is a stub extension of the DS cryostat inner shell that allows a heavy structural and vacuum weld between the VPSP and the DS to be made far enough away from the DS to protect the cold-mass insulation from weld heat.

Connection to TS
The DS Solenoid must connect to the TS Solenoid to provide a common Muon Beamline Vacuum System volume. The connection will be made with a flexible bellows (Figure 6.92) to allow any combination of axial and lateral movement produced by cool-down and magnetic forces between solenoids.  
[bookmark: _Ref264920346][bookmark: _Ref243834671]Figure 6.92. Connection between DS and TSd.

Connection to Transfer Line
[bookmark: _Ref245130088]The DS Solenoid must connect to a transfer line that supplies the magnet with power and cryogenic fluids (Figure 6.93). The transfer line also provides a pump-out duct for the DS insulating vacuum, and acts as a conduit for instrumentation signals entering and leaving the magnet.
[bookmark: _Ref264920387][bookmark: _Ref243834780]Figure 6.93.  Section of Transfer Line.

Shipping Restraints
Additional shipping restraints will be added to the DS cryostat to keep the cold mass positioned within the cryostat and protect the axial and radial supports (Figure 6.94, Figure 6.95).

[bookmark: _Ref264920466][bookmark: _Ref243835258]Figure 6.94. DS Radial Shipping Restraints.


[bookmark: _Ref264920470][bookmark: _Ref243835276]Figure 6.95. DS Axial Shipping Restraints.
Insulating Vacuum System
The DS coldmass resides in an insulating vacuum space formed between the inner and outer cryostat shells and the upstream and downstream cryostat end plates.  An additional DS feature required to support the insulating vacuum system is pump-out ports. The transfer line extension port is one pump-out port, and the radial shipping restraint ports can provide additional ports when the restraint rods are removed and replaced with ducts or pumps.

Magnet Support
The DS Solenoid gravity and magnetic loads are ultimately transferred through the DS support saddles to the floor. The DS support feet will be bolted to a support frame, which in turn will be bolted to pads provided in the floor of the Mu2e building.  A side view of the DS and support frame is shown in Figure 6.96. 
[bookmark: _Ref264920790][bookmark: _Ref243835565]Figure 6.96. DS Mounted on Support Frame.

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 6.2 and reference [5]. 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 - 4.7 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 6.97 and described in detail in the sections below. 


[bookmark: _Ref264920839]Figure 6.97. Block Diagram of the Mu2e Cryogenics System.  “Cryo Bldg.” refers to the Muon Campus Cryo Building.   “Service Bldg.” refers to an above-ground portion of the Mu2e experimental site used for cryogenics and power infrastructure.

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 6.98. As shown, a steady state operation of 350 Watts with 0.8 g/s liquefaction can be comfortably achieved with one refrigerator.

A separate building will be dedicated to the refrigerator and support equipment for Mu2e and other Muon Campus experiments. Four satellite refrigerators will be installed to support operations of the experiments. Modified Tevatron valve boxes will connect the refrigerators to a new distribution system. 


[bookmark: _Ref264920877][bookmark: _Ref318544140]Figure 6.98. Satellite Refrigerators Stand Alone Capacity.

Cryogenic Distribution System
The cryogenic distribution box will be located between the feedboxes and the refrigerator building, shown schematically in Figure 6.97. The distribution box will contain cryovalves for controlling the flow of liquid helium and nitrogen 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 thermal shields. Figure 6.99 is a model showing the cryogenic distribution system. The feedboxes will be located in a room in the above grade detector 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 avoid interference with mechanical supports or required radiation shielding.

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 6.100.  Note that the feedboxes for the PS and DS magnet systems are configured for thermal siphoning conduction cooling. The TSu and TSd magnet systems are configured for forced flow application.
[bookmark: _Ref264920945]Figure 6.99. Layout of Cryogenic Distribution System.

Recycled high temperature superconducting (HTS) leads from the Tevatron will be used for the high current Detector and Production Solenoids. It has been demonstrated that these leads are capable of 10 kA DC operation.  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 6.101.  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 80 K LN2 for the cryostat shield.  

The distribution lines will be vacuum jacketed to minimize the heat load. Each line will be approximately 20 meters in length.

Cryogenic Analysis of Magnets
Studies have been performed on each of the magnet subsystems (PS, TS and DS) to evaluate the basic cooling schemes, more specifically thermal siphoning as opposed to 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 are summarized here. 


[bookmark: _Ref264920962]Figure 6.100.  Schematic of Feedbox with thermal siphoning.

[bookmark: _Ref264921484][bookmark: _Ref318120505]Figure 6.101. Cross Section of cryogenic distribution line.

Figure 6.102 shows a schematic of a thermal siphoning piping scheme for the Production and Detector Solenoids. The piping on the upper right is a continuation of the piping shown on the bottom right of Figure 6.100. 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: _Ref264921516][bookmark: _Ref318038931]Figure 6.102. Thermalsiphon magnet cooling scheme for the Production Solenoid.

Table 6.39 and Table 6.40 include estimates of the heat loads and liquid helium requirements for the solenoid system. In this study, the PS and DS will utilize thermal siphoning while the TS will use a forced flow system. As shown, the total heat load to 4.7 K is 321 W. As is shown in Figure 6.98, this load is well within the capacity of one satellite refrigerator running in steady state.  The estimate assumes a heat load of 67 W in the PS, which is dominated by dynamic (beam) heating.  This value is strongly tied 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 is shown, the heat load is 1.73 kW, which translates into a required liquid nitrogen flow of ~950 liters/day.


[bookmark: _Ref264921574][bookmark: _Ref301989101][bookmark: _Ref264921565]Table 6.39. Heat load estimate at 80 K. 
	Best Estimates (no contingency)
	Production Solenoid
	TSu
	TSd
	Detector Solenoid
	Total

	Nominal Temperature
	80 K

	80 K Magnet Heat (W)
	128.5
	252.0
	252.0
	539.0
	1171.5

	80 K Feedbox and Transfer Line* Heat (W)
	140.0
	140.0
	140.0
	140.0
	560.0

	Total 80 K Heat (W)
	268.5
	392.0
	392.0
	679.0
	1731.5

	Nitrogen usage for Magnet (liquid liters/day)
	147.42
	215.22
	215.22
	372.80
	950.67

	
	 
	 
	 
	 
	 

	Number of 10kA HTS Leads
	2
	0
	0
	2
	4

	Number of 2kA HTS Leads 
	0
	2
	2
	0
	4

	N2 10kA lead flow per magnet (g/s)
	2.2
	0
	0
	2.2
	4.4

	N2 usage for 10kA leads (liquid liters/day)
	235.54
	0.00
	0.00
	235.54
	471.08

	He vapor 2kA lead flow per magnet (g/s)
	0
	0.16
	0.16
	0
	0.32

	He vapor usage for 2kA leads (liquid liters/day)
	0
	110.592
	110.592
	0
	221.18

	*Transfer Line length only from feedbox to magnet considered



[bookmark: _Ref301989111]
[bookmark: _Ref264921577]Table 6.40. Heat load at 4.7K.  
	Best Estimates (no contingency)
	PS 
	TSu
	TSd
	DS
	Total

	Nominal Temperature
	4.7 K

	4.7 K Magnet Heat (W)
	66.7
	44.0
	42.0
	32.2
	184.9

	4.7 K Feedbox and Transfer Line** Heat (W)
	14.0
	14.0
	14.0
	14.0
	56.0

	Thermosiphon
	 
	 
	 
	 
	 

	Total heat load (W)
	80.7
	0
	0
	46.2
	126.9

	Total helium flow (g/s)
	4.78
	0.00
	0.00
	2.74
	 

	3.0 bar to 2.7 bar forced flow
	 
	 
	 
	 
	 

	Helium inlet temperature (K)
	 
	4.7
	4.7
	 
	 

	Total heat added (W)
	 
	58.0
	56.0
	 
	 

	Selected flow rate (g/s)
	 
	50.0
	50.0
	 
	 

	Exit temperature (K)
	 
	4.82
	4.81
	 
	 

	Circulating pump real work (W)
	 
	25.0
	25.0
	 
	 

	Circulating pump system static heat (W)
	 
	15.0
	15.0
	 
	 

	Total load for forced flow (W)
	0
	98.0
	96.0
	  0
	194.0

	Total refrigerator cooling load at 4.7 K (W)
	 
	 
	 
	 
	320.9

	**Transfer Line length only from feedbox to magnet considered


Magnet Power Supply Systems (PSS)
Introduction
The Mu2e experiment’s solenoid power supply system has been designed to provide DC current to four major solenoids and smaller trim supplies that will be connected to sections of the major solenoid coils. The power supply system for the high current superconducting elements will have the latest Fermilab Accelerator Division E/E Support voltage and current regulation system in order to provide the best control and regulation used in the FNAL complex. The operation of the power supplies will be managed by the Magnet Control System (MCS), which will control the turn on, ramping and coordination of all power supplies.  Each solenoid will have an energy extraction system (dump system) installed that will be interlocked with the Quench Protection System (QPS) for solenoid protection.  AD E/E Support’s latest versions of the electronic dump switches and controller will be used for the energy extraction switch with a reused TeV and new dump resistors.

Requirements
The power supply system will power four different solenoids that are in close proximity to each other. Table 6.41 lists the power supplies/magnet loops that will be used in this system.  In addition to the main coil power supply system, trim power supplies will be used to add or subtract current for part of two of the Solenoids to allow for smaller field corrections as needed.

[bookmark: _Ref264921892]Table 6.41. Power Supply Summary.
	Power Supply Name
	Solenoid Name
	Voltage
	Current

	E:PS
	Production (using 2 TeV Low Beta 375kW)
	50/25
	15,000

	E:TSu
	Transport Upstream (using TEL 1)
	20
	2,500

	E:TSuT
	Transport Upstream Trim New Supply
	10
	250

	E:TSd
	Transport  Down Stream  (using TEL 2)
	20
	2,500

	E:TSdT
	Transport Down Stream New Supply
	10
	250

	E:DS
	Detector Solenoid (1 Low Beta 375kW)
	50/25
	7,500



Technical Design
In an effort to manage cost the plan is to reuse as much existing equipment from the TeV as possible.  This will include three of the TeV Low Beta Quad 375kW power supplies, 2 for PS and 1 for DS, with simple modification for two quadrant operation.  The TeV electron lens, TEL-1, 2 power supplies and dump switches are a direct match for the TS solenoids and can be used as is but will require a higher power Dump Resistor.  New supplies and isolation switches will be needed for all the trim power supplies.
Reference Design
A typical power system with energy extraction is shown in Figure 6.103. The high current power supplies will consist of multiple full wave bridges in parallel to get the current required for each load.  The PS power supply will consist of two paralleled low beta quad power supplies that have four internal parallel SCR bridges.  The DS magnet will use one low beta quad power supply.  Fermilab has 8 operational supplies of this type with one spare unit.

[bookmark: _Ref264921938]Figure 6.103. Power supply block diagram.

Current sharing between bridges will be performed using a series choke internal to the supply at the summing point of each bridge; this will provide impedance, which is used to filter the output voltage and reduce the voltage ripple applied to the load.  The paralleled power supplies of the PS magnet will also use the bus work to resist force sharing between the supplies.  The configuration of the power supplies has the added benefit of reducing the cross section of the bus from each supply, making the bus simpler to install.  It is expected that the bus will be routed to the power feed can and the final parallel connection will be at the power leads.

The filter is used on superconducting loads to improve the voltage monitoring for the Quench Detection allowing for improved and faster cell resistive voltage detection by allowing for lower cell voltage trip limits.  The impedance of the chokes will also allow us to add common mode filtering to the supply to reduce capacitive currents flowing into the magnets from the common mode voltage of each bridge.  The filter capacitor banks will have been in storage for a few years before being installed in the experiment so all the capacitors will be replaced before the banks are used. 

The TEL power supplies and dump switches are a direct match for the TS solenoids.  They can be moved as is but we will make some improvements to the internal control logic in the power supplies to make them more compatible with new style of current regulator.  One of the power supply systems has been upgraded to the latest dump switch system; the other has not been, but it will be improved before installation. 

During the last few years of TeV operation, we upgraded some of the dump switches to modern electronic switches and removed the mechanical DC breakers due to their high maintenance cost. We will move those electronic switches to the experiment and construct additional units as required for higher current.  The dump switch controllers are new and will be reused, and we have enough on hand for the experiment.  The dump switches in the two TEL supplies are not identical, but we will modify the TEL-1 system to be the same before installation in the experiment.  We will also modify the dump switches so that there is one on each leg of the power supply instead of both on one, as is currently the case.

Criteria for Constraints on Power Supply Layout
The power supply will need to provide enough voltage (RAMPING) to overcome the dump switch series and high current bus voltage drops and provide enough L(di/dt) voltage to ramp up in a reasonable time.  A minimum of two dump switches is used in these systems to provide both redundancy and load voltage to ground balance during a quench.  The power supplies are required to maintain a low current (STAND-BY) level to allow for system check out before ramping up to operation levels.  There will be both dv/dt and di/dt limiters in the regulation electronics to minimize coupling during turn on and limit fast voltage pulses that could have an effect on the quench detector. The tracking is expected to be less than +/-10-3 with steady state regulation better than +/-10-4 of full-scale current.  All of the solenoids are expected to track during normal ramping; therefore, the solenoid with the slowest Lid/dt voltage will define the speed for the entire system. 

The power supplies that are planned to be used from the TeV are 50 volt @7500 amps units.  The requirements document, Mu2e-docDB-1237 Rev2, calls for only 12 volts to be applied to the magnets.  We plan to modify the supplies by either placing the primaries of the internal transformers in series or adding a line voltage lowering transformer in front of the supplies to reduce the available voltage. This will reduce the risk of applying too much voltage to the magnets in the event of loss of control. This will lower the avaiable voltage and therefore the maximum di/dt in the magnets. 
Normal Discharge
The power supplies will operate in two quadrant mode, which indicates +/- voltage, positive current as shown in Figure 6.104.  Figure 6.104 shows the maximum ramping speed of the PS solenoids using the power supply at half voltage; the dump systems will have a 5 volt drop and a 0.0006 Ohm Bus resistance.  This shows the maximum speed of the power systems, but in this operating mode, the current is fully regulated and therefore can operate at any speed slower than what is shown.  It is important to limit the ramping current to less than the conductor di/dt limit, and this will be controlled by the ramp generators. The system will have the ability to ramp down faster (NORMAL DISCHARGE) than up using the bus, semiconductor voltage drops plus -90% of the power supplies convert voltage.  This will be useful if there is a quench in another coil that increases the heat load on the coils and a possible cascade of quenches without using the dumps.  This mode of operation can also be used at any time the solenoid currents need to be ramped down and will allow for tracking of the systems.  It is expected that this will be used to reset the fields in the coils or change operating levels as needed.
[bookmark: _Ref264921966]Figure 6.104. Normal discharge (ramp down).

Slow Discharge (Bypass)
During slow discharge the bus work, bypass SCR and dump switch semiconductor voltage drops will use the back EMF from the magnet to discharge the magnet.   This is an unregulated decay in the current.  It is completely controlled by the bus work resistance and semiconductor forward voltage drops.  This type of ramp down is initiated by turning off the bridge SCRs and turning on the bypass SCRs in the power supply.  This will be used if a ground fault is detected, turning off the dump switches and resulting in a much higher voltage being applied to the magnets and increasing the risk of further damage, particularly if the fault is in the coil and not the power supply system. 


Emergency discharge (fast discharge)
The dump switches will provide fast energy extraction during full quench detection and will use a much higher voltage and therefore higher di/dt than the power supply.  The dump resistor is connected close to the magnet power leads and will generate an L/R time constant to discharge the solenoids.  The semiconductor voltage drops are removed from the circuit by the dump switches, so this is a purely passive decay.  The dump resistors are located outside of the building to avoid adding an excessive heat load to the building during a dump.  The time constants for each magnet will be: 31 seconds for PS, 14.5 seconds for TSu, 11.5 seconds for TSd and 14 seconds for DS. 

Cooling Requirements
The large power supplies and dump switches are water cooled equipment that will require LCW.  The building layout for the large supplies should be such that the bridge, filter and dump switch cabinets are all in close proximity to each other and as close to the feed can as is reasonable.   All of the Control and Regulation Electronics should be in an air-conditioned room. 

Uninterruptible Power Supply
The quench detection and all of the control electronics will need an uninterruptible power supply, or UPS, installed because of the long decay time.  The power supplies will need enough power to get the bypass SCRs, which are stored in internal cap banks in the power supplies, turned on.  The dump switches are redundant devices and will need a UPS system for each switch, or 2 total for all of the dumps.  The present design calls for four small UPS systems to be installed: one for the power supplies, two for the dump switches and one for the QPS.  The QPS and PC-104 based current regulator computers have transient recorders built in, so we will need to maintain power to them long enough to allow them to back up the data using a non-volatile medium.   The UPS system will be backed up by a generator so the holding time for the systems will need to be long enough for the generator to start and switch over, which will take 2-5 minutes.    

Solenoid Magnet Energy Details
A summary of the stored energy for each magnet is shown in Table 6.42.

[bookmark: _Ref264922173]Table 6.42. Magnet Summary
	Solenoid
	Maximum Current
	Inductance
	Stored Energy
	Peak Dump Voltage
	Dump Resistance

	Production PS
	9,200 Amps
	1.58H
	66.7MJ
	600 Volts
	0.05 Ohms

	Transport US
	1,730 Amps
	4.77H
	7.1MJ
	600 Volts
	0.33 Ohms

	Transport DS
	1,730 Amps
	3.79H
	5.7MJ
	600 Volts
	0.33 Ohms

	Detector
	6114 Amps
	1.40H
	26.1 MJ
	600 Volts
	0.1 Ohms


Current Regulation Electronics Details
There are two things we need to be able to trust in the current regulation system; one is the current measuring device and the other is the stability of the current reference.  Each of the main power supplies will have a total current monitoring DCCT (Direct Current Current Transformer) installed that will be used for both regulation and the QPS system.  In addition to the main DCCT, there will be current measuring devices internal to each supply that will be used to back up the main device and will be monitored independently.  A high quality DCCT will also be needed in each trim circuit for both regulation and QPS signals.  The current regulation system will be a version of the E/E Support latest design constructed for the last MI upgrade.  This system is a Digital/Analog combined regulator built using a PC-104 embedded processor system that provides both the feedforward and feedback voltage reference to the power supply.  Each PC-104 regulator supports four power supplies in a single package and provides all of the voltage reference drive for the main current including any correction needed.  The DCCTs used for the feedback will be commercial devices procured at a level sufficient to meet the long term stability requirements of the experiment.  Typical regulator systems of this type operate at the +/4ppm [43] of FS level as designed but can be improved so that they operate at the +/-0.25ppm level by procuring a high performance DCCT.  This system is not intended for fast ramping power supplies and has a di/dt limiter used during startup. 

 Due to the coupling nature of the magnets we need to have the currents track each other with a certainty of 10-3.  This tracking will be primarily managed by the current reference provided by the MCS.  Fermilab will add an alarm circuit to the PC-104 controller to ensure that the currents are tracking.

Fermilab will need to develop a functionality table for this added control that includes the di/dt limit, which is controlled by the slowest magnet loop, response table, which represents actions to take if one falls behind or trips, and whether or not we allow for recovery if one of the loops quenches, among other factors.  

Regulation System Grouping
The PS, TSu and TSuT power supplies will be controlled using one PC-104 regulator so that we can add a coupling feedforward signal between supplies as needed to maintain regulation.  The DS, TSd and TSdT will be controlled using a second regulator system.  The PC-104 regulator is a digital current regulation system that can pass information internal to itself in order to provide coupling correction; however, if we need correction between the TSu and TSd regulation systems we expect to pass this information between PC-104 regulators using analog signals.  These regulators are operated through a network connection, but do not require the connection to maintain regulation. The analog correction signals between regulators would allow the coupling regulation to be maintained without the network.

Theory of Operation
The current regulator has one PC-104 processor that sends an 18 bit digital reference to four Sigma Delta DACs in temperature regulated modules, one for each magnet loop.  Each DAC module receives an analog current from a current output DCCT and converts the current to a voltage using burden resistors in the temperature regulated module.  The reference and current signals are subtracted to generate an error signal, which is then amplified 100 times.  This amplified error is then sent to the PC-104 module that adjusts the drive to the power supply to minimize the error signal. The reason for the amplification is to reduce the sensitivity of the PC-104’s AD converter; looking at small signals with only 16 bits is limiting, and the larger the signal, the more bits are used.  The magnet parameters are loaded into the PC-104 along with the current loop bandwidth and maximum gain limit.  The PC-104 then uses this information to provide the correct voltage reference to each power supply.  It is expected that the MCS/ramp generator will be a digital system; therefore, sending the ramp reference to the PC-104 using digital communications will provide the most stable system.  We have not installed magnet coupling corrections to the present design but are developing a model that will be used to make the first design attempt and implement it into the PC-104 regulator. 

Current Reference
In order to reduce the amount of analog noise in the system, the reference to each power supply will be supplied from a ramp generator over an Ethernet connection to the PC-104 regulator.  If the ramp generator cannot provide the digital signal, we will use an analog input to the temperature regulated DAC module instead of the internal DAC.  This will require that we locate the ramp generator as close to the PC-104 regulator as possible to reduce the noise in the reference signal.  The current reference is one of the signals that we need to trust in order for the stability of the reference to be the limiting factor in the current regulation loop. All ramping speeds and changes are provided by an independent ramp generator controlled by or provided by the Magnet Control System. This ramp generator will need to take into account the magnet coupling and dynamic range of the power supply voltage in construction of the reference. 

Transient Recorder
An additional feature of this system is that the PC-104 has a transient recorder built in that will record trip events and provide data for analysis and is very useful during single event trips that happen very infrequently.  A second option built into this regulator is a window detector that can be set up to monitor current, DAC settings and the current error signal to ensure that they are in a set range.  These limits are set up using an independent path into the processor.  This setup is used in the MI to prevent beam transfers if the signals are not in the correct operational range, but can also be used as an indicator that one of the circuits is out of operational range for the experiment.  There are other features built into this regulator but they will not be useful on an air core solenoid.

Energy Extraction Electronics Detail
The main dump switches will be used to disconnect the power supplies from the magnets when a quench is detected.  The dump resistor will always be connected to the magnet and the dump switch will disconnect both leads of the power supply from the circuit, allowing the magnet energy to decay into the resistor.  New dump resistors will be procured for all the magnet systems; the PS requires 0.05 ohms at 90 MJ and the DS requires 0.1 ohms at 45 MJ so we will procure three 0.1 ohm resistors.  We will parallel two for the PS and the third will be installed on the DS system.  The TS magnet loops will each have a 0.33 ohm, 14 MJ resistor installed.  The maximum temperature of the dump resistor will be 200 degrees C, so they will be located outside of the service building.  Locating the resistors outside of the building will result in long cables between the feed can and the resistor. In order to limit the voltage spike that would result from the fast switching and current diversion into the cable inductance a dv/dt cap bank will be installed at the output of the dump switches.

Each dump switch will have separate electronics for control with parallel paths to the QPS for improved redundancy.  This redundancy will extend all the way to the power provided by the two independent UPS units.  Monitoring electronics in the power supply system PLC should also monitor the status of the dumps and be able to turn the dumps off if needed.  Even though the power supplies will not have enough voltage to damage the resistors, this monitor will provide added error checking for correct operation.  There are several types of potential dump failures that can occur.  The first type is having two independent failures in the different dumps and not detecting them, which would place the magnets at risk.  Both dump switches will always turn off during any dump command; however, to ensure that both switches are operational, we will use a delay of 30 milliseconds between the two switches so that we can detect a voltage rise and verify operation of each switch on every other dump.  A second type of dump failure would be a failure of the dump to turn on, which would cause the power supply to be powering an open circuit and reaching full voltage.  If this happens, we will bypass the power supply until the dump issue is corrected.  Turning on the dump switches with full voltage from the power supply will cause a quench to be detected but will not put the system at risk.

A System PLC will monitor the auxiliary status on the power supplies, dump switches, water pressure and UPS for correct operation.  All other dump switch control will be under the direct control of the quench detection system.  The voltage on the dump switches will also be monitored in the dump controllers to look for voltage when the dumps are told to be on.  If any of the monitored statuses of the dumps raises a red flag, the system should not turn on or the QPS will turn the entire system off in a controlled fashion. 

Power Supply Topology Details
The power supply topology uses a phase to neutral bridge configuration so that we have one SCR per on phase in the bridges to limit the internal DC loss.  The power supply will use a filter choke and will provide the impedance needed for both the filter and the current sharing between the bridge sections.  For the PS magnet loop, we will use two supplies in parallel to provide the high current and the choke and bus work resistance to assist in the sharing between supplies.  (Figure 6.105) The output of the PS power supplies will be paralleled at the feed can close to the input power leads.  The use of parallel bus work allows for installation with reasonable manpower effort as well as reduced cost for copper.  The power supply for the DS loop will use one of these supplies and one bus routing.  The TS power supplies are expected to use cable to deliver power to the load.

[bookmark: _Ref264922330]Figure 6.105. PS Power Supply Topology 

This design of the power supply uses a pair of delta primary transformers with dual inverted Wye connect secondaries connected in parallel through interphase transformers.  Each power supply has internal monitoring for temperature and door interlocks.  Because of the long time delay and potential high voltage from the Dump Resistor the doors for the power supply, dump switches and filter cabinets will need to be locked with a controlled key to delay access.  

All of the power supplies in this system will need to be of a 12 pulse design to avoid sub harmonic loading on the main power transformer.  Also, the main transformer should not be shared with house power electronics due to the chopping noise on the line and the fact that the average power level is 463kVA.  A typical house power transformer used in the MI and Muon Campus is 750kVA, so the entire power margin would be used just for the power supplies and cooling system.  With the reuse of the TeV low beta quad power supply system, we plan to take the main power transformer and power panel to provide the power needed for these supplies as well as the power needed for the Muon campus beam line supplies that are located in the Mu2e service building.  

We plan to reuse as much bus work from the low beta systems as is reasonable.  This is 2x2square water cooled bus that can be used for straight runs between power supply cabinets and the dump switch systems.  As is the case with the low beta system, we expect to be able to support the bus work with the building steel structure.  All of the bus work will need to be covered due to the 600 volts that would be generated during a dump.  The power supplies, dump switches, main transformer, power panel and bus are being held in reserve under an agreement in the Accelerator Division. This is all large equipment that will require coordination with the other equipment in the building during installation.

Voltage Regulation Electronics Details
Each power supply will be a voltage regulated source, which will correct for line voltage changes.  Over the years E/E Support has procured many different power supplies from many different manufacturers.  This has resulted in many different voltage regulation designs from the manufactures, and because of these unique regulators, the load on the engineering staff to keep them operational has been heavy.  When we constructed the Main Injector, we chose to start installing the FNAL voltage regulator in all SCR style power supplies; therefore, when we procure new power supplies, we include the requirement that the supplier use our regulator in our specification.  This requirement indicates that the power supply must have a firing circuit that is hard fire and compatible with the drive from our regulator.  Using this regulator in all 120 or more systems has greatly reduced the load on the engineering staff.  These regulators are very reliable, and because there are many copies on hand, we have technician experts that can troubleshoot these devices.  The low beta quad power supplies were upgraded to this style of voltage regulator and will be part the new system.  The only change to the present installation is that the PS needs two supplies in parallel, so we will modify one of the supplies to be a slave to the main voltage regulator to ensure firing angle balance between the supplies with the bus work creating equal loads.  

Power Supply Control
All of the control and status read backs are provided through the PC-104 current regulator using a single E-net connection.  This system uses a programmable logic controller to collect all the trip data from the power supply control PLC and provide it to the PC-104 using an E-net connection.  The information is collected in the PC-104 and converted to ANCET format.  The PC-104 also provides the on, off and reset functions to the power supplies through the PLC.  In addition, a System PLC will provide the necessary management of the paralleled supplies to ensure they act as one power supply.  If either of the supplies trips, the other will also need to turn off, so the PLC will be coded to provide this function.  Each power supply will have current monitors internal to the power supplies to verify current balance; these current monitors will be installed after the filter connected to the internal power supply PLC/control card and are used to check for over currents.  These monitors will provide an independent over current trip beyond the PC-104 and QPS monitoring of the main DCCT.  The power supply’s 7,500 amp DCCT was used for regulation, and we will also bring these units with each power supply.  The main DCCT used will be a total current unit that will be a new procurement.

Power Feeder Loading
There will be a power transformer with a range of 13.8kV to 480V installed to provide power to these supplies. At a DC current of 11,000 amps, the line current will be 315 amps, yielding a transformer and feeder load of 298kVA for the PS, 153kVA for the DS and 62kVA for the two TS loops.  The internal DC power consumption is expected to be 87kW for the PS, 43kW for the DS and 19kW for the two TS loops, which is a total of 149kW needed for cooling.  This analysis assumes that the total high current bus work is less than 200 feet in length and that we use 4sq-in of copper, which has a resistance of 2.3uOhms/foot.  The TS coil loops will use cable for the connection to the feed can but 6-500mcm cables each way will be required for each magnet.  Making the connection to the power lead will be problematic with this number of cables so we may choose to install the “Main Injector Quad Bus” to save space.  The trim power supplies will all be connected using cables.

The 13.8kVAC feeder for the man power transformer dedicated to the power supplies will come from the Muon Campus feeder 24 line.  Lock Out Tag Out points will need to be provided for enclosure access and maintenance because providing a disconnect for each power supply will be costly and time consuming for operations. In other experiments we have provided a central LOTO point at the 13.8kVAC level.  To make this simple, we used a motor drive switch with remote operation, verification and lockout.  The final inspection for the LOTO is a viewing window in the switch. A LOTO controller will need to be constructed to ensure that the power supplies are ramped down and turned off in a safe manner before the LOTO key is issued.  The Muon campus beam line power supplies will also have a local LOTO disconnect for all power supplies powered from the main transformer that will be located near the beam line supplies.  This LOTO disconnect will allow for the lock out of each beam line independent of the experiment depending on the type of access.

We plan to recover a 1,500kVA transformer and power panel from the TeV to use for this application but it will require that oil containment be constructed.  The present plan for the service building is to use a 750kVA oil filled transformer for house power so the containment will be in place.  The present plan for the building calls for two transformers to be installed; keeping the chopped line power of the large supplies on a separate circuit will help to keep the building house power line “clean”.  The separate transformer will also allow us to add a power factor correction and line filtering if needed to manage the harmonic distortion to the AC power.

LCW Cooling System
The LCW cooling water will be routed from the Muon Campus.  We will need 149k Watts of cooling with a minimum pressure range of 60-100 psi and flow of 48 GPM.  Most of the power dissipation in the system will result from the electronic dump switch voltage (5 volts) and the power supply internal SCR (1.5 volts).  The high flow rate is needed to supply the parallel cooling paths for the SCRs in power supplies and IGBTs in the dumps switches.  To ensure stability, the copper bus should be water cooled with minimal flow; however, as the bus gets close to the power leads, we will need to ensure that the water will not freeze if the circulating pump is turned off.  This means that we will need a larger cross section of bus close to the leads to keep the heat load on the lead in a safe operating area; we should not source bus heat into the leads from the water.  In the past we have used the water system as a heat source to keep ice off the leads, but the problem with this setup was the difficulty of not being able to turn off the water system when the magnets were cold (as the non-flowing water would freeze along with the leads).  As part of the interface between the power leads and power supply connections, we will need to address this issue.

Transport Trim Power Supplies
The trim power supplies will add current to one section of the main coil as needed to correct the field.  These power supplies will need to be protected from the voltage of the main power supply and dump resistor.  This will be accomplished in two ways: The power supply voltage will be greater than the ½ of the main power supply voltage, and the power supply will use diodes/switches to isolate the trim supply.  This can be a problem during turn on and quenches because multiple regulators on the same bus can cross couple through the magnet current all trying to make corrections at the same time.  This supply will also need to be isolated to greater than the dump voltage to ground to avoid an imbalance during quenches.  By installing a small version of the main electronic dump, we can provide the isolation from the coil and dump voltage.  This small dump will also need to be controlled by the QPS so that when the main dump switches are turned off, the trims are also isolated from the magnets.  The QPS will also need a DCCT to measure the current in the trim supply and make the correct calculation for the resistive voltage.  Startup testing will need to be performed to check the leakage to ground. Care will be taken to ensure that trim is also tested during these checks; the switches will be turned off before the main supply is turned on.  A large snubber circuit will need to be installed across each switch to manage the energy stored in the stray inductance of the trim loop and will need to be rated greater than the hipot voltage just in case there is a ground fault in the trim.  The snubber circuit will cause voltage transients on the coil that will confuse the QPS if the isolation switch is turned off when the current is not zero.  It is expected that the trim current references will be set to zero before the dump switches are turned off during a slow discharge. The difficulty of procuring commercial power supplies with ground referenced control and output voltage isolation greater than their operating voltage makes these power supplies custom devices.  We should be able to use a commercial supply by powering it using an isolation transformer and isolated controls, but the cost of this may be higher than a custom power supply. As the final design is completed, we will find the best solution for these systems.

Connecting two sources of high power together will require care in managing access to the equipment for personnel and will require written LOTO procedures.  This has been done in the past on many different systems, including SC loads.  The long time constants of decay for SC loads increase the risk that someone can open an access door and make contact with the bus while voltage is back feeding from the magnet and dump resistor.  A lockout key system will be needed to lock the doors on equipment until the correct equipment is turned off.  This will be required for all systems rather than just the trim.  The bridge, dump switch and filter cabinets will be physically separate elements and the correct power supply needs to be off and verified before access can begin. 

Controls System Interlock Details
Hardware interlocks will be necessary for the individual power supplies and, at the system level, are things that are common to all the supplies.  Due to the long decay time constant, personnel will need to be protected from any back feed voltage from the load.  Control of access to the power supplies and dump switches will need to be locked using a key system that will prevent opening of the door before the decay time is expired.   Thermal protection for the transformers, internal and bypass SCR heat sinks, load cable and bus and dump switch SCRs will be part of the power supply internal system and be monitored by the PLCs.  Water cooling will be used in the systems and differential pressure switches will be installed and used to prevent the power supplies from being turned on if the water pressure is low.  In the past, the pressure switches have been heavily filtered to prevent unnecessary trips, and the power supplies should not be tripped off after the current is established. The thermal switches will be the backup for pressure switches. 

During a quench, the power supplies will be bypassed using two sets of SCRs, one internal and one external.  A bypass failure detector will be installed in each power supply that will turn off the main contactor in the supply if current is still in the transformer 30 milliseconds after being set to bypass.  This will result in a bridge bypass using the bridge SCRs if a true bypass failure were to occur.   Ground faults will need to be handled differently than other trips.  If a ground fault is detected, the supplies should be bypassed, but the dump switch should not be turned off unless a quench is detected.  The higher voltage of the dump to ground can cause damage to the conductor if the fault is in the conductor; if the fault is in the warm bus, this can be investigated after the system has decayed.  An offset ground fault detector will be used in these systems; this type of detector allows ground fault detection before the main power supply is turned on.  The offset detector applies a positive voltage of 5V to the system and will allow for detection of a hard fault before turn on.  

A response table needs to be constructed for every type of trip for each magnet loop due to the coupling, and trips can be managed by the QPS.  Internal trips to the power supplies will trip the main contactor directly and inform the QPS system only after the trip has occurred.  The trip matrix will need to define the effect of the QPS on the other magnet systems during any of these types of trips that are not directed by the QPS.

Procurement Strategy
In order to manage the number of procurements we will use our recent history of procurement of power supplies.  The Muon Campus is being upgraded to supply beam to the experiment and as part of the construction of the M4-M5 beam lines.  Some new supplies and all new current regulation and control electronics are being procured.  We will take advantage of procurements of a similar size for this project.  New PC-104 current regulators will need to be procured and constructed and the experiment equipment will be grouped with the larger number of campus units.  This will consist of many small procurements and an assembly contract.  

Specifications will be written for each power supply design based on recent design procurements in 2010 for the ANU upgrade for the trim power supplies.  During the ANU upgrade, we updated all the regulation electronics to be compatible with components still being manufactured and this required some new circuit board updates.  We will use the upgraded electronics and be able to procure identical equipment for the project with little or no rework necessary.  The assembly of the regulation electronics will be contracted to a local company with final testing and calibration done by FNAL electrical technicians.  To maintain quality control of the components used in the electronics, FNAL technicians will procure all components and inspect them before shipping them to the assembler.  Inspections and testing will be witnessed at the vendor/s for each design type. As part of the specification a minimal set of tests is defined and will be witnessed.

Contingency for Reuse of Existing Equipment
The power supplies being reused have been in the TeV for a long time.  All of the TeV equipment was maintained at a very high level, so this equipment is a good match for the experiment.  The cost estimate includes improvements to the filter and new firing circuits internal to the power supplies; however, a risk factor that can be used for rebuilds or replacement should be added to cover any unforeseen failures that may occur.  In other experiments we have used a risk equal to 30% of the cost of procuring new equipment.  The only reused equipment will be the power supplies themselves; all other equipment is new.  This would result in a risk factor of $110k, but this would not be needed until late in the project when we are ready to incorporate the power supplies.  This would be late in the project. 

Quality Assurance
We will be reusing existing equipment from the TeV including the power supplies and filters.  The equipment being reused was used in a very similar manner during TeV collider mode of operation, making this installation a good match for the experiment.  New equipment will be constructed for the dump switches and will use a proven new design from the Tevatron.  There will be no new designs for the power systems; all equipment will be copies of existing proven designs presently installed in the accelerator complex.

Installation and Commissioning
The power supply system consists of large equipment that will be connected to other large equipment in the building.  This will require coordination of the equipment installation with other large equipment in the Mu2e service building.  This equipment includes the control racks, cable tray and infrastructure in the building. The infrastructure will be installed first in the building and will include the relay racks and all power distribution including cable tray and wire ways.  This will be followed by the feed can and its support hardware including vacuum pumps and piping. The power system will consist of four large components: the power supply, the filter, a dump switch, dump resistors and DC buswork.  The control cable and monitoring cable for the power supply system will be installed last and will allow commissioning to begin.  The power supply control cable is expected to be constructed in the AD E/E support shop by AD techs or a local contractor.  This cable will be inspected and tested before installation in the service building to decrease the time required for system testing.
Quench Protection and Monitoring

Introduction
The Mu2e superconducting magnets and leads need to be protected against heat-induced damage during quenches.  The Mu2e quench detection system is a critical component of the quench protection system for the Mu2e solenoids. The quench detection system monitors signals from sensors installed in the Mu2e magnet, leads, and superconducting bus, and generates an interlock signal if signals from the sensors are consistent with those expected during a quench. The interlock signal will trigger the shutdown of the power supplies and switch dump resistors into the magnet power circuits to extract the stored energy from the magnets.

The primary goal of the Mu2e quench detection system is to reliably detect true quenches as rapidly as possible.  The secondary goal is to minimize the number of false quenches detected, because rapidly extracting the power in the absence of a true quench will produce unnecessary stress on the magnets and delays in the experiment.

A variety of methods, both optical and electrical, have been used to detect quenches in superconducting leads and magnets. The most common approach monitors voltage taps in the magnets and shuts off the power if the voltage across the taps exceeds a predetermined threshold. Multiple taps are often employed and the voltages from the taps can be weighted and summed to improve detection thresholds and suppress noise and pickup.
 
Detection of quenches in superconducting leads using voltage taps alone can be difficult because of the small signals generated during a quench. Thin superconducting wires in thermal contact but electrically isolated have been successfully used to detected quenches in superconducting leads.

Quench detection in the Mu2e system is complicated by the mutual coupling between the multiple magnets. As individual magnets are ramped or quenched, the changing magnetic field can induce large voltages in the other coils. If the quench detection system is not able to account for the coupling between magnets, true quenches may take longer to detect or the rate of false detections may increase.

Requirements
The Mu2e quench detection system is shown schematically in Figure 6.106. The Mu2e quench detection system includes the hardware, firmware, and software required to detect quenches using the sensors installed in the Mu2e Solenoids and to generate the interlock signals to ramp down the current to the magnets and trigger energy extraction.
[bookmark: _Ref264922418]Figure 6.106. Mu2e Quench Detection System

Power Distribution and Solenoid Systems
The Mu2e solenoid system consists of the four magnets forming the Mu2e solenoid system. Each magnet consists of a number of coils connected in series. For the purpose of this document, a magnet consists of the set of all coils powered by a single power supply. Each magnet is connected to its respective power supply by a system of normal conducting copper leads and high temperature superconducting leads, followed by a low temperature superconducting link. 

The copper leads, HTS leads, LTS links, trim power leads, and the magnets themselves will be instrumented with redundant voltage taps for quench detection. Superconducting twisted pair sensors in good thermal contact with but electrically isolated from the LTS links over their entire length will provide additional information to the quench detection system.

When a quench is detected, the system must turn off the magnet power supplies and send a trigger signal to the energy dump extraction circuit. The quench detection system must be able to detect quenches in any or all of the HTS leads, the LTS links, the trim leads, and the magnets themselves. Failure to detect a quench within the required response time could lead to irreversible damage to the magnets, the links or the leads. 

Components of the solenoid system relevant to quench detection are described in more detail below and their important characteristics are summarized.

Expected Solenoid Quench Characteristics
The characteristic signals expected from quenches in each of the Mu2e solenoids were modeled using QLASA quench detection simulation program [35].

The peak temperatures and resistive voltages that may be expected to develop in each magnet during a quench were simulated for a range of detection thresholds. The resulting curves were used to determine the detection sensitivity and response time required to prevent the voltage developed across the coils from exceeding 600V and to prevent the peak coil temperatures following a quench from exceeding 130K.

Table 6.43 lists the quench velocities along with the heat generation and critical temperatures calculated by QLASA. Precise predictions of peak temperatures using QLASA are difficult because the program does not simulate thermal coupling between the coils and because of the assumptions it makes about the distribution of materials within the conductor when calculating transverse propagation speeds. 

[bookmark: _Ref264922478]Table 6.43. Quench Velocities
	Solenoid
	VLongitudinal
	VRadial
	VAxial
	To
	Ta
	Tc

	
	m/s
	m/s
	m/s
	K
	K
	K

	PS
	4.987
	0.1036
	0.1036
	4.5
	6.77
	7.17

	TS
	4.491
	0.0959
	0.0959
	5.0
	7.03
	7.86

	DS
	4.395
	0.2104
	0.2104
	4.5
	7.25
	8.37



The time evolution of the voltage tap signals is determined primarily by the axial velocity of the quench, which is sensitive to the distribution of materials. Peak temperatures are sensitive to assumptions about the thermal coupling between coils. Furthermore, the development of resistive voltages during a quench may be expected to vary by up to an order of magnitude depending on the precise location and magnetic field at the initial quench location.  

The thresholds and response times listed here were calculated for quenches initiated at the innermost radius of the coil in the highest field region. Thermal conductivities and quench velocities calculated by QLASA were compared to an independent calculation that made more realistic assumptions about the distribution of materials and were found to agree within a factor of 2 or better. The initial time development of the resistive voltages was compared to semi-analytic approximations for the maximum and minimum that might be expected and found to be of comparable magnitude. 

Threshold Voltage
Peak coil temperatures for the PS, TS, and DS solenoids as a function of the quench detection threshold for the resistive voltage are plotted in Figure 6.107.
[bookmark: _Ref264922543]Figure 6.107. Peak Temperature vs. Quench Detection Threshold.

Response Time
The response time and quench detection thresholds vary between the magnets, the LTS links and the HTS leads. Peak coil temperatures for the PS, TS, and DS solenoids as a function of the quench detection response time for the resistive voltage are plotted in Figure 6.108. 

The response time and expected resistive voltages for each of the magnets are summarized in Table 6.44. For the reasons discussed above, these numbers should be interpreted as a guide to the order of magnitude to be expected. Calculations of peak temperatures are extremely sensitive to assumptions about heat sharing, the distribution of materials within the conductor, the precise location of the quench, and the magnetic field at the initial quench location.
[bookmark: _Ref264922601]Figure 6.108. Peak Coil Temperature vs. Response Time.

[bookmark: _Ref264922796]Table 6.44. Expected Quench Detection Thresholds and Response Times for the Mu2e Solenoids
	Magnet
	Threshold
	Response Time

	
	V
	s

	PS
	47.6
	7.9

	TSU
	11.9
	12.6

	TSD
	11.9
	12.6

	DS
	49.0
	12.6



Technical Design

Quench Protection and Monitoring System
All superconducting magnets can transition from the superconducting state to the normal conducting state if their operating parameters exceed the critical surface. If all of the energy stored in the any of the magnets is allowed to dissipate in the coils, the resulting temperature rise could lead to thermal stresses that may damage that solenoid; therefore, the quench protection system must continuously monitor the solenoids, the leads, and the superconducting links for any sign of non-zero resistance. If a quench is detected, the system must initiate a rapid controlled extraction of the energy from the magnet by the power supply system.  The power supply circuit is shown schematically in Figure 6.109. When a controlled extraction is initiated the supplies are switched out, forcing the current to flow through the dump resistors. The energy must be extracted rapidly enough that the peak coil temperature in any of the solenoids will not exceed 130K but not so rapidly that voltage induced on any coil exceeds the insulation standoff limit of 600V.

[bookmark: _Ref264922830][bookmark: _Ref377635945][bookmark: _Ref264922822]Figure 6.109. Magnet Power Supply and Protection Circuit.

During a controlled extraction both the voltage and the temperature remain within safe ranges. Since even controlled shutdowns can stress the magnets, the system must also reliably discriminate between quenches and other events that may generate similar signals. Quench detection is complicated in the Mu2e solenoid system by the inductive coupling between the magnets. Changes in the current in one solenoid can induce voltages on the other solenoids that may mask signals induced by a quench. To limit false quenches, the current ramp rate can be limited to minimize coupled voltages well below the quench voltage thresholds or the detection system can be designed to reject the coupled  inductive voltages while remaining sensitive to small resistive voltages.


Quench Development and Detection
Solenoid and power supply system parameters relevant to quench detection are summarized in Table 6.45. The currents, inductance, and stored energy all vary by almost an order of magnitude from solenoid to solenoid.

[bookmark: _Ref264922871][bookmark: _Ref377631833]Table 6.45. Mu2e Solenoid Parameters Relevant to Quench Detection
	Parameter 
	Unit 
	PS 
	TSu 
	TSd
	 DS

	Operating temperature 
	K 
	<5.1
	5.0
	5.0
	4.7

	Maximum design current 
	A 
	10150
	1730
	1730
	6114

	Peak field in coil 
	T 
	5.48
	3.4
	3.4
	2.15

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

	Inductance 
	H 
	1.58
	7
	7
	1.4

	Stored energy 
	MJ 
	79.7
	10.4
	9
	26.1

	Cold mass 
	tons 
	10.9
	13
	13
	10

	E/m 
	kJ/kg 
	7.31
	0.8
	0.7
	3.6

	Dump Resistance
	
	0.05
	0.33
	0.33
	0.05



[bookmark: _Ref377639898]Quench development in each of the Mu2e solenoids has been simulated using both quench specific computer codes such QLASA and more general simulation packages such as COMSOL Multi-physics. Table 6.46 lists expected quench characteristics for each of the solenoids.

[bookmark: _Ref264922890]Table 6.46. Expected Quench Characterstics for the Mu2e Solenoids
	
	Units
	PS
	TS
	DS

	Longitudinal Quench Velocity
	m/s
	5.0
	4.5
	4.4

	Radial Quench Velocity
	m/s
	0.1
	0.1
	0.2

	Axial Quench Velocity
	m/s
	0.1
	0.1
	0.2

	Response Time
	s
	0.3
	0.8
	1

	Threshold
	V
	0.5
	1
	1

	Peak Resistive Voltage
	V
	330
	16
	170

	Peak Temperature
	K
	90
	47
	55



Physical taps in the coils serve as the primary quench detection sensors. In the superconducting state, the voltage between successive taps should be zero. If a quench develops between successive taps, the voltage will grow as the size of the resistive zone grows. When the resistive voltage across any pair of successive taps exceeds a predefined threshold, the quench detection system will initiate a controlled extraction. Voltage tap signals are protected against shorts and over-currents by in-series limiting resistors. Magnet leads and superconducting links will be instrumented with both voltage taps and redundant superconducting wire sensors. The small resistive voltages that develop across the leads and links during a quench may be difficult to detect. Small diameter NbTi twisted pair cables connected thermally to but electrically isolated from the leads and links serve as independent redundant quench detection sensors. In the event the conductor goes normal and the temperature rises, the wires will also heat and go normal. If the wires are excited with a small current and routed to minimize inductive voltages it is possible to detect quenches in the leads and links long before the resistive voltages would reach detectable levels.

Tap voltage signals will be combined with the precision current measurements to track the internal state of each solenoid in real time. If these signals indicate that any segment of the solenoid has become resistive, a controlled extraction will be initiated. As will be discussed below, knowledge of the internal system states and of the couplings can be used to distinguish between the resistive voltages that characterize a quench and the voltages induced by changes in the currents of other coupled coils.

Quench Detection System Architecture
To ensure reliable detection of true quenches while remaining immune to false quenches, the Mu2e quench detection system is organized into three heterogeneous redundant tiers (Figure 6.110). Redundant independent voltage taps and superconducting wire sensors are monitored by redundant independent heterogeneous processors. Redundancy ensures that quenches will be detected even in the event of single point failures and that any single point failures can be detected and corrected when they occur. The use of heterogeneous components minimizes the likelihood that undetected design errors will be duplicated in the redundant channels. Table 6.47 lists the technologies that will be used to implement each tier.Tier 1

Tier 2

Tier 3

Sensor Data In

Sensor Data In

External Control Commands 

External Control Response

Detection Out

Detection Out


[bookmark: _Ref264922923][bookmark: _Ref377658605]Figure 6.110. Quench Detection System Architecture


[bookmark: _Ref264923069]Table 6.47. Quench Detection Functionality and Implementation
	Tier
	Function
	Sensors
	Hardware
	Firmware
	Software

	1
	Primary Quench Detection
	Primary Voltage Taps 
Primary SCWS 
DCCT
	FPGA

	VHDL
Verilog
	None

	2
	Secondary Quench Detection
	Secondary Taps
Secondary SCWS 
DCCT
	DSP and/or Analog Threshold  Detection Circuits
	None
	C

	3
	Long Term Monitoring and Control
	None
	PC
	None
	C++
Java
Labview
Matlab
Python



Analog Processing
The voltage taps’ analog signal processing chain is shown in Figure 6.111. Twisted pair cables convey signals from voltage taps in the coils to racks in the control room. Each tap is protected against over currents by limiting resistors. The signals from each twisted pair cable are connected to a low drift amplifier through an anti-aliasing filter and network of protection diodes and powered by a battery backed-up isolated supply. The output of each amplifier will be digitized by a high resolution ADC at the kHz level sampling rate. Each ADC can be controlled and read out via an isolated digital interface.Current Limiting Resistors
Twisted Pair Cable 
Protection Network
Anti-Aliasing Filter 
Low Drift Amplifier 
Isolation 
Voltage Tap 
ADC 

[bookmark: _Ref264923039]Figure 6.111. Analog Signal Processing Chain

Tier-1
Tier-1 processing will be implemented in an FPGA to provide rapid real-time response. 
The Tier-1 processing will: 

Monitor digitized sensor signals via SPI from the
Primary voltage taps
Primary SCWS
DCCT current sensors
Primary copper bus current monitors
Generate the primary extraction signal for the power supply system
Relay system state and status information to Tier 2 and Tier 3 processors via the SPI bus

The FPGA firmware will implement a digital model of coupled solenoids including inductive coupling between coils, allowing tap voltages and currents to be compared to the digital model to detect the development of resistive zones while discriminating against other events.

Tier-1 hardware and software will be designed to provide continuous quench protection even in the event that Tier-2 and/or Tier-3 processors fail or are power cycled.

Tier-2
Tier-2 processing will be implemented in analog quench detection hardware circuitry and DSP to provide flexibility while still providing sufficiently rapid real-time response to protect the magnets.

The Tier-2 processing will:

Monitor analog threshold detection circuitry (analog quench detection) from
Secondary voltage taps
Secondary SCWS
DCCT current sensors
Secondary copper bus current monitors
Monitor digitized sensor signals via the SPI from the
Secondary voltage taps
Secondary SCWS
DCCT current sensors
Secondary copper bus current monitors
Implement a digital model of coupled solenoids including inductive coupling between coils, allowing tap voltages and currents to be compared to the digital model to detect the development of resistive zones while discriminating against other events
Implement additional more sophisticated quench detection algorithms if required
Generate the redundant extraction signal for the power supply system
Acquire Tier 1 state and status information via the SPI bus and compare it to Tier 2 state and status information in order to identify and report failures at the earliest possible opportunity
Relay system state and status information to Tier 2 processors via SPI bus

Tier-2 hardware and software will be designed to provide continuous quench protection even in the event that Tier 1 and/or Tier 3 processors fail or are power cycled.

Tier-3
Tier-3 processing will be implemented in a standard PC to provide maximum processing power and programming flexibility.

Tier 3 will

Not provide real-time capability
Retrieve state and status information from Tier 1 and Tier 2 processors
Provide long term monitoring of the state and health of the quench detection system
Provide a user interface for local control of the quench detection system
Archive state and health data for offline retrieval and processing
Interface to other Mu2e subsystems

Magnet System Monitoring
Temperature sensors splice voltage monitors and other sensors not used for quench detection will be monitored by Programmable Logic Controllers (PLCs).

External Interfaces
The quench detection system will interface to the following three major subsystems in the Mu2e experiment:

The power supply system
The beam-line control system
The experimental control system

Power Supply System Interface
The quench detection system will receive digitized data via the SPI from the power supply system for:

Power supply voltages
Current Transducers
Copper bus voltage drops
Power supply status information

The quench detection system will generate:

Redundant failsafe interlock signals for the power supply system
Relay status information to the power supply system.

Beam Line Control System Interface
The quench detection system will relay state and status information to the ACNET based beam-line control system. Details of this interface are yet to be determined.

Experimental Control System Interface
The quench detection system will relay state and status information to the EPICS based experimental control system. Details of this interface are yet to be determined.

System Identification
Discriminating between induced voltages and quench related resistive voltages requires accurate measurements of the impedances of each solenoid and the couplings between them. Impedances and coupling will be measured in situ by modulating the current in each magnet in turn with slow (<1Hz) sine waves and recording the voltage induced in the magnet itself and on the other magnets in the system. Simulations indicate that inductances and coupling can be measured with less than one percent error using this technique.

System Validation
The quench detection system will be validated prior to commissioning using a real-time simulator implemented in an FPGA. The simulator will provide simulated signals for all of the quench protection sensors over the SPI bus and will allow simulated quenches to be initiated in any segment of the solenoids.

















Magnetic Field Mapping
Requirements
The field mapping system’s functional, technical, operational, and ES&H requirements are detailed in reference [8]. There are several main elements of the field mapping system whose technical design is discussed here:

A system to map the field within the production solenoid heat & radiation shield warm bore and into the TS1 collimator
A system to map the field within the detector solenoid warm bore and into the TS5 collimator
A system of in-situ magnetic field sensor arrays to monitor the axial field strength and gradients through each of the TS collimators (1, 3u, 3d, 5) during all powered operation
A system of in-situ magnetic field sensors to monitor the field strength in the detector solenoid spectrometer region during DS powered operation
A system to test the transport of low energy electrons from the production target through the collimators to the stopping target region.

Technical Design

PS/TS1 Field Mapping System Design
A mechanical design concept for the PS field mapper is shown in Figure 6.112. It consists of a drive system mounted on a stable base, which can translate a cantilevered beam into the HRS bore, at the end of which is a piezo motor-driven rotational positioning stage on which the Hall probe array is mounted. The piezo stage will be re-used for source positioning during the electron source test. All components within the bore will be non-magnetic to avoid perturbing the field and minimize use of metal parts to reduce forces on the moving system caused by eddy currents. In order to directly measure field strength and gradient and determine the magnetic center versus Z, the Hall probe array will include a pair of 2D probes (radial and axial) separated by a precisely known distance in Z (100 mm). Both probes will be located at the largest radius capable of passing through the limiting aperture of the bore and collimator.
 
[bookmark: _Ref264923154]Figure 6.112. Conceptual mechanical design for PS Field Mapper.

The positioning system will be situated at the non-TS end of the PS and must be capable of moving the probes approximately 5 m in Z, from the flange of the HRS bore to the upstream end of the TS1 collimator (1 meter into the TS). The beam cantilever length may be less than this, and it can be made it more stable through use of a support bearing against the HRS bore tube just upstream of the target support ring. The Z translation mechanism will have a step size of 25 mm or less, and will encode the Z position to an accuracy and resolution better than 0.1 mm over the full Z range. Stage rotation will be continuous over 360 degrees in both directions; the angle encoder will have a resolution and accuracy of 0.1 milliradian or less. The mechanism will be adjustable to align and translate the probe array along the HRS bore geometric center. This is a challenge, and it is likely that survey of the mechanism system and tilt sensor measurements will be used to correct data for positioning errors.

Due to the large stray magnetic field downstream of PS (2 T to 0.1 T), the Z and angular motions will most likely be actuated by air motors; however, it may be an option to use electric motors, shielded or positioned in a low field region, using a non-magnetic cable to couple the motor to gears on the drive system.

The Hall array will use 2D probes to measure the axial field and gradient and radial field in relation to rotation angle for magnetic axis determination. These probes will have a full scale range of at least 5 T with 0.1% linearity and must be insensitive to the planar Hall effect. The SENIS 2D magnetic sensors meet these requirements and are the current best candidate probes for this purpose. Further evaluation of probe options will be made, as commercial Hall probe technology is expanding and quickly improving. Probes for PS mapping will be calibrated to 5 T using a Tevatron dipole in the Fermilab magnet test facility.

The probe motion control and data acquisition system will be based upon the architecture of the Fermilab Technical Division/Test & Instrumentation Department magnetic measurement system currently under development. A script-driven system running LabView, it will utilize compact Rio components for real time motion control, and PXI-controller instruments for digitization and acquisition of probe voltage data. Configuration and measurement data will be archived to a content management system database. The system will have an interface to the Mu2e power system and digitize the real time magnet current signals synchronously with Hall sensors and position encoders. The location of the control/daq hardware during measurements is intended to be as close as possible to the PS mapping transporter so that noise levels on probe signals and cable costs can be kept low. The actual location is not yet determined, although the Remote Handling Room or the proton beam line tunnel are candidate locations. The electronics may need to be shielded from the high stray field levels as shown in Figure 6.113. It may be that signal cabling must be routed all the way to a control room/electronics area; in any case, control cabling and some (NMR) signals will need to run there. Electronics rack space, routing and lengths of the cabling must therefore be determined; a preliminary estimate is 50 m long cables are needed.

[bookmark: _Ref264923205]Figure 6.113. Map of stray magnetic field strength in Mu2e Hall [61] on the magnet vertical center below 500 G (left) at 1 m off center below 100G (right).

The PS field mapping will occur in two steps. First, a coarse-grained map will be made during the powered commissioning of the PS magnet system alone, to measure and compare with the expected field profile, determine the PS magnetic axis, and watch for any HRS magnetic anomalies. The PS field mapping system itself will be scrutinized for any problems under real, high field operating conditions. Subsequently, during operation in the “final magnetic configuration” with TS and DS on, fine-grained field maps of the interface region will be made with nominal operating currents and again with the TS/PS trim power supply operated at its high and low values. Following any adjustments to the TS magnets, which might occur after an electron source test, additional field mapping may be required, unless the in-situ Hall probe array measurements are deemed satisfactory.

DS/TS5 Field Mapping System Design
A mechanical design concept for the DS field mapper is shown in Figure 6.114. It consists of a transport carriage supported by bearing blocks that will ride along the DS rails, which will also support the Mu2e detector train and therefore will be leveled and made parallel to a high degree of precision. The transport carriage will position Hall and NMR probes within the DS bore volume. Linear motion of the carriage along Z will be actuated by an air motor and gears that engage a belt anchored at the upstream and downstream ends of the DS warm bore.  Another air motor and gearing system will actuate angular motion of a shaft to control the probe angular positions. All components within the bore will be non-magnetic to avoid perturbing the field and minimize use of metal parts to reduce forces on the moving system caused by eddy currents. Three 3D Hall probes will be mounted along each of two “propeller” plates on opposite ends of the carriage, which rotate with a shaft centered on the DS bore. The probes will be positioned at radii of 0.3, 0.5, and 0.7 m on the upstream propeller, and 0.2, 0.4, and 0.6 m on the downstream propeller.  An extension of the rotating shaft will support a set of two 3D probes positioned 180 degrees apart at a radius of 0.1 m, capable of passing through the limiting aperture of the TS5 collimator (12.8 cm). 4 NMR probes will be mounted to the carriage frame, at a radius of 0.1 m, with active elements near the plane of each propeller; two will be range 4 probes for absolute field measurement from 0.34 to 1.05 T, and the others range 5 probes for field measurement from 0.7 to 2.1 T. All probes will be oriented to allow measurement of the axial + radial total field, and will utilize gradient coils to compensate for the large axial gradient in the DS1-3 regions, in order to get an NMR signal lock there.
[bookmark: _Ref264923255]Figure 6.114. Schematic of the DS field mapper.

The carriage must be capable of moving the probes approximately 10 m in Z, between the downstream and the upstream ends of the DS, sending the shaft extension 1 meter into the TS5 collimator. The Z translation mechanism will have a step size of 25 mm or less, and will encode the Z position to better than 0.1 mm accuracy and resolution over the full Z range. Probes on the two propellers should be separated by an integral number of Z steps, with a goal being within 1.0 mm. Shaft rotation will be 360 degrees in both directions, and will have a step size of 5 degrees or less over that range; continuous motion would be preferred, if possible. The angle encoder will have a resolution and accuracy of at least 0.1 milliradian. The mechanism will be adjustable so that the probe array can be aligned and translated along the DS bore geometric center. The propeller rotation over 360 degrees should be planar, with a goal of maintaining planarity to within 0.1 milliradian; counterweights will be used to balance and eliminate torques on the shaft that may cause lateral positioning errors. Survey of the system will be used to adjust the mechanism and to make measurements that can be used to correct data for positioning errors; thus, probes must be visible from the downstream end of DS. Space will be limited for installation of the mapper at the downstream end of the DS to about 1 meter on the external rails. The actual carriage length is therefore constrained to be less than one meter; the shaft extension will be removable so that it can be installed after the carriage is in place on the rails. 

Commercial Hall probe technology continues to improve, and costs may decline with time; a final choice of DS mapper probes can be made a couple of years in the future. The preliminary choice among 3D probes currently available is the SENIS F3A series probe, which has 0.1 degree orthogonality of Hall elements, compensation for planar Hall effect, relatively low noise, drift, and temperature coefficients, good linearity, and a small active element with a well-determined position. Probes for DS mapping will have field angles and response calibrated up to 2 T in the Fermilab magnet test facility.

The same motion control and data acquisition system will be used for both the PS and DS, so it will be possible to map only one of these magnets at a time (this is a value engineering choice). The interface between sensors and the control/daq system will be designed to accommodate both PS and DS sensor configurations. The DS will require the additional NMR readout instrument, which will be the Metrolab PT-2025 system and multiplexer. Probes will be of the type with built-in amplifier (model 1062) that are capable of driving a signal up to 100 m.

The DS field mapping will to occur in two steps. First, a “coarse” map (with reduced granularity of measurement points) will be made when only the DS is first powered for some length of time at nominal current; this will ensure that the DS field follows the expected profile and has no obvious flaws and will provide information on the magnetic axis. It also will be the opportunity to complete commissioning of the field mapping system itself, exercise the field map analysis tools, and check that all is ready and working for mapping the final magnetic configuration. The second step will be to map the fields in the operating configuration, with PS and TS powered, with fine granularity. Additionally, coarse-grained maps of the DS will be made at the physics calibration field settings. The scheduling of these final maps is an integration issue.

TS In-Situ Field Monitor System Design
To monitor the axial field strength and to ensure negative gradient meets requirements in the TS straight sections, the in-situ field monitor system must be able to measure the field strength with sufficient precision at discrete positions with well-determined separation. The requirement is specified at a radius of 15 cm, which results in the need to embed sensors into the collimators; measurements outside the collimators are not useful because proximity to the coils results in large ripple of the field there. In the TS1 and TS5 collimators, three linear arrays of Hall sensors are needed: one along the bottom at the vertical midplane, and one on each side of the horizontal midplane. In the TS3 collimators, due to the collimator design, only two arrays will be installed, one on each side of the horizontal midplane; as this collimator is rotatable by 180 degrees, the field profile at top and bottom can be measured by 90 degree rotation.

The design is to embed Hall sensors into the collimators during their construction. Each array will consist of to 10 “transverse” Hall probes spaced along the collimator length and oriented to measure axial field. An RTD to monitor and correct for temperature variations will be embedded with each array. The probes for each collimator will be internally ganged (e.g., on a printed circuit connection board at an end of the collimator) into two current chains to provide some redundancy in case of an open circuit failure during operation and to reduce the number of required feedthrough pins. The signal wires (2 per probe) and excitation current wires (2 per chain) will be brought through vacuum feedthrough connections on the TS inner bore adjacent to each collimator, then routed through the cryostat insulating vacuum space, along with other instrumentation wires there, through the chimney to the instrumentation trees at the feedboxes. For practical reasons of performing electrical quality checks and final collimator installation, intervening cable connectors will be needed between the feedthrough and the collimator arrays. To avoid cable interference with the collimator operation, a self-retracting reel could be utilized; custom design of non-magnetic, non-outgassing materials, such as brass or aluminum, will be needed. All signal and current wire pairs will be twisted and shielded to minimize electrical noise. The number of needed current sources, operating at typically 100 mA, will depend upon the total resistance of the chains, including the resistance of current-carrying wires and input resistance of probes, which is typically about 2 Ohms each. The readout plan is that Hall probe, RTD, and current chain precision shunt resistor voltage signals will be multiplexed and digitized by a high resolution voltmeter, as part of the solenoid instrumentation monitoring electronic system. 

There are many potential vendors of single-axis Hall probes suitable for the purpose of in-situ field monitoring. These will be evaluated and selected at an appropriate time to allow them to be tested and ready for installation into collimators. Probes for use in TS will have their response calibrated up to 2 T in the Fermilab magnet test facility.
The collimators in each region have somewhat different geometries, materials and construction details, so the details of the Hall probe arrays are also slightly different. The TS1 collimator is fabricated from copper wedges in an epoxy impregnated structure. For this collimator, 8 slots for the Hall probes will be machined into three of the wedges (left, right, top) at 100 mm intervals, with a machined groove to route the wires toward the downstream end. These slots and grooves will be filled with RTV during the epoxy impregnation (at 200 C), then cleaned out for installation of the Hall probes (which would be damaged by the curing temperature). These Hall probes will therefore be positioned at about 17.5 cm radius. Figure 6.115 gives an illustration of the TS1 collimator and Hall probe array locations. Three arrays of 8 probes on 2 current chains will require 2x2+3x8x2 = 52 pins on feed-throughs and wires routed to electronics. Three RTDs will require additional 2+2x3=8 pins, for a total of 60 pins. Standard 19-pin connectors are preferred, so four connectors and feed-throughs are needed. Additional RTDs or Hall probes could be instrumented, or more current chains introduced, with the available extra pins.

[bookmark: _Ref264923305]Figure 6.115. TS1 collimator assembly and face showing Hall probe slot locations and wire routing to termination point for ganging of current chains and making cable connections. (Array shown at top will actually be positioned at bottom, to avoid any risk of wires falling out into the beam region).

Next, TS3 upstream and downstream collimators, which are identical, will each have their own arrays of Hall probes installed, using the same design and a similar approach to that of TS1. Figure 6.116 shows the TS3 collimator assembly and Figure 6.117 shows the TS 3 collimator with Hall probe locations indicated. Because the copper segments are stacked, it would not be possible to install the probes after epoxy impregnation into interior elements; therefore, the only possible locations accessible and at or very close to the proper 15 cm radius are those shown.  Here slots machined into the core slice faces would be blocked to prevent epoxy filling them during impregnation, then cleaned and the Hall probes installed afterward. Special consideration of the cable management is needed for the TS3 collimators, which are designed to rotate 180 degrees: A swiveling pulley or cable reel could work in this case, as shown in this figure. It is critical that this be designed to prevent any failure that could result in material such as cable or connector becoming an obstruction to the beam.

Two arrays of 10 probes on 2 current chains will require 2 x (2i) + 2 x 10 x (2v) = 44 pins on feedthroughs and wires routed to electronics for both of the TS3 collimators. Two RTDs will require an additional 2+2x2=6 pins, for a total of 50 pins. Standard 19-pin connectors are preferred, so three connectors and feed-throughs are needed for each TS3 collimator. 
[bookmark: _Ref264923383]Figure 6.116. TS3 collimator assembly in rotating support shell, and face section showing construction from multiple elements. Wires will be routed to connection boards mounted on end of the collimator shell where cable connections and strain relief are made.

[bookmark: _Ref264923642]Figure 6.117. TS3 collimator core assembly showing location of 10 Hall probes in two parallel arrays at the horizontal midplane. 

Last, the TS5 collimator has a very different construction, made up of polyethylene disks. As there is no epoxy impregnation of this device, the Hall probes will be installed during the collimator assembly. Figure 6.118 shows the TS5 collimator assembly with Hall probe locations indicated. Here again the design will utilize three linear arrays, along the left, right, and bottom as in TS1. Slots will be machined on the disk faces in which to position the probes, and along the outer radius to route the wires to connection blocks on the upstream end of the collimator housing; there, current chains and cable connections will be made up. In this case, with a collimator aperture of 128 mm radius, the probes can be positioned at the desired 150 mm radius. In order to keep the probes aligned, an alignment key must be added to the collimator disk design, and perhaps a feature to orient it within the housing to be discussed with Muon Beamline. Three arrays of 8 probes on 2 current chains will require 2x2+3x8x2 = 52 pins on feedthroughs and wires routed to electronics. Three RTDs will require additional 2+2x3=8 pins, for a total of 60 pins. Standard 19-pin connectors are preferred, so four connectors and feed-throughs are needed; additional RTDs or Hall probes could be instrumented, or more current chains introduced, with the available extra pins.
[bookmark: _Ref264923745]Figure 6.118. Concept for the TS5 collimator In-Situ Hall probe arrays. (Array shown at top will actually be positioned at bottom, to avoid any risk of wires falling out into the beam region).

DS In-Situ Field Monitor System Design
Two sets of NMR probes will be used to monitor the magnetic field strength in the DS uniform field region. One set will be positioned permanently in two locations on the inner bore of the DS, with range 4 and range 5 probes at each location to monitor the field under both normal operating and calibration modes. The locations will be at the upstream and downstream ends of the tracker uniform field region, probably near the top, or along one side of the bore. These probes must be installed and used during the DS field mapping. The RF and signal cables will be terminated with connectors that either couple to the field mapping NMR readout system, or to the IFB feedthroughs. The NMR readout system will continue to be used for the In-Situ probes during Mu2e experiment operations and calibrations. 

A second set of four NMR probes (range 4 and 5) will be mounted to the upstream and downstream ends, near the outer radius, of the tracker frame. The axial and radial fields vary most rapidly with position in these locations; variation in the measured field can result from either motion of the tracker, or from actual DS field variations, so comparison with the probes fixed to the bore will identify the cause of a change in strength. Signal and RF cables will be routed to the IFB with the tracker cables and detector train; these probes cannot be monitored during the field mapping.

All probes will be of the same type used for the DS field mapper, oriented to allow measurement of the axial+radial total field; gradient compensation coils will not be needed here as field gradients are small enough in the uniform field region to acquire an NMR signal lock.

Electron Source Test System Design
The final step of the field mapping effort will take place after solenoid system commissioning is completed, but before installation of shielding around the solenoids takes place. This will be a test of low energy electron transport from the PS target, through the TS1, 3, and 5 collimators, to the DS stopping target region. It is planned to occur in two stages. First, a detector placed at the TSu/TSd will detect the transverse position where electrons traverse the TS3u collimator, as a function of the starting transverse position of a source at the production target location. Second, this detector will be removed, and a second detector at the DS stopping target location will detect the transverse position where electrons arrive, as a function of their starting position. For this test to occur, the pbar windows must not be installed.

The electron source could be a beta or electron conversion isotope with electron or positron energies up to a few MeV; further work is needed to identify the best source options. The source will be mounted to a motion stage that can move the source transversely: a combined rotary stage to be used for the PS field mapping with linear radial stage on top.  Clearly the stages must operate in a ~5 T magnetic field, which will require they be made of non-magnetic materials with ceramic bearings and piezo motors. Such stages are commercially available, but further study is needed to define the requirements before specifying the desired solution, such as estimating desired range of transverse motion and source weight. To install the source, we envision two options. In order of preference: 1) The PS field map positioning system will be designed with a provision to mount a vacuum sealing flange to the cantilevered beam, so that the motion stage and source are moved to the target location, the seal is made and control signals are connected via a vacuum feedthrough connector on the flange. 2) The production target installation/replacement robot can be used to position, and the target support ring used to support, or anchor, electron source motion stage; a vacuum sealing flange with feedthrough connector for control signals is also needed.

The distance from the production target to the TSu/TSd interface is ~2.7m+πRts/2+1m, where Rts=2.93m, or 8.3 m. From the TSu/TSd interface to DS stopping target is ~1m+ πRts/2+1.9m, or 7.5m; thus, electrons must travel 8.3m (15.8m) from the source to the TSu/TSd interface or stopping target. Figure 6.119 shows the range of electrons in air and helium at 1 atm. pressure 760 Torr. The 1 MeV range in helium is 0.5 g/cm2, which, with a density 0.1786 g/cm3, corresponds to a distance of 2.8 m. The range in air is only 0.42m. Therefore, the beam line space must be evacuated: 20 Torr of air gives a range of 15.8 m, so we should be well below that, say ~1 Torr or less. To evacuate the beam line and be able to provide control and readout signals will require vacuum blank-off flanges with feedthroughs at the PS and DS, and the ability to install a detector in the 0.5 cm gap at the TSu/TSd interface with a vacuum seal and signal feedthroughs also at that location.

For low energy electron detectors at both TS3 and DS locations, we envision using a plane of scintillation tiles with fiber light guides to SiPMs to detect scintillator hits. This technology has been developed at NIU/NICADD, where sufficient light can be generated with a 2 mm thick scintillator and SiPMs have been shown to work in high magnetic fields [49] - [52]. Details of the scintillator tile pixel size and number of channels is under study, in association with the source positioning requirements.
[bookmark: _Ref264923831]Figure 6.119. Range of electrons in air (left) and helium at 1 atm, versus energy, in the continuous slowing down approximation (CSDA).

Risks
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. 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 [53].

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 in mitigating this risk.

Insufficient testing of DS and/or PS at Vendor (moderate)
The DS and PS are superconducting magnets with large stored magnetic energy.  A full test of the magnets requires test infrastructure comparable to the Fermilab Magnet Test facility.   Magnet fabrication vendors will very likely not have the capability to perform these tests at the fabrication site. This risk can be largely mitigated by designing the magnets with large operating margins in the superconductor and by monitoring the conductor vendor and fabrication vendor QA and QC to ensure that the magnet meets all of the design specifications. In the case of the PS and DS, the operating current/critical current is always less than 70 percent along the magnet load line.     

Production Solenoid must be installed through PS hatch using a large rented crane (high)
The installation plan calls for the PS to the installed through the crane covered interior building hatch.  The PS and the heat and radiation shield must therefore be installed prior to TS installation.  If there is a schedule delay in PS installation, the TS may have to be installed first.  The alternative installation plan would be to install the PS through the PS hatch, using a large rented crane, at an additional cost to the project.  This risk can be mitigated through careful monitoring and coordination of the PS/TS fabrication schedule.  
Tevatron HTS leads cannot be used (moderate)
The baseline plan is to use the HTS 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 two pairs of leads demonstrate that these leads 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 early in the project under the expected Mu2e conditions.

PS conductor “first article” does not meet specifications (high)
The superconducting cable for PS is acknowledged to be the most difficult conductor to fabricate. Approximately 200 meters of this cable has been made during a prototype manufacturing run.  However, the vendor has not yet had the opportunity to fabricate a full production unit length.   Because of the procurement of long lead items, specifically, the special Ni doped aluminum and the NbTi strand, it is expected to take 18 months to complete this first unit length.  Considering the fabrication schedule for the PS solenoid, any significant delays beyond this 18 month period could delay the completion of the PS magnet and eventually cause this activity to be on the Mu2e project critical path.   This can be mitigated partially by carefully monitoring the vendor’s progress, providing timely analysis and test results for PS conductor QC particularly for the conductor final acceptance, and working with the vendor to prepare ahead of time the paperwork for the shipment of the conductor to the PS magnet fabrication vendor.
	
Quality Assurance
Quality Assurance (QA) plays 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 [54].  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 shipment 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 verify 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, as part of 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
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. 
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 final design process.  The solenoids will be constructed elsewhere and installed in the Mu2e detector enclosure at the appropriate times.  The hi-bay area above the detector enclosure will provide two independent 30 ton cranes for handling the components.  These two cranes will have the capability to be coupled and controlled as one 60-ton crane for handling large components such as the solenoids and heat and radiation shield (HRS).  The layout of the underground detector enclosure is shown in Figure 6.120.
Solenoid and Supporting System Installation
The installation plan is broken down into magnets and all other solenoid systems.  The magnet installation sequence is constrained while the infrastructure can generally be worked on in parallel.  The HRS is not part of any solenoid system but is mentioned in this section because it is an important constraint on the solenoid installation sequence.  The DS solenoid will be installed through the main hatch, but the HRS, PS, TSu and TSd solenoids will be installed through the TS hatch shown in Figure 6.120.  Installing these heavy components through the TS hatch eliminates the need for a large outdoor crane rental and the potential for weather-related delays, but dictates the order of installation for those components.  All HRS and solenoid installation steps below include installation of the support frame required under each component.

[bookmark: _Ref264923973]Figure 6.120. Layout of the Mu2e detector enclosure.

Figure 6.121 shows the floor pads the solenoids will mount to and the floor tracks required for transporting components to their final positions.  The HRS, PS, and TSu solenoids will be lowered onto the shaded north-bound tracks and hydraulically transported on rollers to the intersection of the shaded west-bound tracks.  The HRS will be transported to the west end of those tracks to allow the PS to be transported along the same installation path.  The HRS must then be installed into PS before TSu installation.  TSu will follow the same installation path while TSd will require only an east-bound transport to engage the DS solenoid.  All transports will use the same hardware and equipment.  The initial installation plan is as follows.

Install DS magnet (order flexible, install prior to TSd).
Install HRS assembly.
Install PS magnet.
Install HRS into PS bore.
Install TSu magnet.
Install TSd magnet.
Connect magnets to power, cryogenic, and vacuum systems


[bookmark: _Ref264924253]Figure 6.121. Layout of the Mu2e floor track system.

In order to connect the solenoids to the power, cryogenic, and vacuum systems, these other system installations, which have proceeded in parallel with solenoid installation, must also have been completed:

Feed box installation
Transfer line installation
Magnet power system installation
Cryogenic instrumentation and controls
Insulating vacuum system installation

Solenoid System Commissioning
At this point in the installation sequence, commissioning of the solenoid power, cryogenic, vacuum, and control systems must occur.  This commissioning is required to ensure that the solenoids can be safely and reliably operated, that all ESH&Q and systems controls are in place, and that all equipment and personnel are protected during subsequent solenoid operation.  These steps complete the on-project phase of solenoid installation and commissioning:

Commissioning of solenoid power, cryogenic, insulating vacuum, and control systems
Preliminary field mapping
Adjust magnet alignment

After the magnets have been aligned, the final steps in solenoid installation and commissioning are as follows:

Make interconnects between TSu and PS, TSu and TSd, and TSd and DS
Install PS Enclosure and DS blank flange to establish Muon Beamline vacuum.
Perform electron source tests.
Perform final TS coil adjustments.
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