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Scope 

The purpose of this document is to define the specifications for the fabrication of MQXFA series magnets [1] to be used by the US High-Luminosity LHC Accelerator Upgrade Project (AUP). Magnets fabricated according to these specifications are expected to allow MQXFA magnets to meet the MQXFA Functional Requirements Specification [2]. These specifications for the fabrication of MQXFA series magnets are based on the R&D performed by the US LHC Accelerator Research Program (LARP) and the development performed by AUP [3], in collaboration with CERN, through fabrication and test of pre-series coils and magnets.








Magnet Design 

The design of the MQXFA quadrupole magnet, described in details in [1], relies on an aluminum shell pre-stressed at room temperature with bladders and interference keys (i.e. bladder and key technology), which has been demonstrated in the previous successful series of LARP magnets such as HQ. The cross section of the structure of MQXF is a direct scale-up from the HQ models, which featured a 120 mm aperture. As shown Figure 1, the MQXF quadrupoles feature an aperture of 150 mm and provides a nominal field gradient of 132.2 T/m over a magnetic length of 4.2 m (MQXFA). 




Figure 1: Cross section of the MQXF.

The design of the structure comprises an iron yoke assembly surrounded by a 29 mm thick aluminum shell, four iron pads, and the coil-collar subassembly which consists of four aluminum collars bolted around the coils and the G11 pole alignment keys.  The yoke, pads and collars are made of thin laminations assembled with tie rods. Between each pad and yoke, the master package on each quadrant contains two interference keys to balance the azimuthal tension in the outer shell with the azimuthal compression in the inner coils. 
[image: ]
Figure 2: 3D view of MQXFA end region.

Maintaining contact between the coils and poles pieces at all stages is achieved by azimuthal load applied on the shell: it relies on a system of water-pressurized bladders and keys to pre-compress the coil-pack and to pre-tension to aluminum shell at room temperature. During the pre-load operation, the pressurized bladders open up the master package and allow inserting the load keys with shims of the designed thickness, thus creating an interference between the coil-pack and the shell-yoke sub-assembly. The final pre-load is achieved during the cool-down phase, when the tensioned aluminum shell increases its stress because of its high thermal contraction.
In operational conditions the MQXFA magnet will experience a total Lorentz force in the axial direction (Z direction, parallel to the magnet’s bore) of the order of 1.17 MN at 16.47 kA (nominal current plus margin). Axial pre-stress is therefore designed to withstand the total axial forces generated by the coil ends.  Four tensioned steel rods within the pads’ gaps are connected to endplates to provide the axial pre-stress (see Fig. 2). Similarly to the azimuthal pre-stress, the room temperature axial pre-stress is tuned to counteract after cool-down the axial Lorentz force.
To summarize, the main features of the MQXF structural design are:
· Shell-based support structure relying on “bladder and key” technology to perform azimuthal pre-loads, which allows reversible assembly process and tunable preload;
· G11 alignment keys inserted into the pole pieces provide coil alignment by assuring azimuthal contact between coil and collars after cool-down;
· The aluminum shell provides additional pre-load to the coil during cool-down;
· Axial pre-load is provided by four SS rods and two end-plates.














1. Structure Components Specifications


[image: :AAP X-section.pdf]
Fig. 3.1 Cross section of the MQXF magnet

· Table 3.1. List of major components, and quantities per magnet assembly	
	Component
	Part Number
	Type
	Qty
	Notes

	Shells
	
	
	
	

	MQXFA Short Magnet Shell 
	SU-1010-1072
	Part
	2
	

	MQXFA Long Magnet Shell 
	SU-1010-1073
	Part
	6
	

	Yokes
	
	
	
	

	MQXFA RETURN-END YOKE HALF-STACK ASSY
	SU-1010-0097
	Assy
	4
	

	MQXFA-2 YOKE HALF-STACK ASSEMBLY – LE 
	27L179
	Assy
	4
	

	Yoke pre-stack Assembly, 588
	27L410
	Assy
	24
	

	Yoke pre-stack assembly, 255
	27L412
	Assy
	8
	

	Yoke, type 1
	27L175
	Part
	4
	

	Yoke, type 2
	27L176
	Part
	328
	In Pre-assy

	Yoke, type 3
	27L177
	Part
	24
	

	Yoke, type 4
	27L178
	Part
	4
	

	Yoke, type 5
	SU-1010-0196
	Part
	4
	

	Yoke, type 6
	SU-1010-0197
	Part
	4
	

	Master Keys
	
	
	
	

	Master Key half, bladder cutout 
	27L213
	Part
	8
	

	Master Key half, no bladder cutout 
	27L214
	Part
	8
	

	Load Pads
	
	
	
	

	MQXFA Load Pad Thru Prestack, 1050
	27L417
	Assy
	
	

	MQXFA Load Pad Thru Prestack, 1100
	27L418
	Assy
	
	

	MQXFA Load Pad Thru Prestack, 1088
	27L419
	Assy
	
	

	Load Pad Lamination, Thru, type 1 (304CO)
	27L253
	Part
	2
	

	Load Pad Lamination, Thru, type 2 (304CO)
	27L254
	Part
	24
	In Pre-assy

	Load Pad Lamination, Thru, type 3 (304CO)
	27L255
	Part
	2
	

	Load Pad Lamination, Thru, type 4 (ARMCO)
	27L229
	Part
	162
	In Pre-assy

	Load Pad Lamination, Thru, type 5 (ARMCO)
	27L230
	Part
	6
	

	Load Pad Lamination, Thru, type 6 (ARMCO)
	27L223
	Part
	2
	In Pre-assy

	MQXFA Load Pad Threaded Prestack, 1050
	27L552
	Assy
	
	

	MQXFA Load Pad Threaded Prestack, 1100
	27L553
	Assy
	
	

	MQXFA Load Pad Threaded Prestack, 1088
	27L554
	Assy
	
	

	Load Pad Lamination, Threaded, type 1 (304CO)
	27L250
	Part
	2
	

	Load Pad Lamination, Threaded, type 2 (304CO)
	27L251
	Part
	24
	In Pre-assy

	Load Pad Lamination, Threaded, type 3 (304CO)
	27L252
	Part
	2
	

	Load Pad, Threaded, type 4 (ARMCO)
	27L227
	Part
	162
	In Pre-assy

	Load Pad, Threaded, type 5 (ARMCO)
	27L228
	Part
	6
	

	Load Pad, Threaded, type 6 (ARMCO)
	27L224
	Part
	2
	In Pre-assy

	Collars
	
	
	
	

	Collar Lamination Type 1
	SU-1010-1058
	Part
	4
	

	Collar Lamination Type 2
	SU-1010-1059
	Part
	344
	

	Collar Lamination Type 3
	SU-1010-1060
	Part
	4
	

	Collar Lamination Type 4
	SU-1010-1061
	Part
	12
	

	Axial Loading
	
	
	
	

	MQXFA Nitronic Endplate 
	SU-1010-xxx
	Part
	2
	

	MQXFA Axial rods 
	SU-1010-xxx
	Part
	4
	



1.1. [bookmark: _heading=h.30j0zll]Magnet Shells

The MQXFA magnet is 4.563 meters long, but the shells are segmented into eight segments: six long sections in the central section, and two half-length sections on each end.
 
[image: ]
Fig. 3.2 MQXFA magnet, 4.563 Meter long with 8 shell segments

[image: ][image: ]
Fig. 3.3 Long shell segment and short shell segments in the MQXFA magnet.

Table 3.2 MQXFA Shells
	Name
	Drawing ID
	Qty. per Magnet

	Long Shell  
	SU-1010-1072
	2

	Short Shell  
	SU-1010-1073
	6



1.1.1. [bookmark: _heading=h.1fob9te]Features of Shells

1.1.1.1. [bookmark: _heading=h.3znysh7]Inner and Outer Diameter

The MQXFA magnet shells, both long and short, share the same 556mm +0.1/-0.0 inner diameter and 614mm +0.1/-0.0 outer diameter. Due to the nature of the AL7075-T6 material and the thin-walled geometry, the dimensional tolerances called out in the drawings only apply to the restrained condition of the shell. See Figure 3.3. 
The ID and OD for the long shells are scanned in a ring pattern at 5 positions spaced down the bore; 108mm, 217mm, 325mm, 434mm & 542mm from the face of the bore.
The ID and OD for the short shells are scanned in a ring pattern at 5 positions spaced down the bore; 56mm, 108mm, 162mm, 217mm & 217mm from the face of the bore.  
  
                      [image: ]                                   
Fig. 3.4 Shell Inner and Outer Diameter. The “7” flag in the dimension a note stating the tolerance requirement applies in the restrained condition.

· The shell ID at 5 evenly spaced rings shall have an average  diameter of      556mm +0.1/-0.0
· The shell OD at 5 evenly spaced rings shall have an average diameter of 614mm +0.1/-0.0

1.1.1.2. [bookmark: _heading=h.2et92p0]End Cutouts
The end cuts out serve multiple purposes. The V-shaped cut out allow for the cradle tooling to directly support the yokes during assembly and integration. 
The 54mm U-shaped cut out is ultimately used for the tack block when welding the cold mass stainless steel shell over the magnet. During magnet assembly, these cuts are also used to align shells during the stacking process. 
The pin slot at the base of the U-shaped cut out allows the shells clock their position in relation to the yoke stacks in the shell-yoke assembly. Only one pin slot is required for use, which is the top slot show in Fig. 3.4.

[image: ]
[image: ][image: ]

Fig. 3.5 End cutouts Geometry 

1.1.1.3. [bookmark: _heading=h.tyjcwt]Welding Slot
[bookmark: _heading=h.3dy6vkm]
The welding slot accommodates the backing strip for when the stainless steel shell of the cold mass is welded around the magnet. The tolerance of 24 mm must be held tightly in order to maintain a close fit.
While the short shell has the same longitudinal cross section, the ends of both shells “flare” out in order to reduce the stress concentrations in the end shells. Inner radii measurements of these shells are to be taken with the Reprorubber® Quicksetting Putty and an optical scanner…


[image: ] [image: ]
Fig 3.6 Short shell welding slot (left). Long shell welding slot (right)


1.1.2. [bookmark: _heading=h.1t3h5sf]QC Plan
The quality control of specifications for the magnet shells are documented in the QC Plan for MQXFA Structures Parts Document (LBNL Document number: SU-1012-8831)

1.1.3.  Supplier Performance 
Though LBNL has master agreements with two suppliers to provide shells it was decided to award purchase orders solely to SICOM Industries USA LLC. SICOM has routinely proven capable of providing quality shells well within the lead-time requirements specified within the Master Agreement (See Fig 3.6). 
[image: ][image: ]
Fig 3.7 SICOM ID results (Left); SICOM OD Results (Right)

When compared with LBNL CMM inspection the inspection results are very consistent (see Fig 3.7). With 7 shell orders already supplied on time and meeting the LBNL acceptance criteria there is a high degree of confidence moving forward with SICOM as our sole supplier of shells for the remainder of the project.  


[image: ]
Fig 3.8 SICOM CMM inspections compared with LBNL

1.2. [bookmark: _heading=h.4d34og8]Yokes

[image: ]
Fig 3.9 Yoke lamination (Type-3, with cooling grooves)
.
1.2.1. [bookmark: _heading=h.2s8eyo1]Features of Yokes

[bookmark: _heading=h.17dp8vu][image: ]
Fig. 3.10 Common yoke fabrication features 

1.2.1.1. [bookmark: _heading=h.3rdcrjn]Radial Profile
All yokes share the same 278mm radial profile. The profile is mates with the inner radius of the magnet shells. When the MQXFA magnet is preloaded and energized it will transfer a large amount azimuthal forces from the yokes to the magnet shells. The precision of the yokes outer profile is crucial in distributing forces uniformly, thus reducing potential stress points.  
[bookmark: _heading=h.26in1rg][image: ]
Fig. 3.11 Yoke outer 278mm radius with precision profile

1.2.1.2. [bookmark: _heading=h.lnxbz9]Master Key Interface Profile
The master key interface carries a profile tolerance of 0.03mm. The features precision is critical. The manner in which the yokes are stack it is important adjacent yokes maintain a uniform smooth surface. The smooth surface is critical to magnet assembly and applying uniform forces when the magnet is energized.  


[bookmark: _heading=h.35nkun2][image: ]
Fig. 3.12 Yoke Master Key interface with precision profile
1.2.1.3. [bookmark: _heading=h.1ksv4uv]Cooling holes
The yoke 38.5mm radius cooling holes provide crucial assembly and magnet cooling functionality. The key functionalities      of the cooling holes is to      provide space for heat exchangers, bus bars, and free LHe path through the length of the MQXFA magnet structure      while cooling the cryo-chamber.      The cooling holes are not exposed to high azimuthal load bearing forces     , al     though they must maintain a 77mm diameter opening after preloaded assembly.    
[bookmark: _heading=h.44sinio][image: ]
Fig. 3.13 Yoke 38.5mm cooling hole opening     . 

1.2.1.4. [bookmark: _heading=h.2jxsxqh]Tie Rod/Bushing Holes
The two 24.1mm holes symmetric to the center line are for securing stacks in position and precise alignment by compression. The bushings are sized to be a 
close fit in these holes, and are nominally 50mm long, which is the      thickness of the yoke laminations. They are inserted into the yokes with a 25mm offset through the thickness. The 25mm of the protruding bushing then goes into the adjacent yoke. This yoke/bushing relationship is continued throughout the completed pre and half stacks. Tie rods are then passed through the bushings and torqued to spec. The compression of the nut and washer combination of the tie rods hold the stacks together, preventing separation between the laminations. The clost-fitting bushings lock the lamination stacks into one complete unit when exposed to forces perpendicular to the direction of the holes such as stack lifting operations.    

[bookmark: _heading=h.z337ya][image: ]
Fig. 3.14 Yoke 24.1mm tie rod/bushing holes 

1.2.1.5. [bookmark: _heading=h.3j2qqm3]Yoke Gap Key      Groove
The 3mm x 9.5mm yoke gap      grooves are load bearing precision features of the yokes. The      groove is designed to hold the yoke gap key in place between adjacent yoke stacks when the assembling the shell-yoke subassembly. Bladder pressure is used to lightly      preload the yokes      within the magnet shells      using precision gap key/shim sets           to maintain a uniform opening prior to the insertion of the coil pack subassembly. These gap key/shim sets are removed after the magnet has been fully preloaded     .   
[bookmark: _heading=h.1y810tw][image: ]

3.15 Yoke 3mm x 9.5mm gap key wings

1.2.1.6. [bookmark: _heading=h.4i7ojhp]Cooling Groove 
The 5.56mm cooling groove is a feature found on certain yoke laminations (     Types 1, 3, 4, 5 and 6). The cooling grooves in these laminations, when fully assembled,      are designed to      allow      a total of 150 cm2 of free helium path between the 77 mm cooling holes along the length of the magnet [Ref Magnet FRS]     .  


[bookmark: _heading=h.2xcytpi][image: ]


[bookmark: _heading=h.1ci93xb][image: ]
Fig. 3.16 Yoke cooling groove geometry
1.2.1.7. [bookmark: _heading=h.3whwml4]Load Bearing Shoulder
The yokes load bearing shoulder are notches in the 278mm radial profile. The shoulder align with the end cutout geometry of the magnet shells. The shell end cutouts allow for cradle tooling to pass through the shell and rest directly on the yoke shoulders. The precision surface is required to      ensure straightness when the weight of the 15,000LB magnet is being supported on cradles.  
[bookmark: _heading=h.2bn6wsx][image: ]

[bookmark: _heading=h.qsh70q][image: ]
Fig 3.17 Yoke load bearing shoulders



1.2.1.8. Pre-Stacks
The pre-stacks are a     n intermediary step in the yoke stacking process. The yokes are integrated into the magnet assembly in separate half-length stacks. These half-length      assemblies are comprised of 92 yoke laminations stacked in series. It was found during the      MQXFA prototype magnet efforts that           assembling the      individual yokes required a significant effort to measure and eliminate      large variances in lengths of half stacks due to tolerance stack ups     . Assembling in pre-stacks allows the supplier to mitigate the tolerance stacking by checking and correcting stack lengths at the pre-stack assembly level.  
· 588mm Pre-stacks width shall be 588mm +/- 0.13 with a Parallelism of 0.03 [.001]
· 245mm Pre-stacks width shall be 245mm +/- 0.13 with a Parallelism of 0.03 [.001]


[bookmark: _heading=h.1pxezwc][image: ]
3.18 Yoke 588mm & 245mm pre-stacks
 
1.2.1.9. [bookmark: _heading=h.49x2ik5]Half-Stacks
Half-length yoke subassemblies are assembled using four pre-stack assemblies and five intermediate yoke laminations. See Fig 3.19     . No additional machining or adjustments are to be performed prior to assembling, since the pre-stacks and laminations will have been machined/assembled within their respective tolerances.


· Yoke Half-stacks width shall be 2281.5mm +/- 0.25 with a Parallelism of 0.05 
   
[bookmark: _heading=h.2p2csry][image: ]
3.19 Example of a yoke half-stack

1.2.2. [bookmark: _heading=h.147n2zr]QC Plan
The quality control of specifications for the yokes are documented in the QC Plan for MQXFA Structures Parts Document (LBNL Document number: SU-1012-8831)

1.2.3. Supplier Performance
Though LBNL has master agreements with two suppliers to provide Yokes it was decided to award purchase orders solely to Precision Advance Machining Company (Formerly Precision Boring Company). Precision Advance Machining has routinely proven capable of providing quality yokes and Yoke stacks well within the lead-time requirements specified within the Master Agreement (See Fig 3.19).
With 4 yoke orders already supplied on time and meeting the LBNL acceptance criteria there is a high degree of confidence moving forward with Precision Advanced Machining Co as our sole supplier of yokes for the remainder of the project.

[image: ]
Fig 3.20 Example of PAMCo CMM scanned yoke profile 
[image: ]
Fig 3.21 Example of PAMCo Yoke Pre-Stack length and parallelism results

1.3. [bookmark: _heading=h.3o7alnk]Master Keys

[bookmark: _heading=h.23ckvvd][image: ]


Fig 3.22 Master Key with bladder cutouts, top & bottom

1.3.1. [bookmark: _heading=h.ihv636]Features of MASTER KEYS
The master keys are half-length (2.3 m      long) flat components made of ARMCO Grade 4 Pure Iron. The master keys come in two varieties, with or without      cutouts for the bladder junction blocks     . The master keys are a critical components in coil pack integration assembly process. 


[bookmark: _heading=h.32hioqz][image: ]

Fig 3.23 Master Key Geometry

1.3.1.1. [bookmark: _heading=h.1hmsyys]Outer profile
[bookmark: _heading=h.41mghml]The master key outer profile surface is a high precision machined feature. The aperture profile is designed with a 0.05mm tolerance. The precise nature of this surface is to allow for two, 2M long master keys configured in a master package assembly to be slid between the yoke master key interface surfaces and the load pad master key interface surface of the coil pack assembly.
· The outer profile scan is remain within .05mm profile tolerance 
[image: ]
Fig 3.24 Master key outer surface profile

1.3.1.2. [bookmark: _heading=h.2grqrue]Bladder Slots
The two 58 mm wide channels in the master keys are slots for the high pressure bladders (and later for magnetic shims, if needed). When the master keys      are mated in      a master package assembly the      high pressure bladders can be      inserted between the master keys down the      58 mm wide slots. 

  
[bookmark: _heading=h.vx1227][image: ]
Fig 3.25 Master keys with the bladder slots highlighted

1.3.1.3. [bookmark: _heading=h.3fwokq0]Alignment Key      Groove
The single 12 mm channel      in the middle of the master key is a slot for the Master key package alignment key.      This is a precise groove that mates with the bronze alignment key when assembled in the package. This      key keeps ensures the master keys are aligned      for the length of the master key package.  

[bookmark: _heading=h.1v1yuxt][image: ]
Fig 3.26 Master Key with the alignment key channel highlighted

1.3.1.4. Load Key      Grooves
The two 13.5 mm wide 
by x deep master key channels to either side of the alignment channel are the load key      grooves.      The precision drawn shimmed load key sets are inserted into these grooves during the high pressure bladder operations      and serve as interference keys when the bladder pressure is released     . The load key/shim stack sets are what      maintain the pre-load forces      in the assembled magnet.     

[bookmark: _heading=h.4f1mdlm][image: ]
Fig 3.27 Master key with the load key channels highlighted

1.3.2. QC Plan
The quality control of specifications for the master keys are documented in the QC Plan for MQXFA Structures Parts Document (LBNL Document number: SU-1012-8831)

1.3.3.  Supplier Performance 
Due to a lack of interest from suppliers in the bidding pool SICOM Industries is the sole contracted supplier of master keys. SICOM has routinely proven capable of providing quality master keys well within the lead-time requirements specified within the Master Agreement. 
With 6 master key orders already supplied on time and meeting the LBNL acceptance criteria there is a high degree of confidence moving forward with SICOM as our sole supplier of master keys for the remainder of the project.

[image: ]   [image: ]
Fig 3.28 Examples of SICOM CMM master key profile scans


Load Pads
[bookmark: _heading=h.19c6y18][image: ]
Fig. 3.29 Example of load pad type-3

Features of Load Pads 

Master Key interface
The load pad master key interface surface carries a profile tolerance of 0.03mm. The features precision is critical. Due to the nature in the manner in which the load pad are stacked, is important for adjacent load pads to maintain a uniform smooth surface down the length of load pad stack assemblies. The smooth surface is critical to magnet assembly and applying uniform forces when the magnet is energized.  
[bookmark: _heading=h.nmf14n][image: ]
Fig 3.30 Load pad master key interface profile

Collar Interface Profile 
The load pad collar interface surface carries a profile tolerance of 0.03mm. The features precision is critical. Due to the nature in the manner in which the load pad are stacked, is important for adjacent load pads to maintain a uniform smooth surface down the length of load pad stack assemblies. The smooth surface is critical to magnet assembly and applying uniform forces when the magnet is energized.  

[bookmark: _heading=h.1mrcu09][image: ]
[bookmark: _heading=h.46r0co2]Fig 3.31 Load pad collar interface profile



Tie Rod/ Bushing Holes
The two 16.1mm holes symmetric to the center line are for securing stacks in position and precise alignment by compression. The bushings are close radial fit inside these holes and are nominally 50mm long, which is the width of the load pad laminations. They are inserted into the load pad with a 25mm offset. The 25mm of the protruding bushing then goes into the adjacent load pad. This load pad/bushing relationship is continued throughout the completed pre-stacks. Tie rods are then passed through the bushings and torqued to spec. The compression of the nut and washer combination of the tie rods hold the stacks together, preventing separation between the laminations. The bushings lock the lamination stacks into one complete unit when exposed to forces perpendicular to the direction of the holes such as stack lifting operations.    
[bookmark: _heading=h.2lwamvv][image: ]
Fig 3.32 Load pad 16.1mm tie rod/bushing holes 

Pre-Stacks
The load pad pre-stacks are      an intermediary step in the load pad stacking process. The load pads are integrated into      full-length      assembly (     4.63 m      long)      stacks. The full length stacks are comprised of 92 load pad laminations stacked in series     . Assembling      the pre-stacks without additional machining and matching is possible because      the suppliers      have already managed the tolerance build up      by      measuring and correcting stack lengths at the pre-stack assembly level.  

[image: ]
[bookmark: _heading=h.3l18frh]Fig 3.33 left: 1088mm pre-stack, Middle: 1050mm pre-stack, Right: 1100mm pre stack

QC Plan 
The quality control of specifications for the load pads are documented in the QC Plan for MQXFA Structures Parts Document (LBNL Document number: SU-1012-8831)

 Supplier Performance 
Currently we have two suppliers providing load pad orders, SICOM Industries and Precision Advanced Machining Co. Both supplier have routinely proven capable of providing high quality load pad orders well within the lead-time requirements specified within the Master Agreement.
With 5 load pad orders supplied by Precision Advanced Machining Co and 4 from SICOM Industries, on time and meeting the LBNL acceptance criteria there is a high degree of confidence both suppliers will be able to provide orders for the remainder of the project.

[image: ][image: ]
Fig 3.34 Example of SICOM load pad CMM scanned load pad profile(s)
[image: ] [image: ]

Fig 3.35 Example of PAMCo CMM scanned load pad profile(s)


Collars
[bookmark: _heading=h.4k668n3][image: ]
Fig. 3.36 Example of collar type-3

Features of Collars

Load Pad Interface Profile 
The collar load pad interface surface carries a profile tolerance of 0.03mm. The features precision is critical. Due to the nature      of the interface between the load pad and collars      in the assembly, is important for adjacent collars to maintain a uniform smooth surface down the length of collar stack assemblies. The smooth surface is critical to magnet assembly and applying uniform forces when the magnet is energized.  

[bookmark: _heading=h.3ygebqi][image: ]
Fig 3.37 Collar load pad interface surface profile

Coil Interface 
The collar coil interface surface carries a profile tolerance of 0.03mm. These surface      features’ precision is critical.      The individual      collars are      assembled directly on the load pad stack to form the pad-collar subassembly, is important for adjacent collars to maintain a uniform smooth surface down the length of collar stack assemblies. The smooth surface is critical to magnet assembly and applying uniform forces when the magnet is energized.  
The assembly process requires certain collar laminations to be machined to the proper thickness in order to match the Load Pad prestack assembly lengths, as well as the final length… (may need to show images of the Pad-collar assembly, highlighting the laminations that are machined, etc.)
[bookmark: _heading=h.sqyw64][image: ]
Fig. 3.38 Collar coil interface surface profile


Tie Rod/ Bushing Holes
The two 9.1mm holes symmetric to the center line are for securing stacks in position and precise alignment by compression. The bushings are nominally 50mm long, which is the      thickness of the collar laminations. They are inserted into the collar with a 25mm offset. The 25mm of the protruding bushing then goes into the adjacent load pad. This collar/bushing relationship is continued throughout the completed collar stacks. Tie rods are then passed through the bushings and torqued to spec. The compression of the nut and washer combination with the tie rods hold the stacks together, preventing separation between the laminations. The bushings lock the lamination stacks into one complete unit when exposed to forces perpendicular to the direction of the holes such as stack lifting operations.    

[bookmark: _heading=h.1rvwp1q][image: ]
Fig. 3.39 Collar bushing/tie rod holes

QC Plan 
The quality control of specifications for the collars are documented in the QC Plan for MQXFA Structures Parts Document (LBNL Document number: SU-1012-8831)

 Supplier Performance 
Currently we have two suppliers providing collar orders, SICOM Industries and EF Precision. Both supplier have routinely proven capable of providing high quality collar orders well within the lead-time requirements specified within the Master Agreement.
With 6 collar orders supplied by each suppliers on time and meeting the LBNL acceptance criteria there is a high degree of confidence both suppliers will be able to provide orders for the remainder of the project.

[image: ]
Fig 3.40 Example of EF precision collar CMM scanned collar profile

[image: ]
Fig 3.41 Example of SICOM CMM scanned collar profile


























Magnet Sub-assembly Specifications 
Yoke stacks
The iron yoke laminations are typically 49 mm (~1.93 in.) thick and made of ARMCO Pure Iron (Grade 4). Each quadrant of the yoke stacks is joined using two 19.05 mm (¾ in.) diameter stainless steel tie rods, and aligned by close-fitting aluminum bronze bushing sleeves.  Each tie rod is pre-tensioned to 40,000 N (9000 lbs). Since the cooling holes in the MQXFA magnet are found in each quadrant, the required 77 mm clearance bore is actually formed by two adjacent yoke profiles.
[image: :images:Pro_ENGINEER - SU-1008-2526.jpg]
Fig. X. (L) 3D model of a half-length yoke stack.

The yoke laminations are initially stacked into “sub-stacks” corresponding to the junction of the shell segments.  These sub-stacks are then assembled into eight 2281.5 mm (89.82”) long sub-assemblies, which is half the length of the magnet (see Fig. X).  Four of these sub-assemblies will be assembled per half-length shell-yoke subassembly prior to the final integration of the full-length structure. 

Shell-Yoke sub-assembly
When assembling the shell-yoke subassembly, four shells (three long, one short) are initially stacked vertically on the assembly stand.  Pins are inserted only in the “Top” quadrant slots initially to align the shells prior to the insertion of the half-length yoke stacks. 
The four yoke stacks are then inserted vertically inside the stack of shells (see Fig X). A bladder operation is performed to insert the gap keys and constrain the yokes against the shells. The cooling holes in the yokes are utilized as the bladder locations to open up the gaps, which is more efficient than the operating the bladders at the internal cross support geometry.  
[image: :::::::Library:Containers:com.apple.mail:Data:Library:Mail Downloads:EF83BE61-F132-4FCE-ABEA-BA8868D37E2F:IMG_3413.jpeg]  [image: :images:IMG_3724.jpeg]
Fig. X. (L) Half-length shell stack on the assembly stand. (R) View from the top, with the yoke quadrants ready to be preloaded.
The nominal yoke gap is 12 mm, but the gap keys are shimmed to 12.1 mm total. As can be seen in Fig. X and Fig. X, the 0.100 mm interference of the yoke key produces a shell strain of about +150 micro-strain in the azimuthal direction, and of about -50 micro-strain in the axial direction. Considering the evolution of the strain measured in the magnets A03 to A06, we set the following specifications
· The shell strain in the azimuthal direction after shell-yoke sub-assembly shall be within +0.050/+0.250 micro-strain
· The shell strain in the axial direction after shell-yoke sub-assembly shall be within -0.150/+0.050 micro-strain
[image: ]
Fig. X. Shell azimuthal micro-strain measured after assembly of shell-yoke sub-assembly, for shells 2,4 and 7 in magnets A03, A04, A05, A06.
[image: ]
Fig. X. Shell axial micro-strain measured after assembly of shell-yoke sub-assembly, for shells 2,4 and 7 in magnets A03, A04, A05, A06.
After the vertical loading operation is carried out for both the half-length shell-yoke sub-assemblies, the dimensions of the yoke opening are taken. As can be seen in Fig. X, two horizontal and two vertical measurements are taken on both side of the two sub-assemblies.  It is important to notice that the vertical bladder operation and the insertion of the yoke keys with 0.100 mm interference determine an increase of the yoke cavity with respect to the nominal values. Considering the measurements taken magnet MQXFA03-05-06 we set the following specifications:

· The variation of yoke cavity dimension with respect to nominal shall be within +0.100/+0.400 mm

[image: ]
Fig. X. Measurements of variation of yoke cavity dimension with respect to nominal: two horizontal and two vertical measurements taken on both side of the two sub-assemblies in magnets MQXFA03-05-06.


When both half-length assemblies are joined together the short yoke tension rods being replaced with full-length ones. A hydraulic rig is used to pre-tension these full-length yoke tension rods to carry 9000 lbs. each (see Fig. X).  

[image: :::::::Library:Containers:com.apple.mail:Data:Library:Mail Downloads:C1B992A8-3ACA-473D-9644-3BA9A00EAFBD:IMG_4047.jpeg][image: :::::::Library:Containers:com.apple.mail:Data:Library:Mail Downloads:3C6542A2-2A91-4B7C-A33B-40C05769474F:IMG_4125.jpeg]
Fig. X. Left: Two half-length yoke-shell subassemblies, ready to be joined. Right: hydraulic rig for pre-tensioning the yoke tie rods.

Once the shell-yoke sub-assembly is completed, the protrusions of the yoke stacks at the LE and RE are measured. Two measurement per quadrant are taken and plotted in Fig. X. Considering the measurements taken magnet MQXFA03-04-05-06 we set the following specifications:
· The yoke protrusion with respect to the shell shall be within +0.600/+1.200 mm

[image: ]

Fig. X. Measurements of yoke protrusion with respect to shell: two measurements are taken per quadrant in magnets MQXFA03-04- 05-06.

It is important to point out that the required protrusion of the yokes stack with respect to the shells in the center of the magnet, which is required to guarantee full contact yoke-to-yoke when the Lead end and the Return end modules are combined to form the full shell-yoke sub-assembly, is imposed during the vertical assembly of the yokes inside the shells. Therefore, it does not depend on the yoke stack length. This is due to the fact the MQXFA shell-yoke sub-assembly (unlike in MQXFB) is composed by only two modules.








Coil-pack sub-assembly

The bottom pad-collar assembly is placed on the coil pack assembly table, and the two side pad-collar assemblies are assembled on the two pivot tables beside the primary assembly table. Based on the earlier CMM measurements performed on the coils, the inner curved surface of the collar stacks are lined with layers of G11 and/or polyimide as radial shims. While the nominal radial shim stack is 0.5 mm, including the coil GPI layer, the actual stack may vary depending on these CMM measurements.  The first build also incorporates the use of pressure sensitive film as part of the radial stack up.  These layers are eventually replaced by either polyimide or G11 in the final build (see Fig. X).
The bottom pair of dressed coils is then moved onto the bottom pad-collar assembly.  The upper pair of coils follows this operation, being secured on the assembly before the side pad-collar assemblies are rotated into place. Finally, the upper pad-collar assembly is placed on top, and all the pads are bolted together. At this stage, with un-shimmed (or without ?) alignment keys inserted into the coils the gaps between these keys and the collars are measured. 
This first assembly with pressure-sensitive paper is disassembled so that the layers can be replaced with the appropriate radial shims, and the alignment keys can be shimmed accordingly to ensure the collar-key contact conditions after cool-down. According to FEM computations, and as described in [2], this condition is achieved by assembly the coil pack at room temperature with a collar to pole-key gap of 0.200 mm per side.  This will ensure both proper alignment and minimum interception of the force from the shell at 1.9 K.  The final coil pack is measured; these measurements are used to calculate the initial shim package of the master keys described in the next section. A view of the coil- pack components and cross-section is given in Fig. X 

[image: :images:Pro_ENGINEER - SU-1007-4131.jpg][image: ]
Fig. X. view of the coil- pack components and cross-section.




0. Coil-pack dimensions

Once the bolting operation is completed, the coil pack vertical dimensions are measured along the length. In each cross-section, two horizontal and two vertical dimensions are taken, as shown in the pictures inside Fig. X and X. Two main parameters are monitored
· The uniformity of the vertical and horizontal dimensions along the z axis given by
· The difference of the average of the left and right (top and bottom) vertical (horizontal) dimensions in each cross-section with respect to the measured vertical (horizontal) average dimension of the entire coil pack  
· The squareness in the vertical and horizontal directions along the z axis, given by 
· The difference of the left and right (top and bottom) vertical (horizontal) dimensions in each cross-section.
Considering the measurements taken magnet MQXFA03-04-05-06 we set the following specifications:
· The uniformity of the vertical and horizontal dimensions along the z axis shall be within ±0.200  mm
· The squareness of the vertical and horizontal dimensions along the z axis shall be within +0.900  mm

[image: ]
Fig. X. Measured coil-pack vertical uniformity along the z axis, given by the difference of the average of the left and right vertical dimensions in each cross-section with respect to the measured vertical average dimensions of the entire coil pack.

[image: ]
Fig. X. Measured coil-pack vertical uniformity along the z axis, given by the difference of the average of the left and right vertical dimensions in each cross-section with respect to the measured vertical average dimensions of the entire coil pack.

[image: ]
Fig. X. Measured coil-pack horizontal uniformity along the z axis, given by the difference of the average of the top and bottom horizontal dimensions in each cross-section with respect to the measured horizontal average dimensions of the entire coil pack.
[image: ]
Fig. X. Measured coil-pack horizontal uniformity along the z axis, given by the difference of the average of the top and bottom horizontal dimensions in each cross-section with respect to the measured horizontal average dimensions of the entire coil pack.

[image: ]
Fig. X. Measured coil-pack squareness in the vertical direction along the z axis, given by the difference of the left and right vertical dimensions in each cross-section.

[image: ]
Fig. X. Measured coil-pack squareness in the vertical direction along the z axis, given by the difference of the left and right vertical dimensions in each cross-section.
[image: ]
Fig. X. Measured coil-pack squareness in the horizontal direction along the z axis, given by the difference of the top and bottom horizontal dimensions in each cross-section.

[image: ]
Fig. X. Measured coil-pack squareness in the horizontal direction along the z axis, given by the difference of the top and bottom horizontal dimensions in each cross-section.




4.3.1.	Pole key gap

Once the bolting operation is completed, the gap between the pole key and the collars, including the ground insulation, called the pole key gap (see Fig. X) is measured. According to the finite element computations, a gap of 0.200 mm per side at the end of coil-pack bolting results in a contact collar to pole-key at the end of the cool-down. In this ideal scenario, at the end of the cool-down no force interception occurred due to the pole key, but azimuthal alignment between collars and coil is guaranteed. 
[image: ]
Fig. X. Schematic view of the collared coil (left) and of the pole key (right), courtesy of E. Takala (CERN).

The pole-key gap is measured on all the four coils and along the z axis. Fig. X shows the average values and variations observed in MQXFA03-04-05-06. 
Considering the measurements taken on these magnets, we set the following specifications:
· The average pole key gap (per side) shall be within +0.150 mm and +0.250 mm. 

[image: ]
Fig. X. Measured pole key gap per side in magnets MQXFA03-04-05-06: average among the four coils and variation along the z axis.


0. Coil outer radius after shimming

· Nom. coil OR		113.376
· Nom. Coll. IR 		114
· GPI+Radial shim	0.0195	0.4953
· Insulated coil OR		113.8713
· Missing shim		0.1287
[image: ]
∆Rcoilpack = 2(L + R + mshim)/π + rshim
[bookmark: _GoBack]
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0. Coil-pack magnetic measurements

Once the bolting operation is completed, magnetic measurements are performed, focusing on the absolute value of the main field transfer function averaged over the straight part (see Fig. X) and the field errors in units averaged in the straight part (see Fig.X).

Considering the measurements taken on these magnets, we set the following specification:
· The absolute value of the main field transfer function averaged over the straight part of the coil pack shall be within +8.760 T/(m kA) and +8.860 T/(m kA). 

In addition, we set the following targets:
· The field errors in units averaged in the straight part of the coil pack with a reference radius of 50 mm shall be within the upper and lower bounds determined according to the Triplet Field QualityTable-version-4,May-20,2015 (https://edms.cern.ch/ui/file/2031083/1.0/HL_Acceptance_criteria_part-A_MQXFA_v1.0.pdf). 
· A systematic component (0.9 units) associated with assembly and cooldown for b6 are considered.

[image: ]
[bookmark: _Ref61379796]Figure X Absolute value of the main field transfer function in the straight part of the coil packs. Data of A03 to A06 were measured using a 110 mm long rotating coil. The lower bound is 8.760 T/m/kA and the upper bound is 8.860 T/m/kA. 

[image: ]
[bookmark: _Ref61380710]Figure 6 Field errors of the coil pack. Data of A03 to A06 were measured using a 110 mm long rotating coil. 



0. Coil-pack electrical tests


The electrical test performed on the coil-pack are described in the document “MQXF magnet Electrical QA at LBNL”, US-HiLumi-doc-956, and are summarized below. The purpose is to check if there is any obvious electrical short due to the coil assembly process.

· 1. Resistance check with hand-held multimeter
a. Coil to structure
b. Coil to coil
c. Coil to PH
· 2. Hipot.
a. Individual coil to structure, 3680 V.
· 3. Impulse test up to 2500 V, Direct- and Reversed-polarity.
a. 1000 V, 1500 V, 2000 V, 2500 V














Magnet Assembly Specifications
The high-pressure pump is attached to the bladders on both ends of the magnet (keys and bladders are half-length), and the axial loading rig is attached to the axial rods to perform the axial preload operations (Fig 6.14). The load keys will be shimmed to obtain the target strain on the shells and coils, as measured by the strain gauges, determined by the FEA model, and the axial rod strain gauges are used to monitor the axial load prestress. 
The specifications for the pre-loading of the magnets are the following:
As can be seen in Fig. 6.15, where the red square indicates the target values and the markers show the measured data taken after the pre-loading operation of MQXFA03 and MQXFA04.

· The target average measure stress on coil, shell and rods at the end of the loading shall be 
· Shell average azimuthal stress:   +58 ± 6 MPa 
· Coil (winding pole) average azimuthal stress:  -80 ± 8 MPa
· Rod average strain:  +950 µε ± 95 µε

An example is shown in Fig X, where the final values of MQXF06 are plotted.
[image: ]
Figure X Azimuthal loading of MQXFA06.

· The loading operation shall follow the sequence described below:
1. Pre-loaded axial rods with average to a measured of strain ~50 µε
2. 50% azimuthal pre-load 
3. 50% axial pre-load 
4. 100% azimuthal pre-load 
5. 100% axial pre-load 

[image: ] [image: ] [image: ]
Figure X Sequence of loading (MQXFA06).



· During the entire pre-load operation, the maximum compression measured on each coil shall never exceed -110 MPa

[image: ]
Figure X Peak stress (MQXFA06).


· Average coil size shall range within ±100 µm with respect to measurements in strain gauge location
[image: ][image: ]






· Justification



Figure X Average shimmed arc length size for MQXFA6 and MQXFA07.


Justification
Sensitivity analysis
· +0.100 mm of interference coil-collar
· -20 MPa of coil stress variation
· +12 MPa of shell stress variation

· +0.100 mm of total arc length increase (0.050 per mid-plane) 
· -13 MPa of coil stress variation
· +8 MPa of shell stress variation


In short model, successful test results with average coil azimuthal stress 
· At warm ranging from -30 MPa (MQXFS6c) to -100 MPa (MQXFS5)
· At cold ranging from -65 MPa (MQXFS6c) to -115 MPa (MQXFS5)

[image: ]
Figure X Overview of short model pre-load at 1.9 K.

In short model, successful test results with average coil azimuthal stress 
· At warm ranging from -23 MPa (MQXFS6c) to -125 MPa (MQXFS5)
· At cold ranging from -64 MPa (MQXFS6c) to -145 MPa (MQXFS4)

[image: ]
Figure X Unloading of MQXFS4.

So, regarding the -80 ± 8 MPa range for the average stress after bladder operation
· The max coil stress could reach -88-(13) = -101 MPa
· Same as MQXFS5
· The max coil stress could reach -72+(13) = -59 MPa
· More than MQXFS6c, also including further 5-10 MPa reduction due to shell cuts

And, regarding the -110 MPa limit on each coil during the bladder operation
· The max coil stress could reach -123 MPa
· In between the -120 MPa limit of the FDR and the -125 MPa reached on one successful short model
· In correspondence of the shell cuts this value could be reduced by 5 MPa at warm and -10 at cold MPa



















Assembled Magnet Specifications 

All MQXFA requirements are described in MQXFA Functional Requirements Specification, US-HiLumi-doc-36 and shown in Table X and X (we underline the ones related to the assembled magnet). The requirements are classified into two groups: “Threshold” requirements and “Objective” requirements. Threshold requirements are requirements that contain at least one parameter that the project must achieve, and objective requirements are requirements that the project should achieve and will strive to achieve.
In the following sections we focus on the requirements related to the MQXFA assembled magnet

Table X: MQXFA Threshold Requirements Specification Summary Table
	ID
	Description

	[bookmark: _Hlk63867963]R-T-01
	The MQXFA coil aperture at room temperature without preload is 149.5 mm. Coil bumpers (pions) of 1.2 mm thickness shall be installed on the four coil poles. The minimum free coil aperture at room temperature after coil bumpers installation, magnet assembly and preload shall be 146.7 mm. This guarantees an annulus free for HeII of minimum thickness 1.2 mm, average thickness larger or equal to 1.5 mm.


	R-T-02
	The MQXFA nominal outer diameter without preload is 614 mm. The MQXFA outer diameter best-fit after assembly and preload shall not exceed 615 mm.


	R-T-03
	The MQXFA magnet must be capable of operate at steady state providing a gradient of 143.2 T/m in superfluid helium at 1.9 K

	
	 (This is now replaced by R-O-07)

	R-T-05
	MQXFA magnets shall be capable of steady-state operation at ultimate current in pressurized static superfluid helium (HeII) bath at 1.3 bar and at a temperature of 1.9 K.

	R-T-06
	The MQXFA cooling channels shall be capable of accommodating two (2) heat exchanger tubes running along the length of the magnet in the yoke cooling channels. The minimum diameter of the MQXFA yoke cooling channels that will provide an adequate gap around the heat exchanger tubes is 77 mm.

	R-T-07
	At least 40% of the coil inner surface must be free of polyamide.

	R-T-08
	The MQXFA structure shall have provisions for the following cooling passages: (1) Free passage through the coil pole and subsequent G-11 alignment key equivalent of 8 mm diameter holes repeated every 50 mm; (2) free helium paths interconnecting the yoke cooling channels holes; and (3) a free cross sectional area of at least 150 cm2

	
	

	R-T-10
	The MQXFA magnet shall be able to survive a maximum temperature gradient of 100 50 K, during a controlled warm-up or cool-down, and to experience the thermal dynamics following a quench without degradation in its performance.

	R-T-11
	The MQXFA magnets shall be capable of operating at any ramp rate within ±30 A/s.

	
	

	R-T-13
	MQXFA magnets must be delivered with a (+) Nb-Ti superconducting lead and a (-) Nb-Ti superconducting lead, both rated for 18 kA and stabilized for connection to the LMQXFA cold mass electrical bus.

	[bookmark: _Hlk63869210]R-T-14
	Splices are to be soldered with CERN approved materials.

	R-T-15
	Voltage Taps: the MQXFA magnet shall be delivered with three redundant (3x2) quench detection voltage taps located on each magnet lead and at the electrical midpoint of the magnet circuit; and two (2) voltage taps for each internal MQXFA Nb3Sn-NbTi splice. Each voltage tap used for critical quench detection shall have a redundant voltage tap.

	R-T-16
	The MQXFA magnet coils and quench protection heaters shall pass the hi-pot tests specified in Table 2.

	R-T-17
	After a thermal cycle to room temperature, MQXFA magnets shall attain the nominal operating current with no more than 3 quenches.

	R-T-18
	MQXFA magnets shall not quench while ramping down at 150 A/s from the nominal operating current 

	
	

	R-T-20
	All MQXFA components must withstand a radiation dose of 35 MGy, or shall be approved by CERN for use in a specific location as shown in MQXFA Materials List [EDMS 1786261][6]


	R-T-30
	MQXFA magnets will operate in the HL LHC era for an order of magnitude of 10000 cycles. The long-term reliability of the design will be proven by having a short model magnet submitted to 1,000 powering cycles during individual test.

	R-T-22
	The MQXFA magnets shall meet the interface specifications with the following systems: (1) other LMQXFA Cold Mass components; (2) the CERN supplied power system; (3) the CERN supplied quench protection system; and (4) the CERN supplied instrumentation system.,. These interfaces are specified in Interface Control Documents [3].

	R-T-23
	The MQXFA magnets must comply with CERN’s Launch Safety Agreement (LSA) for IR Magnets (WP3) [4].

	R-T-24
	All travelers must be completed and delivered to CERN, and all NCR must be closed

	R-T-29
	Splice resistance must be less than 1.0 nΩ at 1.9 K.

	R-T-31
	MQXFA magnets must survive at least 50 quenches



Table 4: MQXFA/B Objective Requirements Specification Summary Table
	ID
	Description

	R-O-01
	The positions of the local magnetic center and magnetic field angle are measured along the magnet axis with values obtained by averaging sections ≤ 500 mm. In each section, the local magnetic center is to be within ±0.5 mm from the magnet magnetic axis both in horizontal and in vertical direction. The local magnetic field angle in each section is to be ±2 mrad from the average magnetic field angle of the whole magnet, with the exception of the first measurement in the connection side where field angle is affected by magnet leads. 

	R-O-02
	The MQXFA field harmonics shall be optimized at nominal current. Table 1 provides specific target values for field harmonics at a reference radius of 50 mm.

	R-O-03
	The fringe field target, for the magnet installed in the cryostat, is lower than 50 mT at 10 mm from the outer surface of the cryostat.

	
	 (This is now R-T-29)

	
	

	
	 (This is now R-T-31)

	R-O-07
	The MQXFA magnet must provide an integrated gradient between 554 T and 560 T when powered with current of 16.470 kA. The difference between the integrated gradient of any pair of series magnets with the same cross-section shall be smaller than 3 T. The MQXFA magnetic length requirement is 4.2 m with a tolerance of ± 5 mm at 1.9 K. The precision of the measurement of the integrated gradient shall be within ±0.02%. 








Magnet aperture

The specification R-T-01 states as follow
· The MQXFA coil aperture at room temperature without preload is 149.5 mm. Coil bumpers (pions) of 1.2 mm thickness shall be installed on the four coil poles. The minimum free coil aperture at room temperature after coil bumpers installation, magnet assembly and preload shall be 146.7 mm. This guarantees an annulus free for HeII of minimum thickness 1.2 mm, average thickness larger or equal to 1.5 mm.

· The aperture is verified with a carbon fiber cylinder with pads that engage with the coil bumpers. The design of the cylinder and pad is shown in Fig. X and X/

[image: ]
Figure X Pad.

[image: ]
Figure X Cylinder.

· The location of the coil bumpers is shown in Fig. X. 
· 
[image: ]
Figure X Coil bumper location.


Magnet outer diameter

The specification R-T-02 states as follow
The MQXFA nominal outer diameter without preload is 614 mm. The MQXFA outer diameter best-fit after assembly and preload shall not exceed 615 mm.

The OD of the magnet is measured using a pi tape. In Fig, the measurements performed on MQXFA06 are shown.

[image: ]
Figure X OD measurements.

Magnet cooling

The specifications R-T-06 and R-T-08 state as follow
· The MQXFA cooling channels shall be capable of accommodating two (2) heat exchanger tubes running along the length of the magnet in the yoke cooling channels. The minimum diameter of the MQXFA yoke cooling channels that will provide an adequate gap around the heat exchanger tubes is 77 mm.
· The MQXFA structure shall have provisions for the following cooling passages: (1) Free passage through the coil pole and subsequent G-11 alignment key equivalent of 8 mm diameter holes repeated every 50 mm; (2) free helium paths interconnecting the yoke cooling channels holes; and (3) a free cross sectional area of at least 150 cm2

These specifications are addressed by the design of the components described in Sect. X

Splices and instrumentation
The specifications R-T-14 and R-T-15 state as follow

· Splices are to be soldered with CERN approved materials.
· Voltage Taps: the MQXFA magnet shall be delivered with three redundant (3x2) quench detection voltage taps located on each magnet lead and at the electrical midpoint of the magnet circuit; and two (2) voltage taps for each internal MQXFA Nb3Sn-NbTi splice. Each voltage tap used for critical quench detection shall have a redundant voltage tap.

The process of making the coil lead solder splices and installation of the Splice Box is described in the Work Instruction document “Splice Box Work Instructions (WI)”, SU-1008-8067.

The voltage taps configuration is described in the Work Instruction Document “MQXFA Magnet Connectors and Finishing Work Instructions (WI)”,  EG-1000-0021A. and in particular in the documents

· Lead	End	connector	Skirt	Layout – SU-1011-2020
· Return	End	Connector	Skirt	Layout – SU-1011-1876
· MQXFA	Series	SG	Schematic – SU-1010-7806
· MQXFA	Series	VT	Schematic – SU-1010-3108
· MQXFA	Pre-Series	VT	Schematic – SU-1011-1677
· MQXFA	Series	PH	Schematic – SU-1010-7805
· MQXFA	Integration	and	Loading	WI	– SU-1011-5637


Electrical tests
The specification R-T-16 state as follow

· The MQXFA magnet coils and quench protection heaters shall pass the hi-pot tests specified in Table 2.

The electrical test performed on the coil-pack are described in the document “MQXF magnet Electrical QA at LBNL”, US-HiLumi-doc-956. The purpose of the test is to obtain a record of magnet electrical behavior before shipment to the test facilities at BNL. They are summarized below. 

1. Sequential resistance measurements, including the fixed voltage taps, for quench
detection at pigtail connector (the header side) at 1 A.
a. Current source (+) connected to A Lead, and (-) connected to B Lead.
b. Verify current being applied to properly calculate resistances from measured
voltages.
2. Magnet inductance measurements (L&Q) at 20, 100, and 1000 Hz.
3. Heater circuit resistance measurements.
4. Hipot
a. Coil-to-Gnd Hipot 3680 V
i. Heater floating. Cable shielding is tied to structure and thus grounded.
b. Heater circuit to Coil Hipot 3680 V
i. Structure is tied to cable shielding and both are floating.
ii. Tested coils in group (Q1-Q2, Q4-Q3) according to PH circuits
c. Heater-to-Gnd Hipot 3680 V
i. Coil floating.
ii. Outer layer PH circuits, each circuit tested individually.
5. Impulse tests at 1000 V, 1500 V, 2000 V, 2500 V, Direct- and Reversed-polarity for each
voltage.


Radiation resistance
The specification R-T-20 state as follow

· All MQXFA components must withstand a radiation dose of 35 MGy, or shall be approved by CERN for use in a specific location as shown in MQXFA Materials List [EDMS 1786261].

All components of the structure are include in the “Material list”…..?????. 

Interfaces
The specification R-T-22 state as follow

· The MQXFA magnets shall meet the interface specifications with the following systems: (1) other LMQXFA Cold Mass components; (2) the CERN supplied power system; (3) the CERN supplied quench protection system; and (4) the CERN supplied instrumentation system.,. These interfaces are specified in Interface Control Documents [3].

See Interface control document US-HiLumi-doc-375…?????

Field quality
The specifications R-O-01 and R-O-02  state as follow

· The positions of the local magnetic center and magnetic field angle are measured along the magnet axis with values obtained by averaging sections ≤ 500 mm. In each section, the local magnetic center is to be within ±0.5 mm from the magnet magnetic axis both in horizontal and in vertical direction. The local magnetic field angle in each section is to be ±2 mrad from the average magnetic field angle of the whole magnet, with the exception of the first measurement in the connection side where field angle is affected by magnet leads. 
· The MQXFA field harmonics shall be optimized at nominal current. Table 1 provides specific target values for field harmonics at a reference radius of 50 mm.

Regarding the transfer function the following specifications is set

· the absolute value of the main field transfer function averaged over the straight part of magnets after loading shall be within +8.810 T/(m kA) and +8.910 T/(m kA).  

[image: ]
[bookmark: _Ref61352117]Figure 1 Absolute value of the main field transfer function in the straight part of the magnets after loading. Data of A03 to A06 were measured using a 110 mm long rotating coil. The lower bound is 8.810 T/m/kA and the upper bound is 8.910 T/m/kA. 

Regarding the magnetic center, the following specifications are set

· The magnetic center in the horizontal direction and in the vertical direction, along the magnet length, shall be within ±0.5 mm of the magnet axis as determined by the magnet fiducials, 
[image: ]
[bookmark: _Ref61380065]Figure 3 Magnetic center in the horizontal direction with respect to the fiducials. Only the region with a local transfer function higher than 6 T/m/kA is considered. The value of the magnetic center averaged over the region is set to zero. Data of A03 to A06 were measured using a 110 mm long rotating coil. 

[image: ]
[bookmark: _Ref61380084]Figure 4 Magnetic center in the vertical direction with respect to the fiducials. Only the region with a local transfer function higher than 6 T/m/kA is considered. The value of the magnetic center averaged over the region is set to zero. Data of A03 to A06 were measured using a 110 mm long rotating coil.

Regarding the twist angle, the following specification is set
· the twist angle of the main field along the magnet length, shall be within ±2 mrad 

· [image: ]
[bookmark: _Ref61380387]Figure 5 Main field twist angle. Only the region with a local transfer function higher than 6 T/m/kA is considered. The value of the twist angle averaged over the region is set to zero. The data points in the lead end were removed due to the effect of current leads. Data of A03 to A06 were measured using a 110 mm long rotating coil.

Finally, we set the following targets:
· The field errors in units averaged in the straight part of the magnet after loading  with a reference radius of 50 mm shall be within the upper and lower bounds determined according to the Triplet Field QualityTable-version-4,May-20,2015 (https://edms.cern.ch/ui/file/2031083/1.0/HL_Acceptance_criteria_part-A_MQXFA_v1.0.pdf). 
· A systematic component (0.9 units) associated with assembly and cooldown for b6 are considered.
[image: ]
[bookmark: _Ref61380749]Figure 7 Field errors after loading. Data of A03 to A06 were measured using a 110 mm long rotating coil. 


0. Total length


· As shown in fig X, the total magnet length after loading shall be

· 179.7 + 4563 + 164 = 4906.7 mm

[image: ]
Fig. X Magnet length 
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QA/QC 
· List of all work instructions
Use the same format as the coil (un chapter at the beginning, and one at the end…)


Put the table in the appendix

	#
	Title
	ID

	1
	Coil Acceptance WI
	SU-1011-5294

	2
	Coil CMM WI
	SU-1012-3958

	3
	Yoke Pre-Stack WI
	SU-1008-8072

	4
	Yoke Half Stack WI
	SU-1009-7829

	5
	Shell Instrumentation WI
	SU-1009-3745

	6
	Shell-Yoke Assy WI
	SU-1008-2169

	7
	Loadpad Pre-Stack WI
	SU-1008-8075

	8
	Dressed Coil WI
	SU-1008-8073

	9
	Pad-Collar Assy WI
	SU-1010-1610

	10
	Coil Pack Subassy WI
	SU-1008-8074

	11
	Magnet Electrical QA at LBNL
	SU-1010-1903

	12
	Magnetic Measurements
	SU-1010-2018

	13
	Integration and Loading WI 
	SU-1011-5637

	14
	Axial Rods Instrumented WI
	SU-1008-8069

	15
	Connectors and Finishing WI
	SU-1012-5517

	16
	Splice Box WI
	SU-1008-8067

	17
	Magnet Shipping WI
	SU-1011-3284


























Magnet handling and shipment requirement 

Magnet Shipping Work Instructions (WI) Windchill Unique ID: SU-1011-3284
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Figure 16. The transfer function of MQXF in the three cases shown in figure 14:
1. pole key case = krp ~ —0.8, 2. no pole key case = kpp =~ —1.7 and 3. pole
key case = ktr ~ —0.8,0, > 0. In addition to the bladder-key operation the MQXF
also incorporates preload gains through cooldown that is also presented in the transfer
function.

Collar gap

Pole key gap
—

Figure 17. Collar gap geometry and topology views, respectively. The large arrows
illustrate the displacement direction in azimuthal preload: collars are pushed towards
the center of the magnet that reduces the collar gap.

to the pole key, two layers of 125 pm ground insulation are added on the collars that
further reduce the gap. The nominal size of the collar gap is 15 mm and the pole key is

13.9 mm wide, thus the nominal pole key gap is 300 pm.
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strain effect, see figure 5.

Figure 6 shows a typical (MQXFBP1) contact imprint on
the film of MQXFBP Fuji assembly. The film shows that the
contact pressure is the highest at the bolt locations that is
expected. The pole is in good contact throughout the contact

Figure 7: The shimming effect in the coil pack of MQXFB. L
and R are the measured left and right coil excess’, respectively,
mshim is the total mid-plane shim including left and right
sides of the coil. Note that all the values are deviations from
the nominal values. For example, rshim is zero if the total
radial shimming between coil and collar is 625 pm and mshim
is zero if the mid-plane contains only the ground insulation
layers. Note that the definition of coil pack includes all the
shimming.

The resulting coil pack is almost always different compared
to the design as the coils dont exactly respect their nominal
dimensions. Tn a rigid system, even small variations of dimen-
sion can cause considerable stress distribution deviations [7].
Moreover, the conductors get misplaced which may compro-
mise the field quality of the magnet. In order to minimize
the stress deviations caused by the azimuthal size variations
in the coils, conventionally, some mechanical optimization has

been made by adding filling material to the individual coils
5 o AV ER .
AUP-MQXFA Series...docx

0% inbox... W MOX.. WHAUP-.. WHAUP-. WHWork

a convention of removing 125 pm compared to the theoretical
radial shimming in order to improve the coil to collar interface
(explained in detail in section 6.7). In MQXFBP1 the add
tional layers are removed so that the total radial shimming is
375 pm (or -250 pm w. r. t. nominal).

|
P —

Figure 8: From left to right column: the FUJI test and final
assembly shimming plans. Top to bottom: MQXFBP1 and
MQXFBMT2. Note that coil 003 was a test, made 200 pm
smaller radially in order to fit the external quench heater.

m and -250 pm shimming plans yields -84 ym and -54 pm coil
pack sizes on average, respectively. The FUJI plan has a small
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