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Introduction

Construction of the VLHC Stage 1 accelerator will require the fabrication of several thousand magnets. The largest and most numerous of these are the combined function arc magnets. This note describes a proposed production process for the magnet assembly.

Illustrations of the complete magnet assembly are shown in Figures 1 and 2.  An isometric view of the drive transmission line is shown in Figure 3.  Figure 4 shows cross sections of both the drive and return transmission lines.    For a detailed description of the magnet design, refer to the Design Study for a Very Large Hadron Collider, Chapter 5. 
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Figure 1.  Transmission Line Magnet Pictorial
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Figure 2.  Transmission Line Magnet Cross Section
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Figure 3.  Drive Transmission Line with Cryostat 
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Figure 4.  Drive and Return Transmission Line Cross Sections

Factory

3136 magnets, each 67.5 meters long, must be fabricated over a period of three years. It is therefore necessary that approximately two magnets be completed per day.  Two factories will be constructed, each of which must produce one magnet per day.  A floor plan of a proposed factory, and a schematic representation of an elevation, are shown in Figures 5 and 6. 

The factory consists of 14 “areas,” each devoted to a specific step in the fabrication process. Each fabrication area includes one or more stations needed to achieve the required throughput for a specific operation.  Each area will work autonomously and have the capability of locally storing one week’s production. The facility will be manned 24 hours per day (three shifts) five days per week. Two shifts (shifts 2 and 3) will do production at the assembly stations. One shift (shift 1) will be used exclusively to move product between the various stations, stage components at the stations and provide routine maintenance. More information concerning the factory is included in the Design Study for a Very Large Hadron Collider, Section 5.1.6.
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Figure 5.  Transmission Line Magnet Assembly Factory Floor Plan
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 Figure 6.  Transmission Line Magnet Assembly Elevation

Magnet Assembly

Assembly of the transmission line magnet for the VLHC Stage 1 accelerator consists of eight steps.  They are:

A.  Assembly of the 100kA drive transmission line.

B.  Assembly of the return transmission line.

C.  Fabrication of cryopipe assembly.

D.  Installation of iron and structural support over the cryopipe assembly and transmission lines.

E.  End Assembly

F.  Assembly of beam tube and vacuum pumping chamber.

G.  Measurement of the magnetic field of the assembly.

H.  Installation of the beam tube and vacuum pumping chamber.

Each step is described in detail below.

A.  Assembly of Drive Transmission Line for Stage 1. VLHC

The transmission line consists of four components made by outside vendors:  inner tube sections, a superconducting braid, a copper braid, and outer tube sections.  

1.  Receive inner invar pipe sections.  Each section, as received, is 12 meters long, with an OD of 1.050 inches with a .025 inch wall, and includes perforations for LHe flow.  They arrive cleaned and packaged. They are inspected, then transported to a storage area.
2.  Mount (6) invar pipes to assembly table (Area #1) as shown in Figure 7.  They are supported and aligned on the table for welding.

[image: image7.png]



Figure 7.  Inner pipe assembly and welding table (Area #1)

3.  Weld together inner invar pipes into one 67.5 meter long section.  Fusion weld with rotary welder.  If necessary, a pre-fabricated filler ring of filler material could be used.  Five clamp-on welding heads are individually clamped onto the pipe, making each of the 5 welds. When this operation is completed, a full length, continuous straight section of invar pipe is now mounted to the assembly table. 

4.   Mechanical inspection of inner invar tube is done in area #1.  First a visual inspection, then a gauge is passed over each welded area to ensure that the surface at the weld is not raised. The inner tube does not need to be vacuum tight, consequently no leak checking is necessary. 

5.   Move the inner tube to the transmission line assembly area.  This is a separate area (area #2), at which the rest of the transmission line assembly takes place.  Both drive and return transmission lines will be assembled at this station. An alignment mechanism supports the tube incrementally, every 2 meters.  The supports move aside and return, as the various component installation steps take place, by either mechanical or electronic means. 

6.  Superconducting braid is then installed at area #2. Reels of strand are supplied to the assembly factory.  The braided tube is then fabricated in place.   A wheel, with many reels of superconducting strand mounted to it, rotates around the tube while simultaneously being moved longitudinally.  This process is shown in Figure 8. The braid is then cut to length at the ends at an appropriate distance beyond the end of the tube. 

[image: image8.png]



Figure 8.  Installation of  braid onto invar tube at Area #2

An alternate method of superconducting braid installation is to have the braid fabricated by an outside vendor and supplied on a reel about 1 meter in diameter.  The completed braid is then pulled over the entire 67.5 meter pipe from one end. Tooling would be needed to compress the braid longitudinally, therefore increasing its diameter, while installation is taking place. The braid would then need to be uniformly “ironed” onto the tube with a die.

7.  Copper braid is then installed, in exactly the same manner as the superconducting braid.  Braid is cut to length, and clamped at the ends.

8.  Outer invar pipe is then fed, in 12 meter sections, over the pipe/braid assembly.

[image: image9.png]



Figure 9.  Outer invar pipe being fed onto the transmission line at Area #2

9. The outer tube is welded at Area #1.  Each section is aligned, then welded with a rotary welder.  Welding process is similar to that done on the inner tube shown in Figure 7.   Weld does not fully penetrate.  A thin backing ring, possibly stainless steel tape, may be needed, to avoid damaging the braid underneath the outer tube.

10.  The welded assembly is moved to Area #5 for leak checking. Total time at Area #5 is about 2 hours.
 11. The welded assembly is moved to Area #3.  Three carbide balls, each of increasing diameter, are pulled through the inner tube, swaging out the diameter and compressing the braid between the two tubes. All three balls are pulled through together, in one operation, by “stringing together”.  The assembly of 3 balls moves through the tube at a rate of about 1 meter per minute.  Ethyl alcohol is used for lubrication.   Inner pipe expands in diameter by 20mm, or about 7mm per ball.   The ends of the copper and superconducting braid are then tinned and trimmed.
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Figure 10.  Carbide balls being pulled through Transmission Line at Area #3

12. The assembly is then moved the cryostat assembly station. Injection molded plastic cold support rings and extruded aluminum 50K thermal shield sections are installed at Area #4.  Aluminum sections are about 50 cm long.  The support rings need to be “sprung”, or compressed in one axis to allow them to slide easily over the outer invar tube as shown in Figure 11.  This process can be started simultaneously at each end and worked toward the middle, or done all from one end.  Parts are held and moved using an automatic feed process, similar to that used for the outer invar tubes at Area #2.  Technicians load the parts from the end(s).  They are then transported to their positions.

Still need Canvas Figure Here.

Figure 11.  Support Rings over Drive Transmission Line
13. Trace tubes for 60K helium are installed as shown in Figure 12.  They are 6.4mm diameter, and are supplied on rolls.  They are “snapped into” slots in the shield.

[image: image11.png]



Figure 12.  Trace tubes being installed at Area #4

14.  Superinsulation is installed onto the 4.5K shield.  It consists of 40 layers (blankets), each consisting of dimpled aluminized mylar, alternated with sheets of yyy. The individual sheets are 4 cm wide, and are spiral wrapped with an overlap of 1 mm.  Each layer will be individually wrapped on the cryostat, from one end to the other, while the cryostat rotates on the assembly table. The layers may be wrapped one at a time, or simultaneously on 40 different spools.  Tooling will punch holes into the insulation as it is being wrapped, to accept the penetrations from the support rings.    40 layers will be wrapped in approximately 2 hours.  Figure 13 shows this operation taking place.
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Figure 13.  Superinsulation being wrapped onto thermal shields at Area #4

15. Extruded aluminum vacuum jacket is installed.  It is received in 12 meter sections, and automatically fed onto the cryostat subassembly in the same manner as was done on previous components.  The sections need to be “sprung” to install over support rings, so tooling is required to hold them as they are being transported over the 67.5 meter length.

16. The assembly is then welded at Area #1.  Vacuum jacket sections are welded together by rotary welders.  The welding process will be similar to the pipe welding, but on an irregular shape. A preformed piece, which could serve as a backing plate for welding as well as an alignment mechanism, may be necessary. 

17. Drive transmission line is bent at one end to allow correction coils to be placed between magnets at Area #6.

18. Move to Area #5.  Leak check and final inspection.

B.  Assembly of the Return Transmission Line 

The return transmission line design is similar to the drive transmission line, except a slightly larger size.  The return transmission line is not surrounded by an individual cryostat, as was the drive line.  Instead, it is included in the cryopipe assembly.

Fabrication scenario is identical to that given for the supply assembly in part A, steps 1-11.

C.  Fabrication of Cryopipe Assembly

1.   Receive pipe sections for 6.5K flow return for return transmission line (x” x .xxx  wall invar tube), 40K shield supply header (x” x .xxx  wall invar tube), and 70K shield return header (3’ x .050 wall invar tube).  Each section, as received, is 12 meters long.  They arrive cleaned and packaged. They are inspected, then transported to a storage area.
2.  For each of the three cryopipes, mount (6) pipes to assembly table at Area #1. (This area is used for welding the three pipes for the cryopipe assembly as well as the inner pipes for the transmission lines.) They are supported and aligned on the table for welding.
3. Weld together pipes into one 67.5 meter long section.  They are fusion welded with a rotary welder.  Five clamp-on welding heads are individually clamped onto the pipe, making each of the 5 welds.  When this operation is completed, the full length, continuous straight sections of pipes are now mounted to the assembly table. 

4.   Visual inspection and leak check of each of the three pipes (done at area #5).

5. Transport the return transmission line to the cryopipe subassembly area (area #7). Assembly station is shown in Figure 14.

6. Transport the three other cryopipes (6.5K flow return header, 40K shield supply header and 70K shield return header), to assembly station. 
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Figure 14.  Cryopipe Assembly Station

7. Mount and align four pipes at assembly table.

8. Attach 34 spiders, spaced every two meters. The spiders will be made in 2 of 3 pieces, and can be mounted by technicians in the appropriate positions.  They will  provide the appropriate alignment between the various cryopipes and the vacuum vessel, as shown in Figure 15.
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Figure 15.  Installation of Cryopipe Spiders
9. Attach shield sections between spiders as shown in Figure 16.
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Figure 16.  Shield Sections being attached.
10. Attach (xxx) braids to intercept from 4.5K with connection to 6.5K.  This step may not be needed depending on final design of return header.  

11. Apply superinsulation.  The superinsulation consists of 60 layers of aluminized mylar.  Three blankets, each 19 meters long, and one blanket 10.5 meters long, each 30 layers thick are wrapped around the cryopipe assembly.  The 10.5 meter layer is at the opposite end on either side, so that the gaps between the layers are staggered.  The blankets are wrapped so that they are also staggered azimuthally, so that the azimuthal cracks are not coincidental, allowing a minimum of 30 layers of superinsulation to cover any crack. The blankets have rectangular slots cut in them, longer azimuthally, to allow the spiders to penetrate the superinsulation. The slots are the same width as the spider in the longitudinal direction, but longer azimuthally.   Each of the layers of insulation is wrapped in the opposite direction, so that the slots in each layer are biased to the opposite side, ensuring that a minimum of 30 layers covers all areas.  Each of the layers is wrapped with a different azimuthal starting point, so that the longitudinal cracks are not coincidental.  Superinsulation configuration is shown in Figure 17.

Still need Canvas Figure here.
Figure 17.  Cryopipe superinsulation configuration

12. Mechanical inspection of assembly (pipe positions, visual inspection of superinsulation).

13. Transport to storage area.

D.  Installation of iron and structural support over the cryopipe assembly and transmission lines.

The iron and structural support assemblies, which include the laminated magnetic iron, vacuum vessel, and structural support, will be manufactured by industry in 12 meter sections.  They will be shipped to the assembly factory and connected longitudinally to complete the 67.5 meter length. As the accuracy of lamination profile and stackup are paramount in achieving the design parameters, some discussion is warranted.

The pole tip profile is required to be reproducible to within 20 microns. This tolerance is certainly not achievable for all features of the stamped laminations.  Manufacturing experience indicates, however, that it is possible for the limited range over which the pole is defined.  The laminations are to be stacked directly on the base datum feature for the profile.  This minimizes the tolerance buildup due to the stacking operation. The design of the core assembly tie bars and welding of the spacer bars to the laminations draw the laminations toward the reference datum from which the profile is defined, assuring that the basic dimension is maintained accurately.

The internal welding of the spacer bars to the laminations poses some unique problems associated with physically fitting the required automated welding equipment within the small space. Equipment will need to be designed that fits within the limited space.  A properly designed apparatus will produce very repeatable results. 

Several tolerance requirements are applicable to the completed iron and structural support assembly:  

( The transmission line, complete with cryostat, needs to be positioned with an accuracy of +/- ½ mm with respect to the iron laminations.  This will be accomplished by using a series of steel balls, which will contact the outside surface of the transmission line cryostat and fit into pockets stamped into the iron laminations, as shown in Figure 18.  The balls, cryostat, and iron laminations can easily be manufactured to a tolerance acceptable to accomplish the accuracy necessary between the transmission line and the iron.  The specific tooling and procedure still need to be developed, since this process was not used on the initial prototype.

( The iron lamination sections, each 12 meters long, need to be aligned with respect to each other in x and y within approximately +/- 20 microns.  This will be accomplished by the use of dowel pins, which are pressed into one end of each section during manufacturing and then slide into a hole in the mating section at assembly.  However, the manufacturing tolerance required for the x and y position of the magnetic iron with respect to the structural support base is much less stringent (+/1 mm).  It is therefore necessary to align the structural support vertically and horizontally before making the final attachment to a precision necessary to allow the pins to engage.  Furthermore, since the structural support assembly needs to slide over the transmission line with an accuracy of +/- 1/2mm, it is necessary to align the entire 12 meter section vertically and horizontally before sliding over the transmission line.

Still need Figure Here

Figure 18. Detail of Drive Line Cryostat fit into iron.

Iron and structural support assembly steps:

1.  Transport cryopipe subassembly to iron and structural support assembly area (area #11).  The table is shown in Figure 19.

Still need Figure Here

Figure 19. Iron and Structural Support Assembly Table (Area 11)

2.  Transport drive transmission line to iron and structural support assembly area. 

3.  Transport the first 12 meter long iron and structural support section into position for installation onto the cryopipe assembly and drive transmission line.

4.  Align structural support section vertically and horizontally into position to slide over the transmission line. All sections are transported from the same end.   

5.  Slide structural support section over transmission line and cryopipe assembly until it is 24 meters from its final position.  Begin inserting steel balls.

6.  Transport the first section into its final position.  

7.  Do final alignment of first section. 

8.  Transport the second 12 meter long iron and structural support section into position for installation onto the cryopipe assembly and drive transmission line.

9.  Align structural support section vertically and horizontally into position to slide over the transmission line. 

10.  Slide second structural support section over transmission line and cryopipe assembly until it is 24 meters from its final position.  Begin inserting steel balls.

11.  Slide second structural support section until it is within 5 cm of its final longitudinal position.

12.  Align second section sufficiently to allow pin insertion into the previous section. 

13.  Connect sections together, allowing pins to provide proper alignment.

14.  Repeat steps 8-13 for the rest of the 12 meter sections. 

The procedure described in the previous steps 2-14 is shown schematically in Figure 20. The transmission line has a 12 meter extension attached to one end. The final two iron sections need to first slide over the extension, before they reach the transmission line.  This is necessary, because when the balls are inserted, they need to contact the entire longitudinal surface between the transmission line and the iron.  Since the balls move longitudinally at half the distance of the iron assembly, the extension is needed to allow this to take place.

15.  A 4 cm wide band is place around each magnet support tube junction for welding.  

16.  Two welds are made at each junction between Magnet Support Tubes.  Welds are made by two torches, simultaneously welding at 180 degrees apart.  
17. Final mechanical inspection of the iron and structural support assembly. 

[image: image16.wmf]
Figure 20.  Iron and Structural Support Insertion

E.  End Assembly

1.  Still at Area #11, connect drive transmission line shield cooling line to 70K header.  

2.  Assemble end components.  

3.  Fit up and weld end vacuum vessel. 

4.  Leak check completed vacuum vessel. 
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Figure 21.  End Assembly Schematic

F.  Assembly of the beam tube and vacuum pumping chamber

1.  Beam Tube sections are received in 12-meter long extrusions at area #8. Two pieces must be seam welded together to make the final assembly, as shown in Figure 22.  

2.  Inner and outer pieces are butt welded together into 68-meter long sections. 

3.  Interior surfaces and welds are inspected, while the assembly is still in two pieces.

4.  Move to Area #9. Getter pumps are installed into outer piece.  

5.  Connect beam tube halves and make longitudinal seam weld at Area #9.  

6.  Leak check and bake out beam tube at Area #10. 

7.  Transport to beam tube storage area. 
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Figure 22.  Two Piece Beam Tube Assembly

G.  Measurement of the magnetic field of the assembly.

90% of the magnets will be tested at room temperature at area 12.  10% will be tested cold at area #13.  Ratio of warm/cold testing may be reevaluated based on the R & D program.  Details of test facilities, individual probe configuration and magnet measurement process, are shown in the Design Study for a Very Large Hadron Collider, Section 5.1.7.

1.  Set up probe insertion structure.  There are a total of 10 probes, each 6.5 meters long.  Five probes, at each spaced at 13 meter intervals, are simultaneously positioned on each side of the iron structure, in position to be inserted into the space to be eventually occupied by the beam tube.  

2.   Precise longitudinal position is verified.

3.   Probes are inserted into measurement position.

4.   Magnet is powered..  Data is taken.

5.   Probe structures are moved laterally out of the iron on each side. 

6.   Probes move 6.5 meters longitudinally into second measurement position.

7.   Precise longitudinal position is verified.

8.   Probes are inserted into measurement position.

9.   Magnet is powered.  Data is taken.

10. Probe structure moves laterally out of the iron on each side.

11. Measurement tooling is removed.

H.  Installation of the beam tube and vacuum pumping chamber

1.  Beam Tube Assembly is mounted onto Structural Support. 

2.  Beam Tube Assembly is installed.  Beam tubes are installed from the side.  On half the assemblies, the beam tube must be “sprung” into position, but then will naturally stay in position after it is installed.  On the other half, it will slide into position easily, but will need to be secured afterward.  To make the process identical for all beam tubes, all will  be snapped into position by use of a detent, as shown in Figure 23.  Half the beam tubes will need to be compressed hydraulically (or pneumatically) to allow them to enter the laminated iron.

[image: image19.wmf]
Figure 23.  Method of securing Beam Tube and Vacuum Pumping Chamber.

I. Final inspection of the assembly

Conclusion
A transmission line magnet for the VLHC can be built using available technology.  Some tooling design and development needs to be done, but there are no major impediments to the completion of these magnets at a reasonable cost.
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