TS-95-010

13-Nov-95

TS-96-014


Preform and Pole Splice Design for

the LHC IR Quadrupole Magnet

Jeffrey S. Brandt

Fermi National Accelerator Laboratory
November 18, 1996

Abstract

This paper describes the design of the preform and pole splice for the LHC IR Quadrupole magnet, intended for use at the CERN European Laboratory for Particle Physics in Switzerland. These magnets will be produced by Fermi National Accelerator Laboratory. The bare and insulated preform shapes were designed to provide smoothly changing curvatures, while minimizing strain energy and strand disturbances. The pole splice is a straightforward soldered connection that satisfies electrical and thermal requirements. Design intent and implementation are discussed.

Geometry Study


The baseline design for the LHC IR quadrupole magnets calls for soldered preform shapes to be made in the conductor at the start of each coil winding. These shapes are similar to those used in the SSC dipole and low beta quadrupole magnets previously designed at Fermilab, but several improvements have been incorporated. In the low beta quads, the defined preform shapes force the conductor into extremely tight bends and abrupt directional changes, resulting in severe strand disturbances within the preforms.


Lawrence Berkeley Laboratory produced several spools of preliminary conductor that were sent to Fermilab for test winding [1]. These winding experiments revealed that the stability of the conductor was such that both coils should be wound in the favorable direction — clockwise for the left-hand lay outer cable, and counter-clockwise for the right-hand lay inner cable. These winding directions help define the preform shape sections that are contained within the radial boundaries of the lead end keys. The other preform sections ramp up and out of the coils, and will be contained between the end clamp collet quadrants. The Fermilab drawing defining the preform and pole splice geometry is shown in Figure 1.

Sections which are contained within keys


These sections of the preform geometry have typically been defined by 2-D geometric shapes which have several shortcomings. This 2-D geometry is not easily applied to a 3-D end part in which the preform geometry specified must be machined into a tube that is dropping away out of the 2-D plane. In addition, these preform sections have to match the coil cross-section at their origin, and twist to the plane containing the pole centerline at their completion. These geometrical difficulties have resulted in end part shapes which are a poor match to the shapes produced by the preform fixtures.


A slot has typically been cut into the lead end keys to accept these insulated preform sections. Too little end part material removed results in a slot too small, with obvious assembly difficulties and damaged insulation. Too much material removed results in preforms which are not firmly constrained within the end parts, and a source of many quenches. The slot geometry itself is difficult to define, and is subject to much misinterpretation by manufacturers. These problems have always resulted in a poor fit of the preform within the end parts, leaving room for the cable to move regardless of how tightly the preform slots are packed with insulation or filler material.

Sections which ramp up and out

These preform sections are perhaps more simple because they exist in a plane. However, all the bend in these sections is hard-way bend, and these are the areas most susceptible to strand disturbances. In previous designs, the geometry defined here has been a length of constant radius blending into a length of constant radius in the opposite direction. This defines an area of abrupt discontinuity, the radius in one direction causing tension on one narrow cable edge and compression on the other, changing immediately to the opposite direction with reverse cable edge effects.
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Figure 1:   Preform and Pole Splice Geometry

New Joe Cook Program


Because of the shortcomings described above, the preform geometry for the LHC IR quad magnets was designed differently. A program written by Joe Cook, called LEAD, allows the design of preform shapes that are completely defined along their entire lengths. A 2-D geometry layout from Fred Nobrega was used as a basis for this preform design, and contained certain length and minimum curve radii definitions which were retained. Program LEAD was then used to create and optimize the preform sections required.

Cubic spline provides continuous curvature

Program LEAD uses a cubic spline located at the centroid of the conductor as a base curve, and builds the preform shape around it. This type of spline provides a smooth change of curvature along its entire length, eliminating the abrupt discontinuities found in previous designs. The program input file contains the X,Y,Z coordinates of the four corners of the initial conductor position, the X,Y,Z coordinate of the centroid of the final conductor position, and the vector orientation and direction of the final conductor position.


Program LEAD creates a smoothly changing conductor path in space, and can be used with any reasonable initial and final positions. If the input conductor positions lie in a plane, the conductor path produced will lie in a plane, as required in the preform sections which ramp up and out. Program LEAD also has an option to confine the conductor path to a cylindrical shell about the Z–axis. This option was chosen to create the preform sections that are contained within the radial boundaries of the keys.

Allows conductor shape transition


The conductor used in the LHC IR quad has a shallow trapezoidal cross-section. For two reasons, it was desired to make the cavity of the preform soldering fixture rectangular in cross-section. First, as seen in end part design, hard-way bend tends to make the conductor more rectangular [2, 3, 4]. Second, and more importantly, the design of the preform fixture requires that the sections which ramp up and out be made between two sliding plates. Each plate contains one narrow edge of the required cavity, and a large sliding plane which ultimately becomes one wide edge of the cavity. It would be very difficult to machine half the conductor keystone angle into each of these sliding plates.


For these reasons, the preform sections which ramp up and out were defined to be rectangular in cross-section. This complicated the definition of the sections contained within the keys. If these preform sections were allowed to be trapezoidal, a discontinuity would exist where the sections contained within the keys transition into the rectangular sections which ramp up and out. If the section contained within the keys were defined to be rectangular, a more dangerous discontinuity would exist where these sections transition back into the trapezoidal shape required in the magnet straight section. A build-up of solder here could cause insulation or even conductor damage under curing or collaring forces.


To avoid these discontinuities, program LEAD was modified to allow the conductor to smoothly change shape. In the preform sections contained within the keys, the conductor shape changes from the trapezoidal shape required at the transition to the magnet straight section, to the rectangular shape required at the transition to the preform sections which ramp up and out.

Least-strain and curve radius optimized

When running program LEAD, the user is prompted to enter two numbers called swoop values. These values affect the path the base curve takes between the initial and final positions. The first value affects the portion of the base curve from the initial position forward, and the second value affects the portion from the final position backward. Program LEAD interactively outputs a list of curve radii and cable strain for each base curve configuration tried. Optimization consists of finding a set of swoop values that produce the best combination of large curve radii and low cable strains.

Bare and Insulated Geometry

Preform fixture and end part requirements

The actual preformed cable shapes required in a coil are produced in a fixture that forms the cable into the geometry desired, and allows it to be heated and soldered in that position. The cable must be uninsulated when this takes place. However, the soldered preform shape must be wrapped in insulation before being used in winding a coil. This means that the geometry required to be machined in the preform fixture is different than that required in the end parts. Accurately defining and machining the two sets of geometry required has always been quite difficult.


The preform fixture has an additional requirement that has complicates geometry specification. The components are made from 7075-T6 aluminum and are hard anodized. This hard anodizing acts as a mold release and allows the soldered shapes to be more easily removed from the fixture. This coating is 0.025mm thick, and allowance for it must be made when machining the fixture. For the first time, program LEAD has allowed us to accurately specify the geometry required in the preform fixtures, using bare cable geometry, and allowing for the hard anodizing thickness in all components.


The geometry required in the end parts needs to be based on insulated cable, and machined from the tube stock used for end part production. Program LEAD allows the user to define an insulated cable input file, based on the bare cable input file, with the desired insulation thicknesses added on each side. By maintaining the initial and final centroid positions, and using the same swoop values as specified on the corresponding bare cable section, the required insulated geometry is produced.

Centroid paths identical

Because the centroid of the desired preform section is used as the base curve, the bare and insulated geometry produced follow identical paths. Program LEAD produces a file containing the centroid points of each preform section, and the bare and insulated centroid files are found to be identical by inspection.

Two-piece lead end winding keys

In past magnet designs, coils have been wound around mold-released steel keys. After curing, these steel keys are removed and appropriate non-conductive keys are inserted. This aggravates the problem of the preform geometry not being well contained within the end parts. Now the preform slots must be large enough to clear the insulated preform, and also allow for the removal and insertion of the keys into the coil package.


These difficulties produce a strong desire to wind and cure around the G-10 or Ultem keys, to make sure that the keys and the preform sections are firmly bonded into the cured coil package. The surfaces defined by program LEAD will be machined into a two-piece lead end key, each piece containing one side of the appropriate insulated preform shape (see Figure 2). The accurate definition of these surfaces will ensure a good fit to the preform shape. The surfaces will be coated with an appropriate adhesive, assembled around the preform, and bolted and pinned to the winding mandrel while being clamped firmly together. This will produce a cured coil in which the preform shape is in intimate contact with the coil end parts, and is firmly bonded into the coil package.


On the outer coils, there is an additional slot which will be filled with a mold-released steel shim during winding and curing. This shim will be removed later to allow the inner coil preform to pass up though the outer coil key and into splicing position. The remaining slot will then be filled with a machined shim of the appropriate end part material, leaving only a short length of inner coil preform with non-cured containment. The shim will be dimensioned to hold this short length of inner preform as tightly as assembly will allow. We feel that these design features will result in the best preform containment ever achieved.



Figure 2:   Two-Piece Outer Coil Lead End Key

CAD and CAM Output


Program LEAD outputs several file types which represent the geometry produced. The base curve is specified by fifty points, with an appropriate four-sided cable shape constructed around each point. These fifty cable shapes are then used to generate the files which define the points, splines, rulings, and surfaces required for CAD drawings, CAM part production, and computer aided inspection (see Figure 3).

IDEAS modeler format

One file type, lead.CID, contains the corner points of each four-sided cable shape at all fifty positions. These corner points are arranged in the order required by the IDEAS solid modeler to create the individual preform sections. IDEAS needs to create each four-sided cable shape in order, and then join the fifty individual shapes into a solid. IDEAS also needs certain header and line characters to exist in the files it reads, and these have been added by program LEAD. The lead.CID files contain all two hundred corner points, and were used in IDEAS to create the preform fixture drawings.

ANVIL toolpathing format

Another set of file types, lead.CIN and lead.COU, also contain the corner points of each cable shape at all fifty positions. These corner points are arranged in the order required by the ANVIL CAD package to create the individual preform surfaces. ANVIL needs to create the one hundred points, two splines, and fifty rulings required in the definition of each surface. The lead.CIN file contains the one hundred corner points needed to define one wide surface of the preform section, and the lead.COU file contains the one hundred corner points needed to define the other wide surface.


These files can be combined to create the narrow edge surfaces of the preform sections. The lead.CTO file contains the one hundred corner points needed to define one narrow surface of the preform section, and the lead.CBO file contains the one hundred corner points needed to define the other narrow surface. These surfaces were used in defining the narrow edge up-and-out surfaces of the preform fixture, and the ramp surfaces of the lead end keys (see Figure 2).


These four file types were used in ANVIL to create the toolpath geometry for the bare and insulated preform sections which ramp up and out. Our experience has shown that IDEAS geometry does not translate well to the machine shop for surfaces like these. In addition, IDEAS solid model surfaces do not retain the rulings defined by the sides of the cable shapes, but create a different ruling set. The rulings defined by Joe Cook programs have been found to be critical to the success of the parts produced [2, 3, 4]. Therefore, the cable contacting surfaces of the preform fixtures, though created in IDEAS for the fixture drawings, will be machined on the actual parts from the geometry produced in ANVIL.



Figure 3:   Insulated Preform Geometry

Centroids, corners, and radii points

For the preform sections which are contained within the keys, a different set of LEAD files were used. Narrow edge surfaces do not need to be defined because the radii of the cylindrical shell establishes those boundaries. The wide edge rulings defined by the fifty cable shapes are extended to, or trimmed off at the appropriate radius. The points where these rulings intersect the shell radii are contained in the lead.INS and lead.OUS files, exactly like the files produced by program BEND [2].


These two file types were used in ANVIL to create the toolpath geometry for the bare and insulated preform sections which are contained within the keys. The lead.INS file contains the one hundred intersection points needed to define one wide surface of the preform section, and the lead.OUS file contains the one hundred intersection points needed to define the other wide surface. Again, the cable contacting surfaces of the preform fixtures, though created in IDEAS for the fixture drawings, will be machined on the actual parts from the geometry produced in ANVIL.


One other corner point file is output. The lead.COR file contains the corner points of each cable shape at all fifty positions, arranged in the original order of corner points defined by Joe Cook and Shlomo Caspi in program BEND [2]. Shlomo uses these files for magnetic analysis, and this format with the original extension is included as output from program LEAD to support existing analysis techniques. The last file type, mentioned earlier, is lead.CEN. This file contains all fifty centroid points of the preform section defined. In addition to facilitating the comparison of bare and insulated geometry, this file is also used in magnetic and mechanical analysis.

Pole Splice Design

Straightforward geometry

The design of the pole splice for the LHC IR quad is simplified by the fact that it exists in a plane, that it occurs outside the radial boundaries of the coil package, and that both inner and outer cables are the same width. The spliced areas are merely extensions of the preform sections which ramp up and out, and will be pre-soldered when the preforms are made. The sections which ramp up and out were allowed to angle up at 6.000° as shown in Figure 1. This will minimize the hard-way bend required in these sections and still keep the splice within the boundaries of the end clamp collet quadrants.


At assembly of the inner and outer coil sets, the insulation in the splice areas will be stripped, and the two leads will be clamped in the pole splice soldering fixture. The splice areas will have been pre-soldered in a rectangular shape as described above. In the splice fixture, the cavity produced will be shaped to fit the leads in their original trapezoid shape. The leads will be clamped in the splice fixture and heated. A cold block with circulating water will inhibit heat transfer back into the preform sections. As the solder begins to flow, the splice fixture bolts will be tightened to return the leads to their trapezoid shape and maximize strand contact between the leads. Additional splice solder will be introduced as necessary.

One transposition pitch long

The length of the pole splice will be made 114.30mm long, just over the longest transposition pitch length of 113.80mm, found in the inner cable. This length was specified by Alexander Zlobin based on electrical and thermal requirements. An alternate internal splice design will also be tried on the LHC IR quadrupole. This design effort will be documented in another report.
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