




HGQ02 Construction Summary

R. Bossert  3-17-98

Tech Note #TD-98-019


HGQ02 is the second of several 2 meter long model IR quadrupole magnets to be built at Fermilab in support of the LHC project at CERN.  Winding of the coils for HGQ02 was begun in January 1998.  The magnet is still under construction as of March 17, 1998.  A summary of the most important features is listed below:

• 70 mm bore  with 14 turns and one wedge in the inner coil and 16 turns with one wedge in the outer coil.

• Cable uses SSC strand, reconfigured for the HGQ cable.  Inner cable is 38 strand right lay and outer cable 46 strand left lay.

• Cable insulation:  Inner cable has 25 micron thick by 9.5mm wide bare kapton with 50% overlap surrounded by 4.8mm x 50 micron thick kapton coated with "modified QI" polyimide adhesive with 2mm gaps.  Outer cable has 25 micron thick by 9.5mm wide bare kapton with 50% overlap surrounded by 50 micron thick by 9.5mm wide kapton coated with "modified QI" polyimide adhesive butt lapped.

• Nominal coil curing temperature was 190 degrees Centigrade.

• Machined Ultem 2300 coil end parts made to a geometry determined by the FNAL produced computer program "BEND".

• Ground insulation consisting of a combination of 75 micron and 125 micron kapton.

• A 5mm wide "cooling path" cut into the ground wrap at the pole to provide helium flow between the bore and the body of the collared area.

• Strip heaters between the inner and outer layers, and between the outer layer and the collars.

• Bearing strips to protect the coils from the serrated collar edges and to provide a mechanism to adjust preload.

• Stainless steel collars which provide all the coil support, i.e., "stand-alone collars".

• Strain gauges to monitor azimuthal preload.  Beam gauges in the magnet body on the inner and outer coils.  Capacitor gauges in the magnet body on the inner coils and near the ends on the outer coils.

• External splice with the splice geometry determined by the FNAL produced computer program "LEAD".

• End collet with G-10 quadrant parts to support the lead end.  "Full round" laminations provide support for the return end.

 • Fully instrumented with voltage taps.

• 40 cm diameter iron yoke.

• Field adjustment shims within the yoke.

• 8 mm thick stainless steel skin welded longitudinally at the second and fourth quadrants.

• 50mm thick stainless steel end plate welded to skin.

• Instrumented end preload screws on both ends.

• Quadrant splices external to end plate.

Changes from HGQ01 to HGQ02:   

• Outer layer of cable insulation on outer coils is 50 micron thick butt lapped on HGQ02.  It was 25 micron with 50% overlap on HGQ01.

• Cable insulation adhesive is "modified QI" polyimide on HGQ02.  It was 2290 epoxy on HGQ01.

• Curing temperature is 190C on HGQ02.  It was 135C on HGQ01.

• End part material is Ultem 2300 on HGQ02.  It was G-10 on HGQ01.

• Inner cable transposition pitch is 114mm on HGQ02.  It was 131mm on HGQ01.  This was not an intentional design change.  The longer transposition pitch on HGQ01 was due to the unavailability of cable with the design pitch for HGQ01.

• The position of the final outer coil current block on the ends of HGQ02 was shifted with respect to it's position on HGQ01 to decrease the peak field in the turns on the ends.

• The end areas were shimmed azimuthally on HGQ02 to compensate for size differences between the coil body and ends.  This was not done on HGQ01.

• HGQ02 has six spot heaters, 2 near ramp splices on inner coils, 2 near quadrant leads on inner coils and 2 near quadrant leads on outer coils.  HGQ01 had no spot heaters.

• Quench protection (strip) heaters are placed between the inner and outer layers and between the outer layer and the collars on HGQ02.  They were only placed between the inner and outer layers on HGQ01.

• Yoke skin alignment keys had a slightly altered configuration on HGQ02 with respect to HGQ01.

HGQ02 Assembly History
I.  Coil Fabrication
A.  Winding and Curing Problems

1.  Coil size problems and measurement discrepancies.  


All coils, both inner and outer, are cured in mold cavities which are designed to have the precise cross section of the finished package after the coils are assembled with the final design preload applied.  The coils are cured under radial and azimuthal pressures which are similar (we believe) to those pressures to which the coils will eventually be subjected after they are collared and keyed.  


After curing, azimuthal measurements of the coils are taken at a range of pressures encompassing those which the magnet will experience during operation.  Specifically, the coils are measured at pressures of 8000 psi, 10000 psi, 12000 psi and 14000 psi (55 MPa,  70MPa, 83 MPa, 97 MPa).  The design pressures for inner and outer coils when cold and unpowered for HGQ02 were 12000 psi (83MPa) for both the inner and outer coils.   When we refer to a coil's "azimuthal size" we are referring to its size at these particular pressures. The numbers listed below are all taken at 12000 psi.


Mean size (with respect to nominal) and modulus of coils produced so far in the HGQ program are:

Inner Coils

Size @12000 psi
  Modulus (8000-12000 psi)     Cavity Size(in)

HGQi001-e/2

-.0025in,-60uM

820ksi,5.8GPa

.020


HGQi002-e/1

-.0005in, -12uM

710ksi, 4.9GPa
.020

HGQi003-e/1

-.0002in,-5uM


710ksi, 4.9GPa
.020

HGQi004-e/1

+.0005in, +14uM

610ksi, 4.2GPa
.020

HGQi005-e/1

+.0005in, +13uM

610ksi, 4.2GPa
.020

HGQi006-e/3

-.0045in, -117uM

850ksi, 6.0GPa
.020

HGQi007-e/1

-.003in, -75uM

590ksi, 4.1GPa
.020

HGQi008-e/1

-.0035 in, -90uM

620ksi, 4.2GPa
.020

HGQi009-p/1

-.005in,-130uM

600ksi,4.1GPa

.020

HGQi010-e/1

-.002 in, 46uM

610ksi, 4.2GPa
.020

HGQi011-e/1

-.0015in,-41uM

600ksi, 4.1GPa
.020

HGQi012-p/1

+.0046,+117uM

660ksi,4.5GPa

.020

HGQi013-p/1

-.004in,-100uM

590ksi,4.0GPa

.020  

HGQi014-p/1

+.0049in,+125uM

620ksi,4.3GPa

.020 

HGQi015-p/1*
+.0047in,+120uM

660ksi,4.5GPa

.020 

HGQi016-p/1*
+.0045in,+114uM

620ksi,4.3GPa

.020 

HGQi017-p/1*
+.0034in,+85uM

660ksi,4.5GPa

.020 

HGQi018-p/1*
+.0032in,+80uM

660ksi,4.5GPa

.020 

Outer Coils

Size @12000 psi
Modulus (8000-12000 psi)       Cavity Size(in)

HGQo001-e/1

+.009in, +235uM

1020ksi,7.0GPa

 .020
 

HGQo002-e/1

+.019 in, +475uM

1020ksi,7.0GPa

 .020

HGQo003-e/1

+.019 in, +485uM

1090ksi, 7.6GPa

 .020

HGQo004-e/1

+.012in,+300uM

1600ksi,10.5GPa

 .005

HGQo005-e/1

+.020in, +505uM

1060ksi, 7.3GPa

 .020

HGQo006-e/1

+.020in, +505uM

1060ksi, 7.3GPa

 .020

HGQo007-p/1

+.016in, +400uM

870ksi,6.0GPa


 .020

  2nd cure-p/2

+.015in,+370uM

1120ksi,7.7GPa

 .020

  3rd cure-p/3

+.013in,+325uM

1260ksi,8.7GPa

 .010

  4th cure-p/4

+.010in,+260uM

1480ksi,10.2GPa

 .005

  5th cure-p/5

+.0075in,195uM

1840ksi,12.7GPa

 .000

HGQo008-p/1

+.006in,+155uM

1360ksi,9.4GPa

 .000

HGQo009-p/1

+.0094in,+240uM

1404ksi,9.6Gpa

 .000

HGQo010-p/1

+.0048in,+122uM

1520ksi,10.0Gpa

 .000

HGQo011-p/1*
+.0053in,+134uM

1690ksi,11.1Gpa

 .000

HGQo012-p/1*
+.0048in,+121uM

1620ksi,10.6Gpa

 .000

HGQo013-p/1*
+.0044in,+111uM

1600ksi,10.5Gpa

 .000

HGQo014-p/1*
+.0046in,+116uM

1690ksi,11.1Gpa

 .000

e = epoxy adhesive    p = polyimide adhesive

number after slash indicates measurement number, i.e., 1st time measured, 2nd time measured, etc.

* Used in HGQ02


Strain gauge measurements taken on the mechanical model and HGQ01 indicate that the azimuthal size of the inner coils need to be, as measured by the measuring fixture,  +350uM (+.015 in) to obtain the 83MPa (12000 psi)  preload required.  The outer coils need to be +.010 in (+250uM) to obtain the required 83MPa (12000 psi).  All coils therefore need to be azimuthally shimmed to obtain the proper preload. 


On  HGQ02, the outer coils measured approximately +250uM (+.005 in), so needed to be shimmed upward by 250uM (.005 in).  The inner coils measured approximately +75um/+125uM (+.003in./+.005in.) so had to be shimmed upward by +300uM (+.012in.) or +250uM (+.010in) respectively.  The outer coil size was reduced from the HGQ01 outer coils by reducing the curing cavity size by 500 uM (.020 in.) azimuthally.  This allows them to be shimmed upward instead of downward, an easier operation as it can be done at the parting plane, uniformly across the coil from end-of-saddle to end-of saddle.  Shimming downward can only be done at the pole, which is impossible at the ends where the pole pieces are permanently cured into the coil.  


The inner coil size for HGQ02 were increased from those on HGQ01 by approximately 125uM (.005 in.).  This was an unintentional effect, probably due primarily to the differences in shape of the inner cable used for HGQ02 with respect to HGQ01.  HGQ02 inner cable has the same midthickness as that used for HGQ01 but a larger keystone angle by an amount which would make it thicker on the thick edge and thinner on the thin edge by .00025 in. per cable x 16 turns = .004 in. for the entire azimuth.  




We still do not fully understand why coil size, when measured in the azimuthal measuring fixture,  does not agree with the predictions for preload  (as read by strain gauges) indicated by the finite element model.  The FEA, strain gauges and collar deflection measurements all are in general agreement.  It is the azimuthal measuring fixture (sizing fixture) which does not yield the same numbers.  We would also like to understand why the inner and outer coils do not measure the same size compared to their respective cavity sizes. 


We will build and section a mechanical model and measure the cavity size inside the collared coil area to resolve these discrepancies.  We will look closely at the shape of the cavity size to see if small differences in angle and radius effect the perceived azimuthal "mean" size of the curved section.  


In the meantime we are choosing to believe the strain gauges.  We are therefore using the azimuthal measurements as only relative measurements, and shimming appropriately.


Coil fabrication process changes to adjust coil size are discussed in section (I,A,4).

2.  End Part Adhesion on Polyimide Coils

Magnet HGQ02 uses Ultem end parts and polyimide adhesive on the cable insulation, instead of the G-10 end parts and epoxy cable insulation used for magnet HGQ01. The recommended curing temperature for he epoxy was 135C, while the recommended curing temperature for the polyimide adhesive is 170C.  


Early coils wound with Ultem end parts and polyimide cable insulation showed end part adhesion to be very poor.  Saddles typically came off easily and the other parts did not adhere well.  In some cases, significant end part damage was evident, caused by the application of curing pressure.  Based on adhesion testing using G-10 and ultem at 170C, 180C and 190C (see "Investigation of Bond Strength of Polyimide Adhesive" TD-98-004), 190C was chosen as the curing temperature for the HGQ02 coils.  End part adhesion was considered adequate at these temperatures based on the adhesion tests and test coils.


End part adhesion continues to be a problem on polyimide/Ultem coils.  HGQ02 coils were marginal in this respect, with both outer and inner coil end parts routinely becoming "debonded" from adjacent turns.  Some coils (HGQo0xx and HGQo0xx in particular) have gradually  "flattened", or relaxed to a larger radius, during handling and measuring, causing saddles to fit poorly.  These problems have not prevented HGQ02 from being assembled, but present quality control problems which make the coils unacceptable for a production program.


Several methods are being tried to improve the adhesion problems for magnet HGQ03 coils (see section I,A,4).

3.  End Part Deformities on Polyimide Coils.

End parts on magnet HGQ02 coils exhibited deformities to a much greater degree than previous coils made with G-10 parts:

• Azimuthal deformities in outer coil keys (pole pieces) cause end areas to be as much as 250 uM (.010 in) smaller azimuthally than the straight section.

• Longitudinal deformities in the keys, primarily outer coils, causing end parts to occasionally fracture.  On the lead end of outer coils, the key is split into two sections, one of which contacts the wedge and one of which contacts the center tooling post.  After the coil is removed from the curing press (but before the center tooling posts are removed), the part which contacts the wedge is approximately 4mm offset longitudinally from the part which contacts the back of the tooling post.   The section which contacts the tooling post is exerting a large amount of force on the tooling, making removal of the tooling very difficult.  When the tooling is removed, the part of the key which was in contact with the tooling snaps back into a position longitudinally in line with the other half of the key.  These motions, of course, break the bond between the key and the adjacent turns, further decreasing the structural integrity of the coil.

• Apparent rotation of the end areas during the curing process.  When the tooling is removed from the coil, there is a noticeable "bend" to one side in the end area of outer coils.  Also, the back end of the return end key (where it contacts the tooling post) which should be perpendicular to the beam direction, is sometimes at an angle as much as 1.5mm across the width of the key (the key is about 3cm wide).


Attempts to solve these problems will be discussed in section (I,A,4).  

4.  Coil Fabrication Process and Design Changes.   


Due to the coil fabrication problems discussed in sections (I,A,2), and (I,A,3),  and to make size adjustments to compensate for the fact that the coils in HGQ02 needed significant shimming (as explained in I,A,1), several changes are being made for the HGQ03 coils (listed in no particular order):

• A thin film (20-25uM) of QIX adhesive is being placed between the end parts and the adjacent turns during winding.  Tests have confirmed that the extra film improves the adhesion of the Ultem-polyimide film bond. (although still not up to the G-10/epoxy level).

• On inner coils, the inside layer of kapton is being changed from [1 layer of 25uM (.001 in) thick x 9.5uM (.375 in.) wide kapton with 50% overlap] to [1 layer of 25uM (.001 in) thick x 9.5uM (.375 in.) wide kapton with 58%, or .030in, overlap] This extra material is expected to increase the size of the coils by nearly the required amount.  Since the cavity size is not being changed, it will also increase the curing pressure somewhat, improving adhesion.

• On outer coils, the curing cavity size is being increased from 0uM (+0in) to +125uM 

(+.005in).  The increased cavity size will cause the coil size to increase somewhat.  It will also decrease the curing pressure slightly, causing end part deformities to be less severe.  We believe the curing pressures of outer coils are presently very high, much higher than those used on HGQ01 (The curing cavity was  +500uM (+.020in) on HGQ01 outer coils). 


The lower pressure may have the undesirable side effect of worsening the adhesive bond between end parts and cable.

• Changes to the curing cycle.  At present, the curing cycle calls for a step which, at intermediate temperatures, almost all radial and azimuthal pressure is removed, while a force of 3000 lb. is applied to the end saddles.  This step was introduced to allow the G-10 end saddles to be properly seated.  It appears that the Ultem saddles do not require as much force to close, possible because friction between the material and the tooling is decreased.  We have closed saddles with a decreased end force of 2000 lb. on test coils.  We will use 2000 lb on the HGQ03 coils.  If possible (test coils will tell) we can increase radial or azimuthal forces slightly during this step, possibly preventing some of the end part rotation exhibited in HGQ02 coils.

• Reduction in winding tension.  Test winding with HGQ cable (both inner and outer) showed that a "window" of acceptability for winding tension was at least 60 but not more than 100 lb. (see HGQ01 Construction summary, section I,A).  HGQ01 and HGQ02 coils were wound with 80lb. tension.  HGQ03 test coils will be wound with 70lb. tension.  The decreased tension may reduce longitudinal stresses on end parts during winding and curing.

• Metal (probably stainless steel) end keys could be introduced if end part deformities are not improved by the previous changes. These parts could be coated with and insulating material.

• If all else fails, G-10 is available as a backup material.  One magnet's worth of G-10 parts has been fabricated. 

5.  Quenches at transition area in HGQ01.

Magnet HGQ01 had many training quenches in the outer coil at the area where the straight section ends and the end area (the area covered by end parts) begins.  This area, in HGQ01, involved a fairly sharp transition because the two areas were shimmed quite differently.  The outer coil body was shimmed downward by 250uM (.010 in) at the poles.  The ends were shimmed downward by only 75uM (.003 in), and that was done at the parting plane.  In addition, 125uM (.005 in) were removed radially from the insulation surrounding the outer coil.  This resulting transition may be the reason the quenches occurred in this area.


The outer coils which were used for magnets HGQ01 (and HGQ02) have wedges which, at three of the four "corners" (as shown in Figure 1), end at the same longitudinal position as the back end of the pole keys.  On one of the corners, at the lead end, the wedge extends past the back of the key by about 15cm.  The training quenches occurred at both the lead and return end of the magnet, and in all four quadrants, but only at three of the four corners.  There were no quenches in the corner where the wedge bridged the transition area. 

Figure 1.  HGQ02 Outer coil Layout

Also, in magnet HGQ01, there were voltage taps within .5cm of the end of the wedge at the three corners at which quenches occurred.  Small areas of the end parts were cut away to allow the voltage taps to be placed on the coils.  This cut away areas uncovered small areas of cable and slightly weakened the end parts.  It is possible that these voltage taps contributed to the instability in this area.


Several changes are being made to address this problem:

• Azimuthal measurements were taken of area encompassed by end parts as well as in the body area.  The end areas were shimmed azimuthally (different from the body if necessary) to compensate for differences between the azimuthal size of the coils at the ends and in the body.  The following chart shows the average inner and outer coil end azimuthal size measurements in the for the magnet HGQ02 coils.  Azimuthal shimming for the end areas, as well as the body is shown in section (x,x,x).  

• We will move the wedge ends at the three corners in which they are presently terminated at the back of keys.  The lead end wedge will be moved approximately 10 cm into the end area.  Both return end wedges will be moved 2 cm (as much as the end part configuration will allow).  The collar-to-end part transition area at all four "corners" will now be bridged by wedges.


This change may also help improve the adhesive bond between end parts and cable.  The transition area is the site of some of the worst debonding, and "bridging" this gap with a wedge will prevent some of the internal movement which accelerates the deterioration.

• The voltage taps placed within the outer end parts will be moved from their present position to a position farther from the transition area. 

Only the first of these three changes could be made to the magnet HGQ02 coils, since magnet HGQ01 was not tested until the HGQ02 coils were nearly complete.   All three will be incorporated into the HGQ03 coils.

6.  Parting plane lead deterioration

The parting plane lead, after it exits the coil area, extends at least a meter.  This piece of cable presents a handling problem, because the condition of the cable can easily deteriorate during the magnet assembly process, making it difficult to for the quadrant splices and possibly contributing to cable instability in this area during operation.  This became a problem during the assembly of HGQ01. 


To reduce this deterioration, HGQ02 coil parting plane leads were tinned before curing, then immediately after curing a copper "stabilizer", (a 1.5mm thick piece of copper, the same width as the cable and  3cm long) , was soldered to the cable (as described in IX,B of the HGQ01 Construction Summary).


Clamps which hold the lead to the coil and can remain with the coil during handling have also been designed and fabricated.  They were not ready for t he HGQ02 coils, but will be used on HGQ03.

 7. Curing Shim Overlap


Curing shims, which are placed between the coil and the arc pushers during curing, were, for HGQ01, made in several short pieces. (ref HGQ01 Construction Summary sect. II,C,7).  These separate pieces, on more than one occasion, became overlapped while the coil was being prepared for curing.  The coil then, during the curing process, would develop  a depression at the parting plane where the shims overlapped, causing the coil to be rejected.  

      New curing shims were manufactured in one piece, making it impossible to have the sections overlap.  They were used on HGQ02 without incident.


8.  Discoloration of cable on all coils.

Discoloration of cable, after curing, has been observed on cable used in the HGQ program.  This appears to be true regardless of curing cycle length and regardless of adhesive used (epoxy or polyimide) (refer to HGQ01 construction summary, section II,C,8).


The cable for HGQ02 was cleaned with the approved SSC process and cleaner, Axarel 6100, with limited success in removing the discoloration.  No progress has been made on this problem to date.  We will continue using that process until time permits a more comprehensive study into the problem.  

B.  Voltage Tap Installation
1.  Changes in Procedure to decrease short potential

The voltage tap installation procedure used in magnet HGQ01 is a duplication of the SSC dipole procedure.  To apply a voltage tap, the kapton insulation on the bottom of a cable is scraped away with  sharp knife until the bare cable is exposed.  The tap is then soldered onto the cable with a soldering gun.


During the assembly of magnet HGQ01, at least two turn-to-turn shorts occurred.  There is a good chance that both of these shorts were due to solder from voltage taps.  A new procedure has been created to decrease the potential for shorts related to taps.


The new procedure specifies that the kapton insulation be cut longitudinally at the center of the narrow edge of the cable, instead of scraped away.  This will make accidental scraping of insulation off the adjacent turn much less likely. It also allows the remaining kapton to be folded back, providing an insulating barrier so that solder is less likely to flow onto the next turn.  This procedure was used on magnet HGQ02. No shorts due to voltage taps were discovered during the end compression tests, or during keying.

II.  Coil Insulation and Ground Wrap
A.   Manufacturing problems with ground wrap

Three of the ground wrap pieces needed for magnet HGQ01 were rejected due to dimensional inaccuracies.  The manufacturer ultimately failed to make complete parts within tolerance.  Instead, the parts were made creased, but not folded.  Technicians in Industrial #3 were able to fold the parts by hand within the accuracy required.  


Another manufacturer made complete parts for HGQ02.  They were within our dimensional specifications, but the folds were still not acceptable.  They were nevertheless used for HGQ02, with the technicians further creasing the folds by hand.  New parts, with acceptable creases, are expected to be used for HGQ03. 

B. Outer Strip Heater Modifications 


Strip heaters were added to the space between the outer layer and the collars on HGQ02 which did not exist on HGQ01.  The strip heater assembly is 75uM (.003 in) thick.  Space for these heaters was not included in the ground wrap design.


The strip heaters consist of a 25uM (.001 in) metal element covered on each side by a 25uM (.001in) kapton "cover sheet.  To minimize the preload differences due to the strip heater, one of the kapton cover sheets (the one facing the collars) was removed.  In addition, the collar lamination radial surface is known to be 25uM (.001in) large radially.  This leaves only 25uM (.001in) extra material radially within the magnet cross section.  We will disregard this small amount and assemble the magnet with this configuration. 

C. Ground wrap change to Accept Outer Layer Heater. 


There are four layers of ground wrap radially between the outer coils and the collars.  Since there are many places which the pieces of ground wrap are cut and connected to other pieces,  both azimuthally in the body and longitudinally in the transition areas and at the ends, care must be taken to ensure that all areas are covered by at least one 125uM piece of kapton.   Due to the extra metal heater element being placed between the outer coil and the collars, there are only two layers of kapton between the metal element and the collars.  Minor modifications to the ground wrap system on the ends had to be made to ensure there were was no heater-to-collar ground short potential.  The specific changes are noted in the HGQ02 traveler in the form of a Discrepancy report. Future magnets with this strip heater configuration will need the same ground wrap modifications.

D.   Preload Adjustment Shims


Bearing strips (or collaring shims) needed to be shimmed appropriately to obtain the proper preload on all coils for magnet HGQ02.  The shim sizes used were based on HGQ01 results and experiments done with a mechanical model (see TD-97-042 "HGQ Mechanical Model Results - Synopsis", T. Heger/J. Ozelis).  

Coil placement and shim sizes used for HGQ02 are shown in Figure 2 and described below:  It was described in section (I,A,1) and restated here: 
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Figure 2.  HGQ02 Coil Placement and Shim System.
Inner coils:   shimmed up by 375 microns (+.015 inches) from nominal (design) size.

Body:

HGQi015 and HGQi016:   Coil is +125uM (+.005in) with +250uM (+.010in) kapton added to each side at parting plane.

HGQi017 and HGQi018:   Coil is +75uM (+.003in) with +300uM (+.012in) kapton added to each side at parting  plane.

Return End:

HGQi015 and HGQi016:   Coil is +50uM (+.002in) with +325uM (+.013) kapton added to each side at parting plane.

HGQi017 and HGQi018:   Coil is +00uM (+.000in) with +375uM (+.015) kapton added to each side at parting  plane.

Lead End (straight section):

HGQi015 and HGQi016:   Coil is +100uM (+.004in) with +275uM (+.011) kapton added to each side at parting plane.

HGQi017 and HGQi018:   Coil is +50uM (+.002in) with +325uM (+.013) kapton added to each side at parting  plane.

Lead End (curved section):

HGQi015 and HGQi016:   Coil is +50uM (+.002in) with +325uM (+.013) kapton added to each side at parting plane.

HGQi017 and HGQi018:   Coil is +00uM (+.000in) with +375uM (+.015) kapton added to each side at parting  plane.

Outer coils:  shimmed up by 250 microns (+.010 inches) from nominal (design) size.

Body:

HGQo011, HGQo012, HGQo013 and HGQo014:  Coil is +125uM(+.005) with +125uM(+.005) kapton added to each side at parting plane. 

Return end: 

HGQo011, HGQo012, HGQo013 and HGQo014:  Coil is -175uM(-.007in) with +425uM (+.017in) kapton added to each side at parting plane.

Lead end (straight section): 

HGQo011, HGQo012, HGQo013 and HGQo014:  Coil is -175uM(-.007in) with +425uM (+.017in) kapton added to each side at parting plane.

Lead end (curved section): 

HGQo011, HGQo012, HGQo013 and HGQo014:  Coil is -300uM(-.012in) with +550uM (+.022in) kapton added to each side at parting plane.

  
All HGQ02 shimming is all done at parting plane.    This system (as opposed to shimming at the poles) allows a smoother transition between body and ends.  Bearing strips are now the design thickness on outer coils.

Add figure showing "feathering" of kapton from body to ends.
E.  Key Extensions

Key extensions are 9.5 mm (3/8 in) long Ultem pole pieces which extend longitudinally from the back of the Ultem keys on both the lead and return ends.  They fill the pole space of both the inner and outer layers otherwise filled by the collar laminations.  They are used so that the ground wrap can be overlapped in this area to prevent cracks which might create ground shorts.


The key extensions are made to fill the same space as the collar pole area.  On magnet HGQ02, 125uM (.005in) were added to each inner pole face and 250uM (.010in) to each outer pole face of the key extensions to compensate for differences in the modulus of Ultem vs. stainless steel and to  "partially" compensate for the differential thermal contraction between the two materials.  


The shimming of the end part areas (explained in the previous section) was done to compensate for room temperature differences between end parts and body and for the differences in modulus of the materials.  It did not take the differential thermal contraction between the Ultem end parts and the body collars into account.  We will therefore have a slightly lower preload in the ends when cold than we have in the body.  The key extension area, being shimmed to only partially compensate for thermal contractions, will provide a bridge, or smooth transition between the different preloads in the body and the ends.  


Differences in size across the poles from stresses of 83MPa (12000 psi) and cooldown to helium temperatures are described in tech note "HGQ Key Extensions", TD-98-xxx, F. Nobrega and I. Novitski.

III.  Collaring

After the magnet is assembled and shimmed, it is tipped vertically and collars, including those for strain and capacitor gauges, are stacked by hand along the packaged coil assembly.  The collaring of a quadrupole is performed vertically with a pair of laminations stacked opposing each other.  The next layer pair of laminations are stacked 90 degrees out of phase with the layer below it.  This alternating of layers is repeated until collaring is complete.  A large nut at the end of the collaring mandrel is used to hold the assembly together.  

A.  Collar lamination Flatness

Collars were stamped by Plainfield Tool (the low bidders).  They have stamped laminations successfully for us many times in the past.   The drawing called for a 0.005” flatness that was later changed to 0.010” and then to 0.015”.  Inspection of the laminations showed out of flatness conditions of as much as 0.042”.  The vendor stated that the parts are coming out of the die flat and within specification however they believe the deburring operation causes the out of flatness condition.  The initial shipment of collars did not meet the flatness requirement but were accepted as they were deemed usable for the first model magnet.  Improvements in the deburring (tumbling) process now yields laminations which meet the .015 specification.  Most laminations are within .010 in of being flat.   
B.  Grooves for strain gauge wires

Lateral grooves need to be placed into the collar laminations to route strain gauge wires from their positions within the magnet to the slots that are used to route them to their respective connectors.  These grooves consisted of one modified lamination on magnet HGQ01.  They were not large enough.  Collar laminations had to be removed and modified to accept the wires.  On magnet HGQ02, two laminations have been modified to accept these wires before the collaring process. thereby avoiding the delay incurred on HGQ01. 

C.  Modifications to Full Round Laminations


The return end of magnets HGQ01 and HGQ02 use  "full round" collars, or collar laminations with the pole area removed, to enclose the coil assemblies.  Problems were encountered when these collars were places onto the coil assembly on HGQ01.  Technicians were not able to close them sufficiently by hand to allow the coil to be pressed.  "C"  clamps were necessary to seat the laminations onto the coil assembly.


In addition, when the laminations were pressed onto the coils, the sharp inside corners of the steel cause severe damage to the kapton ground insulation layers on the end.  The laminations needed to be removed, and the sharp corners rounded by about 4mm radius.  These laminations were modified before the collaring process for magnet HGQ02, and will be in stock for use on all future magnets.

D.  Strain Gauge Lamination Burr Side Reversal 

Need to add text.

IV.  Keying

            A.  Keying Procedure
Keying procedure was the same as HGQ01.  Keying was sucessful.  No turn-to-turn shorts appeared, in either the body or the return end.

B.  Hydraulic Cylinder Synchronization

During mechanical model tests, a problem was observed concerning hydraulic cylinder extension speeds.  All cylinders are manifolded together to ensure pressure equalization, but each unloaded cylinder extends at a different rate.  The faster cylinders contact the laminations first, and tend to force the assembly away from the press center.  The slower cylinders then contact the laminations in the wrong place.


The lamination tabs have angled sides and usually contact the cylinder pushers in a position close enough to allow tab engagement.  The angled sides then force the collars to recenter the assembly in the press.  However, once during the collaring of HGQ01, the tabs failed to engage the slots, and two cylinder pushers received minor damage from edge contact. [See HGQ01 Construction Summary, section (V,E)].


A solution for this problem was suggested by Bill Robatzek.  A needle valve on the inlet of each cylinder will allow the flow to the faster cylinder to be reduced.  Any other hydraulic synchronization method is quite costly, and are usually not designed to control piston extension on unloaded cylinders.  We may incorporate needle valves on the existing tooling, and will address this issue on production magnet collaring. 


 At this writing, the needle valves have not yet been incorporated.  During the HGQ02 keying,  the technicians prevented the problems on HGQ01 from recurring by closely observing tab engagements. 

C.  Final  Keyed Pressures

Final keyed pressures on HGQ02 were similar, and even in most cases a little higher, than those for HGQ01.   Azimuthal coil preloads during and after keying are shown below:  




D.  Turn-to-turn Shorts


 The completion of magnet HGQ01 was significantly delayed due to the discovery and repair of two turn-to-turn shorts.  


Two steps were taken to decrease the possibility of turn-to-turn shorts in future magnets.  Both have been implemented in HGQ02.  The voltage tap procedure was modified, as explained above in (I,B,1).  In addition,  fixtures have been designed to press the end of each coil before assembly to the pressures incurred during the keying operation.  Any shorts in the ends will presumably be found before assembly.  This was done on HGQ01 in the straight section, but not on the ends.


One turn-to-turn short was found in the end of an inner coil by this process, causing it to be rejected for use on HGQ02.  Time limitations have not permitted a detailed analysis of the position or cause of this short yet.


The end compression fixtures were also used to measure the azimuthal coil size on the ends.  Coil sizes determined by these measurements were used to calculate the size of the azimuthal end shims used for magnet HGQ02 (in section II,C). 

V.   End Can Installation

A. Fixture Capacity


The force required to close the collet over the lead end on HGQ01 was about 55000 lbs.  To obtain this force, 9500 pump psi was required on the three hydraulic cylinders installed in the press.  This is  95% of the capacity of the cylinders.  It would be desirable to increase the capacity of the end can installation fixture.  That will be done if more external splice magnets are made in the future. 


 In the meantime, the end can to be used for HGQ02 was tested in the fixture on a G-10 "master".  It was installed on the master and deflected to the expected radial deflection  of .350uM (.014 in) needed for HGQ02.  9500 pump psi was required.  The same end can was then installed on HGQ02, using 9500 pump psi, and without incident.  No shorts occured during the end can installation on HGQ02.

B. Turns moving into bore area


During one of the collet installations on magnet HGQ01, the parting plane leads moved into the bore area.  The can had to be removed to adjust the lead position and reinstalled.  Tooling has been designed to keep this from occurring on HGQ02.  A simple nylon mandrel was placed into the bore area during this operation, and successfully kept any turns from encroaching into the bore area. 
VI.  Yoke and Skinning

A.  Lamination Buckling Problems


On HGQ01, yoke laminations buckled during skin welding.  Excessive force applied by the skin due to shrinkage during welding caused the buckling.  Both lead and return end laminations buckled at the parting plane by as much as .015in., which was enough to cause contact with the collared coil assembly. 


Two changes were made to solve these problems on HGQ02:

• The skin alignment key was changed to eliminate the gap between the skin and the alignment key.   An additional 4mm was added to the skin alignment key surface (ref. dwg. MC-344868) based on yoke press measurements of HGQ01 and R&D weld experiments.  The skin is still yielded after welding, however the amount of skin travel was reduced and consequently decreased the amount of buckling.  The lead end had very slight buckling and has about a 10 mil gap between the collet and yoke.  The return end had very noticeable buckling and a 1 mil gap between the collar and yoke assemblies.  Post welding skin diameter measurements indicate about a 7 mil reduction from nominal.  Four mils can be accounted for in the yoke diameter being smaller.  The other 3 mils could be a skin thickness change, perhaps buckling and maybe nothing at all since the 3 mils is measured over 16.4 inches. 

• End yoke packs are being welded with several fusion passes.

The plan for HGQ03 is to use a wider key with an additional 5mm above the nominal 19mm width used for HGQ01 (or plus 1mm above HGQ02).  There is an R&D effort underway to study different key width designs the results of which are to be used for HGQ04 shell welding.

VII.  Bullet Installation
A. Preloading
Special lower than normal preload was used on the bullets for HGQ01. Because of the previous turn-to-turn shorts, it was considered advisable to not torque the bullets more than absolutely necessary.  The final bullet preload in the warm condition was 350 lbs.  This force allowed the bullets to move approximately .010 inches.


Later, after the first test, HGQ01 was removed from the dewar and the return end bullets were tightened significantly.  Return end bullets were tightened to a force of 6000 lb. each. This force allowed the bullets to move approximately .xxx.  When this was done, the lead end bullet force increased to approximately 3000 lb each.


The bullets on HGQ02 were torqed to a force of approximately 3000 lbs per each of the (4) bullets on the return end.  Lead end bullet load was approximately 2000 lbs per bullet.

(Elaborate on torquing procedure and on specific force per bullet).   
VIII.  Quadrant Splices

A. Heater Hipotting Leakage

Explain in detail the leakage of heaters to coil and ground (at 700 volts), and that the nitrogen caused it to go away.  It was attributed to humidity (maybe green putty not dried?)  Even though this level of leakage may not be a problem at MTF, the heaters with leakage are not connected and will not be used.
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Note:  Leakage is required to be less than .5uA at 1500V.
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B.  Forming of quadrant leads into quadrant splice parts.


Quadrant leads, as they exit the coil from the parting plane, are placed into blocks which shape them into position to be spliced.  These blocks had to be modified for HGQ01 (see HGQ01 construction summary).  These modifications allowed the HGQ02 operation to go quite smoothly.  


Also, the copper stabilizers soldered to the coils during curing porevented the leads from deteriorating during the later assembly steps as they had on HGQ01, making the forming of the quadrant leads into their desired shapes much easier.

C.  Flux transferred into cable toward magnet

After fitting quadrant leads into the configuration to be spliced on the mockup (before installing on HGQ01),  splices were made in three places.  It was evident from disassembling the mockup that flux had flowed toward the magnet  from the splice.  To prevent this on HGQ01, splices were made with the spliced area pointing downward, and much less flux was used.  Disassembly of HGQ01 will show whether this has occurred on the magnet.  Magnet HGQ01 was not disassembled when this operation was done on HGQ02, so the same procedure used for HGQ01 was used.


No magnet performance problems resulted from flux in this area, if it exists, on HGQ01.

IX.  Final Electrical connections

This operation went smoothly and without incident on HGQ02.

A.  Hipot Failure

A hipot failure occurred during the final electrical inspection of HGQ01.  It was traced to a voltage tap wire which was pinched between the last yoke lamination and the corner of a hole on the end plate through which it was being routed.  It appears that the space allotted between the inside of the steel end plate and the yoke laminations was inadequate to route the wires safely.  Three changes were implemented on HGQ02 to prevent this occurrence in the future.

•  The space between the last yoke lamination and the end plate was increased to 9mm . 

•  The hole in the end plate has been chamfered on the inside surface. 

•  Kapton sheets (.005 inches) were added to the inside surface of the end plate and the outside surface of the yoke laminations.

This problem did not occur on HGQ02.

X.  Misc.
A.  Hi Potting

Magnet HGQ02, like HGQ01,  was hipotted coil to ground, heater to ground and heater to coil at 1500 volts instead of the standard 5000 volts for coil to ground and 3000 volts for heater to ground and heater to coil.   It was not deemed necessary for the cold tests to Hipot to a higher voltage.  The magnet will be hipotted to 5000 V after testing. 
B.  Quality Control and Measurement Techniques Used

Many measurement techniques are used to establish magnet quality and reliability and to allow us to understand the relationship between these parameters and magnet performance.  They include:

• Coil press pressure measurements

• Coil press temperature measurements

• Coil azimuthal size and modulus measurements in body and ends.

• Coil radial size measurements

• Coil resistance measurements under load

• Coil longitudinal and springback measurements

• Electrical resistance, inductance, and "Q" measurements

• Voltage taps placed in coils.

• Collared coil diameter mechanical measurements

• End can perimeter measurements

• Strain gage preload measurements, both beam and capacitor gauges

• Bore Gauge measurements*

• Ringing

• End preload measurements

• Hipotting

• Yoke twist measurement*

• Yoke packing factor

• Warm and cold magnetic measurements

 
*These measurements have not been completed for magnet HGQ02, but eventually will be used in the model program.  The bore gauge is now ready to use.  Magnet HGQ01 and HGQ02 will be measured after they are tested at MTF.
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