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ABSTRACT

Construction details, assembly data, coil stress and end force measurements are
reported with quench data for the initial full-length SSC model dipoles with 50 mm
aperture being built at BNL.

INTRODUCTION -.

A series of six Collider Dipole model magnets are being assembled and tested at
BNL. These magnets embody the design principles that have been employed in the
previously tested series of 40 mm aperture magnets that have been built at BNL over the
past few years in support of the SSCL program, m The major change in these magnets (in
addition to the large aperture) is the use of wider cables for the inner and outer coils to
provide an increased margin, greater than I0%, at operating field. Other basic design
features that were used in the 40 mm magnets such as horizontally split yokes, internal
ramp splices between the inner and outer coils and individually determined ends clamped
in collars were retained. These magnets are instrumented with strain gauge collar packs

to measure coil azimuthal stress and end force transducers to measure the force of the coil ,_,_A S TfR
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ends against their support. Voltage taps applied to the inner coil turns and at coil splices
are installed in these magnets for quench origin determination. This paper discusses the
design details and some test results ft,L-the first three magnets tested in this series. This
includes rnechanical assembly coil stress and end force histories, quench performance
results and coil stress and end force measurements made during testing. Field quality and
multipole measurements are discussed in a separate paper, el

DESIGN

The magnets utilize a two-layer cosine 0 coil design with 50 mm aperture and 100
mm outer diameter. The details of the magnetic design of this magnet have been
previously published, vi The characteristics of the superconductor used in the three
magnets discussed here are given in Table I. Table II iists the construction details for the
three magnets. The two dimensional cross section of the cold mass is shown in Figure 1.
The collars used in this cross-section have 4 mils of compensation. This means that the
locations of the collar keyways are 6 mils closer to the midplane than those which would
make the collar outside diameter perfectly circular. When tapered keys are inserted into
the keyways and the clearance between the keys and keyway is 2 mils the vertical diameter
of the keyed collar is 4 mils less than circular. This effect has been referred to as "anti-
ovalization" and is now called compensation. This is to correct in part for the typical 10
rail vertical ovality created by deformation of the collars due to coil stress and insertion
of the tapered keys.

Cable Parameters 1 Mechanical Inner Coil Outer Coil ii

Filament diameter 7_ 6.0 6.0

Strand diameter_ mm 0.808 .... 0.648

Number of strands 30 36

Bare cable width_ mm 12.34 11.68

Bare cable mid-thickness_ mm 1.458 1.156

Keystone (max/min) thickness, mm 0.262 0.206

Strand Properties Electrical

I Jt @ 5.6 T Jc @ 7.0 T
Coil Cu:SC [and4.2K and 4.2K

DCA207 Inner-upper IGC 1.55 w 2716 1811
Inner-lower IGC 1.54 2661 1787
Outer-upper IGC 1.75 2397 1645
Outer-lower IGC 1.75 2397 1645

DCA208 Inner-upper IGC 1.34 2571 1732
Inner-lower IGC 1.34 2571 1732
Outer-upper Oxford 1.79 2638 1756
Outer-lower Oxford 1.76 2614 1740

DCA209 Inner-upper Oxford 1.5 2700 1835
Inner-lower Oxford 1.5 2700 1835
Outer-upper Oxford 1.83 2665 1771
Outer-lower Oxford 1.79 2629 1750

Table I.



W6733 coil design.

Cable insulation: 48% overlap wrap of 25 _m Kapton type H film covered
with a butt wrap of Hexcel F185 epoxy impregnated
adhesive.

Solder filled internal ramp splice epoxy bonded to adjacent turn.

Collar design: 4 rail vertical OD compensation (reduction)

Collars spot welded, tapered (3* per side), alternating L/R pairs.
Material: 21-6-9 stainless steel, strain hardened to 90,000 psi yield strength.

Collar packs: 6-inches long assembled on brass tubes and adjusted to length
with variable brass shims in center of pack.

Outer coil scuff guard: brass, 15 rail.

Coil shims: brass, mechanically seated at collar pack ends.

Monolithic type (emulating a one-piece half-yoke) horizontally split.

Cross flow cooling.

Epoxy bonded stainless steel yoke modules at lead and return ends.

One piece, 1.5 inch (37 mm) stainless steel end plates welded to helium
containment shell.

Helium containment shell extension with access ports for instrumentation
mounted at lead and return ends, closure with dished heads.

4

Preloaded bullet type end force strain gauge transducers at both ends.

Table II. Construction features of 17 m, 50 mm magnets DCA207-209.

The collared coils arc installed into the yoke with a horizontal split line and
nominal line to line fit between collar outside diameter and yoke inner diameter. The yoke
is made up of individually assembled blocks that are stacked without gaps between them.
Spacer laminations between the yoke blocks have slots which together with flow directional
plugs on the collar and in the end plate bypass holes, provide the directed cross flow of
helium for increased cooling in the annulus between the beam tube and inner coil. This
is referred to as "cross flow cooling", t41 The yoke halves are prevented from lateral
displacement by means of alignment keys at the horizontal split line.

Two. 197 in. thick type 304 stainless steel shell halves are welded around the yoke
at each side of the horizontal split line, separated from one another by stainless steel
alignment mils, so that a total of four longitudinal welds are made for each magnet.
During welding, closure of the yoke split line is verified by feeler gauge measurements
through access ports in the alignment mils, which are later welded closed. At each end
of the magnet, a 1.5 in. thick circular end plate is welded directly to the shell ends.
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Figure 1. Cold mass cross section.

Figure 2 is a diagram of the construction of the cold mass at the lead end. The
construction at the return end is similar. Coil end axial restraint is provided at each end
by four instrumented set screws installed into threaded holes in the end plates. They are
loaded against stainless steel pressure plates mounted to the coil ends.
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Figure 2. Return end.
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The magnet cold mass is installed into a cryostat with multi-layer insulation and
both a 4 K and 20 K heat shield. The magnet is supported at five locations with "folded
post" type supports which minimize heat leaks. DCA207 utilized a BNL design cable bus;
DCA208 and subsequent magnets feature an MIT design cable bus.

COIL FABRICATION EXPERIENCE

Ali coils were cured at pressures higher than 7 kpsi due to the consistent use of
oversized cable. Coils were molded to target sizes which would result in molding
pressures of 7 kpsi when nominal size cable is used. The measured sizes of the molded
coils, referenced to a standard of the design size, are given in Table III.

Std. Dev./Max.

Magnet Coil Azimuthal Size _ Der.
(+ mils) (mils)

I I

INNER COILS
•D

DCA207 DCAI2001 -0.5 1.4/4/5
DCAI2002 -0.4 1.3/3.75

DCA208 DCAI2003 -0.5 1.0/3.75
DCAI2004 -2.4 1.3/4.75

DCA209 DCAI2005 -0.8 0.9/3.5
DCAI2006 -1.3 1.0/4.25

OUTER COILS

DCA207 DCAO2001 8.3 1.5/5.25
DCAO2002 8.2 1.3/4.75

DCA208 DCAO2003 9.0 1.3/3.25
DCAO2004 8.1 0.8/3.0

DCA209 DCAO2005 9.1 1.0/4.0
DCAO2006 8.3 1.0/3.25

i

t As compared to the magnetic design coil size, with
coil measured while under the design compressive stress.

Table III. 15 m SSC Coil Size Data.

MECHANICAL BEHAVIOR --

Collaring _nd A_embly Histo_

Assembly shim thicknesses were chosen in each case to provide the desired
azimuthal coil stress after collar assembly. The inner coils used assembly shims larger
than design by 15 mils; the outer coils used shims which matched the design value within
2 mils. (The relationship between measured coil size and required assembly shim
thickness is not fully understood and shall be studied in the near future.)

The coils were mounted in collars and placed in the collaring press which applies
both vertical and horizontal pressure to the collars to make use of the "tapered key"
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method to collar these coils. The full-hard bronze keys have a three degree taper which
when inserted into the keyways applies tension to the collars. This occurs at the end of
the keying process and results in significantly less loss in coil stress when the hydraulic
pressure is removed than if the tapered keys were not used. The inner coil stresses show
an initial loss amounting to about 10% in the first hour. The rate of relaxation decreases
significantly with time.

After collaring, (and when the coil stress relaxation has stabilized) the fit of the
collar into the yoke was verified by measuring the deflection of the collars containing the
compressed coils. Measurements were taken at 6-inch intervals along the length of the
straight section of the coils and at one inch intervals at both the lead and return ends.
These ,neasurements record the vertical and horizontal dimensions. The fit of the collared

coil in the yoke is inferred from these measurements using the measured inside diameter
of the yoke laminations. The interference or gap for the three magnets as determined by
this method is shown in Figure 3. The average coil stress for each magnet is indicated
along the X-axis. It is seen that although there is some variation of the stress in each
magnet the vertical yoke diametral interference is close to 7 mils in each case and that
there is virtually a line to line fit of the collared coil into the yoke along the horizontal
midplane.
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Figure 3. BNL A2ST Magnets. Average collar-yoke interference in the magnet
straight section (5.340" yoke I.D.). The vertical interference is
indicated by O, the horizontal by VI.

Coil $_rcss and End Forces

The coil stress histories and end force variation will be examined as follows:

" During the assembly steps up to test.
.. Cool down and warm up effects.
" Coil Stress and End Force Effects in Testing.

In the discussion of the above effects, data from the assembly and testing of DCA209 will
be used. DCA207 and DCA208 had similar behavior.
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a. Coi) Stress and End Force History

The stress history of the ambient temperature polar stress for the average inner and
outer coil stresses is shown in Figure 4. Starting with the data that was taken a day after
collaring, there is a steady relaxation of coil stress up to the time that the shell was
welded. At the time the shell is welded there is an increase in stress as the coils are

compressed by the tensile force induced in the shell by the welding process. The yoke
horizontal midplane gap was measured to close after the root pass of shell welding for ali
three magnets. The rate of stress relaxation increases again at the higher stress levels after
shell welding. The relaxation continues at a low rate and the stresses measured
approximately 80 days after the shell welding and the magnet has completed testing show
that the inner coil stress has dropped from 11,000 psi to 9800 psi and the outer coil stress
has decreased from 9800 psi to 8800 psi.
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Figure 4. Magnet DCA209, Coil Stress at Ambient Temperature. The inner
layer is indicated by VI, the outer by O.

The end force history during the same period is somewhat more complicated and
is shown in Figure 5. The initial setting of the load screv s that support the ends of the
inner and outer coils is about 4000 lbs. per end. In order to complete the assembly of the
cold mass a 7/16 inch wall cylinder is welded onto the end plate as shown in Figure 6.
The purpose of this extension is to provide adequate space for the instrumentation boards
and connections that are used in these model magnets. During this welding process the
end force increased by about 10,000 lbs. on the lead end of the coil and by 6000 lbs. on
the return end of the coil. This was believed to be caused by warpage of the end plate

during the welding process. Referring to Figure 5 again, it is seen that the end force stays
about the same until installation in the test stand where there is about a 1500 - 2000 lb.

decrease. However, after the magnet had completed testing the end force at both the lead
and return ends had increased to the 15000-20000 lb. range. This behavior was caused by
a tendency of the end force to increase during testing. Figure 7 shows the end force for
magnet DCA209 as a function of time throughout the first cold test cycle. Short arrows
on the plot indicate excitations greater than 1000 A and long arrows represent excitation

:[I
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whereby the magnet was quenched. From the plot one observes that with each magnet
excitation there is a corresponding increase in the end force. A possible explanation for
this is due to a retention of a portion of the axial Lorentz force produced during magnet
excitation at the coil ends. In this case, the Lorentz forces expand the coil axially.
Following excilation, the friction between the collars and the yoke laminations may prevent
the collared coil assembly from returning to its original position and therefore increase the
end load.
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Figure 5. Magnet DCA209, End Force at Ambient Temperature. A: Initial
Setting; B: Extension Tube Weld; C: Start Test; D: End Test. The
lead end is indicated by 1"1,the returnend by O.

" o

Figure 6. Lead end extension.
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b. Cool down and warm up effects

Table IV presents a summary of the changes in coils stress and end forces for the
three magnets tested from the start to the completion of testing. There is some consistency
in the amount of stress loss in the inner and outer coils when cooled from ambient to

operating temperature. The coils typically loose about 4000 psi. The end forces are not
as consistent from ambient to operating temperature. In some cases there is a small
increase, in others a small decease. CharacteristicaUy it appears that they remain
substantially the same through cool down. In most cases the end forces increase during
testing as mentioned above; however, the return end force for DCA207 did not show this
effect.

c. Coil stress and end forcx;during magnet excitation

Data from the testing of DCA209 will be used to illustrate the effect of magnet
excitation on the behavior of the;coil stress and end forces. The variation of inner coil

stress with current is shown in Figure 8. The polar stress indicated by the gauges in each
quadrant is plotted as a function of magnet current squared. The serial number of the
gauges is shown in the legend. Note that the stress deceases somewhat quadratically with
current to about the operating point at 6600 A. At that time the poles of the coils are still
under compression. This run was made under sub-cooled conditions so u.at the magnet
could be powered above 8000 A. It is seen that as the current rises above 7000 A, the
slope of the curves start to flatten out indicating that the coils are becoming unloaded at
the poles. This gives a good method of verifying the cold calibration of the gauges since
the fiat part of the curves indicate zero polar stress. The offset shown of several hundred
psi is the error in the compensating gauges resistance tracking with the active gauges.
Thus one can correct these curves to indicate zero stress at above -7500 A. Note that

these magnets are capable of running well above the point where the poles of the inner



coils have become unloaded without quenching.

DCA207 DCA208 DCA209

Inner coil stress (psi):
1. Before cooldown 11292 9370 10295
2. After cooldown 6617 5317 6428
3. Change 4675 4053 3867
4. Percent loss 41.4% 43.3% 37.6%

5. Warm, after test 10307 8919 9742
6. Delta for test -985 -451 -553

7. Percent change for test -8.7% -4.8% -5.4%

Outer coil stress (psi):
1. Before cooldown 7399 8117 8994
2. After cooldown 3988 3596 4778

3. Change 3411 4521 4216
4. Percent loss 46.1% 55.7% 46.9%

5. Warm, after test 7045 7851 8898
6. Delta for test -354 -266 -96

7. Percent change for test -4.8 % -3.3 % - 1.1%

Lead end force (pounds):
1. Before cooldown 14493 9975 9901
2. ;,,fret cooldown 10685 11457 11722

3. Change 3808 -1482 -1821
4. Percent increase -26.3% 14.9% 18.4%

5. _/arm, after test 16652 14410 15868
6. Delta for test 2159 4435 5967
7. Percent change for test 14.9% 44.5% 60.3%

Return end fore; (pounds):
1. Before cooldown 15595 11375 6347
2. After cooldown 14262 11415 7090

3. Change 1333 -40 -743
4. Percent increase -8.5% .4% 11.7%

5. Warm, after test 13370 17214 19356
6. Change for test -2225 5839 13009
7. Percent change for test -14.3% 51.3% 205.0%

Table IV. Summary of Stress and End Forces from Magnet Tests.

The behavior of the outer coils is somewhat different as shown in Figure 9 in

which the outer coil quadrant stresses are plotted as a function of current squared. The
Lorentz forces have relatively little effect on these coils and the stress only decreases a
small amount with current. However, there is an interesting effect here. The curves of

coil stress vs. current squared seem to show a dual slope. Initially the average slope for
the gauges is -7.07 x 10.5 psi/A 2. However at --4500 A, the slope becomes -2.86 x 10.5
psi/A 2. The interpretation is that there is a slight gap between the collars and the yoke
near the mid plane. When the magnet is energized a horizontal component of the Lorentz
force is produced which tends to increase the horizontal deflection of the collars.
However, as soon as the collars contact the yoke, the bending stiffness of the yoke
decreases the amount of horizontal deflection with force (and resulting stress decrease).



Thus, the slope of the curves become less. In this case, we assume that the collared coil
is firmly supported by the yoke at 4500 A (2 x 107AS)) and above.

The change in end force with excitation is shown in Figure 10 in which the total
end force at the lead and return end are plotted as a function of amperes squared. It is
seen that these curves are quite linear and that the total end force change up to 8400 A is
about 10,0_ lbs. at the lead end and 6000 lbs. at the return end.
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QUENCH ANALYSIS

The quench test procedure for ali three magnets consisted of ramping up the magnet
current at a specified rate until a quench was generated, and performing this until the
quench currents achieved had reachr.d a four-quench plateau, within an allowable range
of 30 A, and the quench origins were at locations that implied that they were coaductor-
limited. For the first quench at each testing temperature, a strain gauge run to quench,
where the ramp was stopped at specific current steps to take strain gauge measurements
on the way to quench, was used instead of a continuous ramp. In addition, at the end of
each set of plateau quenches, strain gauge measurements were made at current steps almost
up to quench plateau current and then on the way down again. Then, after a warm-up to
room temperature and re-cooling (thermal cycle), a queach plateau was again established
at 4.35 K. In the case of DSA207 and DSA209, quenching was also performed at the
lower temperatures of 3.85 K and 3.5 K, where the central field is about 8.1 T and 8.5
T, respectively. The quenching at lower temperatures is done to test the limits of a
magnet's mechanical performance under the stress of the higher magnetic fields possible
at the lower temperatures. DCA208 was not tested under these conditions.

Figure 11 shows the quench history for the magnets tested. For brevity, the plot
shows only the quenching at 4.35 K and does not exhibit quenches done at lower
temperatures or those done at various ramp rates to study ramp-dependent effects. These
results will be discussed later. Ali three magne_ exhibited only minor training as they
went quickly to plateaus which were close to values predicted from measurements of short
sample cable. Small variations about the mean plateau quench current are attributed to
cryogenic temperature fluctuations. All the plateau quenches were located in a straight
section of a pole turn (turn 19) of an inner coil; this is expected for conductor-limited
quenches, since these are the regions of highest magnetic field where the critical field can
be expected to be reached first. It also should be noted that none of the magnets
experienced quenches in the outer coils under any of the conditions imposed during the

• different testing, regimes. As can be seen from the plot,..DS,A207 had two training
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quenches at 7358 A and 7307 A, both more than 10% above the SSC 20 TeV operating
current of 6618 A, at the start of testing before achieving a plateau of conductor-limited
quenches. Subsequent plateaus at two thermal cycles were re-established without any more
training quenches. Mean plateau current was 7407 A, about 0.5% lower than the value
of 7442 A predicted from short sample cable measurements. The three plateaus were at
slightly different mean values due to slight differences in the test temperature between
thermal cycles. Ali plateau quenches were conductor-limited and occurred in the straight
sections of the pole turns, as is expected. The conductor .limited quench plateau was
achieved in DSA207 with the standard test ramp rate of 16 A/s.
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Figure 11. Bl_-Built 50 mm, 15 m SSC Dipole QuenchTestsat 4.35K

During the second cycle of tests for DCA207, quench studies were also done at the
lower temperatures of 3.85 K and 3.5 K, after the second plateau at 4.35 K had been
established, as mentioned above. In both temperature regimes, the magnet achieved a
plateau without any training quenches. At 3.85 K, the plateau mean current was 8073 A,
0.3 % above the short sample prediction of 8047 A; at 3.5 K, the plateau mean current was
8422 A, 0.1% below prediction. Ali quenches were in the lower inner coil ramp-splice
section, a region of high field.

From Figure 11, it is also seen that DSA208 was just as well-behaved. There was one
training quench at 7383 A before achieving a conductor-limited plateau; after a thermal
cycle warmup and re-cooling, the magnet once again established a plateau with one
training quench, this time at 7407 A. Both training quenches were about 12% above the
SSC 20 TeV operating point. The plateau mean was 7571 A, 0.6% above the short
sample prediction of 7524 A, and ali plateau quenches were located in the upper inner coil
pole turn left straight section. The ramp rate used to achieve the plateau in this magnet
was 4 A/s. At the 16 A/s ramp rate, the quench plateau was uniform but about 100 A
lower in current and in a turn further in toward the midplane. Again, due to cryogenic
test temperature differences between thermal cycles, the two plateaus were at slightly
different mean currents.

At 4 A/s, after two training quenches, DCA209 reached a plateau of 7405 A, 1.4%
below the short sample prediction of 7508 A and not conductor-limited, as evidenced by

1
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its non-pole turn loca'? .m lt was found that at 1 A/s, (point A), the magnet exhibited a
conductor-limited p._ateaaat 7488 A, 0.3% below the short sample value and located in
the same cable region as in DSA208. The lowest training quench was 7102 A, 7% above
the 20 TeV operating point of 6618 A. Due to differences in the conductor characteristics
among the three magnets, the maximum ramp rate at which a conductor-limited quench
plateau could be established was different for all three magnets. In general, at higher
ramp rates, heating due to eddy currents generated in loops between the wires in the cable
result in quenches located in cable turns further in toward the midplane rather than in a
pole turn and also, because of lower field strength, in lower quench currents. It is
suspected that a lowering of inter-strana resistance during the coil curing process may be
the cause of this effect, and it is presently under investigation. The ramp-dependent
behavior of all three magnets was studied by performing a series of quench tests at
increasing ramp rates up to 300 A/s for each magnet. The results are shown in Figure 12.
Each magnet shows a significantly different behavior, both by the way quench current
varies with the ramp rate and by the maximum value at which a conductor-limited quench
plateau is achievable. DCA209 showed the unexpected behavior at a noticeable ramp rate
dependence in going from 4 A/s _9 i A/s as shown in Figure 12, point A. It is interesting
to note that for this cable, the ra_,::prate dependence is less severe at high ramp rates than
at the low one. Studies of this effect are continuing.
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