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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights, Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessartly constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state
or reflect those of the United States Government or any agency thereof.
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INTRODUCTION

A series of full-scale demonstration SSC collider dipole magnets were built for the ASST
(Accelerator System String Test). These magnets, DCA311 through DCA319, have 50 mm
aperture and 15 m magnetic length with 6.6 Tesla uniform field. For the support structure of
the W6733B cross section{l], the Fermilab design uses a vertical split? in the yoke. The end
sections of the magnet have solid spacers and are supported by collet clampsl3l. The splices
between inner and outer coils are made in preforms which lie outside of the high field region.
The magnets were produced in pipeline fashion with no intentional major changes between
magnets. As a part of the technology transfer program, the last 7 magnets were built by
General Dynamics personnel using the magret construction facilities of Fermilab, while the
first two magnets were built entirely by Fermilab personnel.

At present, the magnets up to DCA316 have been tested at Fermilab. The general charac-
teristics of the magnets have been quite satisfactory. Both of the Fermilab built magnets have
reached the conductor limited field strength with no significant training. Two of the Gen-
eral Dynamics built magnets (DCA313 and DCA314) each required a single training quench,
However, all of the magnets tested up to date meet the ASST specifications.

This report describes the mechanical properties of the ASS5T magnets at Fermilab based
on the currently available test results.

COIL SIZE

Primary support of the coils is provided by stainless steel collar laminations. Upper and
lower laminations are keyed together in a press to apply a pre-load to the coils. The amount
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of pre-load achieved depends on the coil sizes. Because of this, coil sizes must be precisely
controlled.

Coil sizes were measured relative to stainless steel reference parts under 8.4 MPa compres-
sive force. Sizing measurements were made at 380 positions along the length of each coil. Fig.
1 and Fig. 2 show the histories of the average inner and outer coil sizes respectively. There
were significant variations of the size of each coil along its length. The error bars in Fig. 1
and Fig. 2 indicate the standard deviation of coil size for of each coil.
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Fig. 1 Inner Coil Size at 8.4 MPa Relative to Reference (“oversize”).
Coils were paired in sequential order starting at #1003 with the
exception of #1007, paired with #1016 in DCAJ1T.
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As shown in Fig. 3, the coils have quite non-linear size characteristics under pressure.
Therefore, the relationship between coil size and achieved pre-load is not straightforward.
However, the optimum oversize values required to achieve initial pre-loads of 70 MPa and
55 MPa were +0.25 mm and —0.02 mm in the inner and outer coils respectively. These
values were determined empirically from 1.5 m model magnet pre-load data.

Necessary adjustments to the inner and outer coil sizes were made by adding and removing
shims applied to the curing tooling. Coil size seemed to decrease when a new curing die was
introduced. The coil size became very stable after several coils had been cured. Variations in
coil size from coil to coil could not be meaningfully correlated with cable thickness variations,
which were in the range of 5 um. Rather, the coil size bore the influence of the cable keystone
angle, which was systematically about 0.08 degree below the design value throughout produc-
tion.
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Fig. 3 Relation of Pressure and Coil Size.
Coil size non-linear in applied pressure. The large hysteresis causes a
complicated relationship with pre-load.

PRE-LOADING

The entire process of collaring and yoking was monitored by pressure gauge packages placed
at the minimum and maximum size locations along the coilldl. Each pressure gauge package
measured the coil pressures of all quadrants of the inner and outer coils using beam type
strain gauge transducers. The coil assembly was placed under a hydraulic press with collar
lamination packs in place. Vertical pressure was applied and maintained while tapered keys
were inserted by a horizontal press. The vertical pressure was kept at the same level during
keying to avoid deep scratches on the keys which might lead to degradation of magnetic field
uniformity. The pressure in the coils was increased by the insertion of the keys, so that the
coils experienced maximum pressure during key insertion. The highest recorded value was
130 MPa, in the inner coils of DCA314. This pressure was still low enough so as not to damage
the insulation. When the horizontal and vertical pressures were removed after key insertion,
the coil pressure sprang back by about 20 MPa in the inner and 30 MPa in the outer coils.
The inner and outer coil pressures crept down another 20 MPa and 4 MPa respectively over a
few days. About 70% of the pressure loss due to creeping was recovered by yoking. The shell
was welded under pressure around the yoke, resulting in a shell tension of about 200 MPa.
Cool-down caused pressure losses of 30 MPa in the inner and 15 to 20 MPa in the outer coils,
since the collared coil contracted more than the yoke and shell.

The use of anti-ovalized collars in conjunction with the vertically split yoke prevented the
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thermal contraction difference between collar and yoke from causing contact loss along the
horizontal plane. A gap of 0.3 mm is expected at the vertical yoke/collar interface, but this
should have no effect on mechanical stability.

EXCITATION BEHAVIOR

The coil pressures were also measured during the excitation of the magnet. Fig. 4 and
Fig. 5 show the results. Since the vertically split design of the yoke provided support of the col-
lars at any current, the pressure showed a smooth monotonic dependence on the square of the
current.
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Fig. 4 Inner Coil Pressure During Excitation
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Fig. 5 Outer Coil Pressure During Excitation



The ycke laminations of magnet DCA311 showed chevroning due to loose packing. The
larger than average change in coil pressure with excitation current in the DCA311 data
(especially the inner coils) is a reflection of the diminished support of the collars from the
yoke in this magnet.

The change of pressure in the outer coil is much less than in the inner coil. Even though
the magnetic field magnitude at the outer coil is less than that at the inner coil, the direction
of the field is tilted more toward the horizontal plane. Therefore, the azimuthal component
of the electromagnetic force in the outer coil should be at least 60% of the inner coil value.
The small change of pressure with excitation in the outer coil can be explained if the collar
is not making contact with the yoke in the vertical direction. The vertical spring constant of
the coil-collar system is smaller than the horizontal one because there is no backup by the
yoke. The outer coil is more influenced by the vertical motion of the collar because it occupies
azimuthal angles close to the horizontal plane. This model is also supported by the fact that
the effect of the chevroned yoke is not pronounced in the outer coils of DCA311.

The amount of pressure change in the inner coils is related to the initial pressure. In partic-
ular, magnets with large initial pressure tend to lose more pressure during magnet excitation,
as shown in Fig. 6. The deformation of the coils is determined by the hoop stress and thickness
of the collar and yoke. Therefore, the amount of deformation should not vary much between
magnets, as the azimuthal strain observations discussed later verify. If the deformation is
fixed, coils with high effective modulus of elasticity (implying large initial pressure) lose more
pressure upon excitation. All magnets underwent excitation with a comfortable pre-load mar-
gin. The initial single training quenches of DCA313 and DCA314 might be related to unnec-
essarily large pre-load in the outer coils, which causes an imbalance of forces in the inner coils.
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Fig. 6 Excitation Pressure Loss vs. Initial Pressure.

END FORCE

The magnet is partially supported in the axial direction at each end by sets of 4 stainless
steel bullet slugs instrumented with strain gauges. Fig. 7 shows the total load experienced
by the bullets in each magnet during the excitation. The end force increases in proportion to
the current squared. However, only 10 to 15% of the total electromagnetic force (100 kN at
6.6 T) is supported by the bullets.

Most of the axial electromagnetic forces were transferred to the yoke and shell through
friction between the collar and yoke. The bullets were pre-loaded by adjusting bushing screws
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threaded into the end plates. Due to deformation of the end plate during welding, the ini-
tial loading of the DCA311 bullets was much larger than intended. On later magnets the
initial bullet load was set low to take into account the increase during welding. Even in
the extreme case of DCA311, the end force behavior measured by the bullets was not much
different from that observed in the other magnets. Changes in bullet loads over thermal cy-
cles were observed, but these changes were not drastic nor influential to quench performance.
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Fig. 7 End Force During Excitation Measured by Bullet Strain Gages.
Sum of the loads in 4 bullets is plotted as total end force.

AZIMUTHAL SHELL STRAIN

The strain in the shell was also observed with strain gauges. The change in azimuthal
shell strain during excitation is shown in Fig. 8 at different angles from the vertical plane.
All of the magnets exhibited similar behavior. No change in the rate of strain increase with
excitation was observed, as would have been the case if there were not enough pre-load in the
shell. Strain measured at angles close to the vertical remains compressive, while the high angle
gauges exhibit tensile strains. The strain profiles shown in Fig. 9 are quite different from the
uniform distribution of tensile stress predicted by a simple hoop stress model. However, since
these gauges were attached to the outer surface of the shell, they were sensitive to changes of
curvature (bending) in addition to strains in the initial plane of the shell material. The major
deformation inferred from the strain gauge data is therefore an ovalization in the horizontal
plane. Such a deformation is understandable, because the electromagnetic force on the coil is
mainly in the horizontal direction. The larger slope at angles near the parting plane could be
due to bending of the yoke facilitated by the reduced stiffness in the vertical direction caused
by the gap between yoke and collar.

The average stress, derived from the strains after Poisson correction, gives a value on
the tensile side, but not more than a few MPa at 7 kA. The hoop stress of the electromag-
netic force is apparently taken up by a decrease in the compression of the yoke, as designed.
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Fig. 8 Aszimuthal Strain Change.

AXIAL SHELL FORCE

The shell has axial strain gauges mounted at 7 longitudinal positions. Fig. 9 is the stress
profile of the axial force measured by these strain gauges. A simple spring modell® for both
shell and coil, with coupling between these two springs provided by the deflection of the yoke
and collar laminations or the sheer stress at material boundaries, predicts an exponential
profile starting with the bullet force at each end and approaching some value at the center of
the magnet. The overall profile of the axial strain can therefore be explained by this model.
It is interesting that this transfer of the force to the shell takes place within the first 2 m of
the end. The shell tension derived from observed strain at the center of the magnet indicates
that 60% of the electromagnetic force is supported by the shell. The coils or other structures
such as collaring keys take up the remaining 40% of the force. The posts may take some of
the force as well.

The decrease in strain near the end is very large. In fact, the stress becomes compressive
at the very end. This compressive stress is due to the absence of ovalization at the end of the
magnet brought about by two causes: First, there is no radial force in this region to promote
ovalization directly, and second, the end plate suppresses any ovalization which might take
place. Close to the vertical plane, where the strain gages are mounted, the surface of the
shell has to curve toward the outside approaching the end plate. This is why we observe an
apparent compressive stress instead of the tensile stress expected from the bullets.

No significant hysteresis was observed in the axial stress. However, DCA313, DCA314, and
DCA216, which showed some training, seemn to have more negative values in the stress change
at the end. The zero current strain at the very end also changed with thermal cycling. These
deformations near the end might be related to the mechanism which brings about training.

CONCLUSIONS

The mechanics of a set of 15 m ASST SSC collider dipole magnets with vertically split yokes
built at Fermilab have been explained using strain gauge data. All the observed mechanical
behavior supports the effectiveness of the design principles of the ASST magnets. Detailed
analysis might provide a clue toward solving the problem of occasional training quenches.
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