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ABSTRACT

This dissertation examines stress management and other construction techniques as
means to meet future accelerator requirement demands by planning, fabricating, and
analysing a high-field, NbsSn dipole. In order to enable future fundamental research and
discovery in high energy accelerator physics, bending magnets must access the highest
fields possible. Stress management is a novel, propitious path to attain higher fields and
preserve the maximum current capacity of advanced superconductors by managing the
Lorentz stress so that strain induced current degradation is mitigated.

Stress management is accomplished through several innovative design features. A
block-coil geometry enables an Inconel pier and beam matrix to be incorporated in the
windings for Lorentz Stress support and reduced AC loss. A laminar spring between
windings and mica paper surrounding each winding inhibit any stress transferral through
the support structure and has been simulated with ALGOR®. Wood’s metal filled, stainless
steel bladders apply isostatic, surface-conforming preload to the pier and beam support
structure. Sufficient preload along with mica paper sheer release reduces magnet training
by inhibiting stick-slip motion. The effectiveness of stress management is tested with
high-precision capacitive stress transducers and strain gauges.

In addition to stress management, there are several technologies developed to assist
in the successful construction of a high-field dipole. Quench protection has been designed
and simulated along with full 3D magnetic simulation with OPERA®. Rutherford cable
was constructed, and cable thermal expansion data was analysed after heat treatment. Pre-
impregnation analysis techniques were developed due to elemental tin leakage in varying
quantities during heat treatment from each coil. Robust splicing techniques were
developed with measured resistivites consistent with nQ joints.

Stress management has not been incorporated by any other high field dipole research
laboratory and has not yet been put to a definitive high-field test. The TAMU Physics
Accelerator Research Laboratory has constructed a NbsSn dipole, TAMUS, that is
specially designed to provide a test bed for high-field stress management.
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1. INTRODUCTION

The Accelerator Research Laboratory in the Department of Physics at Texas A&M
University is developing technology in a series of block dipoles to use advanced
superconductors to obtain the highest fields possible by employing stress management in
the windings. The first block magnet, TAMUL, tested block winding equipment and
procedures as well as a vacuum pressure impregnation (VPI) vessel using NbTi conductor
[1, 2]. TAMU2 verified the heat treatment equipment and tested the stress management
technology at low field using low Jc NbsSn conductor from the International
Thermonuclear Experimental Reactor (ITER) [3-5].

Figure 1: TAMU1, TAMU?2, and TAMU3 Superconducting Magnets



TAMU3 Windings

AMUS Windings

Insert Coil

Figure 2: TAMUS Coils and Cross Section

The completed TAMU magnets are pictured in Figure 1 where TAMUL is in the top
left, TAMU?2 at the top right, and TAMUS3 is at the bottom. TAMUS is a high-field (>12
T) test dipole using high Jc NbsSn conductor where irreversible strain-induced current
degradation would occur without stress management [6-8]. TAMUS will feature fully
flared ends and a stress managed rectangular bore for testing insert coils and
superconducting cable. The TAMU3 windings will supply the top and bottom windings
of TAMUS and are indicated in Figure 2.

1.1 Motivation

The advent of the Large Hadron Collider (LHC) opens a new era for continuing to
explore predictions of the Higgs sector of the Standard Model and the prospect for
discovery of the particle spectrum of Supersymmetry. At the same time we must continue
developing the accelerator physics and technology necessary to extend the reach in energy

and mass beyond the window that is opened by LHC.
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1.1.1 Discovery Accompanies Higher Energy

Since the first high voltage accelerators of the early 1930°s, the particle physics
community has been ablaze with discovery. Accelerators have enabled the discovery of
rare elements and fundamental particles and have pushed technology in medical imaging
and proton therapy [9-13]. Discovery quickly follows collision energy increases.
Therefore it is essential to the future of particle physics to invest in new technology for
future colliders to increase the energy.

A similar plot to the one first generated by Stanley Livingston in 1954 shown in

Figure 3 demonstrates how various types of accelerators have obtained higher and
higher energies in an exponential fashion as time has progressed [14-16]. The equivalent
stationary proton target energy is determined by requiring the Lorentz 4-momentum
product to remain invariant in both the center of mass and lab frames.

Concepts have been presented for an LHC energy tripler [17], a 100 TeV pp collider
[18], and a muon collider [19-21]. Within the U.S. LHC Accelerator Research Program or
LARP there are also pressing projects including 11 meter long, 11 tesla dipoles to enable
the high luminosity LHC or HL-LHC [22].

1.1.2 Higher Energy by Higher Magnetic Field

For hadron synchrotrons the energy of the particles varies according to the following
hard-relativistic (E = pc) relation:
E[TeV] = 0.3 R[km] B[T] 1)

where E, R and B are the energy, radius and magnetic field respectively of a synchrotron
accelerator. To increase the energy either the radius of the ring or the dipole magnetic field
strength must increase. Increasing the magnetic field strength is the current focus of the

accelerator community [22, 23].



1.2 Challenges

Every high field synchrotron built to date has primarily used NbTi alloy as the
superconducting material. NbTi has a critical temperature of 9 kelvin, a critical field of 15
tesla and is extremely tough with a 700 GPa tensile strength compared to 200 GPa for
common high strength steel [24, 25]. These properties make NbTi a robust conductor for
practical magnets up to roughly 9 tesla. The Large Hadron Collider uses NbTi magnets
that are designed at 8.4 tesla at superfluid temperatures. For attaining higher field strengths
a new conductor must be chosen.

Advanced superconductors carry more current at higher field but often require
intricate formation heat treatments and are strain intolerant. They are also much more
expensive and have transport current anisotropies. These challenges make constructing a
successful high-field dipole difficult.

1.2.1 Intrinsic: Supercurrent Transport

The most important parameter for efficiently obtaining high field strengths is current
density. Currently there are two conductors that have transport current properties that are
conducive for accelerator dipoles, NbsSn and Bi-2212. Figure 4 from Peter Lee at the
Applied Superconductivity Center in Tallahassee shows the engineering current density
of pertinent magnet conductors as a function of the applied perpendicular magnetic field.
To design an efficient, cost-effective accelerator dipole the engineering current density
needs to be above 800 amps / mm? (4.2K, 12T) as indicated in Figure 4 [26, 27]. The
current density of the low temperature A15 superconductor NbsSn at field strengths below

16 tesla fits this criterion.
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Despite extremely high critical field values the cuprates and other high temperature
superconductors with correct conductor geometry must improve their current density,
techniques, methodology, execution, and technology at field strengths greater than 12 tesla
by a factor of three to five [26] before they become advantageous in accelerator magnets.
Higher packing density and 100 bar over pressure heat treatments have the potential to
double the current density of Bi-2212 to 725 amps / mm? at 20 tesla and 4.2 kelvin [28].
Over pressure heat treatments on large magnets in an oxygen atmosphere for Bi-2212 are

currently impractical unless a structured cable is involved [28-30].
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1.2.2 Extrinsic: Strain Degradation

The current density of NbsSn is dependent on the amount of strain on the conductor.
Differential expansion of the stabilizing copper and the A15 NbsSn gives about 0.2%
intrinsic compressional strain [31-33]. Strains of 0.3% degrade the current carrying
capacity and strains above 0.4% irreversibly degrade the conductor. The strain sensitivity
in Bi-2212 is worse with a 0.2% irreversible degradation level as shown in Figure 5 [34-
36]. This leads to a typical winding package having a reversible degradation limit of 150
MPa and an irreversible degradation limit of 200 MPa [37]. The force on the conductor is
quadratically dependent on the magnetic field strength; doubling the magnetic field

strength will quadruple the conductor forces.
1.2.3 Conductor Heat Treatment

The brittle nature of the A15 compounds require that stoichiometric NbsSn form after
the winding is in its final geometry. This requires that an intricate heat treatment schedule

be employed. The heat treatment includes a 210°C / 48 hours Sn stabilization and copper



anneal soak, a 340°C / 48 hours solid diffusion soak, and a 670°C / 70 hours formation
soak. The formation temperature and duration can range from 650°C - 700°C for 50 — 100
hours depending on the chosen balance between current density and stabilizing copper
purity. Long, high temperature heat treatments maximize the current density and short low
temperature heat treatments keep the stabilizing copper pure for increasing the dynamic
time constant or the rate at which flux moves. The copper purity is measured as the ratio
of the room temperature coil resistance to the resistance at 20 kelvin or tactfully above the
cable critical temperature. This is known as the Residual Resistance Ratio (RRR.)

The same winding must then cool from 670°C to room temperature, be vacuum
pressure impregnated and cured at 125°C, then installed into a flux return at 75°C, and
finally cooled to 4.2 kelvin for testing. Stringent demands on material strength and thermal
expansion limit the number of materials that can be used in both the magnet and the

conductor itself.
1.3 Strategy

There is a five-fold strategy to obtain the highest fields possible in accelerator dipoles.
This approach maximizes the transport current potential of the conductor by minimizing

strain induced current degradation.
1.3.1 Adopt a Block Coil Geometry

Every superconducting ring magnet constructed so far has used a cosine theta
geometry that efficiently uses conductor and produces a nearly perfect dipole field in the
bore. In a cosine theta magnet the high stress zone and high field region coincide, both of
which decrease the current density. The Lorentz force in a cosine theta coil is supported
by the cable edge and requires that the cable have a keystone angle to maximize the
number of turns. In a block dipole the force is supported over the cable face and doesn’t
require keystoning the cable.

The block coil geometry does not use the conductor as efficiently as an ideal cosine

theta coil. However, with current densities greater than 3000 A/mm? and peak fields



greater than 16 tesla the attainable field with a cosine theta magnet will most likely be

strain limited.
1.3.2 Select Nb3Sn as Conductor

NbsSn essentially doubles the attainable magnetic field in an accelerator dipole that
NDbTi is capable of producing (from 8 T to 16 T.) NbsSn has now been developed to
maturity as a high-field superconductor with good stability and ~km piece length of fine-
filament wire and is the only superconducting alternative to NbTi considered sufficiently
developed for large scale use [38].

We are using a Restacked Rod Processed (RRP®) internal-tin conductor made by
Oxford Superconducting Technologies. The strand is capable of 2800 amps / mm? at 4.2

kelvin and 12 tesla.
1.3.3 Wind & React

The strain sensitivity of NbsSn requires that the precursor Rutherford cable be tightly
packaged to inhibit cable movement during and after reaction bake. Immediately

following reaction bake robust NbTi leaders are soldered to the brittle Nb3Sn leads.
1.3.4 Vacuum Pressure Impregnation

In Rutherford type cable the crossover points create point like contacts that can overly
strain the conductor. Packing all the voids with a high tensile strength fabric and filling
epoxy spreads the force uniformly as shown in Figure 6. VVPI increases the stress tolerance
of the winding package by minimizing the inter-wire point contact force and filling voids

to reduce conductor movement from Lorentz force.



Figure 6: Stress Distribution with Bare Cable and an Impregnated Coil

1.3.5 Stress Management

The final component to protecting NbsSn conductor from strain degradation is stress
management. Stress management is a scheme to introduce a high-strength structure
directly into the windings to intercept Lorentz stress before it accumulates to levels that

would degrade the current carrying capacity of the conductor.
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2. STRESS MANAGEMENT

There are 6 features that must work in tandem to enable and verify the success of

stress management. Each component will be explained at depth below.
2.1 Coil Configuration

In a block coil geometry the high stress zone is in the low field region (at the last turns
of the inner coil for TAMU3.) Block coil dipoles allow support structures to be

incorporated in the windings that are perpendicular to the cable face. Stress management

requires that a block dipole configuration be employed.
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2.2 Support Matrix

A pier-and-beam support matrix is integrated into the windings so that outward-
directed Lorentz stress developed in the inner winding is intercepted on a beam and
bypassed around the outer winding as shown in Figure 7. The arrows on the right hand
side of Figure 7 demonstrate how the Lorentz force from the inner windings is intercepted
by an Inconel middle pier and bypassed around the outer windings through the outer
beams. The yoke in turn is supported rigidly by compression within a stress tube, and so
both windings are supported within a high-modulus structure and the stress within each

winding is limited to a value that prevents strain degradation of the superconductor.
2.2.1 Expansion Coefficients

The central pier is made out of titanium with an integrated expansion coefficient to
4.2 kelvin that is less than the cable and the surrounding support structure. The differential
contraction removes unnecessary strain on the inner winding during the 670°C formation
heat treatment and maintains preload at cryogenic temperatures. The middle and outer pier
end hoops are also made out titanium so that the vertical preload will friction-lock the end
hoops in place at cryogenic temperatures to support axial Lorentz stress. The beams are
made out high strength Inconel 718 to handle the large Lorentz stress. Expansion slots are
machined into the Inconel support structure so that the outer coil is not stretched during

heat treatment.
2.2.2 Force Interception and Beam Bending

The success or failure of stress management will be determined by how well the
inner winding Lorentz stress is bypassed around the outer winding. The inner winding
Lorentz forces at peak field are large enough to deflect or bend the middle pier and
compress the outer beams. Using Euler-Bernoulli beam theory for Inconel 718 at
cryogenic temperatures we may calculate the deflection of the middle pier at 0.003 inches
and the associated compression of the outer beams as another 0.003 inches. This also can

be simulated in ALGOR® and the results are shown in Figure 8.

12
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Figure 8 shows that the middle of the middle pier deflects roughly 0.007 inches. This
result requires that a soft modulus element be placed between the middle pier and the outer
windings to absorb the deflection and inhibit the outer winding from strain degradation.

2.3 Soft Modulus Element

The Accelerator Research Laboratory has developed a laminar spring that will absorb
middle pier deflection, preload the outer winding, and take up minimal space. Figure 9
shows a cross section of the laminar springs developed for the TAMU series magnet
development. Incorporating the laminar spring into the winding package protects the entire
outer winding from load transfer from pier and beam deflection. Although the spring takes
up valuable engineering real estate, it is necessary to ensure full mechanical separation

between windings.

/ Sheath Enclosure /Load Spreader 0.06?’ Nom.
____——____ _H_
_f—'_—_’_% _H_
: TN
Laser Weld N\ Spring Assembly * .
0.519” Nom. !

Figure 9: Cross Section of Laminar Spring

13



2.3.1 Absorbs Middle Pier Deflection

The laminar spring is designed to absorb a maximum 0.010” at 500 psi before yielding
or taking a set. The outer winding shim package is designed to compress the springs by
0.003” to 0.005” at 200 psi to 300 psi which leaves 0.005” to 0.007” to absorb the middle
pier deflection. These design specifications were verified experimentally and through
simulation with ALGOR®.

2.3.2 Preloads Outer Winding

The laminar spring serves the additional purpose of lightly loading the outer winding
package from assembly to reaction bake to cool-down. This ensures that the outer winding
has minimal void space and is in intimate contact with the rigid outer pier support structure

while Vacuum Pressure Impregnation and ultimately while testing the magnet.
2.4 Shear Release

Mica is a sheet silicate mineral with very thin cleavage planes that have a low
coefficient of friction. Mica paper is placed on all four sides of each winding as indicated
in Figure 7 on page 11. The mica paper creates a shear plane that allows the cable to
gradually and uniformly shift relative to the support structure as the Lorentz force

increases. The mica also electrically insulates the conductor from the support structure.
2.4.1 Low Friction Motion

The mica prevents sudden movement called stick-slip motion that creates enough heat
to raise the temperature of the conductor to a point above Tc where it can no longer carry
sufficient transport current. When a section of cable become resistive and loose
superconductivity it is said that the coil undergoes quench. Therefore mica paper reduces

the chance of quench and training caused by stick-slip motion [39-43].
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2.4.2 Minimizes Magnet Training

In a typical high field magnet, each successive quench occurs at higher and higher
currents and different locations. This is possibly caused by structure / epoxy / conductor
separation. Each quench locally minimizes stick-slip motion and stabilizes the matrix [43].
This plausible process can lead to training of the magnet. With most magnets, the
maximum current steadily increases toward a plateau with each additional quench [44-
46]. Stress Management aids in minimizing the magnet training phenomenon by properly
supporting the coil with piers and beams, preloading with laminar springs, and minimizing
stick-slip motion with mica shear planes. No training was observed in TAMUZ2 because

of low peak field and stress management [3].
2.5 Hydraulic Preload

After impregnation the magnet modules are installed in the iron flux return contained
within the centripetally forged 2219 aluminum alloy stress cylinder. Wood’s metal filled
stainless steel bladders act as a smart shim for ideal Lorentz stress support between the
magnet module, the flux return, and the stress cylinder. Figure 10 shows the location of
the stainless bladders in blue. The red arrows indicate the coil preload from the bladders.
Other magnet groups at Fermilab or LBNL use a bladder-and-key approach to preload.
The bladder is only used to overly compress the coil for clearance so that a key can lock

the support structure into place [47, 48].
2.5.1 Metal Filled Bladder

Wood’s metal is the generic name for the eutectic compounds of bismuth, lead, tin,
and cadmium with a 70°C melting point. Cerrolow alloy 147 has a small addition of
Indium to decrease the melting point further to 64°C. Cerrolow alloy 147 was chosen and
procured for TAMU3 for its low melting point and supposed small integrated thermal
expansion coefficient to cryogenic temperatures. There is a 1.7% volumetric contraction
when solidified [49] but should not affect the ultimate bladder preload because of a

controlled solidification process in which Wood’s metal continually will flow into the

15



bladder as each zone sequentially solidifies and contracts. The entire coil and flux return

assembly is heated above the melting point to roughly 80°C so that bladders can be filled.

Figure 10: Stainless Bladders and Pre-Load

2.5.2 Surface Conformity

The outer arched bladders are filled to 13.6 MPa to give essentially an infinitely rigid
support for the rectangular aperture inside the iron yoke. The top, bottom, left, and right
magnet bladders are filled from 3.8 to 4.1 MPa. This pressure range enables the bladders
to adequately conform to surfaces without overly pressing the magnet modules. The
bladders have been tested up to 70 MPa without leaks [50].
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2.5.3 Isostatic Preload

The metal is cooled and the bladders supply a conforming and isostatic pressure to
each magnet module and assure rigid support. Uniform preload to all surfaces is crucial to
ensure that no region or stress management structure can flex when Lorentz forces develop

during magnet testing.

V(t)

Stainless Steel

Figure 11: Capacitive Transducer Schematic and Locations

2.6 Stress Transducers

Laminar capacitive stress transducers are evenly distributed between the outer
winding and the outer pier. They are simply a multi-laminate of alternating Kapton and
stainless steel foils with a thin layer of epoxy for glue as shown in Figure 11. The
laminate’s capacitance varies as a function of the integrated Lorentz stress to the surface

and will provide a measurement of stress.
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2.6.1 Challenges and Solutions

Previous transducers constructed for TAMUZ2 required extensive calibration and
experienced internal creep and zero-shifts after thermal cycling so that it was difficult to
accurately interpret the results. Transducers developed in Russia, CERN, FNAL, BNL and
LBNL also had the same problems [51-56]. Much effort was devoted to curing these

problems with new construction procedures and tooling [57].
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Figure 12: Capacitance as a Function of Pressure

New tooling and construction techniques enabled new transducers to be very
reproducible in dimensionality and quality control. The retooling results are promising
with a £2% cycle to cycle reproducibility as shown in Figure 12 [57-59]. The cyclic off-
set is minimal compared to previous transducers with practically no creep. The new
transducers are an exciting advancement in magnet technology and should enable a precise
test of stress management. Each capacitive stress transducer is individually calibrated so

that the average expected uncertainty at 70 MPa (full field) will be 3.5 MPa.
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2.6.2 TAMUS Stress Management Test

Stress management in TAMU3 will be quantified using capacitive stress transducers.
The transducers are located between the outer winding and the outer pier as shown on
Figure 11 on page 17 and should only measure force from the outer winding. If the
transducers measure a force that is larger than the integrated force of the outer winding
then there was force transfer through the middle pier and spring and the stress management
scheme needs modification. If the transducers measure a force that is equal to or below
the integrated force generated from the outer windings then the stress management scheme

was successful. The transducers are the primary stress management measurement devices.
2.7 Strain Gauges

In TAMUS axial Lorentz force is contained and transferred to the flux return through
friction lock. Friction lock is a method of taking advantage of integrated differential
expansions of materials to lock load bearing components in place. Friction lock is a crucial
component to stress management.

The middle pier and outer pier end shoes are made out of Grade 5 titanium with an
integrated thermal expansion coefficient to 4 kelvin that is significantly less than the
surrounding steel (1.5 mm / m and 2.1 mm / m respectively.) Upon cool down to 4 K the
surrounding iron will rigidly compress the titanium and friction lock the end shoes. This
will directly transfer the axial Lorentz force to the thick magnet base and thin skin without
the need for bulky external bracing. Friction lock will be verified for the first time at high
magnetic field strength in TAMUS3.

Strain gauges will be used to measure the effectiveness of friction lock in stress
management. Ideally all of the axial force will be absorbed by friction lock. If there is any
slippage or load transfer then the strain gauges will give valuable quantitative information.
This is accomplished by placing the gauge between the thrust bolts and the winding

package.
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3. TAMU3 DESIGN

TAMU3 is a NbsSn bi-modular single-pancake dipole that is the first test of stress
management at high field strength. The two modules of TAMU3 are optimized to become
the background field for subsequent magnet assemblies. Stress management in TAMU3
is designed to protect the conductor from strain degradation. The high-field strengths and
associated Lorentz forces in TAMUS3 will vet stress management as a potential means to

enable conductor to obtain the highest fields possible by inhibiting strain degradation.
3.1 Magnetics

The TAMU3 modules were originally designed and optimized to supply the
background field for TAMU4 and TAMUS5. The TAMUS3 configuration makes the field
strength in the lead and tail ends 1.4 tesla larger than the peak field in the straight section
where the stress management structure is to be tested. Modifications to the iron were

necessary to make the body field as large as possible and move the peak into the body.
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Figure 13: Magnetic Field and Field Lines in 2-D Cross Sectional View
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3.1.1 2-D Magnetic Field Simulation

Vector Fields OPERA® produced the 2-D simulation shown in Figure 13. The
magnetization curve for standard iron used. From the 2-D simulation and critical current
properties of the Rutherford conductor we set the current for all 3-D simulation to 13.9
kA. When the first full 3-D simulation converged it was found that there was roughly a
1.4 tesla difference between the 2-D peak field (14.4 tesla) and the 3-D peak field (15.8
tesla.) To correct this oversight the only realistic option was to replace iron components

with non-magnetic materials.
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Figure 14: TAMU3 Inner Winding and Removed Iron
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3.1.2 Iron Modification

Select tooling, the iron magnet base or thick skin, along with end filler iron was
modified to reduce the peak field difference between the ends and the straight section to
0.2 T. The amount of removed iron above and below the red inner winding of TAMU3 is
shown in Figure 14. Figure 15 shows a picture of the modified thick skin with a stainless

steel insert along with the new stainless steel end tuner.

G;.;

#

Figure 15: -Picture of Modified Thick Skin and End Tuner

Figure 16 shows the filler iron with inserts of titanium along the two ends. The picture
on the left shows the titanium insert with four epoxied ‘dog bone’ joints that hold the
metals in place. The epoxy chosen was a two part ‘toughened’ epoxy (DP-460NS) from
3M®. This advanced epoxy is commonly used to attach golf club heads with shafts. The
filler iron pieces are comprised of titanium and A36 mild steel and were co-ground
together to dimension by Brent Grinding and Machining in Houston, Texas. The right
picture in Figure 16 shows both filler irons with one additional filler piece attached.
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Figure 16: Filler Iron Modified with Titanium Inserts

The filler bar has titanium over the end shoes because of its small integrated expansion
coefficient from room temperature to cryogenic temperature. This will maintain friction
lock over the lead and tail ends while reducing the peak field in the region. The middle

section of Figure 16 remained iron to maximize the magnetic field in the body of the coil.
3.1.3 3-D Magnetic Field Simulation

The modification discussed in the previous section were driven by an iterative process
of iron cuts and associated field variations in the magnet. Only the iron distribution of the

final version of TAMUS is presented below.
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Figure 17: Magnetic Field on the Conductor

All magnetic simulation was performed with OPERA® Vector Fields assuming a
standard magnetization curve for iron. In Figure 17, the peak field on the conductor is
reduced to 14.6 tesla from 15.8 tesla at 13.9 kA. The peak field is located in the lead end
and is 0.2 tesla larger than the body peak field.

Figure 18 shows the longitudinal magnetic field along the length of the magnet. The
small black boxes at the ends are the cross sections of the superconducting coils. The left
hand side of the figure is the lead end of the magnet. This image nicely displays how the
iron modifications reduce the peak field in the ends and maintain high field strength in the

body. The primary modification effects are circled in Figure 18.
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Figure 18: Longitudinal Magnetic Field Along the Length of the Magnet
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3.1.4 Load Line and Magnet Parameters

The peak magnetic field is on the pole turn at the lead end of the magnet on the
opposite side of the lead. TAMUS3 has a peak field of 14.36 T at 13.72 KA. The geometric
centerline field strength is 12.78 T. Table 1 gives all of the important parameters for
simulating quench and collected parameters from the 3-D load line plot in Figure 19. The
load line plot gives the critical current of the inner and outer Rutherford cable as a function
of the background magnetic field as well as the transfer function of the magnet. The
transfer function is simply what the peak magnetic field is for a given coil current. The
intersection of these two functions are where the magnet will operate and is circled in

Figure 19.

Table 1: Important Load Line Parameters

Property Value
Inner Turns 13 Turns
Outer Turns 23 Turns
Magnet Inductance 2.5mH

I (Inner Conductor limited) 13.72 kKA
B. (Inner Conductor) 1436 T

B (Outer @ Ic) 11.24T

B¢ (Outer @ Ic) 13.22T

B in probe bore at Ic 9.95T
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Figure 19: Load Line Plot for TAMU3

3.2 Structure Measurements

Winding in block geometry, applying mica shear planes, and installing laminar spring
relax cable tolerances and ease the winding procedure. However, the stress management
structure must have tight tolerances to minimize gaps and void space that often causes
magnet training. Gaps between piers, beams, and conductor might allow excessive
structure movement and ultimately stress transfer between windings and strain
degradation. To properly apply the stress management scheme several tooling and

conductor measurement procedures were developed.
3.2.1 TAMU2 Difficulties

TAMU2 was a single pancake, mirror configured NbsSn magnet that obtained 98%
of short sample at 6.8 T with no measureable training [3]. Magnet autopsy revealed that
there were gaps between stress management structures, over and under compressed

springs, and tilted Rutherford type cable. The attained magnetic field did not generate
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sufficient Lorentz force to irreversibly degrade the conductor and thus any shortcomings

in the stress management scheme was benign. These problems are addressed in TAMUS3.
3.2.2 TAMUS3 Solutions

In TAMUS3 the forces are expected to be large enough to irreversibly degrade the
conductor. Cable location, spring compression, and support structure must be accurately
located within tolerance for the stress management scheme to successfully protect the

brittle NbsSn conductor.

3.221 10-Stack Measurements

The geometric and mechanical properties of the conductor in bare and impregnated
form must be determined to accurately locate the cable, determine shim size, and close the
stress management structure. This is accomplished by making a mock-up of a 10-stack
winding package. The cable properties as determined from 10-stack measurements are
summarized in Table 2. The fine filament S-2 glass from AGY and sock insulation braided
by A&P Technologies was tested by 10-stack. The new insulation has a 20% increase in
shear strength with no loss in electrical integrity. The new fine filament insulation is also

50% thinner which increased the engineering current density by 10% [60].

w7

Figure 20: Ten-Stack Crsé Section and Assembly
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Table 2: Data from 10-Stack Analysis

Type Description Units
Dimensional Bare Cable Dimensions Inner 1.4155 13.031 mm
Outer 1.2079 13.022 mm
Insulated Cable Dimensions Inner 1.5255 13.141 mm
Under ~2MPa Outer 1.3179 13.132 mm
10-Stack Fabrication Pressure 2-3 MPa
Mechanical  10-Stack Shear Strength Palmitic Acid 47 MPa
Turn/ Turn Average Silane 64 MPa
Max Silane 77 MPa
Thermal Integrated Shrinkage 77K—300K (2.65+0.15)
[L(77K) — L(300K)] / L(300K) X103
Electrical Electrical Insulation LowVoltage A few volts >2.0x107 Q
Turn/ Turn High Voltage 300 volts >1.3x 101 Q
(Turn/turn) 350 volts 0'71'0%0 X Q
1800 volts ~ 108 Q

3.2.2.2  Compressive Fuji Prescale Film

To verify the horizontal and vertical load on the conductor prior to heat treatment, a
layer of mica and S-2 glass was replaced with Fuji Prescale Film®. The film has tiny
corpuscles of ink that burst by varying amounts based on the pressure on the film. Figure
21 shows the distribution of force on the coils from the weight of the coffin retort lid alone
on the left and from 20 ft-lbs of torque on 8 different 1”- 8 threads / inch bolts on the right.

The weight of the lid alone seems to place the most concentrated pressure on the left
side of the lead end. Figure 22 shows the distribution of force on the coil from 40 ft-1bs of
torque on the left and 75 ft-Ibs of torque on the right using the same bolts. The coil is heat
treated and impregnated at 75 ft-Ibs. Once full pressure was reached the force on the
central and middle piers seemed to be the strongest. The Fuji film verified that the force

was relatively uniform on the coil.
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Figure 21: Fuji Film with Two Different Low Pressures

Figure 22: Fuji Film with Two Different High Pressures
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3.2.2.3 Monument Measurement

Shoulder bolt monuments were incorporated into the piers to measure stress
management structure location. These measurement were taken with just the magnet
tooling and then after each coil was wound. By design, the cable loading during heat
treatment was defined by cable compressibility and shimming to 300 psi. Therefore
shoulder bolt measurements only gave verification that the stress management tooling was
completely and correctly aligned and oriented. Figure 23 shows the location of the
monuments. They are positioned on the central, middle, and outer piers for determining

coil sizing.

Figure 23: Measurement Monument Bolts

This verification is extremely important to detect gaps that would jeopardize load
transferal between stress managing elements during magnet testing. Multiple rows of
monument bolts were strategically employed to give confidence that the stress
management structure is accurately located. Any gap between any pier and any beam was
detected and corrected with theses monument measurements in conjunction with depth

micrometer measurements.
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3.2.2.4  Depth Micrometer Measurement

Shoulder bolt measurement is only possible when the magnet thin skin is removed. It
IS necessary to have information for structure location while loaded in the coffin and the
thin skin present. Six holes on the lid and six holes on the coffin thrust bars were drilled
to measure the stress management structure location under full coffin loading. Figure 24
shows the vertical and horizontal ports for measuring the outer dimensions of the coil.

During heat treatment each coil maintained the same vertical dimension but expanded
in the horizontal direction. TAMU3b expanded by 0.007” on each side and TAMU3c¢
expanded by 0.006” per side. The diameter and length of internal tin strands both increase

during heat treatment [61] and thus this lateral coil expansion is expected.

Figure 24: Vertical and Horizontal In-Situ Coil Measurement
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3.3 Quench Simulation

The goal behind simulating a quench is to ensure the safe and repeatable operation of
the magnet at cryogenic temperatures. The most important parameter to determine with
simulation is the peak temperature rise and voltage in the conductor for different initial
currents and protection circuitry. With this goal in mind there are several codes available
to simulate the quench phenomenon in a dipole magnet. Opera has an expensive
thermodynamics solver (TEMPO) and a quench solver that would work with Vector
Fields. There is also OPUS and QUABER used at CERN [62], QUENCH written by M.
Wilson [10], and a modified QUENCH code called QUCERN by A. Mcinturff [63]. There
is also ANSYS [64], COMSOL, QLASA [65], QUENCHPRO, KUENCH, and a ROXIE
quench subroutine [66] that simulate a quench after a cursory investigation. Each code has
strengths and weaknesses.

Several simplifying assumptions can safely be made for TAMU3 that make the power
of finite element not necessary. The same simplifying assumptions can also be made in
comparable MgB: coils [67]. Additionally, the only tangible difference between finite
element and integral solving codes such as QUENCH and QLASA is presentation and not

necessarily accuracy of output.
3.3.1 Simulation Assumptions

First we assume the thermal dynamics are adiabatic with respect to heat conduction
to the helium bath. The characteristic times for an impregnated magnet is small (~0.050
sec) and the thermal conductivity through an insulating barrier is small (~0.0001 kcy.) Both
ensure the adiabaticity of the process.

Second we assume that the quench occurs in the high field region. By default a stress
managed block coil geometry such as TAMU3 should not quench in the high stress region.
This makes copper magnetoresistance calculations straight forward to include.

Third we estimate the effect of the protection heater as a step function heat source
that acts on the covered portion of the coil after a diffusion delay time. In reality the quench
must propagate from the top edge to the bottom edge of the Rutherford cable and then
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between gaps of heater coverage (both ~0.00005 seconds at high field). However, these
effects are dwarfed by the Kapton diffusion time (~0.020 seconds.) These two assumptions
give a ‘worst case scenario’ for a quench. The protection heater is estimated as a step
function heat source that acts on 70% of the coil after a diffusion delay time of 20
milliseconds. Following the prescription of Wilson [21], quench dynamics were simulated
for both a quench originating in the outer conductor and a quench originating in the inner

conductor.
3.3.2 QUENCH Code Requirement and Explanation

Over the temperature range that a quench occurs, the specific heat, resistivity, and
thermal conductivity change anywhere between 2 and 4 orders of magnitude. The size of
the quench zone and the speed at which it is growing is changing based on these highly
dynamic parameters. The job of any quench code is simply to keep track of temperatures,
identify the quench front, and conserve energy. Ideally the output should include the
maximum temperature rise, the peak voltage, and the characteristic time of the quench.
These three pieces of information are the most important for coil protection.

QUENCH simulates a quench by calculating the quench velocity in each direction
based on conductor properties. The initial size of the quench is based on these velocities
and the time step chosen for the simulation. The following equation gives the size change
of the quench volume in one direction where J is the current density, y is the density, p is
the resistivity, k is the thermal conductivity, T, is the critical transition temperature at the

given background field, and T, is the operating temperature.

J pk
Ax = vAt = At —
=y vC |Tc — T M

Then the temperature rise in that volume is calculated based on the ‘balance of heat’
equation per unit volume where t is time and T is temperature.

J2@®)p(T)dt = yC(t)dT Q)
The current in the magnet is reduced based on the magnet inductance and the temperature

rise in the quench volume. Then another layer of thickness determined from equation (1)
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is added to the quenched volume like the layers of an onion with each layer having its own
temperature. This process is continued until the coil boundaries are reached by the quench
front. Peak temperature occurs at quench origin, voltages are determined from the
quenched layer resistance, and the characteristic time is found from the current decay.

Equation (2) is separable so that we have the following per unit volume equation:

fTMAX )/C

J;) J2dt = Jit, = —dT A3)

To

Equation (3) is the most important for determining the protection of the magnet. The left
hand side is determined by the current decay and thus mostly from magnet protection
properties. The right hand side is determined only from conductor properties. For magnet
protection a peak allowable temperature rise is determined and based only on conductor,
a ‘MIITS bank’ (million amps? second) is calculated. The MIITS bank puts constraints on
how fast the current of the magnet must be brought down or how small the characteristic

time t; must be for the peak temperature to remain safe.

Table 3: Important Cable and Coil Properties for Simulating Quench

Property Value
Outer Coil Unit Cell .135 by 1.316 cm 0.179 cm?
Outer Conductor Area (77.4%) 0.138 cm?
Inner Coil Unit Cell .156 by 1.315cm 0.205 cm?
Inner Conductor Area (76.5%) 0.157 cm?
Insulation Thickness (Single Turn) 74.9 pm
Outer Coil Unit Length 132.4 cm
Inner Coil Length 111.9cm
Magnet Inductance 2.50 mH
Ic (Inner Conductor limited) 13.72 kA
B. (Inner Conductor) 1436 T
B (Outer @ I¢) 11.24T
B. (Outer @ I) 13.22T
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3.3.1 Input Parameters and Results

The conductor fractions are based on the OST RRP® 54/61 Internal Tin strand (0.8
mm and 0.7 mm diameter for the inner and outer conductors.) Material properties were
gathered from the Brookhaven Selected Cryogenic Data Notebook [68]. The important

properties of the cable and magnet for quench simulation are given in Table 3.
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Figure 25: MIITS Curve for Inner and Outer Conductor

All simulations have an initial current that produces the highest temperature rise in
the conductor (13.72 kA 11.24 T for the outer coil and 13.69 kA and 14.33 T for the inner
coil.)

The primary output for the code is shown in Figure 25 by way of the MIITS curve.
The quench integral is much smaller for the outer conductor because the cable cross
section is 13% smaller and the RRR is 10 for the outer conductor and 30 for the inner
conductor. The MIITS quench integral will reveal what the peak temperature of the

conductor is from magnet trace data.
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Figure 26 and Figure 27 show the current decay and temperature rise after a quench
with protection heaters initiating a coil wide quench after 0.02 seconds. The protection
heaters keep the peak temperature below 200K in the inner conductor for an inner coil
quench. For an outer coil quench the peak temperature still exceeds room temperature.
Above 380K Formvar insulation softens [69] and the outer coil stays safely below that at
321K. The characteristic time is 0.06 s and 0.056 s for an outer and inner quench. The
peak internal voltage is 667 and 643 distributed volts for the inner and outer coils
respectively.

3.3.2 Required Quench Protection Coverage

From the quench integral output an estimate can be made for what fraction of the coil
needs to be covered by a protection heater and how fast the heater needs to be fired. The
quench integral gives a ‘MIITS bank’ for a given final peak conductor temperature Tt
where MIITS is the standard million amps? second unit. Following the approximation of
Iwasa [69] the coil resistance, R, is the resistance of the coil at Tt divided by four, where
¥ comes from spatial averaging and another %2 comes from time averaging. So that

MUTS(T;) — 1§ty = I3 L/R @)
where

_P(Ty)
4A
For Equation (5), A is the cable cross section, p is the cable resistivity, Lcanie is the length

R Lcablef' (5)

of cable, and f is the fraction of the coil under the protection heater.

For TAMUS3, a heater power of 45 W/cm? will set the detection and diffusion time to
roughly 10 ms based on insulation thickness and previous experience. From the graphs of
the previous section and a 20ms diffusion time, the protection heater should only allow a
peak temperature of 321K and not 380K+ as the formula suggests. This equation puts an
upper bound to the peak temperature whereas the code gives a much more accurate

estimation.
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Figure 28: Required Coil Coverage Fraction as a Function of Peak Temperature

Figure 28 gives the required fraction of the coil covered by a protection heater for a
given peak temperature as calculated from the quench integral and from a delay time
indicated in the key (20 and 5 ms.) A value of greater than one implies that energy will
need to be removed by an external dump resistor with a value determined by the amount

greater than one.
3.4 Quench Protection Design

The stored energy at peak field is 0.24 MJ in TAMU3. When a section of the magnet
no longer is superconducting or quenches the energy is deposited in the form of resistive
heating in the quenched region. Without any protection the peak temperature rise in the
small zone can be in excess of 1000 kelvin or enough to melt insulation or conductor and
destroy the magnet in fantastic fashion. Therefore, quench detection and protection is very

important in superconducting magnets.
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3.4.1 Voltage Taps and Signals

Quench detection is accomplished with a series of voltage taps strategically located
on the first and last turns of the inner and outer windings where quench is most likely to
occur. Figure 29 shows the location of the voltage taps and quench protection heater strips
at the lead end. TAMU3b and TAMU3c are symmetric coils in TAMU3 so that
comparative circuits will measure voltage differences between corresponding voltage
taps. The induced voltages from ramping the magnet should produce opposite and
symmetric voltages that will be cancelled with a comparator circuit. Then any voltage
developed from a quench is isolated from AC or ramping signals and will be used to detect

a quench.

Figure 29: Voltage Ta and Quench Protection Heater Installation
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Carbon resistors on each lead measure temperature rise and give a secondary quench
detection signal. Depending on where the quench originates and quench velocity we may
see temperature rise before the quench detection circuitry fires due to the relatively large
NbsSn margin in comparison to NbTi.

3.4.2 Quench Protection

Quench protection in TAMU3 is accomplished with an external dump resistor and an
internal heater foil. The dump resistor is connected across the leads during a quench so
that some of the energy stored in the magnet inductance is dumped into the resistor outside
of the magnet and decreases the peak temperature rise in the magnet. The dump resistance
is calculated so that the peak voltage across leads is less than 1000 volts or roughly 50
mQ.

The primary protection for TAMUS3 is accomplished with a heater foil. The heater is
as thermally close to the windings as possible while remaining electrically isolated and
covers roughly 70% of each coil. When a quench is detected a capacitor bank drives
current through each foil on the order of 45 W/cm? and raises the temperature above the
superconducting critical temperature and drives the majority of the volume of the coil into
quench. With a large quench region the deposited energy is distributed and the peak
temperature is greatly reduced. With effective quench protection the peak temperature is

simulated to remain below 200 kelvin.
3.5 Spring Design

Laminar springs were designed and fabricated in TAMUS3 to provide two crucial
stress managing functions. Primarily they give mechanical separation between the inner
and outer windings to inhibit transfer of stress. Secondarily they provide preload to the
outer windings. The spring must have sufficient travel and high enough spring constant at
both cryogenic and reaction bake temperatures to accomplish this task. All the while the
spring profile must be as small as possible to maximize the space for conductor. Inconel

X-750 was chosen for its excellent strength at reaction bake and cryogenic temperatures.
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3.5.1 Spring Design Parameters

A schematic of the spring profile is shown in Figure 30. The Inconel X-750 spring
and load spreaders used in TAMU3 were precipitation heat treated under the AMS
specification #5598 heat treatment schedule to obtain the necessary spring strength [70-
72]. The heat treatment is in argon to 1350°F (732.2°C) for 8 hours and then furnace cool
and hold to 1150°F (621.1°C) for a total precipitation-treating time of 18 hours with a final
argon cool. This heat treatment allows Ni3Al, Ni3Ti, as well as trace carbides to form
creating a 32 — 42 HRC hardness and a modulus of ~30,000ksi at room temperature. All
test samples from the precipitation heat treatment were between 34.8 and 39.8 HRC with
an average of 37.3 HRC. The springs were designed to have a repeatable travel of about
0.006” before extensive plastic deformation. The absolute maximum travel is designed at
about 0.012” after plastic deformation.

/ Sheath Enclosure / Load Spreader 0.068” Nom.

/ ¥ P\\
/ —_— o ———
/ X —
TN 1
Laser Weld N Spring Assembly 4
" 0.519” Nom. >

Figure 30: Schematic Diagram of Laminar Spring
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The springs were then assembled and laser welded into a hermetically sealed can to
maintain travel after epoxy impregnation. The springs are placed between the middle pier
support structure and the outer coil during winding. The spring provides preload during
the NbsSn reaction bake and epoxy impregnation and absorbs pier deflection during

magnet testing.

Figure 31: TAMU3 '10-Stack' Laminar Spring

The NbsSn formation stage of the reaction bake is 670°C for 70 hours. This
temperature is almost 50°C above the lower stage of the precipitation heat treatment. This
poses several concerns about how the behavior of the springs might be altered from the
reaction bake. The spring may have a zero point shift, a spring constant change, a travel
decrease, or any combination of these three. Extensive testing and simulation was

performed on a set of springs to observe the effect of heat treatment on the spring integrity.
3.5.2 TAMU3a Spring Analysis

TAMU3a springs were dimensioned before and after reaction bake. A summary of
the average widths for the three straight springs are in Table 4 below. One can see that
there was a 0.004” zero offset on the short lead-end spring and a 0.010” zero offset on the

curved springs.
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Table 4: TAMU3a Spring Thickness

Inches Pre RXN Post RXN Zero Offset
Long Spring 0.0683 0.0663 0.0020
Middle Spring 0.0676 0.0660 0.0015
Short Spring 0.0681 0.0636 0.0044
Curved Spring 0.068 0.058 0.010

The high offset of the curved spring indicate that during the winding process the
spring is plastically deformed until completely flat. This is expected due to the capstan
force from each turn. The total capstan force is about 700 psi which is enough to plastically
yield the spring according to simulation. The other zero offsets are largely unexpected and
a series of experiments were designed so that the possible effect of heat treatment on the
temper and hardness of the springs could be tested. It was thought that perhaps the heat
treatment was softening the spring to the point that it was taking a set under the standard

300 psi target pre-load pressure on each spring.
3.5.3 TAMUS3 Spring Testing

Previous tests were performed on post reaction bake 10-stack springs at too high of a
pressure. The results of one such test is shown in Figure 32. One can see a resemblance of
a linear regime for the spring up to 2000 psi for this test and complete plastic deformation

of the spring afterward.
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Figure 32: TAMU3 Spring Compressed at Room Temperature

Figure 33: Spring Test Fixture

The response of an unused TAMU3 10-stack spring was measured both before and
after the heat treatment to 100, 200 and 300 psi. The same spring was then compressed to
300 psi and heat treated under load. Pictures of the experimental setup are shown in Figure

33 and Figure 34. The spring dimension as a function of pressure from before and after
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the reaction bake is shown in Figure 35 and Figure 36. The spring zero point shifted by
about 0.001” from 300 psi compression as evidenced by Figure 35. This is expected since

there is a concentration of stress at the outer welds that will be discussed in simulation.

Figure 34: Spring Test Setup and Heat Treatment Fixture
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Figure 35: Spring Compression Before Heat Treatment
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Figure 36: Spring Compression After Heat Treatment

After the heat treatment more data points were collected and Figure 36 reveals a
quadratic shape. At 300 psi the dimension of the spring is about 0.063” both before and
after heat treatment. Also at 25 psi the dimension of the spring is about 0.067” both before
and after heat treatment. Remarkably, baking the spring at 670°C for 70 hours had no

significant effect on the spring constant or the spring travel!
3.5.4 TAMU3 Spring Simulation

Testing the springs directly revealed that the heat treatment did not appreciably
change the spring constant. The springs were modelled and simulated with ALGOR to
compare the response with what would be expected with standard properties of
precipitation hardened Inconel X-750. Values for the modulus, yield, and tensile strengths
at 25% elongation are 30x10° psi, 135 ksi, and 186.5 ksi respectively as taken from the
Inconel X-750 Publication No. SMC-067 from Special Metals Corporation for strip in
AMS specification #5598 heat treatment condition [72]. For simulation the complete
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stress-strain relationship for Inconel X-750 at room temperature was used from the
Selected Cryogenic Data Notebook from Brookhaven [68]. The analysis type was the
Mechanical Event Simulation (MES) solver with nonlinear material models. This solver
employs von Mises stress with kinematic hardening. This is ALGOR®’s most advanced
and computationally intensive mechanical solver for metal simulation. The von Mises

yield criterion for two dimensions is given as

— 2 2 _ 2
Oyon Mises — \/O-xx + ny Gxxayy + 3Txy (6)

where oy, and o,,, are the principal stresses and z,, is the shear stress. For the simulation
it was assumed that there is a 300 psi force on the spring which is the target designed
compression.

The two-fold symmetry of the spring was taken advantage of to reduce the
computational requirement. For Figure 37, Figure 38, and Figure 39 the right hand side
has a rolling symmetry boundary condition. The bottom is also a rolling boundary
condition where the bottom right node is fixed. Figure 37 shows the uncompressed spring
for comparison.

Figure 38 shows that the peak stress is on the load spreader along the centerline of the
spring on the right hand side. The peak stress in the spring itself is near the yield strength
of Inconel X-750 at 135 ksi and is located at the weld near the left edge of the spring.

Figure 37: Simulated Uncompressed Spring
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Figure 38: Designed von Mises Stress in ksi

The displacement of the spring is 0.085 inches at 300 psi according to Figure 39. From
Figure 35 and Figure 36, the measured displacement was 0.005 inches at 300 psi. This is
roughly 0.003 inches more compression that was simulated. If cryogenic material
properties are used for Inconel X-750, then essentially the simulation and the
measurements coincide even though the yield strength only increases by 10%. This result
indicates how material properties can have a large effect on spring displacement.

0.012»
0.010”
10.008”
1 0.006”
0.004”
0.002”
0.000”

Figure 39: Simulated Spring Displacement at 300 psi
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Figure 40: Simulated Spring Displacement as a Function of Pressure

The simulation as shown in Figure 40, implies that there should be about a 0.0005”
zero offset from 300 psi. Actual spring measurements indicate that a 0.001” offset is
produced from 300 psi. At about 360 psi on the load spreader the outer edge touches the
curved piece of the spring. This artificially causes the tail end of the curve to artificially
curve up in Figure 40. The average spring zero offset from TAMU3a reacted springs was
0.002”. This indicates that the winding procedure produced about 400 psi peak on the
TAMU3a springs.
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4. TAMU3 CONSTRUCTION

Constructing NbsSn superconducting magnets is an involved intricate process. The
initial tooling and superconductor must be fabricated and quality checked. Each coil is
then wound and subsequently heat treated to form stoichiometric NbaSn in the Rutherford
cable. After heat treatment the coil is filled with epoxy to fill void space, minimize
conductor movement while testing, and increase resistivity between turns. The final steps

are to install the coils in a flux return and to test the entire magnet assembly.
4.1 Rutherford Cabling

The strand is from Oxford Superconducting Technology (OST) through the
Conductor Development Program (CDP). The high internal tin 54/61 Restacked Rod
Processed (RRP®) strands are 0.7 mm diameter for the outer windings (34 strands) and 0.8
mm for the inner windings (30 strands). The strands were cabled by the Supercon group
of the Accelerator and Fusion Research Division (AFRD) at Lawrence Berkeley National
Lab. The Rutherford cable was insulated by a new fine-filament (5.5 um) S-2 glass drawn
by AGY in South Carolina and braided directly on the cable by A&P Technologies in
Ohio [60].

4.1.1 Original Cable

Original conductor for TAMU3 was cabled in 2006 and all information has come
from the ARL cable log and the LBNL cable logs. The inner conductor is 0.8 mm OST
RRP® NbsSn. Figure 41 shows a picture of TAMU3 inner cable from LBNL. The inner
cable was first rolled to 9.2% compression, then annealed, and then rolled to 11.7%
compression. Each anneal was at 205°C for 4 hours to release the intrinsic strain between
the niobium rods and copper stabilizer. The outer cable was first rolled to 9.9%
compression, then annealed, and then rolled to 12.3% compression. We then attempted to
insulate the outer cable with S-2 glass but the cable deregistered. The cable was then

annealed again and rerolled to 13.5 to 14% compression to increase the mechanical
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stability of the cable. Insulation was then successfully braided onto the outer cable. The

processing of original TAMU3 conductor is summarized in Table 5.

Figure 41: Uninsulated TAMU3 Inner Rutherford Cable

Table 5: TAMU3 Original Conductor Summary

Conductor Width Thickness % Compression
TAMUS3 inner cable 30 strands x 0.8mm
T40-B0937-BR 75 Meters
Unstrained 0.0630” 0.0
First Roll 0.0572” 9.2
Re-Roll After Anneal 0.5120” 0.0556” 11.7
TAMUS3 outer cable 34 strands x 0.7mm
T-5-0-B0943RR-1&2 110 Meters (total)
Unstrained 0.0551” 0.0
First Roll 0.0496” 9.9
Re-Roll After Anneal 0.0483” 12.3
Re-Roll After 2" Anneal TAMU3a 0.5133” 0.0474” 14.0
Re-Roll After 2" Anneal TAMU3b 0.5120” 0.0477” 13.4

After heat treating TAMU3a, sufficient amounts of tin leaked out of the conductor
and etched stabilizing copper from the leads that it was deemed irresponsible to
incorporate the coil into the TAMU3 magnet. This required a replacement coil be
fabricated with new conductor. Enough inner conductor was initially made in 2006 for
additional coils so that a replacement inner coil could be wound. However, more outer
conductor needed to be fabricated.
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4.1.2 Rutherford Cabling at LBNL

To fabricate new outer conductor for TAMU3 and future magnets, over 4 km of 0.7
mm RRP® strand was procured. The strand was the spooled onto 34 bobbins to fabricate
110 meters of Rutherford type cable at LBNL.

The cabling machine in Figure 42 rotates anywhere between crawling speed to
roughly 80 rpm producing a maximum of 10 meters per minute with 60 strands. With the
TAMUS3 outer conductor we have 34 strands at 0.7 mm diameter. We were able to go to
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~30 rpm before the Turk’s Head DC motor was current supply limited which produced
about 2 meters per minute. It took about 2 hours to make the 110 meters of outer 0.7mm
RRP cable.

The Turk’s head is warmed to ~40°C prior to cabling to minimize die spacing
oscillation. The Turk’s head and die rollers are located on the right hand side of Figure 43.
The caterpillar cable take up, located on the bottom right side of Figure 42, is geared
directly to the lathe and set to the ideal pitch length per rotation. The actual rate of take up
is determined by the two Turk’s Head motors that are independent of the lathe. The
adjustment is made so that there is the minimal amount of tension on the cable between

the Turk’s Head and the Caterpillar cable take up.

Figure 43: Turk’s Head and Naphtha Lubricant Drip
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The Naphtha nozzle is connected to a liter size container of Richards Apex V-4BR
CPD vanishing fluid which is an evaporating oil for cabling with fatty additive plus (rust)
inhibitor. The nozzle is shown on the right hand side of Figure 43. Hugh Higley from
LBNL indicated that it is Naphtha with <5% of a fatty vegetable acid. He did not know if
it was palmitic acid or not but it is strongly suspected that it is. As for the inhibitor, we
deduced that it inhibits copper oxidation and could be benzotriazole (CsHsN3), which
forms a passive layer on the surface. The solution is applied directly onto the cabling
mandrel without dripping onto the strands. The solution is applied at the rate of about one
drop per pitch length or one roughly 1 ml every 3 meters or 15 ml in one winding set of
TAMU3. Napalm is a mixture of one of the products of Naphtha and Palmitic acid.

A cable dimension measurement is taken every 0.8 meters along the cable. The length
of cable is measured at the dimension measurement device shown in the middle of Figure
45 and at the SS cable anneal spool. The same reduction schedule was used for both the
inner and outer cables as was originally used for TAMU3a conductor. Figure 44 shows
the LBNL cabling team hard at work re-rolling TAMU3 outer Rutherford cable.

L to R; Alfred Mclinturff, Nate Liggins,
Hugh Higley, Dan Dietderich

Figure 44: Cabling Assembly Line
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Before annealing the entire cable set, we ran a test on short segments of bare wire.
From past experience, if there was a local barrier break during the anneal, the strand would
fracture at small bending radii from hard bronze forming. The 0.7 mm uncabled strands
remained soft and pliable after an anneal at 204°C for 4 hours in a purged (10x the volume
overnight) atmosphere. After the anneal the Turk’s Head was moved to the end of the
cabling lathe in front of the cable dimension measurement device to aid in rerolling the

cable to its final dimensions (~3% reduction in thickness).

Figure 45: Automatic Cable Measurement Equipment

In summary, 110 meters of TAMU3 outer conductor was fabricated at LBNL with
very simular dimensionality as the original Rutherford cable. It is worth mentioning that
the original cable went through two anneals and re-rolls whereas the new outer conductor

went through a single anneal and subsequent re-roll.
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Table 6: TAMU3 Outer Cable Summary

Conductor Width Thickness % Compression
New outer cable 34 strands x 0.7mm
TAMU-5-0-B1029R 110 Meters
Unstrained 0.0551” 0
First Roll 0.0489” 114
Re-Roll After Anneal 0.5127” 0.0475” 13.9
Original outer cable 34 strands x 0.7mm
T-5-0-B0943RR-1&2 88 Meters (total)
Unstrained 0.0551” 0.0
First Roll 0.0496” 9.9
Re-Roll After Anneal 0.0483” 12.3
Re-Roll After 2" Anneal TAMU3a 0.5133” 0.0474” 14.0
Re-Roll After 2" Anneal TAMU3b 0.5120” 0.0477” 13.4

4.2 Winding

After the magnet is fully designed and sufficient tooling is fabricated, winding
commences. Winding superconducting magnets takes patience and precision. Failing to
follow protocol or rushing will surely bring more heartache than efficiency. Included

below are the novel techniques and nuances discovered while winding the TAMU3 coils.
4.2.1 Lead/ Transition Tolerances

The original design placed too tight of constraint along the transition region of the
leads. Shorts quickly formed from the winding procedure which required modifications to
the nose piece and transitions on the base caps as shown in Figure 46. The top image is of
the inner lead transition on the nose piece before modifications to widen the cable channel.
The bottom image is after the modifications.

The field and thus Lorentz force on the leads is sufficiently decreased to about 10%
of the force on each turn in the body. The magnetic flux density along the center of each
lead and solder joint is shown in Figure 47. The decreased force enabled us to fill the
relaxed tolerance S-2 fine filament glass fabric and tape. The extra tape also protected the

leads from a propensity to form shorts. The best practice in designing hard bends is to
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allow the cable some freedom. Tightly constraining Rutherford cable usually results in

hard shorts to the transition tooling even if additional insulation is employed.

Figure 46: Inner Coil Nose Piece Transition Modifications
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Figure 47: Magnetic Flux Density Along the Leads
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4.2.2 Bottom Beam Orientation and Insulation

The original bottom inner beam design had pieces with undefined orientation and
caused gas flow and epoxy channel misalignment. An inner winding was almost
completed before this error was discovered and corrected in the design. In Figure 48 the
top two segments of the bottom inner beam have gas flow / epoxy channel holes that

misalign with the magnet base.

Figure 48: Bottom Inner Beam Epoxy Channel Holes and Misalignment

Once a turn is in place, it is imperative to minimize movement that tends to fray the
delicate sock on the conductor and the blanket underneath the conductor. This is
essentially impossible while winding a racetrack type coil, because the straight sections
bow and form a catenary curve. The best practice is to place a thin sheet of a polyimide
such as Kapton between the conductor and the S-2 glass blanket while winding and

remove the sheet after the winding is complete.
4.3 Diffusion / Formation Heat Treatment

After magnet winding is complete the magnet is installed into a large magnet retort
called a coffin for maintaining vertical and horizontal magnet pressure during the diffusion
/ formation heat treatment.
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A positive pressure of argon flows through each coil to minimize oxidation. The left
picture in Figure 49 shows all of the argon supply and return gas lines connected to the
900 kg retort. The right picture shows the ceramic heating elements surrounding the retort
and the thermocouples protruding between layers. The top bell jar is the vacuum chamber
for pump / purge process. The picture in Figure 50 shows the data logging cart and heat
treatment vessel in the foreground and the temperature control electrical box in the

background.
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Figure 50: TAMU3 Heat Treatment Equipment

The relative mass of the retort compared to the heat available from the 480 V heating
coils is quite disproportional. The response lag time is on the order of 30 minutes or a
small eternity for standard temperature control processing. The system is underpowered
and required tedious calibration and furnace characterization to maintain close control on
conductor temperature. For more information on the heat treatment procedure see the heat
treatment appendix.

The heat treatment for TAMU3 Nb3Sn conductor has three steps: a solid stabilization
step below the melting point of tin at 210°C for 48 hours to allow a small fraction of the
tin to diffuse into the copper and form a bronze, a tin diffusion step at 340°C for 48 hours
to form a tin rich bronze so that the niobium rods have sufficient concentration, and a
NbsSn formation step at 670°C for 70 hours for stoichiometric, A15 NbsSn to form. This
heat treatment schedule was chosen to maximise current density to test stress management
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at the highest possible flux density. The conductor should produce 2800 A/mm? (12 T, 4.2
K) and a RRR of 30 with this heat treatment.

4.4 Vacuum Pressure Impregnation

After the NbsSn heat treatment, robust NbTi leaders are spliced onto the brittle NbsSn
leads for protection against strain degradation in the leads. Then all voltage taps,
capacitive strain gauges, and electrical instrumentation that would not survive the heat
treatment are installed along with quench detection and protection circuitry. After the
quench circuitry is installed, the magnet is welded closed and sealed for Vacuum Pressure
Impregnation or VPI with CTD-101k® [73]. As previously discussed VPI minimizes the
inter-wire point contact force and fills voids to reduce conductor movement from Lorentz

force and increases resistivity between contacts.

SRy =

Figure 51: Epoxy Filling Cups and VPI Vessel with Viewports

VPI is accomplished by first degasing the epoxy at a temperature that balances the
epoxy pot life and minimizes the viscosity (100 uTorr, 60°C, 80 cP, 10 hours) [73].

Simultaneously the magnet is placed in low vacuum (250 uTorr) in the VPI vessel in
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Figure 51 to minimize the formation of void space and trapped air inside the magnet. Then
atmospheric pressure is opened to the degassed epoxy and differential pressure enables
epoxy to flow into the magnet. The magnet is fully impregnated once each overflow cup
has collected epoxy as shown in Figure 52. The epoxy is then cured at 110°C for 5 hours
and 125°C for 16 hours. The cured epoxy also increases the resistance between the coil
and the surrounding support structure [74]. Figure 53 shows a picture of both coils after
VPI.
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Figure 53: Fully Impregnated TAMU3b and TAMU3c Coils

4.5 Flux Return Installation and Instrumentation

After the coil is fully impregnated and cured it is ready to be installed into the flux
return. There are three primary steps to the installation process. First, each coil needs to
be electrically insulated with Kapton and G-10 sheets to prevent multiple current paths
and protect each coil if there are multiple shorts from a catastrophic quench. The second
step is to physically install and center the coils using Wood’s metal filled bladders. The
TAMU3 magnet will be vertically cold tested with the leads downward. This allows the
magnet to be better protected against low levels of liquid helium and will allow more
testing for the amount of liquid helium used. The final step is to electrically wire each
coil to terminal strips and fabricate a wiring harness that is compatible with the electrical

interface of LBNL’s new test station.
45.1 Coil Insulation

The lowest resistance to ground is located in the TAMU3c coil at roughly 250 Q. If a
hard short (1-2 Q) were to occur on one of the coils while testing we would still be able to
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successfully complete the test as long as the shorted coil were isolated and allowed to
electrically float relative to all of the other electronics. If each coil is insulated, then we
are allowed a single hard short in each coil without creating a closed, alternate path for
current to travel. Figure 54 shows the first layer of Kapton and the subsequent layer of G-

10 insulation that electrically isolates the coil from the flux return.

Each coil was electrically high-potential tested by placing each surface on a metal
plate and connecting the surfaces to a high-voltage power supply. The test criterion was
set to 500 volts with a 0.1 pA trip current. Each surface of TAMU3b and TAMU3c passed
the high-potential test.

45.2 Flux Return Installation

The process of installing the coils using Wood’s metal filled bladders requires four
simple steps: warming the entire assembly, installing and centering the coils, pressurizing
the bladders, and finally solidifying the Wood’s metal. The Wood’s metal bladder system
is shown in Figure 55. The valve system on the left hand side of Figure 55 is shown
schematically in Figure 56 and the Wood’s metal bladder valve system shown on the right
half of Figure 55 is shown schematically in Figure 57.
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Figure 57: Wood’s Metal Bladder Valve Map

First the coils are installed in the bore of the flux return. The installation ordering for
each coil and piece of filler iron is designated in Figure 58. The bladders are made out
0.020” stainless steel sheets and are placed between the coils and the flux return. The coil
is centered by using dial indicators as shown in Figure 59. Once the entire flux return and
bladder system are above the melting point of Wood’s metal the bladders are pressurized
while keeping each coil centered in the flux return. Finally the system is slowly and
sequentially cooled below the melting point of Wood’s metal starting on the tail end of
the coil and progressing through each of the four zones of the flux return. This procedure
ensures that the preload on the magnet is uniform and independent of the phase change

contraction of Wood’s metal.
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Figure 59: Dial Indicators to Center Coils

67



5. TAMU3 ANALYSIS

TAMU3 is a bi-modular NbsSn single-pancake dipole designed to become the
background field for a full bore dipole. The developmental conductor used should produce
the highest current densities possible with low temperature superconductors in the 12 to
15 tesla range. However, during heat treatment elemental tin leaked out of the conductor
and differential expansion between support materials and the conductor could potentially
reduce the current carrying capacity of the conductor. Cable resistivity and bulk resistance
to ground are within the expected ranges in comparison to simular superconducting
magnets. Transducer and strain gauge calibration results enable excellent and reliable data
from magnet testing to be collected and analysed. Cable and magnetic field orientation

will minimize the AC losses for TAMUS3 in comparison to other comparable coils.
5.1 Cable Expansion

Gaps were found in TAMU2 stress management structure after heat treatment. It was
determined that TAMUZ2 gaps were caused by the relaxing of internal stress in the stress
management structure during the heat treatment. This was corrected in TAMU3 by pre-
annealing all components prior to tooling and heat treatment.

It is a generally accepted phenomena that internal tin Rutherford cable contracts in
length (~0.0005 m / 1 m) and expands in cross section during the heat treatment [75]. The
heat treatment of TAMU3a and TAMU3b resulted in a gap of roughly 0.41 mm forming
in the end regions between the stress management spring and the first turn of the outer
winding. This is the opposite of conventional thought with internal tin conductor.
Incorporating the potential strain on the conductor from the support structure, the
calculated gap should be between 0.22 mm (from material properties) and 0.79 mm (from

empirical cable data.)

68



5.1.1 Magnet and Material Properties

Figure 60 shows the location of a gap between the curved middle pier and the first
turn of the outer coil of TAMU3b. For the TAMU series magnets Grade 5 titanium was
chosen as the central mandrel for its small thermal expansion and Inconel 718 was chosen

for the stress management structure for its high strength. Table 7 shows the integrated

thermal expansion coefficients for various materials and internal tin conductors.

Table 7: Integrated Thermal Expansion Coefficients for Conductor and Materials

Material (mm/m) STP 670°C STP To4.2K STP
Internal Tin Simulation [76] 0 2.8 -3.6 -6.3 -3.1
Internal Tin Rutherford Cable, 19 subelement [75] 0 -2.8

Internal Tin Strand, 19 subelement MJR [77] 0 14 -7.0

OST RRP 84/91 twisted strand [78] 0 57 -0.2

OST RRP 54/61 twisted strand [61] 0 +0.3

OST RRP 108/127 twisted strand [61] 0 -0.45

OST RRP 108/127 untwisted strand [61] 0 -1.2

Inconel 718 [79, 80] 0 9.91 0 -2.389

Inconel X-750 [72] 0 9.9 0 -2.4
Titanium [81] 0 6.9 0 -1.5

A36 Steel [82] 0 8.5 0 -2.02

Copper 0 12.4 0 -3.26
Niobium 0 4.6 0 -1.43

NbsSn [83] 0 5.5 0 -1.8
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5.1.2 Gap Calculation

The length of the middle pier and inner beams is 55 cm and made out of Inconel alloy
718. This structure should expand 5.5 mm during the 670 °C soak from Table 7 data. The
cable undergoes stress relief, phase change, and thermal expansion simultaneously and
isn’t nearly as straight forward to calculate [84]. From simulation [76] and from a slightly
higher filament count high-tin content OST RRP® conductor [78] the best estimate for
expansion of the outer conductor is 2.8 mm or about half as much as the middle pier. This
implies that the cable is in tension during the Nb3Sn formation heat treatment. The outer
coil cable tension during A15 formation inhibits the conductor from freely contracting
during heat treatment cool down.

To calculate the total strain on the conductor at each step of the heat treatment we
need to balance the stress equation below using the given stress-free expansion parameters

of Table 7 and the moduli, cross section, and length from Table 8.
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In the static or equilibrium force Equation (3), the strain is calculated from the
deviation from the stress-free position of each material or the strain. A; is the area, E; is
the material modulus, and & is the strain. The point of contact is between the compressed
spring and the outer coil. Solving this equation by taking into account the coffin, the coil,
the spring, and the stress management structure, the equilibrium length is 55.81 cm at
670°C where the Inconel is compressed by 0.66 mm, the cable is in tension by 1.45 mm

and the steel support structure is compressed by 0.08 mm.

Table 8: Young’s Modulus and TAMU3 Cross Sections

Material (GPa) 4 K STP  670°C Cross Section Length (inner / outer)
Niobium [68] 109.6 105.0 94.4 81.3 mm? 55.33¢cm
NbsSn [7