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1.0 EXECUTIVE SUMMARY

This report summarizes the present conceptual design of the GEM magnet. The current design is the result
of a collaborative effort of a team of physicists and engineers from the MIT Plasma Fusion Center, the Lawrence
Livermore National Laboratory and the SSC Laboratory. The design has benefited significantly from advice from
numerous panels of international magnet experts who have reviewed it during the last year, particularly from the
continuing involvement of the Rutherford Appleton Laboratory group which played a major role in selection of the
concept and design of the conductor and of the winding scheme,

All major parameters of the magnet, including its field strength, length, radius and the choice of the type of
conductor, are now frozen to allow this very large magnet to be constructed within the project schedule. The magnet
design described in this report fulfills all of the performance requirements and meets cost and schedule objectives of
the GEM experiment. All design choices made to date are conservative in order to ensure the success of the project.
Consideration of options for improving the design, reducing the cost, and streamlining the schedule are continuing.
Thus, minor changes to this conceptual design are expected, but these will be improvements on an already viable
design.

A vigorous R&D program is being pursued to resolve the few remaining issues relating to conductor
manufacturing and winding. This effort must run in parallel with completion of the design, which will be continued
and finished by the contractor selection for final design, fabrication, assembly and installation so that the magnet will
be ready by March 1997,

The overview section of this report contains a general description of the magnet and the considerations
leading to particular choices of its parameters. Each of the subsequent chapters addresses aspects of the magnet
design, construction and operation in greater detail.



2,0 OVERVIEW

The construction of the SSC will open new physics territory for exploration: unprecedented high energy
proton-proton collisions studied at high luminesity. The greatest physics discovery potential lies among the particles
emitted at large transverse momentum, as has been demonstrated at the CERN and FNAL colliders. A major goal of
the SSC is the search for massive new particles. Among these are the Higgs scalar boson which is expected in the
Standard Mode! of electroweak interactions and additional families of particles which inelude supersymmetric
particles, technicolor particles, leptoquarks, etc.!

Most of the processes of interest are difficult to separate from the background, including the expected
signatures of the decays of new particles, which are more readily distinguishable from these backgrounds, high energy
photons, charged leptons emitted at large transverse momentum, and multiple jets of charged and neutral particies.
The goal of the GEM experiment is to discover these new particles with a detector optimized to measure high energy
photons, electrons and muons, which also maintains the possibility of measuring the energy and direction of
hadronic jets. In addition, these processes have very small cross sections and the experiment must be able to operate
at the high luminosity planned for the SSC accelerator.

In order to identify rare processes within the large background, GEM needs very good muon momentum
resolution and very good energy and position resolution for electrons and photons. This requirement leads us to
Ininimize the amount of intervening material in front of the electromagnetic calorimeter and to measure the muon
tracks inside a magnetic field. This leads to the present detector concept in which a solenoidal magnet with very large
radius encompasses muon tracking stations and electromagnetic calorimeter inside the coil. The baseline design of the
GEM experiment is shown? in Fig. 2-1. The muon momentum measurement goals for the central region and a desire
to minimize the constraints on the muon chamber precision, lead naturally to a very large radius, long solenoid to
provide sufficient lever arm for muon tracking. This is limited by constraints on the cost of the magnet, experimental
hall and surface facilities necessary for magnet construction as well as the number of chamber channels and
segmentation®* of the muon system. The size of the magnet, both in radius and in length, results from cost
optimization for the combination of the magnet, the muon system and the size of the experimental hall. This
optimization also took into account a range of the field strength basics in which the application of technologies
considered for other detector components appeared reliable.

The physics opportunities availabie at the SSC are described in the GEM Letter Of Intent y GEM TN-92-49.
ZGEM Experiment Baseline design, GEM TN-92-76.

3]. Sullivan, GEM Magnet Options, GEM.TN-81-37.

4G.Deis, GEM Magnet and Muon System Cost Model.
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INTEAAC TION FONT

FORWARD FIELD SHAPEN

Figure 2-1 The baseline design of the GEM experiment.

The physics and engineering of a large solenoid coil, 30.8m long with an 18 m diameter inner bore, leads to
the selection of a superconducting solenoid with moderate field of about 0.8 Tesla. This can be achieved well within
“state of the art” technology with a simple, single winding coil ard satisfies all physics and technology needs. Higher
field would require multilayer winding or other higher risk designs®. Resistive magnet technology was also considered
and was found to be less cost effective than our baseline option. The resistive magnet requires a large iron return
yoke and the associated cost (additional
~$100 M), construction schedule (additional ~1 year for iron installation) and power consumption (in excess of
20 MW) are unacceptable. Several of the alternative magnet concepts considered in the early design stages are listed

in Table 2-1.
Table 2-1. Major Magnet Design Options
Option Comments Major Disadvantages
Resistive coil with iron flux fow technical risk high construction cost, high
return operating cost
Resistive coil without flux low technical risk, minimal high operating cost, fringe
return construction cost field
superconducting coil with iron  moderate technical risk, lower high cost, schedule delay
flux return operating cost

superconducting coil with
superconducting shield coil

superconducting coil without
iron flux return

high performance, high technical technically risky, high cost,

risk schedule delay
low technical risk fringe field and special
shielding requirements

SGEM Magnet Technical Panel reports, R. Stefanski, ed., GEM GDT-16.
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As a result of technical cost and schedule considerations, the GEM collaboration chose the superconducting
solenoid without a flux return. Therefore, the GEM magnet does not have a return yoke®,’. The return yoke would
require more than 40,000 tons of iron, would increase the cost of the magnet by about $100M and would require
over one year longer installation schedule.

The baseline design satisfies the requirements of 5% momentum resolution for 500 GeV/c transverse
momentum muons in the rapidity range of 0 < < 1.5. In an open field solenoid, the muon resolution in the forward
direction, 1.5< n<2.5, was found to be unacceptably low. Since the resolution in this region was relatively
insensitive to the radius and length of the main solenoid, therefore, a variety of local forward field shaping options
were studied (Table 2-2). From these options, we chose a simple, passive iron field shaper (see Fig. 2-2), which
improves forward muon performance to meet our requirements. The iron forms a truncated cone around the beam
axis in the region of 10 to 18 m from the beam intersection point. It introduces flux concentration and a large field
gradient in the region of forward muen chambers allowing for 13% muon momentum resolution at 71=2.5.

Option Design Objective Performance Disadvantage
longer superconducting improved forward performance, poor
solenoid lower cost, improved access
superconducting solenoid improved field uniformity poor high technical risk
with end compensation
forward pinch coils improved forward performance moderate to good  costly, complex
forward opposing field coils improved forward performance moderate to good  costly, complex
flat steel poles with coil improved forward performance moderate . costly, complex
windings
conical stee] field shaper improved forward performance good costly, complex
with coil windings
conical steel field shaper improved forward performance good

SGEM Magnet Technical Panel Meeting, GEM GDT-5.
"R Stroynowski, Considerations Leading to the Choice of Open Field Magnet, GEM TN-91-30.

4



Figure 2-2 An artist s view of the GEM Magnet




The GEM magnet consists of two half-length coils each 14.44 m long, separated by & distance of 1.5m. The
central tracker and both electromagnetic and hadronic calorimeters are supported by a free-standing, fixed central
membrane situated between the two coil halves. The decision to split the magnet into two coil-halves is dictated by
the logistics of coil construction and convenience of detector instellation. The magnet is too long to be constructed

and lowered from the surface into the experimental hall in one piece. Major parameters of the magnet are listed in
Table 2-3.

Table 2-3: Major parameter list for the GEM magnet.
Central induction 08T
Mean radius of windings 9.5m
Inner radius of the cryostat 9.0m
Overall outer radius, including structural ribs 10.9m
Coil length, (per half) 14.44m
Number of turns (per half) 228
Central gap between cryostats 1.5m
Magnet axis height above floor level 13.0m
Total magnet assembly weight {(per half) 1300t
Forward Field Shaper minimum 2 10.0m
Forward Field Shaper maximum z 18.0m
Forward Field Shaper ineluded angle 17.4deg
Forward Field Shaper mass (each) 1265t
Operating current 50.2kA
Stored energy 25GJ
Inductance: ' 1.98H

The 1.5m gap between the coil halves also allows for the instaliation of a support structure for the
calorimeter and tracker and does not affect significantly the field uniformity in the central region. The gap is large
enough to accotnmodate al] signal cables and eryogenic and electrical services needed for the central detector.

The two coil halves are designed to be mobile along the beam axis allowing for their separation from the
central detector support system during initial installation and allowing for the access to the calorimeters and the
central tracker after the detector is put together by separating the magnet pieces during a major shut-down. The
independent mobile support systems are necessary® for the initial installation of the magnet and the Forward Field
Shapers.

Each coil half is constructed out of 12 identical segments. Each segment consists of 19 turns of conductor
wound on the inside of the 7.6¢cm thick and 1.2m long cylindrical aluminum bobbin. The conductor for the GEM
magnet is 8 NbTi “cable-in-conduit”, which provides excellent stability against quench. This type of conductor has
been studied extensively in the international fusion energy program, and its design Is very similar to that used in the
successfully-tested “Demonstration Poloidal Coil™. We use 450 conventional NbTi:copper superconductor strands, -
cabled togsther, and surrounded by a 2.0 cm inner diameter stainless-steel conduit filled with liquid helium. The
liquid helium is in direct contact with the supereonducting strands. This provides a large heat capacity, allowing the
conductor to withstand substantial external heat input without quenching. ‘With the modest magnetic field present
at the conductor, less than 1.6'T even st the end windings, the operating current is less than 25% of the critical

SM.Harris, Magnet Mobitity Considerations, GEM GGT-5.
9 Steeves, M.M.,, et al, “US Demonstration Poloidal Coil”, MIT ASC-90, (1990).
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current, and the temperature margin is 3.4 K. The stainless steel conduit is surrounded by a rectangular aluminum
sheath which provides hot-spot protection during the unlikely event of a quench.

The large stability margin provided by this design allows relaxed requirements on winding and assembly, as
appropriate for the large overall size of the coil. The present plan for winding and assembly of the coils calls for the
conductor to be roll formed on the inside of the aluminum bobbin. Each conductor segment together with joint
components at each end will be prefabricated and tested off-site. The on-site work on the coil segments will be
performed in the Coil Winding Building at IR-5. This will be limited to roll forming and insulating the conductor,
and compacting the winding to a bobbin and end flange assembly. Twelve coil segments are assembled with axes
vertical to produce a coil half in the Magnet Assembly Building. A special fixture to lift the stack of coils is used so
that successive segments can be inserted underneath. The baseline design of the electrical joints between the
individual segments is a resistive coupling with a separate cooling system.

Cooling for the coil is provided by a natural-convection Liquid hefium thermosyphon system which is
connected to the outside of the aluminum bobbin. This system removes all of the heat radiated or conducted to the
45K structure. Separate forced-flow liguid helium circuits remove heat from the resistive conductor joints and the
cryogenic current leads. The liquid helium within the conductor is used only for stabilization of the conductor, and
does not remove a significant amount of heat. All of the helium used for the GEM magnet is provided by a single
refrigerator, similar to that used for the SSC Accelerator String System Test.

In order to reduce the heat load on the liquid helium system, each half coil is totally enclosed in a radiation
shield consisting of multilayer insulation and panels cooled by liquid nitrogen. Both the conductor assembly and the
radiation shield are enclosed in a vessel which provides insulating vacuum as well as structural support for the coil
and the muon system. During assembly the completed half coil is inserted into the vacuum vessel stili in the vertical
axis orientation. The radia] clearance between the cylindrical surfaces of the coil assembly and the vacuum vesse] will
be approximately 10-15 cm. The completed half coil will be then tested for vacuum and cryogenic leaks before rotating
it into the horizontal orientation. Final cold leak testing follows this rotation. Completed half coil assemblies, Forward
Field Shapers and the central detector support structure will be then lowered into the experimental hall for
installation and full cold test of the magnet.

Knowledge of the magnetic fiekd inside the detector will be needed for precise fitting of charged particles
trajectories. It will be important also for local corrections for Lorentz angle effects in the muon chambers. A plan for
measuring the field is under study. Options under discussion range from full field mapping of the empty volume of
the magnet following its initial tests to placing sensors at strategic locations inside the muon tracking region and
extrapolating the measurements to full volume.

In the absence of a return yoke, the static fringe field in the experimental hall will vary from about .2 T near
the ends of the coil windings to about 50 gauss near the ends of the hall and in the access shafts. Precise knowledge
of the field in the experimental hall will be needed to estimate and correct its influence on the bearmn, the final focus
quadrupoles, and to mitigate or shield any mechanical or electrical component in the hall, electronic counting house
and in the operations center. The forces!® on structural I-beams and crane rails in the experimental hall will be small
in comparison with normal gravitational and structural loads. Vital electrical and cryogenic equipment will be either
shielded from the effects of the fringe field or selected to be insensitive to the field effects. Ample operational experience
from existing facilities with such fringe field (mainly NMR facilities) has been accumulated and shows no substantial
additional costs.

PR. D. Pillsbury Jr., Fringe Field Dipole-dipole Force Interaction, GEM TN-91-35,
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At the surface above the experimental hall, the fringe field will be approximately 44 gauss. This will decrease
to the level of the normal earth’s magnetic field at the SSC site boundary. An access and operations plan will be
prepared, and when implemented the facility will comply with local and federal health and safety regulations.!t 12

Electrical current from the 20V/55kA DC power supply, located in the surface utility building, is routed to
the magnet using air-cooled resistive busses. This system is capable of charging or discharging the magnet in 8
hours. A 5 minute emergency discharge is also possible, and can be initiated by the quench detection system or by
other safety interlock systems. The emergency discharge is accomplished by switching a large external dump resistor
into the power circuit using large circuit breakers.

The magnet is on the early critical path of the overall GEM Detector schedule and thus the SSC itself.
Installation and testing of the magnet must be completed before underground installation of any of the other
subsystems can begin. After testing and field mapping, the magnet halves must be moved apart to permit access for
installation of the central detectors and the muon subsystemn. Magnet testing must be completed by March 1997 in
order for GEM to be available for physics operation at SSC turn-on in June 1999. This schedule and cost
considerations have led to our overall philosophy of prefabricating as many components as possible off-site. Using
this approach, and assuming two-shift operation for the winding operations, the desired overall magnet schedule can
be achieved. However, it is clear that we must access industrial capabilities in design, development, and construction
as soon as possible. For this reason, we have begun the process of establishing a major industrial contract for effort
to complete the design and development of the GEM magnet, and then to construct it. In addition we have
initiated the process for procuring the conductor, so that it will be available to begin coil winding when the Coil
Winding building will become available in February 1994. The RFP for the prime contractor covers the solenoid
magnet with options for the Forward Field Shaper, Central Membrane, Cryogenic System and electrical system so
that these itemns could be provided from foreign sources or by the SSC Laboratory. With timely approvals, we
intend to place this contract in January 1993, so that we can reap the full benefits of industrial participation in the
design and development phase of the project. In this way, we will minimize the overall cost of the magnet and ensure
its completion on time.

UR.P. Woolley, SSC GEM Maggetic Field SAfety & Health Effects, GEM TN-91-19.
2R. P. Woolley, Supplemental Environmental Analysis of the GEM Magnet, GEM IN-92-10.
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3.0 MAGNET DESIGN AND GLOBAL PERFORMANCE REQUIREMENTS

The GEM detector must be capable of supporting in-depth exploration of the range of physics which will
become available at the SSC, and must also maximize the physics discovery potential. These requirements drive the
overall architecture of the detector and set specific performance goals for each of the detector components. Of
particular importance to the magnet design are the requirements placed on the muon system, since the primary
specification on the magnet is to provide a magpetic field necessary for the muon system to achieve a muon
rmomentum resolution of 5% or better at =0 for muons with p, =500GeV. This resolution should not be
significantly degraded for rapidities up to 77=1.5. In the forward region, the resolution at p, =500GeV should be
13% or better, in the range of 7<2.5. These physics performance requirements, together with technology limits
within the muon detector systems, result in specific requirements on the size of the magnet and the magnitude and
shape of the magnetic field.

The GEM detector must be operational during the entire SSC accelerator cycle, i.e., 4500 operating hours
per calendar year. Specific reliability goals are set for each GEM system, to fulfill these requirements. For the
magnet, the availability goal of 99% drives the overall design of the eryogenics, power protection, and controils
systems and also dictates design features to allow access for maintenance and repair of key items such as cryogenic
connections within the magnet assemblies. In addition to meeting these physics performance requirements, the GEM
detector must, also adhere to cost and schedule constraints. The overall schedule for GEM is based on availability for
physics operation at the §SC turn-on in October 1999.

Finally, the design must also satisfy all applicable ES&H requirements at the SSCL including the
Supplemental Environmental Impact Statement.

3.1 Magnet Design and Performance Requirements

The magnet performance requirement is to support the operation of other detector components. The
detailed magnetic field requirements have been developed by a trade-off between physics needs and technology limits.

The magnet is constrained within definite cost and schedule limits. In order to achieve the total detector
cost limit of $500M, the magnet together with all the support structures is required to cost less than $120M,
assuming construction by a US industrial firm collaborating with national laboratories. This cost includes all costs
associated with the magnet and includes R&D, conceptusl, preliminary and final design, management, supervision,
inspection, fabrication, assembly, installation, testing, and contingency. In order for GEM to meet its schedule of
readiness for physics operation in October 1999, the magnet must be installed, tested, and the magnetic field must
be mapped no later than June, 1997, At this time, installation of the calorimeters and muon subsystem must begin.

Overall Configuration

We have considered a wide range of magnet designs and made a number of choices regarding the overall
configuration of the detector. Physics performance and economic constraints require that the GEM magnet be a
large, open solenoid with field shaping iron in the forward regions. All detector components present at startup are
placed inside the magnet. The magnet is “open”, it is not surrounded by a local flux return. The flux return option
was rejected for economic and schedule reasons'*. The inner volume of the magnet available for other detector
components is 9.0m inner radius, by 30.8m length measured between the ends of the magnet vacuum vessels, The
overall length of the magnet system in the forward region is slightly longer.

In order to permit access to the muon, calorimeter and tracking systems, the magnet coil assembly is split at
the axial midplane. The two halves have the capability to be moved apart along the beamn line. This movement can

BR. Stroynowski, Considerations Leading to the Choice of Open Field Magnet: TN-91-30.
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be accomplished during a normal SSC scheduled maintenance shutdown of 3-6 months. The central detectors i.e.,

calorimeters and the tracker are supported by a structure which is independent of the magnet halves, and is capable
of remaining in place and stable even when both magnet halves are moved away.

The magnet will also provide structural support for the muon system. The muon system will provide the
space-frame structures necessary to support and align the arrays of the muon chambers to the necessary accuracy,
and the magnet will provide discreet mounting points for these structures. The mounting points must be
structurally stable, and capable of supporting and restraining the muon system. Finally, as a design goal, the
magnet configuration should allow for possible future upgrade of the muon system. Specifically, an annular space
around the outside of the magnet vessels should be reserved for the addition of an external superlayer of muon
detectors.

Magnetic Field

The magnet will provide a solenoidal magnetic field with some shaping in the forward direction. At the
interaction point, the magnitude of the field will be 0.8T. The field must be symmetrical about the beam axis to
0.5%. Since the field is provided by two separated coil halves, some non uniformity will occur at large radii near the
central membrane. In the forward region, the field required to provide acceptable muon momentum resolution is
defined by the iron of the Forward Field Shaper. Figure 3-1 shows lines of constant magnetic flux of the GEM
magnet.

LA RAAAS SALLES RN

Z1m
=

T

8. o - . . z.0

Figure 3-1 - Lines of constant flux for required magnetic field configuration. 8SC beam
axis is vertical, on the left side of this figure.

The central value of the magnetic field is specified to be 0.8 T to within 0.5%. The field magnitude and its
distribution will be known at all times during GEM operation to an accuracy of 0.1%. This may be attained by a
combination of one-time detailed field-mapping performed before interior detectors are installed and continuous
monitoring at discreet locations within the working volurne of the experiment.
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Duty Cycle and Lifetime

We presently require the magnet to operate continuously for at least 4500 hours which is the SSC running
cycle. In order to facilitate access to the underground hall for maintenance and repair of the other detector systems,
the magnet must be charged or discharged, under normal circumstances, in a maximum of 8-10 hours. At the end
of such a normal discharge cycle, the magnet will be ready for immediate re-charging. This allows field-free access to
components outside the working volume of the magnet within one day turnaround. In an emergency situation, we
require that the magnet be capable of a 5-minute discharge without sustaining damage. Following an emergency
discharge, the magnet may require a cool-down period before charging.

The design lifetime of the magnet will be 20 years. During this time, the magnet will be capable of 100
thermal cycles from ambient to operating temperature and back and 200 normal charge/discharge cycles. We require
that the design be capable of withstanding an additional 100 emergency discharge cycles. These requirements will
affect the components susceptible to fatigue or fracture. For economic analysis, we assume that there will be a total
of 10 emergency full discharges during the lifetime of the magnet. This requirement is used to specify the design of
the cryogenic system, and the handling of the boiled off helium by the recovery system,

Alignment

Alignment requirements for the magnet stem from four criteria. First, the magnet must not exert any
influence on the SSC beams which would result in tune shifts, Second, the major components of the magnet must
be mutually aligned so that they do not produce unacceptable magnetic foreces. Third, the alignment of the
magnetic field with respect to the detector systems must be stable during the data collection. Fourth, the magnet
structure must be sufficiently stable to satisfy the alignment requirements for the detector systems it supports. The
specification of detailed requirements must await more simulation and analysis efforts. In the interim, the most
stringent requiretnents are those involving the stability of the magnet structure. For instance, since the muon
system is supported by the magnet vacuum vessel, it is vital that the support points on the vessel be stable during
an SSC physics cycle. We presently assume that all magnet components must be placed in their ideal location within
25 min, but after charging the stability of the position of all elements must be less than 0.5mm during operation.
Further definition of these global alignment requirements is in progress.

Codes and Standards

The magnet will be designed to the intent of the ASME Pressure- Vessel Code, but will not be code-stamped.
The magnet will be subject to seismic design requirements, which are presently undefined. Since it is likely that
seismic requirements will be developed for the SSCL in the near future, we have made a reasonable design
assumption in this area. The Final Safety Analysis Report for the Comanche Peak Steam Electric Station provides
the basis of this specification!*. For a maximum seismic event at this station, the peak horizontal acceleration is
specified as 0.12g, and the peak vertical acceleration is 0.08¢. For simplicity, we adopt these specifications, which
allow the use of the response curves in Ref. 2 for all preliminary analyses. For finite-element analyses, where a
ground-motion history is required, we assume the standard history used at LLNL, with the peak acceleration scaled
down to match the specifications from Comanche Peak. This provides a reasonable and easily-used procedure, until
an SSC requirement is developed.

%" Final Safety Analysis Report, Comanche Peak Steam Electric Station”, section 3.7b, Texas Utilities Generating
Company.
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3.2 Interface Requirements

Specific interface control documents will be developed to detail the requirements for each of the interfaces
between the magnet and the other systems. Consideration of these interface definitions is in progress and the main
features of each of them are discussed below.

Magnet/Central Tracker Interface

The main requirements imposed on the magnet by the interface with the central tracker involve magnetic
field, physical support, and access for installation and maintenance. The tracker requirements for the magnetic field
are modest: the field should be as high as possible and nonuniformity of the filed should be less than 1.5%. The
central tracker support must carry the tracker’s weight, but it does this through the calorimeter. It also must
provide stability and this requirement drives the mechanical design of the support. The magnet must allow access
for installation and repair of the tracker, on a long (3-6 month) turn-around basis. These requirements led to the

design of the mobile magnet halves.

Magnet/Calorimeter Interface

The calorimneter interface provides requirements which primarily affect the design of the central detector
support. Clearly, the weight of the calorimeter and the required stability are the key factors in this area. In
addition, however, one of the potential fault modes for the LAr calorimeter is a cryogenic spill. This fault mode may
affect the magnet inner vessel. The magnet is required to withstand this calorimeter fault without significant

damage.
Magnet/Muon Interface

The requirements derived from the muon interface have been discussed above. This interface provides
requirements on the magnetic field and the structural stability of the muon mounting points. Detailed specification
of the muon mounts is in progress,

Magnet/Facility Interface

The magnet interfaces extensively with the above ground and underground facilities at SSCL. Since design
of the facilities is in progress, the magnet subsystem will be expected to accept most of the requirements as imposed
on it by the facilities design. This will be the case particularly for the above ground assembly buildings. The magnet
subsystem has provided rough requirements to the facilities design, and these are being incorporated.

3.3 Requirements Summary

A system-engineering approach is being followed in the design of the magnet. The requirements imposed on
the magnet are naturally evolving as the design progresses, and we expect them to continue to evolve. However,
changes in these requirements are expected mainly at the lower detailed levels, since the overall concept and
performance of the detector and magnet are well understood. These requirements form the basis of the design

discussed in the remaining sections.
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4.0 MAGNETIC FIELD DESIGN

The design of the GEM magnet!® is driven by the design of a detector that meets the requirements of the
GEM physics program. These requirements include an 0.8 T central field with a homogeneity of 0.5% in the central
tracker volume and, when combined with the muon detector design, a muon momentum resolution at a transverse
momentum p,=500 GeV of Ap, / p, =5% at 11=0.0(8=90°) and Ap,/p, =10% at n=2.5(0=9.4°) .1

Thus, the magnet design evolved together with the u detector design. The design goals were met by the
GEM baseline except, at large 7 where the muon magnetic resolution is 13% instead of 10%. The only magnetic

structures in the baseline are the superconducting solenoidal coils and the forward field shapers. It should be noted
that the ideal magnetic field shape for GEM is not homogeneous but exhibits extra curvature forward to enhance

the u resolution.
4.1 Basis for Design Evaluation
Homogeneity
The field homogeneity {over the central tracker volume) is defined as
(B, (p,2)- B,(0,0))/ B,(0,0).
Resolution
The momentum resolution,
Ap/p=A4p, [ p, =A06(S)/S
where p= }1, P =]BJ.sin £, and @ is the (polar) angle frem the beam line, is computed as a function of angle
given B. S(P) is the sagitts, related to the curvature of the track, and Ao(S) is the total uncertainty including
measurement error G,,,,. multiple scattering oy, and systematic error ©,,,. The uncertainty in the resolution
depends on the actual track, because the path length varies and the angle relative to the magnetic field changes.

Thus, to compute § and AS a u detector geometry must be defined.

We start with the Lorentz force (the force on a moving charged particle),

dpldi=(Q/c)VxB,
and assume that the particle rigidity R(= p/Q, where Qisthe-charge) is large enough so that p))L, where p is the

radius of curvature (=R /B1) and L is the length of the track in the detector. Under this assumption, the
osculating plane is fixed and small higher order corrections to the path may be neglected.

The first integral of the force equation is the impulse 7 :

7 sq/cJ: Bxd?

5QEM Baseline 1 — GEM TN-92-76
5 The symbol 1] is used for the pseudorapidity; 1) =~Intan(8/2).
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The impulse between two points is related to the angular change of a trajectory, as A; =Tor Ap, =l 71, The second
integral which we call BL? s given by

L
BC’252II j’b’xd?ds
040

The factor of 2 in the definition of BL? is included to agree with the results for a uniform field. B£? is related to
linear displacements, e.g., radius of curvature or sagitta §

S O.i BEQ=O.3SmGB£2'
8 Ipl 8p,

The sagitta of a track is sketched in Figure 4-1 where a charged particle () is shown transversing three superlayers
in a 4-8-4 configuration; the sagitta is the indicated dimension. Thus, a good figure of merit for (u) detection is

B[a,,

where 0,z is the effective resolution of the GEM u detector system, 50 pm.
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Figure 4-1 Sagitta measurement in one radial module of the
central detector (B is the magnetic field).



4.2 Magnetic Field and Force Analysis
Field Plots

Figure 4-2 shows an elevation view of the experimental hall with the magnet and the forward field shaper
shown. Also shown are the positions of the crane rail, the two assembly shafts and the two access shafts. Flux lines
are overlaid. The magnetic field vectors are paralle] to these lines and the field magnitude is inversely proportional to
the spacing.
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Figure 4-2 Contours of constant flux in the X=0 plane {labeled in gauss) overlaid on an
elevation view of the experimental hall and the assembly and end shafis,

Figure 4-3 shows the same elevation view as in Figure 4-2 but with contours of constant flux density. As
can be seen, the surface flux density is about 40 G. The flux density in the two end elevator shafts and utility shafts
is between 100 and 200 G. The magnitude of the flux density in the electronics shaft before shielding is between 50
and 200 G.
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Figure 4-3 Contours of magnetic flux denslity for the baseline design for GEM in the
X=0 piane overlaid on an elevation view of the experimental hall and the assembly and
end shafts.
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The shape of the magnetic field within GEM may be more easily seen in Figure 4-4 and the magnitude at
different scales in Figures 4-5 through 4-9.
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Figure 4-4 Contours of constant flux.l”
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Figure 4-5 Contours of constant B labeled in gauss. (See Footnote 3)

17 Note the figure is rotationally symmetric about the z-axis and mirror symmetric about the horizontal axis (e.g., the
midplane).
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The homogeneity in the central tracker varies by less than 0.4%; this is shown explicitly in Figure 4-10.
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Figure 4-10 Plan view of the field homogeneity in percent in the central tracker volume

{the contours are space at 0.1% intervals); the central tracker is delineated by heavy
lines.

The momentum resolution for the baseline geometry is shown in Figure 4-11.
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Fringe Field Environment

The decision not to provide a flux return to shield the fringe field is a common one for large magnet systems.
Large air core electromagnets without flux returns are common in superconducting magnetic energy storage, MHD
and MRI devices and in the large magnetic fusion machines such as JET, TFTR and MFTF. The cost of providing
enough iron or a bucking solenoid to capture all of the flux lines of these machines do well as GEM is prohibitive. A
less costly alternative is to shield only required volumes. The economics of this decision for GEM is influenced by the
significant depth of the detector hall. The distance alone provides sufficient reduction of the fringe field on the
surface that the effects can be easily managed!8.

The technology to operate satisfactorily in the fringe field of the detector hall and in the ancillary access
shafts is well understood. There are several significant operational aspects to the fringe field environment created by
a large high-intensity magnet. Forces and torques!® act on ferromagnetic bodies and current carrying elements,
electric currents may be induced by time varying fields (particularly in the case of a quench), susceptible components
may require shielding to operate properly.

Forces and Torques

If the volume of ferromagnetic material is small so that its influence on the local field is negligible, the body
force density can be expressed as:

F=(M-%)B

where Mis the magnetization in the material (i.e., the dipole moment per unit volume) and Bisa magnetic flux

density. For a current carrying element with current 7 , the force per unit length is the familiar 7 x B. For
ferromagnetic bodies, the force is most easily computed from the Maxwell stress tensor over a closed surface.

If the material magnetization vector is unable to align with the local magnetic field direction, the volume of
magnetizable material will also experience a torque that tends to align the magnetization direction and the ambient
field directions. This torque is given by:

-

- -

T=MxB

If the material is saturated then the magnitude of the magnetization can be written as:
M= Bsat fl«lo

where B, is the saturation flux density for the material and g, is the permeability of free space. Typical
values of the saturation flux density for iron range from 1.2 to 2.0 T

On the basis of these equations, the body force density experienced by a small magnetized body that can
rotate so that its magnetization direction is aligned with the ambient magnetic field ¢an be written as;

P=8_, /u,BNB- B

BR. Woolley, SSC GEM Magnetic field Safety and Health Effects, GEM TN-91-19.
BMIT-GEM-EM-01 and MIT-GEM-EM-06
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The magnitude and direction of the force density at various points in the experimental area are estimated
using this equation and assuming a saturation flux density of 1.5T.

Contours of constant body force density are shown overlaid on the hall in Figure 4-12. A small body of
magnetizable material aligned with the local field line on one of these contours will experience that body force density
shown. As can be seen, regions near the end of the coil and the end of flux concentrator experience the largest
magnitude of the force and the direction is toward the coil or iron. For example, the crane rail above the magnet
end sees a body force density of approximately 8kN nr3.

Figure 4-13 shows an end view of the magnet and hail at the midpiane of the magnet system. Shown is an
outline of the hall, the crane rail, the tunnel and electronics shaft and the operations center at the surface. Qverlaid
are contours of constant body force density. In this view all forces are directed radially inward toward the axis of the
magnet represented by the circle. The vertical I-beams that support the crane rails see a maximum loading of
30 kNm?3 with the load falling off as a function of vertical position to 5 kNmr3.

Figure 4-14 shows the dipole-dipole force contours in a plane Z =18m which corresponds to the axial
position of the end of the flux concentrator.

Induced currents — Time varying fields

Changes in the magnetic flux ¢ threading a surface will induce an EMF and potentially drive currents.
That is

EMF = do/dt

and this will give rise to eddy currents which will be manifest in conductive loops, coupled conductive plates, and
circulating currents (induced dipoles). Responses of conducting material in the time varying field are to be evaluated.

]
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Figure 4-12 Contours of constant body force density in kNm-3 for the baseline design for
GEM. A small magnetizable body at any point along a contour will experience a body
force density of the magnitude indicated.??

DFor iron at 7800 kg m}1 kN mdbf body force density translates to an acceleration 0.013 galileo.
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and 1"kN m 3., The shaft and crane rails are also sketched in. A small magnetizable
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Shielding

The magnitude of the flux density in the Cable Electronic Shaft is between 50 and 200G. The analyses
indicate that if the shielding of this room is required to reduce the field to 50 gauss, about 300 tons of iron plate
stock will be needed. The position and thickness of the shielding material is critical in minimizing material costs while
achieving the 50G design limit. The following shielding configuration with total mass 307 tons results in a peak field
of 46 G:

Easterly facing wall. 2.5
Westerly facing wall. 1
North and south facing walls 1
Cable Electronic Shaft bottom floor 2.5
Cable Electronic Shaft Room Level 1 Ceiling 2

The effect of the shielding material’s characteristic B-H curve is that a reduction in the relative permeability
from 4000 to 1708 {mild carbon steel} indicates a minor deterioration in the shielding effectiveness. In cne
configuration the peak field in the room increases from 46 G to 52 G, while the average Level 1 field increases from 28G
to 32G. Tradeoffs between material cost and shielding effectiveness are yet to be done.

Table 4-2 shows the fringe field limits for typical susceptible electronic components developed for the High
Field Test Facility (HFTF) and PHENIX experiments at LLNL?'. Shielding these components in a few hundred
gauss fields is common practice in the magnetic fusion experiments®2, 3 24, Shijelding of the small susceptible volumes
such as those of electronic components is typically carried out by completely enclosing the volume with close-fitting
shields composed of an outer layer of steel and inner layers of highly permeabie material if necessary.

Table 4-2 Typical electronic components tested for HFTF
for the effect of DC magnetic fields on operation.
(The worst orlentation and lowest field values are quoted here.)
L |

Component Minimum Field
Sgauss;
Solenoid valve 1460
Linear power supply 750
1.5 Hp electric motor 640
Switching power supply 210
Octal relay 175
Turbomolecular pump 75
Computer monitor 20

4 Personal correspondence with M. chaplain, LLNL.
Z Albrecht Mager, “Magnetic Shields”, IEEE Trans of Magnetics, Vol. Mag 6, 1970, pp 67-75.

Z Neutral Beam Conceptual Design Proposals for ITER from Euratom, Japan, Soviet Union, United States, ITER-IL-
HD-4-0-33, Nov 1990, pp 56-64.

#Thome and Tharr, MHD and Fusion Magnets Field and Force Design Concepts, Wylie and Co., 1980, pp 69-96.
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5.0 COLD MASS DESIGN DESCRIPTION

The cold mass for the GEM magnet consists of the modular coil windings, module-to-module joints, and the
bobbins and end flanges which provide radial and axial structural support. Twelve identical superconducting
solenoidal coil modules are each mechanically and electrically joined together to form symmetric coil halves. The cross
section of the coil is shown together with the cryostat, the Forward Field Shaper and the muon chambers in Figure
5-1. Parameters for the cold mass subassemblies and related magnet parameters are surmmarized in Table 5.1.

The conductor is cable-in-conduit NbTi superconductor which is permeated with low-flow supercritical
helium. Each coil half has its own set of vapor-cooled leads which operate nominally at 50,200 A. The center line
radius of the windings is 9.5m, and the active winding length for the twelve modules comptising one magnet half is
14.25m. The coil modules are housed inside a eryostat which includes sets of inner and outer liquid nitrogen thermal
shields and vacuum vessels. The cryostat components and vapor-cooled leads are described in other sections of this
report.

The coil turns are formed against an aluminum bobbin which provides structural containment for the radial
magnetic force. The axial magnetic loads accumulate through the turns to the end of each module, where they then
are distributed, through the module end flanges, into a parallel load path comprised of the adjacent module winding
and bobbin. The cumulative axial load of the modules is reacted through a set of axial cold mass supports which are
connected between the structural end rings of the vacuum vessel and the bobbin end flange located at the magnet
half axial center. These load paths are discussed in more detail in the cold mass support and structural analysis
sections of this report.
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Figure 5-1 GEM Detector Layout
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Table 5-1 Magnet Cold Ms Paraers

Mean radius of windings 9.5 m

Coil length end-to-end {per half) | 14.438 m
Finished Conductor length (total) 27,219 m
Total mass of conductor and insulations {per half) 158,000 kg
Total mass cold 4 K structure (per half) 525,000 kg
Operating current 50,200 A
Stored energy 25GJ
Inductance 198 H
Total number of turns 456
Inner radius conductor 9.466 m
QOuter radius conductor 9.534 m
Inner radius of conductor inner ground wrap 9.456 m
Actual axial winding length per assembly 14.25 m
Axial force on flux concentrator 12.2 MN
Axial force on conductor (per half) 52 MN
Bobbin inner radius 9.544 m
Bobbin outer radius 9.620 m
Bobbin minimum z 0.656 m
Bobbin maximum z 15 094 m

5.1 Coil Design

A cross section of the coil module is shown in Figure 5-2. The left end of the module cross-section shows the
module-to-module interface typical throughout most of the azimuthal extent. The right end of the module cross-
section shown in Figure 5-2 has been rotated into view from a region of the module-to-module interface where the
- electrical joint is made. The joint design is discussed in more detail in section 5.3.

Each coil module is comprised of 19 conductor turns which are wound in a single layer on the ID of the
module bobbin and captured axially by the module-end compression flanges. The compression flange bolts are
tightened during the module construction phase to apply an axial precompression to the coil stack. This
precornpression is sized to provide an initial axial winding displacement which is greater than that which would arise
from the electromagnetic force generated by the radial component of the magnetic field. Axial precompression of the

winding stack minimizes conductor motion when the magnet is powered and is discussed further in section 5.2 and
5.6.

A cross-section of the conductor is shown in Figure 5-3. It consists of 450 NbTi-copper/superconducting
strands which are cabled in a 3x5x5x6 pattern. The copper-to-superconductor ratio is 3:1. The cable is compacted
inside of a stainless steel tube leaving a helium void fraction of about 37%. The cable-in-conduit is enclosed in a
continuous extrusion of aluminum which provides quench protection for the conductor. The conductor will be
assembled in the factory in full-module finished lengths of 1134m. The conductor design is discussed in more detail
in Section 5.4.
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Fig 5-3 GEM Magnet Conductor

Each coil turn is wrapped with 6 mun thick inter turn insulation. A layer of 6 mm ground insulation is
applied at both the ID and OD of the winding. The ground insulation insulates the winding from the aluminum
bobbin at the OD and from the radiation intercept at the ID. The radiation intercept receives the radiation heat
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load from the warm bore of the magnet and shunts it around the winding, through the module-end compression
flanges, and into the coolant tubes which contain helium from the thermosiphon loop. The bobbin is similarly cooled
at its OD by coolant tubes with helium from the thermosiphon loop. The bobbin cooling removes the radiation heat
load from the outside of the magnet and also those small amounts of heat which may be generated inside the bobbin
due to small conductor motions relative to the bobbin.

A helium flow schematic for the cold mass is included as Figure 5-4. The present plan is to provide three
separate cooling loops to the coil modules, one for the thermosiphon loop around the bobbin OD, one for the
conductor conduit, and one for the joints. Alternative cooling schemes are being evaluated which could potentially
reduce the number of loops and/or the number of insulating breaks required.
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Fig 5-4 Magnetic Helium Flow Schematic

5.2 Module Structural Support

The bobbin provides support for the coil hoop stress, shares in carrying the cumulative axial load, provides
indirect cooling to the winding through the thermosiphon loop, and shields the winding from the external thermal

radiation load.

The coil bobbin for each module is made of 76 mm thick 6061-T6 aluminum plates which are welded and
rolled to a nominal inner radius of 9.544m. In the baseline design each bobbin is comprised of four arced segments
and four tensioning joints which also provide azimuthal insulating breaks. The tensioning joint provides a means of
adjusting the bobbin diameter to the final coil diameter after winding, and if compressing the conductor in the hoop
direction to ensure good radial contact between the winding and the bobbin. This adjustment is accomplished
through a set of bolts whose ends are opposite-hand threaded, providing a turnbuckie action. The insulating
breaks in the bobbin minimize the eddy current losses in the bobbin during magnet charge and discharge. With an
8 hour charge time and ignoring the shielding effect of the sheath, the eddy current losses in the 76 mm thick
aluminum bobbin are about 8 MJ without the insulating breaks. These losses require about 3500 liters of liquid
helium. The insulated tensioning joint is shown in Figure 5-5. An alternate design of a welded aluminum loop
without electrical break is under study.
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The axial compression flange segments are also of 6061-T6 as shown in Figure 5-6. These flanges induce the
axial prestress in the winding, provide for module-to-module mechanical bolting, interface with the axial and radial tie
rods which carry coil module loads to the vacuum vessel and remove heat from the radiation intercept at the ID of
the winding. The bolting ring in the compression flange segments have aiternating bolt holes and slots so that
adjacent module flanges are mated with a bolt through a hole/slot pair, enabling small azimuthal alignment
adjustments between coil modules.
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Preliminary evaluations of the radial field component at the windings were made based initially on a simple
model which does not include the smaller contribution to the radial field from the saturated iron of the forward field
shaper. The forces on this solenoid act somewhat differently than a simple solenoid model would predict due to the
space between conductor windings at module joints and between coil halves. The radial field at the winding due to
current in the coil modules alone is shown in Figure 5.7. The radial field at the winding peaks at the end of the cecil to
a value near 1.2T, but is also significant near the axia} center of the magnet due to the 1.5m spacing, centered about
z=0, between the winding halves. The radial field crossed with the azimuthal current produces axial forces on the
winding. The accumulation of these axial forces within each module is shown in Figure 5-8, assuming the bobbin
and end flanges are infinitely stiff, meaning all of the load is removed between modules by the structure, This is not
actually the case, but the assurnpticn enables an estimate of the magnitude of the axial precompression that must be
applied to each winding to offset the axdal electromagnetic load and minimize conductor motion. Maximum
precompressicn is required in the outside end module near z=15m where 27 MN of electromagnetic load accumulates.
This corresponds to 452,000 N/m (2600 Ib/in) of bolt load around the circumference.

A more detailed analysis of this prestress requirement is presented in structural analysis section 5.6. The
same simplified model was used to estimate the hoop load on the conductor. The axial field on the windings
generates the highest total hoop force in the third coil module near 2=3.6 m of 0.365T. This generates a local hoop
force on one conductor of 174,000 N (39,500 1b). The net area available to carry this hoop load is the conductor
width (45.1 mm) times the conductor plus bobbin thickness {68.5 mm +76.2mm) or 6.53 X10° m? (10.1 in?). The
average hoop stress in the conductor plus bobbin is then 26.7 MPa (3900psi). More detailed finite element
calculations are underway in this area and some of their results are presented in section 5.6.
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5.3 Coil Joints

The baseline joint design provides a low resistance electrical interface between two mating conductor ends on
adjacent coil modules. There are a total of 11 module-to-module joints and 2 end-module-to-lead joints per magnet
half. The joint halves are fabricated, attached to the conductor ends of each coil module and leak tested in the
conductor assembly factory, remote from the winding site. This enables a complete coil module length of conductor,
with factory preterminated ends, to be shipped to the coil winding facility on site, and eliminates the need to make
helium-tight welds to the conductor conduit in the field. During the magnet assembly process on site, the mating
joint halves are simply soldered and clamped together. Helium tubing from the cryogenic system is welded to pre-
fitted pipe nipples on the joint halves. Each joint is separately cooled. The conduit of each module conductor
supplies helium at one end of the 1134 m length and is vented at the other. The fittings are integral to the joint
design and are also leak tested at the factory.

The joint is depicted in Figures 5-9 through 5-12. During joint fabrication, the cable-in-conduit conducter
end is machined to accept the joint components. The stainless steel conduit is cut away from the superconducting
cable. A stainless steel reinforcing biock and a transition block, prefitted with a pipe nipple for conduit helium supply
or venting, is then slipped over the cable and welded to the conduit (see Figure 5-8). A length of copper tubing is
pulled over the cable and welded to the stainless steel transition block. The cable is rolled flat inside the copper tube
and filled with solder. A copper block, shown in Figure 5-10, is machined with cooling grooves which are sealed with
an electron-beam welded copper plate. Pipe nipples, which communicate with the cooling grooves in the copper block
through drilled holes, are welded to the side of the copper block and leak tested. The conductor end shown in
Figure 5-9 is then soldered into the machined groove in the copper block. A copper cover block is then bolted over
the transition block. All helium joints are then leak tested, and the factory preassembly is complete.
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After module winding on site, the joint half is lapped with and soldered to its mate from the adjacent coil
module, and the entire assembly is bolted together with aluminum clamping plates. The clamped joint cross-section
is shown in Figure 5-11. The aluminum clamping plates are welded to the aluminum sheath on either side of the
joint. This passes the hoop tension from module to module without stressing the joints. The amount of overlap in
the joint is designed to accommodate the small differences in position of the joint from one module to the next, so all
joints will be nominally in the same azimuthal location on the assembled magnet. An isometric view of the joint
region between two coil modules is shown in Figure 5-12. The joints are designed to be fully cryostable and are
based on a similar proven design which was part of the US Demonstration Poloidal Coil (DPC) program. The US
DPC joints underwent stringent testing which included field ramp rates of 5 T//s without quenching.
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5.4 Conductor Design & Manufacture

Introduction

The GEM Detector Magnet must be designed to operate with the highest level of stability and reliability to
insure maximum availability of the detector system. This requires a conservative conductor and coil design which
allows for substantial operating margins, yet one that can be manufactured and operated with reasonable costs.

A conductor and coil design based on the cable-in-conduit {CIC) conductor concept fulfills these requirements and
therefore was chosen for the GEM Magnet. This type of conductor has had the benefit of many years of
development by the U.S. and international magnetic fusion programs. This conductor type will both simplify the
on-site winding required for GEM and minimize the risks of operating instabilities. It is specifically designed to
maximize the use of proven manufacturing processes, tooling and operating experience gained from previous CIC
conductors. The selection of this conductor was gased on detailed comparative assessment and collaboration review

of several options,
Conductor Requirements

The conductor must provide a uniform DC magnetic field in the bore of an extremely large, thin solenoid.
Although the nominal central field requirement of 0.8T and the resulting electromagnetic loads are not high, the
huge dimensions of the magnet require on-site coil winding and magnet assembly. This requires a robust conductor
and coil design which minimize the risk inherent in the on site construction of such enormous winding and is
consistent with the level of cleanliness and assembly tolerances achievable in the anticipated fabrication facility.

The main dimensional requirements of the coil are given in Table 5-1. The main operating requirements are
summarized in Table 52,

Table 5-2 Conductor Requirements

Central Field (T) 0.8
Nominal Field at Winding (T) 1.1
Peak Field at Winding (T} 16
Operating Temperature (K) 45
Operating Current (kA) 52
Maximum Hotspot Temp. (K) 100
Maximum Dump Voltage to ground (V) 500
Number Charge/Discharge Cycles 200
Charging Time (Hr) 8
Maximum Number of Quenches 100

Number Thermal Cycles RT£4.5 100

Conductor Description

The conductor is based on a cable-in-conduit design using strands of multifilamentary NbTi-copper
composite wires in a multistage cable enclosed by a stainless steel conduit. This circular CIC is surrounded by a
rectangular sheath of aluminum. In this design the stabilizer function for fast transient stability is provided by the
local copper in the multifilamentary strand, while the aluminum sheath provides the low resistance current shunt for
hotspot protection during a quench. The conductor, which is sized for a nominal operating current of 52 kA, is
shown in Fig. 5-3, and the conductor configuration is summarized in Table 5-3. The main conductor parameters are
summarized in Table 5-4.
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Table 5-3 Conductor Configuration

Diameter = 0.73mm
Cu:8C = 31
Superconductor = NbTi
RRR = 150-200

Filament size: <40pum
Twist pitch = 25mm or less
Total length = 13,000km
Total weight = 45,400kg

Cable
4 Stage, twisted
3x5x5x6
450 strands
0.05mm x 11 mm wide type 304 SS tape - spiral wrap/50%

Stage Element Strands Twist, Pitch (mm) Diameter (mm)
1 Triplet 3 25 1.46
2 (5x3) 15 64 36
3 (5x5x3) 45 175 8.05
4 (6x5x5x3) 450 320 19.7

Total winding length = 24 x 1134 m piece length (27.2 km)
Cable weight /piece = 1890 kg

Conduit

Material = Type 304 stainless steel

ID = 20.0mm

OD =25.0mm

Manufactured by continuous seam weld by TIG on tube-mill
Conduit weight = 42,400 kg total = 1770kg/conductor length

Sheath

Material = Type 1100 Aluminum

RRR = 14 minimum after assembly

Dimensions = 45.1 mm x 68.5mm in two halves (2 x 22.55 mm)
Manufactured by continuous conform extrusion

Piece length =2 x 1134 mjeoil

Total length = 2 x 27,200m

Total weight = 190,000 kg, 7920 4 module
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Table 5.4 Conductor Parameters

Sheath Material . Aluminum Alloy 1100
RRR 14
Hole Diameter 25.0
Width W, (mm)} 45.10
Height H, {mm) 68.50
Corner Radii R, (mm) 30
Conduit Material Type 304 SS
Outer Diameter (mm) 25.0
Inner Diameter (mm) 200
Cable
Cable Pattern 3x5x5x6
Strand Diameter D, (mm) 0.73
Cu:Non-Cu 3
Number strands 450
Cabling Factor 1.06
Lp 50,200
Strand Area (mm?)* 1883
Copper Area (mm?)* 141.3
Superconductor Area {(mm?)* 47.1
Wetted Perimeter (mm) 860.0
Cabling Factor*Strand Area 197.8
Helium Area (mm2) 116.4
Cable Space Area (mm?) 314.2
Void Fraction 0371
Overall Cond. Area (mm?) 3081.6
Al Sheath Area (mm?) 2590.8
SS Conduit Area (mm?2) 176.7
Hydraulic Diameter (mm) 0.541
Fraction of Al 0.841
Fraction of S§ 0.057
Fraction of Helium 0.038
Fraction of Cable 0.064
Fraction of Copper 0.046
Fraction of NbTi 0.015
J superconductor (A/ mmg) 1066
Jr.»:»]:l]:tet' (A/mmn) 355
‘]stnnd (A/mm‘z) 267
‘]nluminum (A/mmz) 19.38
Jcable space (A/mm?) 150.8
J A

* Area normal to strand cross section
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The magnet is composed of two coil halves with two independent sets of current leads. There are 12 coil
modules per magnet half, 24 in total. At a coil diameter of 19m with 19 turns per coil module, conductor must be
produced in finished lengths of 1134m. The 24 coil modules will be joined electrically and mechanically with resistive
joints and the helium from conductor in each module will be vented at these joint locations. The baseline design calls
for the joints to be cooled with an independent supercritical helium circuit, but other options are also being explored.
The number of modules and unit conductor length is determined primarily by conductor manufacturing
considerations which are discussed later.

Conductor Performance

The conductor is designed to operate at 50.2kA generating a central field of 0.8 T. The average magnetic
field over most of the conductor is approximately 1.1 T, but the field peaks up at the ends of the coil halves to a
maximum of 1.6 T. The performance calculations were made for a magnetic field of 1.1T. Performance at a peak field
of 1.6 T can be handled in several ways. One is to increase the NbTi content in the strand and slightly lower the
overall current density. This will maintain good margins at the peak field turns, but it will also result in an inefficient
use of superconductor in the bulk of the coll where the field is much lower. An alternative is to use two slightly
different strands, the one described above for the bulk of the coil and a higher field strand at the coil end modules.
The baseline permits somewhat smaller stability margins near the coil ends. The final decision will be based on
detailed credible fault analysis and performance test data.

DC Operation

The coil is designed to operate with stagnant supercritical helium at a nominal temperature of 4.5K and a
pressure of 3.5 atm. Since the coil is operated DC the only heat loads are expected to be thermal radiation and
conduction. These heat loads are removed continuously by conduction to the aluminum coil bobbin which is in turn
cooled by the thermal-siphon loop. There is no need to flow the helium through the cable space to enhance stability,
even during coil charge or discharge. This would only result in increased pumping losses without significant increase
in stability margin.

The nominal DC operating margins on critical current and current sharing temperature are quite large, e.g.
I/l = 0.225 with a temperature margin of 3.4 K, as illustrated in Fig. 5-13. The superconducting strand requires a

critical current carrying capability which is easily achievable by standard materials and wire production methods.
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Stability

The CIC conductor is well known for its excellent stability to sudden disturbances. Coils made with CIC
conductors are distinguished by the lack of training often found in coils made with other conductor types. This high
stability is due to a) the high heat capacity of the helium which is in intimate contact with the superconducting
wires, and b) the very large heat transfer surface area from the wire to the helium. The most likely source of
disturbance in the GEM magnet is due to scme mechanical event occurring external to the CIC. In this case the
superconducting strands are buffered from this disturbance energy by the helium in the conduit. The energy margin
then is given by the enthalpy of the helium and the wire between the operating temperature of 4.5K and the
current sharing temperature. This is dominated by the helium enthalpy which is 1-2 orders of magnitude greater
than all the other conductor components. For such an external perturbation event, the time scale is practically
irrelevant since all the helium must be brought up to the current sharing temperature before a quench will occur.,

Other types of disturbances internal to the cable can also occur, although these are very much less likely in
the GEM operation. One of these could be AC loss, but only during coil charge or discharge. Since the nominal
charge time is 8 hours, the loss energy will be removed on a quasi-steady state basis by the thermal-siphon loop.
Another possible disturbance source could be sudden wire motion within the cable. Measurements of the mechanical
hysteresis have been performed at 4.2K on a large, similar cable. Those results® indicate that, even if all this energy
was deposited suddenly in the cable, the energy margin is at least one order of magnitude greater.

For internal disturbances the stability margin is defined as the largest sudden energy deposition to the
conductor from which it can still recover the superconducting state. The stability margin is not necessarily equal to
the enthalpy margin of the helium because the helium is only effective if the energy dissipated directly in the cable can
be effectively transferred to the fluid. This depends on the power balance between heat generation, due primarily to
Joule heating in the strand, and the convective heat flux to the supercritical helium. The GEM conductor is designed
to insure that this energy balance is always satisfied, i.e., at normal operating conditions the helium enthalpy is used
to maximum advantage. This is accomplished by insuring that the limiting current between being well-cooled or ill-
cooled is above the operating current. The limiting current is defined as I;;, where,

o - [PATT)
fi Peu

where,

h = heat transfer coefficient (W/m?-K)
p = cooled perimeter (m)

Acu = area of copper stabilizer in cable
pcu = copper stabilizer resistivity (£-m)
T¢ = critical temperature (K)

T}, = initial helium temperature (K).

The stability results for the main coil modules are summarized as follows:

Energy margin for external disturbances 315 J/m
Energy margin for internal disturbances 250 J/m.

By comparison the energy margins of indirectly cooled, high purity aluminum conductors typical of those used for
other large solenoidal detector magnets (eg., CDF, ALEPH, DELPHI) is between one and two orders of magnitude

Z Bruzzone, P., et.al. “Mechanical Properties of the Prototype Cable-in-Conduit conductors for NET", IEEE
Transactions on Magnetics, Vol. 28, No.1, January 1992,
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loer than that of the CIC. This implies that conductor motion of ~ 1 mm would quench the magnet. There is a
reasonable risk of such mechanical imperfection in the “on-site” wound coils of the perportions required for GEM.

The joints between the coil modules have been designed to be cryostable. This is done primarily by using large
copper blocks with integral cooling channels to lower the Joule heating below the steady state heat flux. With a
cryostable joint design, this normally resistive portion of the coil circuit is not a weak link , but actually more stable
than the bulk of the coil. This can be achieved with a moderate flow of 0.5 g/s of supercritical helium at 4.5K to
independently remove the 1.25W generated at each joint.

Strand

The superconducting strand that has been specified requires no special development in terms of the required
critical current, superconductor or copper content. The requirements on the GEM conductor stands are
significantly less severe than on those of the SSC dipole strands. The production of such a wire is straightforward,
and thus the full production run should require only a good quality assurance program and acceptance testing.
Manufacture of this wire by a vendor may be divided into material procurement, material outside processing,
material inside processing, and QC steps. This scheme is similar to that of the conductor for the dipole and other
magnets of the SSC. The quality of the wire will be gauged throughout the manufacturing process. Documentation
will be supplied and signed off at every inspection point. Vendor audits will be at specific points in the
manufacturing program.

Quench

The GEM magnet should not quench under any conceivable operating conditions, however allowances must
be made for safe removal of the coil energy if any unforeseen event occurs. The coil modules must be simultaneously
and continuously monitored by compensated voltage taps whenever the coil is energized, no matter the current level.
Quenches are detected by use of a suitable quench voltage monitoring and triggering circuit which senses growing
normal regions in the coil and triggers the dump circuit. This requires opening a room temperature switch to insert a
large dump resistor into the circuit to safely dissipate the coil energy at room temperature and above. The dump
time constants are determined by the L/R time constant of the coil-resistor circuit. Values are chosen consistent with
the maximum allowable voltage-to-ground in the coil.

A series of calculations have been performed for the case of a coil quench in order to choose the appropriate
dimensions of the aluminum sheath for quench protection, and to determine the time dependent and maximum
values of the conductor temperature and helium temnperature and pressure. All calculations were made based on the

following parameters:

Coil Energy (GJ) 2.5
Coil Inductance (H) 1.98
Maximum Allowable Hot Spot Temperature (K) 100
Maximum Allowable Coil Voitage (V) te ground 500
Quench Detection and Dump Delay Time (s) 1.0

These numbers result in a dump circuit time constant of 99.6 seconds.

Hot Spot

The hot spot calculation is based on the assumption that the hottest position in the coil is the center of the
normal zone where the quench began. This is because Joule heating occurs for the longest time at this location, and
because it is assumed that there is no heat removed from this region either by conduction along the conductor or to
adjacent turns and structure, or by convection to a flowing helium stream. This is a worst case calculation. For this
basically adiabatic caleulation it is further assumed that current is shared between the cable and the aluminum
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sheath. The temperature dependent specific heats of copper, superconductor, helium, steel and aluminum are all
included. For the CIC and aluminum sheath dimensions and properties described in this report the maximum
temperature is 100 K for both the helivm and conductor. The pressure will incresse, at constant density, to 445atm
(6700 psi) at this temperature. Some energy will be transferred by thermal conductors and electro-magnetic
induction to the coil bobbin which will result in a further reduction of the hot spot temperature.

One-Dimensional Quench

~ The time-dependent propagation of the quench was studied in one dimension by use of the computer code
SARUMAN. This code was also developed by L. Bottura of the NET Team. The code is capable of solving the
3-dimensional problem, but this was deemed not necessary for purposes of the conceptual design. The result of this
analysis for a quench that is located in the center of the 1140 m coil module and initially 20m long (about a third of &
turn) indicated a maximum conductor temperature of 100K and a maximum pressure of 340atm {5000 psi). The
final temperature was not significantly different than for the hot spot case because the heat removed from the
normal zone by conduction and convection, was compensated by the increase in temperature due to less helium mass
remaining in the center of the conductor. The reduction of the maximum helium pressure was also due to the
significant helium mass flux at the coil vents.

Both of these calculation indicate that the coii temperature will not exceed the maximum value of 100K, The
maximum pressure that can be achieved is 445atm, even if the coil vents are closed off. This is quite safe for the steel
conduit stresses. The actual peak temperature and pressures will be significantly less than these maximums when
account is taken for the current and energy transfer to the bobbin during the coil discharge. Further analysis wili
include three-dimensional effects and parametric variations of the initial normal zone distribution.

Cable Manufacture

The cable will be made up by twisting wires in the cabling pattern as defined in Table 5-3. This pattern is
rather standard and superconducting cables of similar size (i.e. the 486 strand Westinghouse LCP cable and the 225
strand U.S-DPC cable) have been produced in multiple kilometer lengths.

The wire will be supplied in spooled lengths to the cabling facility. At least 75% of the lengths will be longer
than 2300 m, and the remaining 25% will be longer than 1134m. These will be mapped and cabled in the most
efficient manner into a fully-transposed 3x5x5x6 configuration, starting from triplets composed of three strands, to
yield a 450-strand cable of 20 mm diameter.

The first operation of the cabling phase will be to twist the triplets in a direction that is opposite to the
strand twist to obtain the best wire lays. All other cabling operations will proceed in the twist direction of the
triplets. The second operation will be to twist a group of five triplets to make 15-strand subcables; the third to twist
a group of five 15-strand subcables to make 75-strand subcables; the last to twist a group of six 75-strand subcables
to make the final 450-strand cable. The cable will be wrapped with a thin stainless steel tape, with 50% coverage, to
prevent “bird caging” of the strands and possible interference with the weld arc in the tube mill operation. If deemed
necessary, the cable will be ultrasenically cleaned in a bath of solvent to remove lubricants or contamination from the
cabling process.

It should be noted that the 1134 m cabled lengths needed for the GEM magnet weigh approximately 1890kg
and therefore the last subcable stage exceeds the spool capacity of most cabling machines. Preliminary efforts have
located a final-stage machine with at least six 30 m (762mm) 75-strand subcables.

Cable-in-Conduit Manufacture

Fabrication of the GEM conductor conduit will be essentially the same as the process used for the
Westinghouse Large Coil Program conductor and more recently for the US - Demonstration Poloidal Coil
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Conductor®®,7 2. In this process, the conduit will be placed around the cable using a tube mill. The function of the
mill is to shape a flat strip into a tube, autogenously weld the seam, and compact the tube to final dimensions.

Seam welding is a critical process since the conduit is the primary mechanical structure and helium cryostat.
Therefore, the tube mill operator will be qualified to the standards of the ASME Boiler and Pressure Vessel Code,
Section 8. Welding procedure specifications will be developed according to the code for all welds and will be strictly
adhered to during the entire conduit fabrication process. Weld quality will be checked by direct visual, fiber-optic
visual, eddy current, and, if necessary, dye penetrant inspection. Helium leak tests both at room temperature and
at 77K will be performed on each finished length.

A modified tube mill and tooling now exist to form an 80.8 mm wide x 2.5mm thick strip into a circular tube
into which a cable can be placed. The inner diameter of the tube will be 22.6 mm at the weld box, yielding a gap
between the tube inner diameter and cable outer diameter of 22.6 - 20 = 2.6mm. This is sufficient to protect both
the weld arc from contamination and the cable from heating damage. The gap is closed after weld cooling in the
compaction section of the mill.

Since dwell time in the arc is short and multiple weld passes are not required, the use of type 304 stainiess
steel is recommended for the conduit. This is a very good, widely available, low cost allow with a history of successful
use at cryogenic temperatures and a relatively large data base of mechanical and physical properties. Should it be
determined that higher yield strength is needed, a switch to the nitrogen strengthened 304 N or 304 LN could be
made. There will be no sensitization of the welds in this process due to precipitation of chrome carbides to grain
boundaries, because the exposure of the stainless steel to high temperatures is very short. The weld puddle will be
quenched immediately by thermal conduction and upon exit from the weld box by passage through a manifeld that
vents vapor from liquid nitregen onto the conductor. Weld quenching also assures that the NbTi superconductor
will have minimal exposure to higher temperatures. There is adequate demonstration of this manufacturing process
to assure that weld heat does not measurably effect the superconducting properties of the conductor.

After welding, the conductor will be rolled to a compaction that yields a nominal cable-space void fraction of
37%. The conductor will then be reeled in a single-layer onto a take-up spool with the weld seam in a radially
outward position. It will be pressurized, bubble leak tested and helium-mass-spectrometer leak tested. Any leaks will
be repaired by grinding out the weld seam and rewelding according to the appropriate welding procedure
specification using an appropriate filler metal. Weld heat during the leak repair process will be monitored and
minimized. Each conductor length will then be pressurized in a proof pressure test to at least 667 atm gauge
(10,000 psig) and leak checked again. Note that this is greater than the maximum anticipated quench pressure. The
final leak test will be at 77 K; this will be performed by immersion of conductor reels in a liquid nitrogen bath with the
conductor pressurized with heliumn to at least 33 atm gauge (500 psig).

Aluminum Sheath

The last component of the conductor is the 1100 “0” aluminum sheath. The two current designs are shown
in figures 5-3 (baseline) and 5-14 (alternate). The aluminum sheath will be extruded on to a 3.65m (12 foot)
diameter take-up speol in a continuous length of approximately 1134m. The aluminum is then transported by truck
to the conductor vendor for assembly.

Bgteeves, M.M,, et al, “Progress in the Manufacture of the US-DPC Test Coil”, MIT ASCSS, (1988).
Z Steeves, M.M., et al, “Further Progress in the Manufacture of the US-DPC Test Coil”, MIT-11, (19888).
ESteeves, M.M., et al, “US Demonstration Poloidal Coil”, MIT ASC-90, (1990).
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Figure 5-14 Alternate design option for aluminum sheath

The manufacturing methods of extruding large lengths of aluminum under evaluation are tandem extrusion
(die-stop) and conform extrusion. Figure 5-15 a & b illustrate the processes. The con-form extrusion method is a
process in which a one-inch aluminum stock rod is fed into a groove of a rotating cylinder which placticizes the
material and feeds it into a chamber with an extrusion die. This process is continuous and does not require any
welding. The other method is the tandem or die-stop method. This method is identical to the typical method of
extruding material with the difference that the butt and head of the billits are machined in a mating fashion. This
process create a fusion weld during the plastic deformation at the die and thus a continuous extruded product.
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Figure 5-15 Aluminum sheath manufacturing options; a) tandem extrusion method,
b) conform extrusion method

Ongoing discussions with vendors regarding manufacturing of the aluminum sheath and the required take-
up spool equipment have been positive and encouraging. Two companies have already been identified as possible
candidates for the manufacturing of the aluminum sheath. Methods for the conductor vendor to insert the cable-in-
conduit into the two candidate sheath designs are being evaluated in the R&D program.
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5.5 Winding Process

The winding process will roll from the conductor onto the inside of the bobbin rather than have it wound
on a mandrel. Roll forming is a standard fabrication technique broadly available from a large number of metal
fabricators. Ongoing discussions with vendors regarding manufacturing of conductor and roll forming equipment
for the winding have been positive and encouraging. The following is a description of the current concept for
winding each coil module.

Figures 5-16 and 5-17 illustrate the winding concept of a coil module. This winding concept uses a
stationary conductor drive system that feeds the conductor out of the payout spool, through three point bend rolls,
cleaning station, supporting rolls, and insulation wrap station, and drives the conductor against the inner wall of
the bobbin. Hoop compression on the conductor prevents gaps between it and the inner wall of the bobbin. This
concept has the payout spool, the cleaning station, the bend and support rolls, and the insulation station in the
same plane as the winding. This eliminates the out of plane load in the conductor as it is being roll formed (wound).
An alternative approach, which adds radial support at the coil ID during winding, will be evaluated in the R&D
program.

A drive system that drives the bobbin on the track is shown in Figure 5-17, with all of the necessary
accessory equipment for the winding. The payout spool, with the finished conductor needing only the insulation
wrap, is speed-synchronized with the conductor drive, and track drive system.

The winding process begins with the alignment of the bottom compression flange, and of the bobbin
segments to their exact radius. The compression flange is anchored to the winding track plate. The bobbin is
welded to the bottom compression flange and supported by a series of OD support frames which are also anchored
to the winding track as shown in Figure 5-18. This process ensures that the conductor is wound onto a bobbin
with the desired radius and concentricity.

Bobbin

Bobbin support —<
frames -

Conductor
drive system

Fig 5-16 Module Winding Concept
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The leading end of the conductor, to which the factory preterminated joint half is attached, is anchored to
the bottom of the bobbin. A control system will then initiate movement of the three drive systems while monitoring
relative speeds in order to ensure a compressive load between the conductor and the bobbin. This ability allows
for adjustment in the winding process, ensuring not only that the conductor is in intimate contact with the bobbin,
but also that each coil module turn is the same length within the required tolerance. Throughout the winding
process the radius and concentricity of the bobbin will be continuously monitored to ensure acceptable alignment.

Winding compaction is provided by a series of hydraulic presses, anchored to the bobbin support frames, as
shown in Figure 5-18. These apply an axial compressive load on the conductor as the winding progresses, and also
serve to minimize conductor movement during the winding. Once the roll forming process reaches the 19th turn, the
trailing end of the conductor, with the factory preterminated joint half, is temporarily secured to the top of the
bobbin. The joint compression plates and the top compression flange segments are installed. The hydraulic presses
will be used to pre-load the winding starting with the joint compression plates and then the compression flange
segments. The pre-load is maintained by tightening a series of bolts which secure the joint compression plates and
the compression flange segments to the bobbin.

In the event that minor deviations occur during the winding, or the handling stage, each bobbin is
manufactured with a set of turn-buckle adjustment belts, Figure 519, which will allow for post-winding adjustment

of the bobbin to the winding.

In order to develop the desired winding parameters, the development program calls for a test to first roll
form full scale conductor pieces to establish tooling parameters and conductor behavior, followed by the forming of a
full scale coil module to confirm the development work and establish final coil forming parameters.
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5.6 Structural Analysis

The GEM magnet must sustain mechanical, thermal and electromagnetic loads. Bobbins are used as
primary structural members. These are fabricated from 6061-T6 aluminum which has a yield of 40 ksi. Applied
primary membrane stresses are approximately 6ksi. Service is low cycle, or essentially steady state from a fatigue
standpoint. There is a large stress margin because other performance criteria drive the design. While less strain
sensitive than other conductors, the cable-in-conduit conductor must be protected from excessive strain and slippage
of components of the winding. The conductor uses a high conductivity aluminum sheath for additional quench
protection. Ideally this sheath should remain in intimate electrical contact with the conductor conduit throughout

the life of the magnet.

Different materials are used in the design of the coil and their differential contractions must be considered in
the design. For primary membrane stress the allowable is taken as the lesser of 1/3 ultimate or 2/3 yield. A 50%
increase is allowed for bending. Bolting will be designed with AISC as a guideline.

Coil Global Analysis

The global behavior of the coil is axisymmetric with conductors and bebbin shells and flanges all sharing
hoop and axial loads. Figure 520 shows two simple axisymmetric models of the coil with axial load support points at
a mid-coil tierod support and at the central membrane. Figure 5-21 shows the Lorentz force distribution. Loads
were generated with the MIT-PFC program SOLDESIGN and stress analysis was performed with ANSYS. Only
Lorentz loading is analyzed with this model and it is missing the lesser effects of the iron. Axial loading is evident at
the ends of the coil and within the bobbin, due to the separation at the bobbin flanges. Hoop stress for the case of
a 3 inch thick bobbin is plotted in Figure 5-22. The “toothed” shape of the plot is the result of the composite
modulus of the coil, in which the “softness™ of the insulator and hole is lumped with the aluminum modulus and a
value for the modulus lower than that for the aluminum is obtained. Stresses reported for the composite must be
adjusted upward for the aluminum portion of fictitious material. The peak of the “tooth” represents only the
aluminum in the flange, and can be taken as representing the aluminum in the sheath as well. Three to four ksi is
not a problem for the bobbin shell made from 6061-T6 aluminum, but the sheath of the conductor yields at 5 ksi
and thermal and quench effects add to the global stresses to yield the sheath. In order to minimize the possibility of
the sheath yielding, a 3 inch bobbin has been selected. The 3 inch thickness was also chosen to provide margin for
design details such as tapped holes and attachment of the tie rod lug.

Hoop stress is shared with the bobbin and can be “biased” such that the bobbin takes more of the hoop
loading. This is accomplished by imposing a conductor compression during winding and after winding with the
turnbuckle joints in the bobbin shell. Bobbin hoop stress is also increased by plasticity in the sheath. The
axisymmetric models of the coil have been run with support at mid-build of the coil via tierods connected to the
cryostat. Analysis has also been performed with support at the central membrane. Stress plots for both these
conditions have been included in Figures 5-22 through 525. These are path plots along the axis of the coil. Local
effects of the tierod lug moment are most evident in the radial displacement plots and the shear stress plots.
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The segmented bobbin design is intended to force accumulation of axial loading in both the bobbin shell as
well as the conductor. Accumulated axial loads are periodically transferred into the bobbin shell through the bobbin
flanges. In the outer bobbins there is minimal accumulation of axial load in the bobbins to produce axial compressive
strains and the conductor stack may compress more than its bobbin leading to separation at the flange. Figure 5-26
shows the results of an analysis of just two of the end bobbins. The previous models approximated the conductors
and bobbin as a bonded media. This smaller model of the two outer bobbins uses low friction gap elements at the
conductor/bobbin boundary. Under load a small gap opens and would produce some small frictional energy to be
added to the coil. To avoid this, axial precompression is added to the bobbins at assembly. In this analysis the
bobbin had a modulus of 70GPa and the coil 50GPa. The intent of the precompression is to avoid this gap. To
compute the required preload, conceptually insert & filler and consider what happens when the load is turned off,
The coil would expand, stretching the bobbin. The gap must be absorbed by the coil and shell and the preload
force is tensile in the bobbin and equal to the compressive load in the coil. If the stiffness of the bobbin and
conductor stack are comparable, the strain would be split evenly between the two and the compressive pressure
would be approximately .00017/1.18*60 GPa/2=4.3 MPa or 630 psi where 1.18 is the height of the stack in meters.
For the outer bobbins a 1.5 ksi precoinpression is anticipated. The inner bobbins see accumulated axial compressive
loads sufficient for there to be no gaps and only modest preloads will be imposed. There is some potential for a small
loss of preload due to thermal contraction differentials and sheath yielding discussed in subsequent sections.

A more detailed model of a single bobbin also has been used to study the local structural effects of the
conductor design and its interaction with the bobbin structural details. Lorentz forces were approximated assuming
a 8T field and 50000 amp conductor current. Preload, cooldown, Lorentz forces, and internal pressure due to
quench, are modeled. One intent of this model, which is shown in Figure 5-27, was to investigate hoop stress
variation due to the extra material at the bobbin to bobbin flanges. This was not found to be significant. Loss of
preload due to thermal contraction is also addressed in this model.

Contraction of the G-10 has the potential of effecting the preloads imposed during assembly. G-10 is
orthotropic. It is used in many orientations and this has been modeled in the latest bobbin model. G-10 alpha is
30X10% K normal to the reinforcing fabric and 10X10% K in plane. Confined G-10 behaves much more ciosely to the
isotropic alpha of aluminum of 17X10% K. The stainless steel conduit contraction is also substantially different than
the aluminum used in the sheath and bobbin. It contracts less than the aluminum and helps mitigate the
contraction of the turn to turn G-10 insulation. The ground plane insulation between conductor and bobbin is
oriented such that it shrinks less than the aluminum as does some of the conductor insulation. Bolt and flange
compliance also tend to reduce cooldown differentials. The results of the analysis show about a 5MPa loss in
preload. See Figure 5-28. This model assumes that the turn insulation does not slip on the sheath. Experience
with coil manufacture indicates that the coil modulus is likely to be non-linear and softer than assumed. Preload
strains will be larger than this model predicts and less preload will be lost to thermal differentials. The material
properties used in the analysis will have to be confirmed during the R&D program with sample coil stacks. Changing
the turn to turn insulation thickness and selective orientation of insulating materials can also be used for fine
adjustment of the cooldown contraction behavior.

Figures 5-29, 30 and 31 show the results of the bobbin model. The bobbin hoop stress is 3900psi. The
higher value than reported for the previous axisymmetric model is a consequence of the infinite solenoid assumption
used in computing the Lorentz forces for this model. Excessive Von Mises stresses are reported for the sheath.
These result from a combination of thermal contraction differentials and conduit expansion due to quench
pressurization. Plastic stresses result in the sheath. These may relax contact pressures at the sheath-conduit
interface. These effects are addressed in greater detail in the next, “single conductor” model. The conduit-sheath
thermal, electrical and mechanical interaction is an area of continuing investigation.

Cooldown differential stresses in the sheath and the conduit cause a hoop tension in the bobbin of about
800psi. This will add to the “bias” discussed above and will have to be considered when selecting the hoop tension
applied by the turnbuckles.
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Conductor Internal Stresses

Local interactions between the conduit and sheath have been investigated with a model of the conductor
and bobbin cross section. It treats the cooldown stresses and the stresses due to internal pressurization with
simplified assumptions concerning interactions with the bobbin. A 2 dimensional axisymmetric model was chosen for
the analysis. Elastic-plastic analysis is done for a sequence of load steps which includes cooldown, Lorentz force
application, quench, reduction in Lorentz force, and heat-up to room temperature. This sequence is repeated three
times to ensure the plastic response of the sheath has stabilized. Figure 5-32 shows selected model plots. Figure 5-33
is the stress-strain curve used for the sheath material. Curves are input for two temperatures and the ANSYS code
interpolates between these two curves for the actual temperature being analyzed. Figures 534 and 5-35 are
representations of the temperature and quench load history respectively. The ordinate of these and the subsequent
“time history” plots is the cumulative number of iterations used in the analysis. There are 81 load steps with 8
iterations each. The thermal contraction mismatch between the stainless conduit and aluminum sheath produces
some Yyielding of the sheath. The quench internal pressurization will further expand the sheath plastically, raising the
possibility of loss of good electrical contact between the stainless conduit and aluminum sheath once the quench
pressure is relaxed. The results of the elastic-plastic analysis shows this not to be the case. Good contact remains at
4K. Figure 5-36 is a plot of the gap forces around the conduit. Forces are compressive for points in the load cycle
for which contact is needed, but contact is lost at about 120 K. This has no effect on the quench current transfer
behavior because this temperature is reached well after the quench even is over.
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Figure 5-36 Gap Forces Around the Conduit
Figure 5-37 is another representation of gap contact forces. When the coil is brought to room temperature,

restraint of the conduit is diminished and must be provided at the conductor termination in the joint region to
ensure the conduit remains fully within the sheath. The Lorentz force remains significant in the early phases of the
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quench event, and maintains about 250lbs per inch of contact loading, helping to ensure good contact between the
cable and conduit. Yielding of the sheath affects the electrical properties, Figure 5-38 is a plot of the equivalent,
radial (x), and axial (y) plastic strains. They stabilize after the first load cycle and their magnitude is much smaller
than the winding strains, for which electrical property degradation has been found acceptable.
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Figure 5-38 Plastic Stress

Figure 5-39 shows two contour plots of the equivalent strain at cooldown and after plastic strains have
stabilized. Yielding of the sheath effects the global behavior of the coil as well and this has yet to be incorporated in
the other two axisymmetric models. The initial yielding occurs as a result of the cooldown contractions, Lorentz force
hoop tension, axial stresses and quench pressure stresses. Plastic strains tend to relax these loads. Thermal
contraction mismatch contact pressure between sheath and conduit is relieved by radial strains. Lorentz force hoop
tension is shed to the bobbin. Figure 5-40 shows & hoop stress history. The element chosen to represent the sheath
is in the region where most of the plastic strains are occurring. The sheath hoop tension increases with the first
Lorentz force application, but as the quench pressure is applied, hoop tension is relaxed and compression develops
due to the radial compressive stress imposed by the expanding sheath. Compressive stresses remain locked-in for
subsequent cycles. The bobbin stress in the model peaks at about 5ksi or about 1ksi above what would be
predicted from elastic response of the sheath. Figure 5-41 is a history of the axial stress. This model predicts a
change of about 3 MPa in bobbin preload due to the first cooldown. Additional loss of preload occurs due to
Lorentz force and quench related plastic strains. Cross sections which are more elastically compliant with respect to
the conduit dimensional changes are being investigated. '
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Cooldown Plastic Strains
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Joint stress analysis

The joint has a larger cross sectional area than the surrounding material. Lorentz loads will have a smaller
effect than loads relating to differential stiffness and thermal contraction. The joint consists of copper bars that
clamp over the flattened copper tube extensions of the conductor conduit. Aluminum covers are used to clamp the
copper bars closed together. The choice of material is due to the need to solder and e-beam weld the subcomponents
of the joint. As in the conductor, differential strains result from the cooldown. Aluminum shrinks more than the
copper, develops tension and produces compression in the copper. The copper compression is directly transferred to
the conductor sheath end-face via reinforcing blocks which also serve to restrain conduit motion resulting from
differential thermal strains. Tensile loads in the aluminum cover, which is welded to the sheath, react the
compressive loads. The intention of the design is to minimize motions in the lapped area of the conductor. Detailed
stress analysis of these effects is underway.

Bobbin Filange Stresses

The axial load in the conductors accumulates and is transferred to the shell structure made up by the
assembled bobbins through contact with the bobbin end flanges. Figure 5-42 is a plot of the distribution of loads
imposed on the flanges exclusive of axial precompression. Loading peaks at 5325 Ibs/in. With a moment arm of
approximately 3.25 inches, the bending stress in a 2 inch flange thickness is 26ksi, if the contribution from the
neighboring flange is neglected. As the axial forces accurmnulate, the load is transferred via compression through the
bobbin flanges. The void between the flange and bobbin is filled after winding and application of preload. This
allows the axial compression force to be transferred through the bobbin assembly without loading the bolts that are
used to impose the preload. The moment due to the offset between these bolts and the centroid of the conductor
stack is taken by the flange extensions which “capture” the bobbin shell. Because of the compressive nature of the
Lorentz axial loading, there is no offset moment due to the position of the bobbin-to-bobbin flange bolts. There is
no global magnetic load carried by these bolts, the only loading comes from support of dead weight and assembly
loads.
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Figure 5-42 Bobbin Axial Loads
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Cold Mass Support Attachment Points

The coil is supported by a system of radial and axial rods. The radial rods at the ends of the coil resist
loading normal to the axis of the coil, and maintain the circularity of the coil. The axial rods resist the axial loads,
both magnetic and those occurring during handling. The coil is supported at the center of pairs of rods so that
axial forces from cooldown differential contraction of the rods is internally reacted by the rods and transmitted to the
end structures of the cryostat. If turning of the coil assembly can be avoided only a single set of rods is needed to
resist the magnetic load via tension. Insulated support posts at the central membrane are an alternative means of
supporting the axial load, and would eliminate local moment effects of the tierod connection midway along the shell.
These effects are considered in a “smeared” axisymmetric manner and were discussed previously. A more detailed 3D
analysis of the tierod lug is presented in Figure 5-43.
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A segment of the shell formed by the bolted bobbins is modeled. The tie rod lug is assumed to be a rib in
one of the bobbins. This places the lug off center. Earlier designs transferred the rather large tie rod cooldown
tension loads through the bolted bobbin flanges. Cyclic symmetry displacement constraints are used to model the
repetition of the 16 rods around the shell. Conservatively the conductor and sheath are not included in the model.
A single point load is applied to the lug. Stress and displacement results are shown in Figure 5-44. Ignoring the
local flange stresses, shell stresses are well within the strength of the bobbin material. The model predicts radial
displacements of 3 mm which may introduce slippage at the coil to bobbin interface. Note that this is much larger
than just axisymmetric behavior would predict (see Figure 5-25). Extending the ribs to neighboring bobbins will be
investigated.
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The end radius rods are positioned slightly off tangent to facilitate access for adjustment. As a result, small
additional radially outward loading is imposed by these rods. Since they are at the ends of the coils, where hoop
stress is less than maximum, the additional average hoop stress is not expected to be a problem; however, the
discrete nature of the load application will be analyzed.

Manufacturing and Handling Structural Concerns

The coil and its components are subjected to significant loading during its manufacture and installation.
The winding process includes roll forming of the conductor, and application of preload during the winding process
which may have significant structural effects. The stability of the stacked conductors will be addressed in the
winding R&D program. Frames for the thermal shunt on the inside of the coil provide stability during operation.
Contact pressure between the bobbin and conductor is desired to ensure a tight assembly. Turnbuckles are
included in the proposed design to allow tightening of the bobbin shell on the wound conductor. The turnbuckles
are sized to sustain the equivalent of 4000 psi in the bobbin. This would allow a 1000 psi preload if the final hoop
stress in the bobbin is to remain below the design limit of the turnbuckles. Due to friction between bobbin and
conductor the efficacy of the tightening procedure is limited.

Both horizontal and vertical assembly methods have been considered for assembly of coils. Significant loads
will result from stacking or upending of the bobbins or of the assembled coil. One concept for vertical assembly
entails lifting the stacked bobbins and ultimately upending of the coil assembly. Each of these operations will apply
concentrated loads. Horizontal assembly requires upending and lifting individual bobbins Figure 548 shows an
analysis of a single bobbin being lifted. Internal support frames will be required for bobbin handling. Bobbins will
be transported between manufacturing and assembly facilities at SSC. The assembled bobbin will have to be
analyzed as it is supported in its shipping fixture. Much of the dimensional stability of the bobbins is sustained by
friction augmented by preloads imposed during winding. Shifting of the conductor-to-conductor and conductor to
bobbin interfaces is a concern when moving the assembled bobbins for either assembly method, and will have to be
analyzed and accommodated in the design.

Off -Normal Loading.

Location out-of-tolerance of the iron components is a potentjal source of off-normal loading. The eryostat
shells are carbon steel which has negligible effect on the magnetic field loading in the coil. Forces on ferromagnetic
materials are significant in regions of large field gradient, and are a function of the volume of the material. The
cryostat shells are in locations with little field variation and represent a small volume compared with the Forward
Field Shaper. The Forward Field Shaper is in a region of significant field variation, and may contribute to some coil
loads. Variations in its position may produce non-axisymmetric radial loads in the coil. These loads are under
evaluation.

5.7 Cold Mass R&D

Both the conductor and the coil _windjng require develepment activities to ensure that they can be produced
reliably prior to committing to production.

Although cable-in-conduit superconductor designs are not new, production of the baseline conductor in
1134 m lengths must be developed. This includes the need to increase existing cabling machine capacity, and also the
need to demonstrate production capability for the continuous extrusions of aluminum sheath. Development
activities which fully test the joint and conductor performance will provide the confidence to proceed to production.
An integrated R&D program hes been planned for the conductor beginning with strand production and
verification, leading through cabling, conduit encapsulation, sheathing with aluminum. Several joint construction
and performance tests with short lengths of cable-in-conduit conductor will be made to optimize the joint geometry
and confirm the ability to consistently achieve low joint resistance. The planned simulated service coil will enable
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testing the conductor and the joint to their limits, thus providing confidence that design margins are adequate. The
conductor R&D plan is shown in Figure 5-46.

PP TR
[N 21y
carhiiED

Lt ma

T T
+ryu e

s

o

(LI

© mrevena). e

vREEIIR dimans

TS e e
Rl
¥

v se.
rarv1 1TRRMS

g
tredal

[LETT]
[ N ITY
 wibel
g = diisy
SMEBIEITE

oA
" o

LT
BIEPesL1. I
PeARTEE ETAMER
PRI
s mom
£ el
a1
[RCISTIES
13

.

.

2

eI ]
aLpans
LIEILL

RN

Figure 5-45 Bobbin Lift Analysis

The GEM magnet will be the largest superconducting magnet ever made. There is no experience in winding
eoils on a 9.5 m radius (BNL is currently constructing a 7m radius coil with a smaller crossection conductor).
Preliminary discussions with vendors have resulted in the choice of roll forming as the current baseline approach for
the GEM magnet. Forming process issues which must be resolved through the development work include
determining the amount of conductor reforming required to remove the conductor from a 4 m diameter shipping
spool and to place it with the proper cross-section on the 19 meter module diameter bobbin. Turns must be formed
so that the factory terminated joint ends start and end within the tolerance allowed by the joint overlap. The
winding R&D plan is shown in Figure 5-48. It begins with conductor bending experiments and leads to the
fabrication of two full radius windings of several turns each. Forming and joining these two development windings
will establish the procedures for production work.
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6.0 COIL ASSEMBLY DESIGN

Two coil assemblies consist of coil subassemblies (the cold mass), thermal radiation shields, cold mass
supports, cryogenic current leads, vacuum vessels, and cryogenic piping inside the vacuum vessel. The coil assemblies
are stand-alone objects, capable of supporting themselves against gravity, seismic loads, holding vacuum, and
moving in limited ways. With the addition of the vacuum, cryogenics, and power systems, the coil assemblies can be
operated as magnets. The following sections discuss the various components within the coil assemblies, and the
design, construction, and testing approaches.

6.1 Vacuum Vessel

The vacuum vessel is an integral part of the GEM detector, providing the main structural support for many
of its internal components and insulating the cryogenically cooled, superconducting magnets (see Figure 6-1). Each
of the two identical vessels weighs approximately 900 tons, excluding the weight of the cold mass or nitrogen cooled
shields inside. Individual vessel dimensions are 15.2 meters long and 21.8 meters in diameter. Each vessel is
independently mounted to the floor of the underground hall, at specially reinforced mounting locations. For initial
installation, ongoing maintenance, and repair, the vessels can be lifted off their mounts and transported to the ends
of the experimental hall. Each vacuum vessel can be evacuated independently of the other. The cold masses are
suspended in each vessel’s annular space on titanium rods. Inner and outer cylindrical shells form an evacuated
annulus enclosing the cylindrical magnet. Anular rings provide structural support at the ends of the vacuum vessel..
In addition, each vessel must support the dead load of 16 muon barrel sectors weighing approximately 10 tons each.
These sectors are roughly pie shaped and are supported by the vessel end rings.

The two vacuum vessels butt end to end at the midplane of the GEM detector and are separated by the
central detector support structure. A total of 64.2MN of compressive force results from the magnetic forces on the
coils and on the Forward Field Shapers when the magnet is energized. These forces are transmitted from outer ends
of the vessels to the midplane through eight structural columns (longerons) on the outer shell of each vessel. Loads
from the coil (52 MN) are transmitted from the coil through eight pairs of axial restraint rods which fasten to the
vessel at the eight longerons. Loads from the FFS (12.2MN) bear directly on the longerons through shim blocks
(see figure),
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The required base pressure of 10-°torr, inside the vacuum vessel, will be achieved with a combination of
mechanical pumps, roots blowers, and diffusion pumps. Feed through ports are provided at various locations for
relief valves, vacuum lines, cryogenic lines, power cables, sensor cables, and access for magnet coil support rod
tensioning. Stainless steel (304 L) is used for all structures which need to be non magnetic. The selection for the
vesse| shell material is under review. All structural elements other than the vessel will be constructed from A36 low
carbon steel. The vessel will normally operate in room temperature environment at about 70°F. The internal cold
masses will be sufficiently insulated from the vessel so that brittle fracture conditions are not applicable. The
temperature variation in the vessel during coil cool down will not impose significant stresses in the vessel or support
structure.
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Vacuum Considerations

Under normal conditions, the outer vacuum shell experiences external pressure equal to the internal vacuum.
The inner shell is normally an internal pressure vessel, with atmosphere on its inside and vacuum on its outside. The
annular end caps are designed for vacuum loads and other structural loads described below. The nominal level of
vacuum required before magnet cooling is approximately 10 torr in order to provide sufficient thermal insulation for
the strand structure.

There are several potential sources of gas in the vacuum vessel. These include vessel wall leaks from external
pressure, virtual leaks from long path lengths in the cold mass insulation, outgassing from the vessel walls,
outgassing from the cold mass insulation, and cryogen leaks from the cold mass. The gas load in the cold mass
insulation is difficult to estimate because of the complex conductance path between the layers of insulation. One can
calculate total potential outgassing from published data for the insulating material, but this outgassing rate into the
vessel will be mitigated by the long conductance paths. This geometry will most likely behave like a virtual leak.

The extent of actual leaks is determined by the effectiveness of the leak checking procedure during
construction and assembly, The threshold of acceptance for leak checking will be set by the expected rate of
outgassing and virtual leaks from within the vessel. In other words, it is not necessary to check for extremely small
leaks if other gas sources in the vessel are orders of magnitude larger. However, leak rates must be kept low enough
so that the cold mass does not accumulate significant amounts of cryopumped gas and water vapor. Leaks from
Joints in the cryogenic piping may inject some amount of helium or nitrogen into the vessel.

The vacuum system for each vessel consists of rough and high vacuum systems. The rough vacuum system,
which is shared by the two vessels, consists of two 4000 CFM roots blowers each backed by a 300 CFM mechanical
pump. Mechanical pump oil contamination is isolated from the vacuum lines using refrigerated traps. The roughing
header diameter is 12 inches. The high vacuum system for each vessel consists of four 24” diffusion pumps backed
by a single 300 CFM mechanical pump. Nitrogen cooled traps isolate the vessel from diffusion pump oil
contamination. A control system monitors interlocks, crossover pressure, trap functions and backing pressures.

Pressure considerations

Internal pressure within the annular vessels is not a normal operating condition. However, a cryogen pipe
failure could result in a rapid pressure rise inside the vessel, due to the boiling and subsequent expansion of cryogenic
fluids interacting with the warm vessel walls. Although this rise would be partially mitigated by the vacuum system,
pressure relief is provided to prevent failure of the inner vessel. Relief valves, set at 1 psig, will be sized to handle the
maximum potential gas volume that could be generated when the cryogenic fluids gasify.

The internal pressure scenario would turn the inner vessel into an external pressure vessel and the outer
vessel into an internal pressure vessel. Under this condition, the weak link in the vacuum vessel structure would be
the inner vessel. Using ASME Boiler and Pressure Vessel Code section VIII guidelines, the wall thickness required for
15psi of internal pressure results in a vessel design that meets requirements for an external pressure of 1psi without
any additional structure. The 1psi relief valve specification is a result of structural capacity already designed into the
vesse] for normal operation.

Cold mass support rods
The cold mass is supported by long, relatively slender rods at each end. Radial rods, oriented in a vertical
plane, support the weight of the coil. Axial rods, oriented parallel to the axis of the vessel, are distributed about the

circumference of the coil. These rods transfer the coil’s axial magnet forces into the vessel.

Axial support rods are tied to the vessel end rings, as shown in Figure 6-2. The rods on each coil assembly
are arranged in eight pairs around the circumference. Each of 16 axial rods, connected to the cold mass at its center
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plane, imposes almost 800,000 pounds on the end ring when the coil is energized. This load is resisted by longeron
stiffeners outside the vessel shell, which act as columns. Each pair of axial rods is located directly under a vessel
longeron stiffener. Final axial alignment of the coil can be accomplished after magnet assembly, using axial rod
tensioning nuts accessible from outside the vacuum vessel.
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Figure 6-2 Detail of the Vacuum Vessel Design

Radial support rods support the weight of the coil. A total of eight pairs of radial rods transfer the coil
dead load to the vessel at each end-ring. Figure 6-3 shows the gussets in the end-ring designed to react these loads.
The rod ends are fastened to the vessel end ring with rod end nuts on spherical washers, identical to those used on
the axial rods. ISO type vacuum ports cap off the rod ends to seal the vessel. Radial rod pairs are pretensioned
using commercially available hydraulic tensioners, as shown in Figure 6-3. To perform the tensioning, the end-nut
vacuum closure is removed. A coupling nut is added to the radial rod end above the rod end-nut, and an additional
tensioning rod is assembled to the coupling nut. The hydraulic cylinder pushes on this secondary rod to tension the
radial rod in the vessel. When the proper tension and alignment is achieved in opposing rods, the rod end nuts are
tightened, and the hydraulic cylinder is depressurized. This procedure is repeated for each pair of rods on each end
of each cold mass.
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Figure 6-3 Detail of the Vacuum Vessel Support Rod Design

Forward Field Shaper Interface

The Forward Field Shaper support structures, large circular weldments that contact the vessel ends, exert
an axial force on the ends of the vessel due to the magnetic field. The load bears on the ends of the eight longercons
on each vessel, through shims and cylindrical bearing pads. These bearing pads allow the forward field shaper to
deflect under magnetic load without transmitting moments into the end of the vacuum vessel, giving the field shaper
structure a hinged support. This eliminates moment loadings on the vessel which can misalign the muon sectors
mounted to its end rings.

Vessel Support Saddles

Each vessel is supported by end saddles consistent with conventional pressure vessel design. Four saddle
legs attach to each vessel at the end rings where the vessel is stiffest. Each saddle is a plate girder weldment designed
for vertical dead loads and horizontal seismic loads.

When mounted in its operational position, each vessel rests on support blocks which mount on the floor of
the experiment hall. During vessel lifting and transport, the weight of the vessel rests on four transporters. Each
vessel support saddle is designed to be supported at either of two bottom surfaces to accommodate the two support
conditions. The load transfer accurs during lifting onto the transporters, when the vessel load moves from the
support block interface to the transporter interface.

Saddle Support Blocks

Each vessel support saddle is supported by a saddle support block as shown in Figure 6-4. The function of
the block is to provide a simple, inexpensive, disposable structure which can be replaced if the floor of the
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underground hall heaves excessively. The saddle support block can be viewed as a long term shim element, rarely or
never replaced. Scenarios have been postulated in which the floor moves up or down over time. Downward motion
would be caused by settling of the vessel mass on its foundation ficor. Heaving would be caused by reaction to the
removal of the large volumes of earth in creating the underground hail.

shim stack

0.70m

bottom view

Figure 6-4 Vacuum Vessel Structure Mounting Block
(see Figure 6-1 for location of these blocks.}

Initial setup of the saddle support blocks would consist of surveying, v leveling with floor studs, and
grouting. Up to two inches of grout may be required due to variations in the floor level, and four inches of sheet
metal shims will be supplied for final vessel alignment.

If the floor sinks over time beyond the alignment tolerances of the vessel, shims will be added to the existing
shim stacks where necessary. To do this, the vessels will be lifted slightly using the transporters, new shims will be
added, and the vessel will be lowered back onto the support blocks. If the floor heaves upward beyond alignment
tolerances, the same alignment procedure will be used to remove shims from the shim stack. However, if the floor
rises more than the shim thickness, and no shims are left to remove, the support block will simply be replaced with a
shorter one.

Transporter

Each vessel is designed to be mobile to allow access for maintenance and repair of the detector subsystems
inside. To move the vessels, they must first be lifted slightly to transfer the weight onto the four transporter
modules. The actual amount of lift will be limited by the clearance between the sixteen muon sectors supported by
the vessel end rings and the central detector supported by the central membrane. Once lifted off the vessel
mounting pads, the vessel can be moved on tracks embedded in the experimental hall floor.

A modular transporter unit provides the lifting and horizontal motion functions for the vessel. Four
transporters are required to lift each vessel. Each of these transporters consist of hydraulic jacks connected in
parallel to the pressure source, nominally providing 900 tons of lifting force. Under each jack is a bearing element for
horizontal motion. The bearing element will be either a pressurized grease pad array or roller with 900 ton capacity.
The jacks and bearing elements are tied together onto a common mounting structure which can be removed when
the vessel is permanently mounted.
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Each vessel saddle leg incorporates a lifting point where the transporter is installed for moving the v&m‘el.‘
The four point lift will be load balanced by the common hydraulic system. A hydraulic cylinder driver system similar
to the one used at Fermilab for both the DO and CDF detectors will be employed.

r

L —r

grease pad profile

The grease pad bearing element is a commercial product which is simple in design and function. Pressurized
grease is injected into the unit from a pumping source and reservoir forming a thin film bearing on the floor.
Omnidirectional motion is possible with no hardened track required. Some clean up is required after use, but this
can be mitigated by covering the floor with temporary sheet metal.
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Typical roller profile

An alternate bearing element, a roller, has been used for many years in heavy movement applications such as
this one, and is a very reliable alternative. Although cleaner than the grease pad system, the rollers require a steel
track, have a higher coefficient of friction, and provide motion in only one direction at a time. The unidirectional
motion limitation can be a disadvantage during the final alignment of the vessel.

Safety Criteria

SSCL seismic design criteria have not yet been developed. Seismic design of the vacuum vessel follows the
criteria specified in the Comanche Peak Steam Electric Station Final Safety Analysis Report. Peak ground
accelerations are 0.12g horizontal, 0.08 g vertical. A factor of safety of 1 is required on seismic stress based on yield
strength, according to LLNL Design Safety Standards and ASME Boiler and Pressure Vessel Code..

The GEM vessel is not designed te be code stamped by ASME. However, it is designed and fabricated
within applicable rules for allowable stresses in the ASME Pressure Vessel Code, Section VIII, Division 1. Other
structural elements of the vacuum vesse are designed in accordance with the Unified Building Code, American
Institute of Steel Construction, or American Welding Society codes, as applicable.

Manufacturing Criteria

A thorough Fabrication Specification, in addition to drawing notes, will provide construction guidance to
the vessel manufacturer. Some of the major requirements are listed here.

Cleanliness of the vacuum vessel will uitimately be determined by a rate of rise test after final assembly and
leak checking. The rate of rise specification is 1 x 102 torr in 24 hours. Welders and weld procedures shall be certified
per ASME Section IX. Weld filler rod for 304L shall be 308L. Filler rod for low carbon steel will be determined by
the type of weld processes selected. Dye penetrant inspection is required in accordance with ASME Section V articie
2 on root pass welds only. Vessel will be leak checked to 1x 1072 atm cc/sec helium at 104 torr. Al cylindrical shapes
shall be rolled, not brake formed.
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Documentation

All calculations will be documented in the vacuum vessel design basis report, including ASME pressure vessel
and AISC structural analysis. The complexity of the multiple load types on this vessel demands that a thorough
analysis be performed. Magnetic, thermal, vacuum, and seismic loads are all superimposed simultaneously in the
finite element analyses.

A Fabrication Specification will document the general fabrication and quality assurance requirements of the
vessel. The content of the Fabrication Specification includes specific allowable and recommended practices for
material and personnel certification, fabrication, leak checking, finishes, rigging, testing, and documenting the
construction.

Calculations

Sufficient structural analysis has been carried out to verify the big features of the vacuum vessel design.
Fatigue analysis has not been performed for this vessel, which is not expected to see more than a thousand pump
down cycles in its lifetime. ASME Boiler and Pressure Vessel Code, Section VIII, is used as a guide for allowable
stresses, pressure testing, and some elements of weld design. However, strict adherence to the code is typically
neither required nor practical for vacuum vessel construction.

The vacuum vessel sees a complex loading due to vacuum, dead load, thermal, magnetic, and seismic
loadings. Detailed finite element modeling has determined stresses and deflections of the vessel and support
structures (see Fig. 6-5). Vessel stress calculations fall into three categories. Analyses of the vessel containing the
cold mass determine the forces the cold mass and supports exert on the vessel and the resulting vessel stresses and
deflections. Second, detailed models of the vessel end rings and support structure, with applied loads reflecting the
cold mass and other loadings, ensure that sufficient has been used, and verify that there is no local buckling or stress
concentration. Third, a model of the entire vessel, cold mass, and possibly the support structure, gives the resonant
frequencies of the magnet and vessel and estimates the deflections and stresses due to the expected earthquake
ectrum. Analyses were done using the finite element programs NIKE3D® and GEMINP?, and their associated pre-
and post-processors INGRID3! | SLIC32, and TAURUS®,

D Maker, B.N., Ferencz, R.M., Halliquist, J.O., “NTKE3D A Nonlinear, Implicit, Three dimensional Finite Elem for Solid
and Structural Mechanics User s Manual”, University of California, Lawrence Livermore National Laboratory, Report UCRL-MA
105268 {January 1991).

PMurray, R.C., “GEMINI-A Computer Program for Two and Three Dimensional Linear Static, and Seismic Structural
Ana.lgrsis-CDC 7600 Version™, University of California, Lawrence Livermore National Laboratory, Report UCID-20338 (October
1984).

3 Stillman, D.W., Hallquist, J.O., “INGRID: A three-dimensional roesh generator for modeling nonlinear systems”
,Univer California, Lawrence Livermare National Laboratory, Report UCID-20506 (1981) Revision 1 {July 1985).

2Gerhard, M.A., “SLIC The Interactive, Graphic Mesh Generator for Finite-Element and Finite-difference Application
Pms"”, University of Ca Lawrence Livermore National Laboratory, Report UCRL-MA-108429 (September 1991).

BSpelce, T., Haliquist, J.0., “TAURUS: An Interactive Post-Processor for the Analysis codes NIKE3D, DYNA3D, and
TOPAZ3D", University of California, Lawrence Livermore National Laboratory, Report UCRL-MA-105401 (May 1991).
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Figure 8-5 Finite Element Model of the Vessel with End-Ring Support Structure

A model of the cold mass inside the vessel consists of the coil, radial and axial support rods, and the vacuum
vessel. The vessel must withstand the weight of the coil (about 520 metric tons) as well as its own weight. During
operation, the coil temperature is 4 K, the vessel is at 300K, and the connecting rods’ temperature varies from 4° at
the bobbin, to 80K at the thermal shields about half way along the rods, to 300 K where the rods attach to the
vessel. Thermal shrinkage, then, tends to put radially tensile loads on the vessel. In addition, the force that the
magnetic field exerts on the coil inside the vessel is about 50 along the beam line, toward the central membrane. The
vessel also sees axial end loads of about 12 from magnet loading of the Forward Field Shaper and vertical gravity
loads from muon sectors mounted on the vessel end rings. A finite element model of a magnet vessel alone was run
using estimates of the loads the coil, FFS, muon sectors, and atmospheric pressure would exert on the vessel. The
model had a smaller radius than the current baseline design, only 9.1 m innner radius, but was similar in other
respects to the current design. Under these estimated loadings, the vessel had a 26 mm vertical sag, a 21 mm
horizontal spread, and an axial tilt of 29 mm. The maximum Von Mises stress in the bulk of the vessel was about
40MPa,

Three finite element models were created. Two global models, created on two independent software systems,
included the vacuum vessel major structural components, such as the support saddles, end rings, longerons, shells,
and cold mass. The results of these global models correlated well. A detailed local model of the end ring was created
to more accurately assess the stresses and deflections at the cold mass support rod interaction aress.

Gravity, vacuum, cold mass cool down, and magnet activation load cases were independently run for the
global model to determine the cold mass radial support rod loads. The dominating load condition which affected the
support rods was the cool down of the cold mass, which produced rod loads an order of magnitude higher than the
vacuum and gravity loads combined. The magnet load, simulated as a 50psi internal pressure condition on the ID
of the cold mass, tended to relieve part of the load on the radial rods by partially reversing the cool down contraction
of the cold mass. All 16 axial support rods were assumed to carry the axial magnet load equally.
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Table 6-1

Sag of vessel end ring due to gravity:

Summary of Global Model Results

12 o'clock vertical sag 0.24”
3 & 9 o’clock horizontal expansion 0.2¢4
3 & 9 o'clock vertical sag 005

3 & 9 o’clock Z rotation

Sag of vessel end ring due to other loads combined:

4.8 x 10 radians

12 o’clock vertical sag 0.04”

3 & 9 o’clock herizontal contraction 0.02”

3 & 9 o’clock vertical sag 0.01”

3 & 9 o'clock 7 rotation 7.4 x 10 radians
maximumn radial red load (all load cases combined) 600,0001b
maximum axial rod load {(magnetic load) 750,000 1b

Maximum Z rotation on ID of vessel end ring 8 x 104 radians

Table 6-2

Maximurm Y displacement 0.032”
Maximum X displacement 0.0117
Maximum Z rotation 2.3 x 1079 radians
*Based on the global model, the local model was run using the maximum
rod loads. The local model did not include gravity loads. The local model is
considered to be more accurate for deflection analysis because of its finer detail.

Summary of local Results*

6.2 Thermal Radiation Shields.

The primary function of the thermal radiation shields is to provide a thermal radiation barrier between room
temperature surfaces and liquid helium (LHe) cooled surfaces such that the heat load to the LHe surfaces is
minimized. To do this effectively, each half coil assembly is totally enclosed in a LN, cooled radiation shield. In
addition, two areas of the shield assembly will be designed such that the potential high maintenance areas of the
magnet, namely the superconducting splices and the cooling-tube-to-manifold weld joints in the LHe plumbing
system can easily be accessed.

Thermal radiation shields are required in three locations. The shields must be inserted between the outer
vacuum vessel wall and the half coil assembly (outer panels), between the half coil assembly and the inner vacuum
vessel wall (inner panels), and at both ends of the half coil assembly (end caps). This will provide an enclosure which
effectively stops all room temperature radiation from having a direct line of sight to a LHe surface (Figure 6-6). The
panels are nominally 0.32cm (0.125”) thick, 3.7m (145”) wide and 14.6m (575”) long and made from 6061-T651
aluminum sheet. Aluminum angle and plate stock is welded to the sheet (Figure 6-7) in a box type configuration so
that the large panel will retain some structural rigidity. This box area will also be used as a framework and
attachment points for the superinsulation. In addition, a 3.5cm (1.375") square extruded 1100-0 aluminum tube
with a 2.54cm (1.0”) hole serpentines back and forth across the length of the panel and is skip welded to the panel
using the GMAW process. Tubes are spaced apart every 15 degrees which corresponds to a tube to tube spacing of
approx. 2.5m (98”) This allows for a 5K maximum change in temperature at the hottest point on the panel from
the nominal LN, temperature (80 K) assuming a very conservative heat load of 10 watts per square meter. LN2 will
circulate through this tube to provide the cooling medium. The LN, flow will start at the bottomn end of each half coil
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and via series flow, traverse up through each panel. The LN, panel flow circuits are divided into two halves about
the vertical axis of the coil so that each cryogen circuit services half of the panels, thus reducing overall pressure drop
(Figure 6-8). Panel to panel tube joints will be made utilizing an automatic tube welder. Joints made using this
technique are extremely reliable at cryogenic temperatures and the use of 1100 aluminum for the tube material
guards against crack propagation concerns at the weld joint. Each half coil assembly requires 16 outer and 16 inner
panels, making a total of 64 panels required for the entire magnet. Both panels are constructed identically with the
exception that the inner panels are slightly smaller than the outer panels because of its smaller radius.

Superinsulation will also be used to minimize the heat load to the LHe cooled surfaces. It will consist of
1/4mil (0.00025") thick polyester film with one side having a high purity aluminum deposit of 250 angstroms.
Approximately 10 to 20 layers of superinsulation will be applied separately to both sides of the thermal radiation
shields. They will be installed in blankets with each blanket having 5 layers of superinsulation each. This will
decrease the radiation heat load to both the LHe and LN, cooled surfaces since the emissivity of the assembly
decreases by at least an order of magnitude.

The thermal radiation shields will be supported off the vacuum vesse] utilizing a pin-in-slot arrangement.
Low thermal conductivity fiberglass blocks with slotted holes will be bolted to steel blocks on the inner and outer
vacuum vessel. Epoxy-fiberglass pins will be attach to the LN, panels and ride in the slots provided. This will aliow
for the panel movemnent required due to thermal contraction of the long shields as it cools from room temperature
(300K) to LN, temperature (80 K). The fiberglass blocks supply adequate structural support yet provide enough
thermal resistance so that the vacuum tank is not subject to cryogenic temperatures and potential embrittlement
concerns. The long panels will be attached to both the inner and outer vacuum vessels prior to the installation of
the half coil assembly. This will allow ease of access for panel installation and also allow for cold testing and leak
hunting of the LN2 system prior to final coil installation. During cooldown the panels will contract approx. € em
(2.4") in length and 1.5cm (0.6”) in width. Two of the panels will have removable sections for access to the
superconducting splices and LHe weld joint areas. The end cap shields will be made up of aluminum C-shaped
segments and cover the end of the half coil assembly and overlap the inner and outer panels. They will be attached
to the ends of the long LN2 panels which will provide structural integrity and salso conduction cooling since the end
caps will not be actively cooled. This will provide a complete LN2 shielded enclosure to ensure minimum heat load to
all LHe cooled surfaces on the half coil assembly. All LN2 tubing joints will be made at the end of the half coil
assembly away from the central membrane. Ports will be located on the end flange of the vacuum vessel so that
access to all weld areas is possible for tube repair and leak hunting.
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Figure 6-6 Thermal Radiation Shield Arangement
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6.3 Cold Mass Supports.

The function of the cold mass supports is three fold: to support the static weight of a half coil assembly (520
metric tonnes per half coil), to maintain the magnetic alignment of the coil to the beam axis and to counteract the
axial maguetic force exerted by the coil when energized (52 mega-newtons per coil half). In performing these
functions the supports must also minimize the heat load to any LHe cooled surfaces and also allow for thermal
contraction of the half coil without inducing any additional stresses and consequent distortion to the assembly. The
half coil assembly will contract approx. 8.1cm (3.2") on the diameter and 6.1cm (2.4”) axially as it cools from room
temperature to LHe temperature,

The cold mass support rods are divided into two types: radial rods and axial rods. The radial rods support
the static weight of the half coil assembly and allow the coil to contract symmetrically about the beam axis so that
the magnetic centerline of the coil remains constant. The radial supports are pominally 10.2¢m (4.0”) diameter
6A1-4V titanium rods approx. 3.4m {132”) in length (see Figure 6-9). One end of each rod has a spherical bearing
which attaches to the outside flanges of the LHe cooled {4°K) half coil assembly. The other end of the support rod is
threaded and attaches to the room temperature vacuum vessel via a spherical washer/nut assembly. The use of
these spherical bearing surfaces eliminates any bending moment the rods may be subject to during cooldown from
room temperature (300°K) to LHe temperature (4°K). A tension preload is exerted on each rod in paired assemblies
so that the rods are always in tension during all cooldown and steady state operating scenarios. This preload is
maintained by a series of Belleville spring washers that are at the warm end of the support rod. The magnitude of
the preload is determined by equalizing the pressure in the hydraulic cylinders that tension the rods so that a
uniform preload can be applied to all of the rods. The radial rods are oriented in pairs about the circumference of
the coil, spaced at 45 degree increments and aligned tangent to the circumference. Eight pairs of rods are required
for each coil end, making a total of 32 pairs or 64 individual rods required for the entire magnet. As the coil
assembly cools down from 300°K to 4°K, it contracts both radially and axially. The radial support rods rotate
toward the beam centerline during this transient time using the spherical bearing surfaces provided, and allowing the
half eoil to contract uniformily about its horizontal axis. This design preserves the position of the magnetic centerline
of the coil relative to the beam centerline of the system. The rods also continue to support the static weight of the
ooil. : -
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Figure 6-9 Radial Supports Rods
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The axial support rods sole function is to counteract the load on the coil due to the magnetic forces
generated when energized. They are similar to the radial rods as they are also 10.2¢m (4.0”) diameter 6A1-4V
titanium rods but are about twice as long, approx. 7.3m (288”) in length. Each rod has a spherical bearing on one
end and a spherical washer/nut assembly on the other end but does not use Belleville washers (Figure 6-10). The
axial rods do not need pretensioning as they do not see any load until the magnet is energized. Once energized, the
rods are under tension and are sized such that the stress in the rods is half the allowable yield stress for the material.
The rods are attached in pairs to large bosses which are welded to the outside of the coil bobbin about its centerline.
The other end of the rod is attached to a stiffening member welded to the vacuum vessel which also is the
attachment point for the radial rods (Figure 6-3). Eight pairs of axial rods which are spaced at 45 degree intervals
about the circumference of the coil are used to counteract this magnetic load {Figure 6-11). The rods are placed so
that they transfer their load to the eight large longitudinal support members that are welded to the outside of the
vacuum vessel. The two half coils tend to be attracted to one another when energized so that the net force at the
centerline of the detector is zero. Therefore, the axial support rods are placed on the outside half of each half coil
assembly so that the rods are always under tension. The axial rods also secure the half coil assembly in the z-
direction.
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Figure 6-10 Radial Support Rod, Detail
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The size, quantity and material of the rods are governed by the following considerations: space available
inside the vacuum vessel which governs both the diameter of the rod and their position, minimization of LHe
consumption (thermal conductivity material issues), yield strength of material, minimization of distortion to the haif
coil assembly at the rod attachment points and access to the rods for both initial installation and tensioning under
all anticipated work configurations. Based upon the above requirements, titanium 6Al-4V material was chosen. It
has a slightly lower thermal conductivity than 300 series stainless steel, which helps minimize LHe consurnption but
more importantly, has a vield strength of approximately 130ksi at room temperature, about a factor of 4 better than
stainless steel. This helps reduce the overall size of the rod and also the number of rods required. Eight areas (hard
spots) on each coil assembly end and at the center of the coil form were chosen to take the weight and magnetic
loads. This allows for the stresses to be distributed about the entire circumference of the coil assembly so as to not
induce significant stress concentrations and consequently large distortions to either the coil assembly or the vacuum
vessel. In addition, it reduces the number of components, considering cost, ease of assembly and installation, size,
etc. These areas also correspond to hard spots on the vacuum vessel so that there is a direct one to one
correspondence between the load carrying area on the vacuum vessel and the coil assembly.

Both the radial and axial support rods have LN2 intercepts attached to them to reduce the overall LHe heat,
load. These intercepts are placed approximately halfway along the length of each type of rod and provides a thermal
short to LN2 temperatures. Using this concept, the LHe heat load imposed by the radial rods is about 70 watts and
the axial rods about 20 watts. These values are well with the estimated heat load budget contemplated for the
cryogenic system. This concept uses LN2 as the “sacrificial” eryogen since its cost is significantly less expensive than
that of LHe.

Structural Analysis of Cold Mass and Supports

The magnet, coil and support rods see a complex loading from gravity, thermal, and magnetic effects during
service. Although hand calculations are sufficient for initial sizing of the coil and support rods, detailed finite element
analysis is needed to guard against both yielding and excessive deflection, and to determine the loads and deflections
transmitted to the magnet vessel and support structure. To this end, finite element models of the magnet coil and
support rods were run under various load cases. The weight of the windings was included by increasing the density
of the 76 mm (3in) thick aluminum coil bobbin so that the coil had a total mass of 520 tonnes. Two joint condijtions
were considered: freely rotating joints and "frozen” joints with zero rotations. The joint conditions have a small
effect on stress and displacement of the model; all real cases should be between these two extremes. The actual rod
design may be such that the rods are able to lengthen (e.g. via Belleville washers) or slide free rather than go into
compression. In such cases the rod forces should be lower than those calculated here using fixed rod ends.

Gravity Loads

Figure 6-12 shows the configuration of radial rods about the coil. Under gravity loading, some of these rods
go into tension and some into compression. For both free and frozen joint cases, the maximum rod load is about
0.3MN (674401bs) (both compression and tension), corresponding to a nominal rod axial stress of 37 MPa (5ksi). A
compressive force of this magnitude is less than 60% of the radial rods’ buckling load. The actual design may allow
sliding of the rod attachments, decreasing the compressive rod loads. When the magnet is cooled down, these
compressive loads will be further decreased or reversed by thermal stresses. The axial rods are not intended to
withstand the weight of the coil when assembled, although a study of a tilted magnet may be necessary for assembly
considerations. For both joint cases, the bobbin displaced downward about 4mm (0.16 in) and was about 3mm
(0.12in) out of round. Bobbin stresses due to gravity loading are low, they are only about 4 MPa (0.6 ksi) for both
joint cases.

Thermal Loads

When the coil is cooled, it contracts about its center and axially. If left unconstrained, it would shrink
about 80 mm (3.2in) over its diameter and 60mm (2.4in) over its length in going from 300 to 4K. However, the
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radial rods resist this shrinkage and contract themselves, since they are also partially cooled. Therefore the coil
shrinks a smaller amount and is also pulled out of round by the rods. The axial rods do not resist radial shrinkage
of the coil since they are almost tangent to the coil axis. They do not resist axial shrinkage either, since they attach
to the coil at its mid-point.

Coil

NN NEEEEREN J LAY Ty
11 VT

4 Radial rods

Radial rods -4

™ Axial rods

Figure 6-12: Finite element mesh (NIKE3D) wused with gravity, thermal, and magnetic
loadings, consisting of the magnet coil and its radial and axial support rods.

The work on modeling the shrinking coil inside non-shrinking rods and adding thermally contracting rods is
currently in progress to the model. The rod loads are about 0.3 MN (67440 1bf) of tension. The maximum
diametrical shrinkage is 80 mm (3.15in} for freely pivoting and frozen joints. The inner rod ends can still move, but
cannot rotate with respect to the coil. In the frozen-joint case, the rods pull the coil 4 mm (0.16in) out of round.

For free joints the amount of out-of-roundness is negligible. Unconstrained shrinkage of the coil is a stress-free
process; the constrained coil here developed Mises stresses of less than 1 MPa (0.1ksi). This shows that placement of
the radial support rods as close to tangent to the coil as possible has succeeded in avoiding locked-in thermal stresses.

Magnetic Loads

Magnet loading has two main components. First, the windings inside the coil exert a radial pressure on it of
0.32MPa (0.05ksi). Second, the windings exert an axial force on each coil half towards the central membrane of the
detector of approx. 50MN (11.2 million Ibf). These loadings were applied to a model of the coil and the radial and
axial support rods in Figure 6-13 are shown Mises stress contours for the frozen-joint case. The radial pressure
induces a hoop stress in the coil of 40 MPa (6ksi), so that it expands 10mm (0.4 in) in its diameter. The axial force
made the coil displace 25mm (1 in) axially, also causing stress concentrations at the axial rod connections of about
65 MPa (9ksi). Detailed stress concentrations depend on fittings of the design. The axial load is resisted by forces in
the axial rods of 3.2MN (720000 Ibf}, giving rise to rod stresses of 395MPa (57ksi). This is still less than half the
yield strength of titanjum at room temperature and the yield strength increases as temperature decreases,
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Combined Loadings

Gravity, thermal, and magnet loadings were applied to a model of the coil in the support rods. The magnet
loading was the dominant effect, with thermal and gravity loads and deflections superposed on it. Note that when
only gravity and thermal effects are present, these two effects will superpose also.

For gravity, thermal, and magnet loadings the resulting coil stresses were acceptable; the overall Mises stress
in the coil was 40 MPa (6ksi), mostly due to the radial magnetic pressure. Mises stresses near the rod attachment
points reached 65 MPa (9ksi). The middle of the coil moved 25mm (1in) axially due to the axial magnetic force and
the coil shrank 60mm (2.4in) along its length from cooling. Radial thermal shrinkage overcame the expansion due to
internal magnetic pressure, resulting in shrinkage of 76 mm (3in) on the diameter instead of 80 mm for the pure
thermal case. The coil was 6 mm (0.2in) out of round at the ends.

contour valves [Pa]
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Figure 6.13: Magnet loading: contours of Mises equivalent stress in coil, from finite
element analysis (NIKE3D). Loads on Axial support rods are 3.2 MN.

6.4 Magnet System Assembly.

The magnets will be assembled as two independent halves. The function of magnet assembly is to place
components within the vacuum vessel into an integrated magnet that is ready for final installation and acceptance
testing. The assembly of components will be engineered so that the performance of the magnet is assured. The
sequence is designed to meet the overall program schedule and accomnmodates the beneficial occupancy dates of
assembly areas and the detector hall. Parallel activities are planned whenever possible to assure timely delivery.

Several assembly options have been identified. They can be classified into two main categories; assembly of
components with the axes vertical or assembly with the axes horizontal. Fach assembly method has positive and
negative aspects. We believe that the baseline presented here is the minimum cost approach consistent with
acceptable handling risk. The baseline assembly approach presented here was developed in conversations with vessel
and magnet fabricators, qualified rigging specialists and engineers experienced with large special equipment handling.
The baseline approach requires assembly of all heavy components with axes vertical followed by the uprighting of
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each magnet assembly prior to its preparation for movement into the detector hall. It allows the vessel fabrication
and the coil winding and assembly to be carried out in the most favorable orientations, with the axes vertical. It
allows the liquid nitrogen thermal shields between the warm vessel skin and the cold coil mass to be assembled and
leak-checked in the most accessible orientation. It reduces the number of special handling fixtures to a minimum,
The biggest risk is rotating the assembly. Rotating a single 1500 Ton magnet assembly rather than rotating
numerous 200 T to 800 T subassemblies requires additional lift capacity. But a number of qualified riggers with
experience in rotating large pieces of equipment claim 1500 T is well within their capacity. Whether one rotating of
1500°T section or three or more smaller subassemblies, each lift must be carefully engineered applying appropriate
practices, procedures assurances and reviews conforming to DOE rigging and handling standards®.

Assembly of large superconducting systems can be hindered or aided by the methods chosen to carryout
leak detection of components destined for the vacuum chamber. The investment in rigorous leak-hunting first of
components and then of sub-assemblies as they are assembled, will pay off later with a shorter and more predictable
assembly schedule. The objective is to assure each potential leak has been eliminated prior to combination with large
numbers of other potential leaks. Leak detection should occur on systems that approximate the final condition of
the assembly ( e.g. cold, strained, etc.) as closely as possible. This discipline assures the minimum confusion as larger
and larger systems are integrated. It is the strong recommendation of leak detection experts for assembling complex
systems®. Table 6-1 identifies measures of insuring quick and successful leak detection.

Table 8-3 Measures to mitigate fajlures of systems not
readily accessible after assembly

Potential reason Mitigation measure to eliminate

Components to need access need for ready access

Most vaccumn vessel systems are readily accessible after assembly

Vacuum vessel unacceptable vessel  Use good vacuum practice and assurances in design and fabrication
vacuum leaks Design vacuum welds for external repair

Leak hunt and repair prior to installing other compenents

Verify leak-tightness after major lifts

Engineer lifts and uprighting to minimize unwanted strains in the

vesse]

Design the external vacuum for extra capacity if needed

Provide extra high-conductance vacuum ports on the outer vessel

Provide magnetic-shielded RGA heads to aid in leak-detection

cold mass supports structural failure Conservative design, proper materials choice and detailed analsyis for
and axial rods ® Magnetic Fault cases
e Lifts and upsetting
Proof test all load bearing members at temperature to 125% maximum

load
support rod LN LN shunt leak Use good welding practice for design, qualify welders and procedures
intercepts Evacuate and carefully leak-hunt during assembly
Provide redundant LN supply lines to allow valving off one leaky
system

Provide an external method to evacuate the leaking system

% DOE RDT Standard F8-6T Hoisting and Rigging of Critical Components and related Equipment 1980,
% Wilson and Beavis, Handbook of Vacuum Leak Detection, AVS Monograph Series, 1976
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LN panel

Multilayer
Thermal insulation

Teraperature
SENsors

All LHe supply line

Electrical wiring

Oil difusion pump

Table 6-3 Measures to mitigate failures of systems not
readily accessible after assembly (cont.)

LN shunt
thermal detachment

supply line vacuum
leak

Thermal short

fail to give

believable
temperature

cold vacuum leak

plugged

electrical system

failure

Oil migration

Oil blown into tank

Redundant LN shunts on the cold mass support

Provide temperature sensors on the strut to estimate the He heat load
Extra capacity in the LHe system

If these fail significantly, buy extra refigeration

Use good welding practice for design, qualify welders and procedures

Evacuate and carefully leak-hunt during assembly

Cold leak hunt in the vaccum vessel prior to installing coil assembly
Redundant LN supply lines on each panel to allow valving off one leaky
conduit

Provide an external method to evacuate the leaking system

Use proper procedures at assembly
Thermal shorts are not likely to fai} catastrophically
Extra LN and LHe refrigeration capacity provided

Verify sensor reliability prior to specification
Provide secure mounting points with adequate strain relief

Position near access ports where possible
Provide redundant sensors where access is not possbile

Design external pumping system tolerate a large He leak; 10 atm-cc/s
Use good welding practice for design, qualify welders and procedures
Leak-hunt components at LN temnperatures prior to installation
Make all vacuum joints accessible through ports

Provide seamless tubing between access ports

Provide external isclation methods to allow easier leak-detection

Purifiers and filters on all cryogenic inlets
Warm if necessary

Proper selection of wiring and protection

Minimum wiring in the vessel, provide access ports

Redundant systems

Provide reliable backing pumps

Provide LN or water-cooled traps

Provide fast-acting isolation valves

Provide extra refrigeration in the event that the oil degrades vacuum

Seal the conductor pack to assure oil doesn’t degrade insulation
Use a benign grade of diffusion pump oil
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Table 6-3 Measures to mitigate failures of systems not
readily accessible after assembly (cont.)

Coil assembly Unlikely Provide a R&D Program to assure all components in this application
superconducting,
electrical or Use only adequately certified materials and components
structural failures Prove all systems by analysis and analogy

Provide the highest level workforce proper training and assurances
Formal certification prior to installation

Engineered supports during lifts and uprighting

Diagnose and fix by cutting through vacuum vessel wall

vacuum leak Design external pumping system tolerate a large He leak; 10 atmrce/s
Use reliable, good welding practice for design, qualify welders and
procedures
Leak-hunt at LN temperature and high pressure prior to installation
Make all vacuum joints cccessible through ports

Conductor splices

splice He supplies Unlikely Provide a R&D Program to assure all components in this application
Voltage taps provide access ports to all coil splices
Coil leads unlikely Provide for external disassembly and refurbishment of all components

Assembly Sequence

Magnet Assembly

Magnet assembly begins with the stacking of the 43 metric Ton coil segments. Twelve 1.2m-long coil
segments are required to make up a half coil assembly. (Fig 6-14) Each half coil assembly weighs approx. 520 metric
tons and is 14.4m long. Each coil segment will be wound in the coil winding building. As the coil segments are
completed, they will be positioned under of one another, so that the flanges can be bolted together and the
conductor splice made.
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Half Coll Assembly
520 Metric Tonnes

Fig 6-14 Twelve 43-ton coil segments are assembled with the axes horizon
tall to forma half coil assembly.

A special lifting fixture will be available to lift the completed coil segments so that the next segment can be
inserted underneath the assembly. In this way, the overall height of the coil assembly building can be reduced since
the segments do not have to lifted over one another. They are inserted from the bottom up rather than from the
top down. Eleven splices are required to link the twelve coil segments together. The final product will be & completely
assembled half coil.

Each half coil assembly will have provisions for movement to the assembly and staging ares outside of the
magnet assembly building, where the heavy lifts will take place. The half coil will be certified as ready prior to further
assembly into the vacuum vessel. All He lines to the conductor, the bobbin, the splices and to the leads will be verified
as leak-tight and free of blockage. The supply lines will be temporsrily capped to prevent inadvertent
contamination during handling. The conductor insulation and splices will be enclosed and protected from dust and
weather conditions whenever the assembly is in weatherproof enclosures. A ground-fault indicator with a loud
alarm will be attached to immediately alert technicians or handlers in the unlikely event that the ground plane
insulation has been shorted. The bobbin flange bolts that join each coil segment and provide a primary structural
support for the coil weight and magnetic forces will be certified as properly installed, torqued and locked. The lifting
and support hardware attached to the half coil assembly will have been load-tested and certified for use. The
attachment points will be inspected and approved. All diagnostic systems and sensors such as voltage taps, liquid
level indicators, temperature sensors and strain gauges will be verified as operational and protected from inadvertent
mishandling. When the cold-mass has been inspected as ready for assembly it will be covered with removable
weatherproofing and moved to the assembly area.

Several other key components are fabricated and sub-assembled in parallel activities to the half coil assembly.
The thermal radiation shields, the cold mass support rods, the current leads, and a large fraction of the cryogenic
piping internal to the vacuum vessel will be fabricated and tested off-site at the vendor’s place of business and then
shipped to SSCL.
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Fig 6-15: The inner and outer vacuum vessel shells will be erected in the most

favorable position, with each axis wvertical.

Vacuum Vessel Preparation

Because of its large size, he vacuum vessel must be erected on site. The vendor will fabricate the largest
possible vessel components at fabrication facilities but the erection of these components into the final vessel
configuration will be carried out in the staging and erection area next to the magnet assembly hall. All experienced
vendors contacted stated that conventional practice leads to erection with axes vertical for the inner and outer
vessels, followed by a vacuum-leak hunt and acceptance testing (Fig 6-15). The joints between the inner and outer
vesse| flanges will be temporary and demountable allowing successful, rapid leak detection and repair prior to
restricting access to the joints during subsequent assembly. Acceptance testing of the vessel will assure it is ready
for further assembly. Following vacuum certification for base pressure, leak-rate and rate-of-rise; the vessel will be
inspected for key form and function dimensions and features, including inspection of assembly tolerances and
certification of critical lift points. After certification, the vesse] will be disassernbled into the two primary parts by
grinding the temporary seal welds. The vessels are still oriented with axes vertical to provide optimum access for the

next step.
LN Panel Assembly on the vacuum vessel shells

The next step is the installation, plumbing and leak-hunting of the LN panels and multilayer thermal
insulation simultaneously on the inner and cuter vacuum vessel shells. (Fig 6-16) The LN panels will be cold leak-
hunted as subassemblies prior to delivery to the SSCL. The LN subassemblies are mounted on the inside of the
shell. The aluminum LN tubing is then formed and cut to the proper length and butt welded together using an
automatic tube welder. Mounting the panels on the vacuum vessel shells saves a significant amount of time from the
assembly schedule since the completion of the vacuum vessel is likely to precede the completion of the half coil
assembly by many months. After the tube welds have been leak-checked and repaired, the two vessels segments will
be cleaned and sealed from the weather. The LN panels will be certified as leak-tight and the multilayer insulation will
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be inspected to assure that it is properly supported and has no apparent thermal shorts. The assembly of the LN
panels and supporting manifold and sensors can be carried out within the magnet assembly building if space allows.

Liquid Niirogen Thermat
Shleld Assemblies

Fig 6-16: The Liquid Nitrogen Panels and multilayer thermal insulation are assembled
inside of both vacuum vessel shell simultaneously.

Install the inner vacuum vesse] assembly in the half coil assembly

‘When both the inner vacuum vessel assembly and the half coil assembly are ready for mating, both will be
moved to the assembly area and prepared for lifting. The half coil assembly will be protected from the weather with
temporary weather-proofing as necessary. The lift and insertion: of the 300T, 20-m-dia., 15-m-long inner vessel into
the bore of the half coil assembly will be the first of many engineered critical lifts. (Fig. 6-17)

B2D Metric Tonnes

Fig 6-17: The inner vacuum vessel is lifted over the half coil assembly and lowered
into position. The upper radial and axlal rods are then installed and tensioned
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Qualified rigzing specialists will provide specially designed fixtures and proof-tested equipment that has been
qualified for this lift. Prior to the lift a rigging readiness review will be held to ensue all components meet
specifications and that the subassemblies as well as the rigging equipment are ready for the lift. The radial clearance
between the two cylindrical surfaces will be approximately 10cm.

The inner vacuum will be supported on a devices that can place it at the proper height relative to the half
coil assembly to allow the attachment of sixteen outer radial rods and eight-pairs of axial rods to the support points
on the top vacuum vessel support flange. The thermal intercept, MLI and appropriate sensors will be added to the
radial and axial support rods, leak-tested and certified. The coil will be roughly oriented within the vacuum vessel
opening to allow preliminary tensioning of the upper radial and axial rods using hydraulic tensioning rams.
Temporary supports will be attached between the bottom of the coil and the inside of the vacuum vessel to assure
the rigidity of the structure during future iifts. During this phase plumbing for the liquid He supply that cannot be
installed later will be installed, evacuated and leak-tested. As this assembly phase nears completion a complete set of
external interface dimensions will be taken and recorded for both the inner vessel/coil assembly and the outer vessel
assembly to assure proper fit-up for the next step.

1460 Metiric Tonnes

Fig 86-18: The half coil/vacuum vessel assembly is lifted into the
bore of the outer vacuum vessel.

Insert the Inner Vessel/ Coil assembly into the Outer Vessel

When both units are ready for mating, they will be moved to the assembly area and prepared for lifting.
The lift and insertion of the 820 T', 20-m-dia., 15-m-long component into the bore of the outer vacuum vessel will
also be carried out along a vertical assembly axis. (Fig 6-18) It is another in the series of engineered lifts. Prior to
this lift another rigging readiness review will be conducted to assure all components meet specifications and that the
subassemblies as well as the rigging equipment are ready for the lift. The radial clearance between these two
cylindrical surfaces will be approximately 10-15 cm.

The inner vessel/coil assembly will be supported on a device that can place it at the proper height relative to
the outer vessel assembly to allow the attachment of the sixteen lower radial support rods to their attachment
points through openings in the vessel provided for this purpose. The thermal intercept, MLI and appropriate
sensors will be added to the lower radial support rods and leak-hunted and certified as required. The inner
assembly will be positioned within the outer vacuum vessel opening to allow welding of the closure weld on the top
and bottom of the vacuum vessel assembly. Temporary supports will be attached between the bottom of the coil
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and vacuum vessel to assure the rigidity of the structure during the next handling step, the uprighting of the
1500T magnet assembly. During this phase, plumbing for the remaining liquid He supply will be instailed,
evacuated and leak-hunted. When all internal vacuum systems have been leak-hunted and repaired, the vessel will
be cleaned, and buttoned-up so that the system vacuum performance can be certified with all cryogenic joints at low
temperature. The coil will be cooled to 80°K using He gas circulating through a LN chiller (Fig 6-19). The LN
panels will be chilled to operational temperature. Most of the newly made joints including He piping and the high-
current conductor lead assemblies will be accessible through openings provided in the vessel. However, kilometers of
piping and a large number of joints will be exposed to cryogenic temperature for the first time. The investment in
procedures to assure leak-tightness of the major components will pay-off at this point because elimination of
significant hidden leaks will save expensive re-entry or disassembly.

After the desired 105 Torr vacuum is achieved, the vessel ports are opened and additional temporary
supports are installed as required in preparation for the uprighting of the magnet assembly into its final axis-
horizontal orientation.
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Fig 6-19. Schematic of a chiller system to provide cold He gas to chill the magnet
assembly to allow cold leak detection prior to commissioning in the detector hall.
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1500 Metric Tonnes

Fig 6-20: The uprighting of the 1500 T assembly is within the capacity
of a number of U.S. rigging specialists.

Uprighting the magnet assembly

This, like the other lifts, requires adequate preparation culminating in a readiness review of all systems prior
to the commencement of the lift. All internal systems will be secured. The uprighting will take place in the assembly
area and will culminate with the placement of the 1500'T, 23-m-tall, 15-m-long solenoid on the four permanent
support structures (Fig 6-20). This type of rotation has been presented to qualified rigging specialists and is within
their capacity. After the uprighting all key systems will be inspected to verify that they came through the change of
orientation properly. Although no repairs are expected, unexpected fixes can be carried out while the coil cold mass
supports are tensioned for the new orientation.

When the assembliy of the solenoid magnet is complete, it can be moved to the detector hall. Final
acceptance testing will be conducted in the detector hall after the magnet is lowered into the hall, and installation is

complete.

The assembly approach presented is the strongest of many considered. It is thought to be the least cost
approach because it eliminates many rigging and support fixtures required by other procedures. Other advantages
of this method include:

+ It allows for simultaneous erection of the vacuum vessel shells

»  Winding and erection use the preferred fabricator orientation

« It allows early LN shield assembly and cold tests

= It eliminates coil exposure to longitudinal close-out welds and overhead welds.

The main risk is that heavy components are handled and a large mass must be rotated. But the high lifts
of bulky, heavy components and the rotation of the entire magnet can be safely completed by proper engineering by
qualified experts. In short, this method will successfully assemble the largest solenoid ever built in a timely manner.
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7.0 FORWARD FIELD SHAPERS

The Forward Field Shapers (FFS) are large conical steel masses used to shape the magnetic field in§ide the
GEM detector. Field calculations determine the size and form of the field shaper, as well as its location relative to the

vacuum vessel.

The GEM detector has two identical forward field shapers. Each field shaper is held in space by a support
structure which butts to the end of the vacuum vessel and is supported at four places by the floor of the
experimental hall.

Each FFS weighs approximately 1000 metric tons. Each support structure weighs an additional 1000
metric tons. The FFS is an approximately 8 meters long truncated solid cone varying in diameter from 3.1 to 5
meters (see Figure 7-1).

counterbore 1.5m deep

0.21R
beam hole

e 0.87 o ~ Tie rods/cables (bolt circle) ___—r—T1"7
---"""""--'l

S,

0.27 M o r
il 1
f

s
4

50m

tie rod circle

key/boss

50 ton section

bolt circle connaction to structure
only in end plate
Figure 7-1 Forward Field Shaper section view sghowing stacked plate comnstruction
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Each FFS assembly, including the support structure, is independently mounted on the experiment hall floor
at specially reinforced mounting locations. For initial instailation and ongoing maintenance and repair, each
assembly can be lifted and moved along the beamline to the end of the experimental hall.

The Forward Field Shapers is a static structure with no moving parts. Three load cases are possible during
normal use of the field shaper.

case 1: Free standing structure: When retracted from the vessel for detector access, the field shaper
assembly is free standing. In this case, the structure must support
the moment from the cantilevered field shaper any additional seismic
loads.

case 2: Assembled with magnet off: When assembled with the vacuum vessel, the support structure bears

on the vessel end ring. Part of the cantilevered load from the field
shaper is borne by the vessel.
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case 3: Assembled with magnet on: With the FFS support structure bearing on the vessel end-ring, the
magnet load imposes a 3 million pound force on the FFS in the -Z
direction. This load is transferred through the FFS support structure
to the vessel, and represents an addition to the static lead.

7.1 Vacuum Vessel Interface

During magnetic loading the force exerted on the FFS is transferred to the vacuum vessel through the FFS§
support structure. Conceptually, the structure consists of eight deep-section I-beams extending radially out from
the FFS to the vacuum vessel. The flanges of these eight I-beams are tied together to form continuous,
axisymmetric plates. At the intersection of the eight I-beams and the vessel end ring, there are eight points of load
transfer from the support structure to the vacuum vessel. These interfaces at the vessel are landing pads located at
each of the eight vessel longeron stiffeners described in chapter 6 (see Figure 7-2).

preload wedge

vessel longeron .
9 shim stack

/_ cylindrical bearing plates

FFS structure

{not to scale)

outer vessel
coil

inner muon sector support
vessel

Figure 7-2 Vacuum Vesasel. Forward Field Shapers Interface

Each landing pad consists of shims and a cylindrical bearing pad. This bearing pad allows the forward field
shaper to deflect under magnetic load without imposing moments or stress concentrations into the end of the
vacuum vessel. This gives that field shaper structure a hinged end condition which limits end moment loading on
the vessel that can misalign the muon sectors mounted to its end rings. The shim stacks consist of two types of shim
elements. Simple flat plates are stacked to provide nominal space filling, while wedge plates are jacked in to provide
preioad between the vessel and the FFS support structure. The small amount of preload is necessary to insure that
all eight bearing points are loaded equally when the magnet is turned on.

Other than the bearing pads, there is no restraint between the vessel and the forward field shaper; each is
independently mounted to the floor.

7.2 Temperature changes during cold mass activation

Temperature changes will occur in the vessel due to heat leaks to the cryostat. This may cause some amount
of radial shrinkage in the vessel, and cause a change in the interface at the forward field shaper support structure.
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The eylindrical surface bearing plate assemblies will be connected to either the FFS support structure or the vessel
end ring, so that radial movement of the vessel will have no effect on the face-to-face contact areas.

7.3 Forward Field Shaper Support Structure

The FFS support structure is a large steel plate girder weldment, which supports static, magnetic, and
seismic loads. The 1000 ton FFS is cantilevered into the vacuum vessel, putting large moments into the support
structure. When retracted from the vessel during maintenance or repair, the field shaper structure is free standing,
with no support from the vacuum vessel. The moment from the cantilevered field shaper is reacted by structural
beams which exiend under the vacuum vessel and straddle the vacuum vesse] saddles.

Since the FFS support structure and the vacuum vessel support saddles compete for floor space, there is a
trade-off on size, shape, and location of the support areas. The moment reacting support beams near the bottom
the FFS support structure must fit outside the vessel support legs, with enough clearance for jacking, shimming,
and transport.

Each FFS support structure is supported by four support blocks. The function of the block, a steel
weldment, is to provide a disposable structure which can be easily replaced if the floor heaves or settles excessively.
This block is described in chapter 6.

Each FFS support structure can be lifted and transported to allow access for maintenance and repair of the
muon sectors and central detector areas inside the vessel. The actual amount of lift will be limited to the clearance
between the sixteen muon sectors supported by the vessel end rings and the sixteen muon sectors supported by the
forward field shaper support structure. Once lifted off the mounting blocks, the structure can be moved on tracks
embedded in the experimental hall floor.

The transporter is described in chapter 6.
7.4 Operational Requirements

Two FFS assemblies are required. Each must provide the required mass and form needed to shape the
magnetic field in accordance with calculations. Each must be mobile, and will move axially away from the central
membrane to mounting points at the ends of the experimental hall. Each must support the dead load of 16 muon
sectors weighing approximately 10 tons each.

The stiffness of the FFS support structure must be sufficient to prevent the FFS from spacially interfering
with the muon sectors due to transient motion when the magnet is energized. In addition, any deflections due to
amplification of ambient ground motion need to be less than the interference envelope described.

Materials shall be chosen to meet the above criteria in the most cost effective manner. Subject by further
analysis, the baseline material for any non-axisymmetric structures will be 304L stainless steel to prevent local
perturbations in the magnetic field. All axisymmetric structures will be constructed from A36 low carbon steel.

7.5 Design Criteria

The FFS support structure is mounted to footings in the GEM experiment hall. Although earthquake
criteria for the SSC have yet to be established, it is known that earthquakes occur in this area of the country. DOE
facilities are typically covered under UCRL-15910, “Design and Evaluation of Department of Energy Facilities
Subjected to Natural Phenomena Hazards”. SSCL is not yet covered in UCRL-15910. The baseline design for the
FFS structure will follow the criteria specified in the Comanche Peak Steam Electric Station Final Safety Analysis

Report. Comanche Peak is a nuclear power plant located in the Fort Worth area. This design criteria is considered
to be conservative.
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Ground accelerations:

Horizontal : 0.12g
Vertical: 0.08¢g

Amplification factors will be determined using the Comanche Peak’s design response spectra as described in
its Final Safety Analysis Report.

A factor of safety of 1 is required on seismic stress based on yield strength, according to LLNL Design Safety
Standards. Structural elements are designed in accordance with the Unified Building Code or American Institute of
Steel Construction, as applicable.

A thorough Fabrication Specification, in addition to drawing notes, will provide construction guidance to
the vessel manufacturer. Some of the major requirements are listed here. Welders and weld procedures will certified
per ASME Section IX, or AWS D1.1, as applicable. Filler rod for 304L shall be 308L. Filler rod for low carbon steel
will be determined by the type of weld processes selected. All stainless steel surfaces, except vacuum sealing surfaces
are sand blasted and bead blasted for cleanliness and better appearance.

7.6 Description of Possible Failures

The FFS support structure or mounting system can fail if seismic ground movement causes stresses greater
than the yield stress of the materials.

Such failure can destroy equipment and injure personnel. All load bearing fasteners and structural elements
will be designed with acceptable factors of safety, as described in the Engineering Note, so that the risk of failure is
minimized. All fasteners will be torque-tested to their maximum allowable preload to verify their integrity. All
fasteners will be certified as to material content and load rating. All structural shapes are analyzed using finite
element techniques to verify their design limits.

7.7 Documentation

An Engineering Note will document calculations supporting the baseline design of the Forward Field
Shapers and support structure which includes structural calculations.

A Fabrication Specification will document the general fabrication and quality assurance requirements of the
vessel. The content of the Fabrication Specification includes specific allowable and recommended practices for
material and personnel certification, fabrication, leak checking, finishes, rigging, testing, and documenting the
construction.

7.8 Summary of Design Calculations

A combination of hand calculations and finite element analysis was used to design the Forward Field Shaper
(FFS) and its support structure (see Figure 7-3). This includes the conical FFS itself, the disk-like structure it
attaches to, and the supports under this disk which rest on the floor of the hall. Finite element analyses were done
using the LLNL codes NIKE and GEMINI and their associated pre- and post-processors INGRID, SLIC, and
TAURUS. Structural elements are designed in accordance with the Unified Building Code or American Institute of
Steel Construction, as applicable. A factor of safety of 1 is required on seismic stress based on yield strength,
according to LLNL Design Safety Standards.

The conical FFS, composed of cast segments, is assumed to be a rigid body. In such a case, the tip of the

FFS would sag 0.2mm (8 mils) with respect to its wide end under gravity. When the magnet is turned on, a load of
12 MN (2.7 million Ibf} is applied to the FFS in the direction of its tip. If this force is treated as a distributed body
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force, the tip will not rise significantly and will stretch less than 0.1 mm (4 mils} axially. Note that these deflections are
small, but do not include the deflections of the support structure, which are much larger. The maximum stress in
the FFS cone from these gravity and magnetic loads is only 3MPa (0.4ksi), which is small compared to a design
stress of T0 MPa (10ksi).

Finite element analyses were done on several configurations for the disk shaped structure that supports the
FFS. They show that several designs are feasible: an open-backed, radially-gusseted disk, an enclosed gusseted disk,
or an enclosed pgusseted disk that is concave towards the central detector (MIT analysis). The three configurations
of FFS support disk have been designed to a maximum stress of 70 MPa (10ksi).

The conical FFS, composed of cast segments, is assumed to be a rigid body. Analysis shows thisto be a
reasonable assumption. Finite element analyses were done on several cases for the FFS and support structure. For
static and magnetic load case (see Figure 7-4) symmetry allowed the model to be cut in half about a vertical plane to
improve run time. A full model was required for simultaneous X, Y, and Z seismic excitation.
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Figure 7-3 Forward Field Shaper final element model

103



S %
e ”«ulﬂﬂnﬂv‘u&.&/ 2P
PP e \\ w7 9, s
/ 4 — ’.ﬂ,fnt.;l.'urlll.’l‘.fu.%ﬂ”n\\ul sy

’ B Y R T

y = A A AR AR
<R w/ﬁﬂa&?mﬁ?,ﬁ,

i R RN
A YE N A&fﬂﬂdbﬁ.’mﬁ/dmf//MZ,
R e AR AR AR R
AR Av...,_ﬂz?.wamirlo ./Zg.ﬂl'ﬂ
IO ,
mﬂﬁ.;n__.m,wé_

Stress contour plot on a

symmetry model for gravity and magnetic loads.

Forward Field Shaper:

Figure 7-4

104



Case 1: Free standing structure (static)

When retracted from the vessel for detector access, the field shaper assembly is free standing. In this case,
the structure must support the moment from the cantilevered field shaper.

Y {vertical) displacement at end of FFS -0.66" (down)
Z (axial) displacement at end of FFS -0.3” {toward interaction zone)
Z (axial) displacement at top of FFS structure -1.1" (toward interaction zone)

Case 2: Free standing structure (seismic)

Structure is retracted from the vessel for detector access, and supports the moment from the cantilevered
field shaper plus its own weight under seismic conditions. These maximum displacements are in addition to static
displacements. Structure is fixed at four support points. Input spectral peaks = 0.12g horizontal, 0.08g vertical.

X (transverse) displacement at end of FFS +/-0.17
Y (vertical} displacement at end of FFS +/-0.3"
Z (axial) displacement at end of FFS +/- 0.46"
Z (axial) displacement at top of FFS structure +/- 0.92"

Case 3: Assembled with vessel (static)

When assembled with the vacuum vessel, the support structure bears on the vessel end ring. Part of the
cantilevered load from the field shaper is borne by the vessel.

Y (vertical} displacement at end of FFS -0.15" (down)
Z (axial) displacement at end of FFS -0.05” (toward interaction zone)

Case 4: Assembled with vessel (magnet on)

The magnet load imposes a 3 million pound force on the FFS in the -Z direction. These maximum
displacements are in addition to the static displacements in case 3.

Y (vertical) displacement at end of FFS 0.001” {down)
Z (axial) displacement at end of FFS -0.13” (toward interaction zone)

Case 5: Assembled with vessel (seismic)

Seismic load is imposed on the FFS and support structure. Vessel support at eight places is modeled as
fixed in Z direction. These maximum displacement are in addition to the static displacements in case 3.

Input spectral peaks 0.12g horizontal, 0.08g vertical
X (transverse) displacement at end of FFS +/-0.1"

Y (vertical) displacement at end of FFS +/- 0.03"

Z (axial) displacement at end of FFS +/- 0.05"
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8.0 CENTRAL SUPPORT

The central support is comprised of two large low carbon steel diaphragms separated by one-half meter and
connected with radial stainless steel plates. The diaphragms are approximately twenty-three meters in diameter with
a seven meter diameter hole in the center for mounting the barrel calorimeter (see Figure 8-1). The central support
will provide structural support and coarse alignment for the calorimeters and central tracker independent of the rest
of the detector. The central support will provide a load path for axial magnetic forces during normal operating. The
entire weight of the central support, calorimeters and central tracker will be approximately 2800 tonnes

All utilities for the calorimeters and centrai tracker wil! be routed through the one-half meter space of the
central support. The calorimeter utilities will include 172 power and electronic conduits, 24 cryogenic return lines, 3
cryogenic support lines, and 3 vacuum lines. The central tracker utility requirements are much less stringent
requiring only 80 cm? of area for routing electronics, power, and cooling. Along with numerous utilities to support
the calorimeters other requirements exist such as slope for eryogen supply and return lines, and the vacuum and
cryogen lines must remain intact during endcap maintenance periods.

Figure 8-1 ' Conceptual Design of Gem Central Support

The central support will be designed and constructed as per all standard engineering design codes and DOE
guidelines, specifically UCRL 15910 “Design and Evaluation for the Department of Energy Facilities Subjected to
Natural Phenomena Hazards”, Currently no site specific guidelines exist but guidelines from similar sites are being
applied using the UCRL15910 philosophy. Performance goals are being applied as if the facility has been officially
classified as an “Important or Low Hazard Facility”. For the specific case of earthquake design this classification will
provide minimal design guidelines for the central detector. Due to the expense that would be experienced from
structural failure more stringent design practices will be employed. For instance along with the current static
analyses with symmetric and asymmetric loads the Safe Shutdown Earthquake Design Response Spectra for the
Comanche Peak Steam Electric Station in Fort Worth will be applied. This is a very extreme case but the central
support could be made to survive such a self imposed criteria.
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Figure 8-2 Finite Element Mesh of the Central Support and Calorimeters

The central support has been analyzed (See Figure 82) for stress levels with symrmetric and asymmetric
loads which simulate endcap calorimeter installation and unequal filling of the endcaps. Along with stress levels the
structure has been analyzed for its resistance to structural failure due to buckling, especially when loaded

asymmetrically. No unsolvable scenarios have been discovered.

Future work will include attempts to reduce the size of the complete membrane to a pedestal design. This

would have obvious cost and schedule implications.
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9.0 CRYOGENIC SYSTEM
9.1 System Description

The GEM magnet is cooled by liquid helium which flows by natural convection in a thermosyphon loop
coupied to a large storage dewar located at the ground level with the magnet some 50 m below. A second flow circuit
supplies a small flow of supercritical helium, cooled to the temperature of the thermosyphon loop, to the conduetor
conduit. This flow enhances the conductor stability, cools the conductor splices, and supplies lead cooling. A flow
schematic is shown in Figure 9-1.
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Figure 9-1 GEM Magnet, Helium Flow Schematic

Refrigerator

The helium refrigerator will be the same as that specified for the SSC Accelerator String System Test which is
rated at 2 kW plus 20 g/s liquefaction. Two of these refrigerators may be ultimately used in the circuit. The second
refrigerator, aside from providing additional refrigeration capacity which could be useful on cool down, would also
greatly enhance the system reliability by providing redundancy.

Storage Dewar

The refrigerator(s) will supply cold two phase helium to a ground level helium storage dewar of
approximately 60,000 liquid liter capacity.

108



Thermosyphon

Liquid helium flows from the bottom of the storage dewar down through a 3.5 inch vacuum insulated and
liquid nitrogen shielded line to the bottom of the magnet some 75 m below. The flow branches and flows upward
through heat exchangers located on the various bobbin segments, is manifolded together and returns via a 4 inch
vacuum insulated line to the storage dewar. The vertical head insures that the liquid remains sub-cooled while in the
magnet heat exchangers. A shut-off valve with downstream convection trap in the thermosyphon feed line allows
magnet warm up with the maintenance of a cold and perhaps partially filled supply dewar.

Forced Flow Circuit

Supercritical helium branches upstream of the JT valve and flows through a subcooler in the liquid helium
storage dewar and then down to the magnet where it splits into parallel paths through each of the conductor
segments and splices. Because of voltage isolation requirements each of these paths must contain non-conductive
segments. In order to minimize these non-conductive segments which are potential leak points, two alternatives to
the baseline design where all of the splices are cooled in paraliel are under consideration. In the first of these, the
splice cooling is in series and downstream of the adjacent conductor segments. The disadvantage of this is that
because of the large flow impedance through the conductor conduit, large increases needed to accommodate a
deterioration of the joint resistance in the joint cooling would not be possible. The second alternative under
consideration involves doing the cooling through an electrical insulator so that all of the splices may then be placed in
series. The forced flow circuit also provides current lead coolant. Ideally, the current leads would be placed in series
down stream of the adjacent conductor segment, but because of the large flow requirement for these and the high
fiow resistance of the conductor conduit it becomes necessary to place these in parallel with the conductor segments.

Liquid Nitrogen System

A natural convection thermosyphon loop supplies liguid nitrogen to the magnet shields. In this system
liquid is stored in and returned to a 40,000 gallon dewar at the surface. This storage dewar also supplies liquid
nitrogen to the precooler in the helium refrigerator/liquefier, to the helium purifier and to the helium transfer line
shields. A flow schematic is shown on Figure 9-2.
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Figure 9-2 Nitrogen Flow Schematic
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Facilities

The eryogenic helium refrigerator /liquefier is housed in three rooms of the surface level Utility Building. An
acoustically insulated room contains the helium gas compression system. The system is composed of the compressors,
oil removal and purification systems, coolers, air compressors, vacuum pump and other support equipment for the
compressors. Another room contains the refrigerator/liquefier cold box module, expander modules, distribution box,
dryer/purification station, cool down heat exchanger, vacuum pumps, and regeneration skids. The third room,
adjacent to the cold room will serve as the control room housing all equipment necessary to maintain continuous
control of the refrigerator/liquefier, heating, cooling water and H.V.A.C. High and low pressure gaseous helium
storage tanks and a liquid helium storage dewar are located adjacent to the building.

The liquid helium supply transfer lines are routed from the output of the liquid storage dewar to the utility
shaft, down the shaft to the utility tunnel, and into the underground hall to the detector. The return transfer lines
follow the same path as the supply lines. The path length is approximately 200m.

Cool Down

For initial system cooldown, helium gas circulates through the thermosyphon piping, the storage dewar, and
the refrigerator. All three systems are cooled simultaneously as heat is removed from the circulating gas by the
refrigerator.

In another possible cooldown scenario, portions of the system may be at operating temperature while others
are warm. For example, after a magnet half has been moved for maintenance, it is possible that the cold mass will be
warm, while the refrigerator is cold and the supply dewar contains some liquid helium. In order to cool the magnet
under this circumstance, we have provided the capability for the warm helium gas to bypass the cold storage dewar.
Initially in this mode, warm helium from the magnet is returned to the compressor suction inlet of the refrigerator.
As the cold mass temperature is reduced, the cooler gas is routed to the cold side of successively lower temperature
heat exchangers in the cold box. In this way, system elements which are already cold can remain cold as the rest of
the system is cooled.

Quench

On quench detection, the supply side of the thermosyphon loop is closed at the storage dewar and the liquid
helium down stream from the shutoff valve is vaporized and returned to the storage dewar. Assuming a 200m
piping length, there are approximately 1100 liquid liters of helium in the supply side and 1400 liters on the return
side of the thermosyphon loop. Within the bobbin heat exchanger and headers, there is about 400 to 1400 liquid
liters depending on the number of bobbin heat exchanger tubes used. In addition to the helium contained in the
thermosyphon system, the helium within the forced flow system is returned to the storage dewar on quench. With
good mixing in the storage dewar an appreciable fraction of this helium can be contained there without exceeding the
working pressure of this vessel. As is shown on Figure 9-1, helium in excess of that which can be contained in the
storage vessel, is either vented to a gas bag or to the atmosphere.

9.2 Analysis

Heat Loads

The steady state heat load is estimated at 1600 W plus 13 g/s liquefaction of the current lead coolant flow.
The above heat load total is the sum of the following contributions.
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Magnet side wall heating at 0.18 W/m? {inside and outside). ......c.cccorvmeiirmeriiincrciaannn. 580 W

Cold MASS SUPPOTES ....ovveiiiine ettt araras v e e e e s ettt enaeean st e asenta 120 W
Current leads (self sufficient®, 0.125 g/s kA pair). .......... et tae et reeeiee e e e nenrenas 250 W
| 30153 1 - P TP PSPPI PO 300 W
BayOnEts . ..ot e e s e 200 W
Supply Dewar {0.3% /day 108S). ...oooiviiiiieiiii i et e e e e et ee e e e eeemneiaas 20W
Valves and IHSC. ....oiivi it eer e e an s e e e e ne s 150 W

Eddy current heating during magnet charging can be significant for short ramp up times. Ramp up times
must be specified consistent with refrigerator capacity.

Thermosyphon

The thermosyphon loop is shown schematically in Figure 9-3. Because of a density difference between the
two legs of the flow loop, a circulating flow of liquid helium is established with a flow of liquid from the bottom of the
reservoir, descending through the height H1, then up through the load (magnet heat exchanger) and returning to
the top of the reserveir at point 2.

b
H3
—c
* b

HEATING
-
]

Figure 9.3 Gem Thermosyphon

We proceed to calculate the magnitude of the flow in the thermosyphon. We write the Euler equation.

dP
—+udu+gdz+ =0

p p(’f)

then multiply through by p and integrate from 1to2

2
de+jpu du+gjpdz+%}rd£=0
1

1 1 1

. 3% The beat flow ax_the cold end has been assumed just sufficient to vaporize the required coolant flow of 0.125 g/s kA
pair when the leads are used in the usual arrangement where the heat flow at the cold end is to a saturated liquid bath.
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The pressure in the vapor region is everywhere the same, so that

2
1

The acceleration term,
2 2
J pudu= mj-d—t-‘-
A
1 i
could be integrated term by term but is in fact quite small. (This will be demonstrated later}. Consequently, it will
be ignored for the present.
The head term may be written
2 g ) 2
ngdz = gJ'pdz + g‘[pdz+ gjpdz
1 1 a b

In order to perform the indicated integrations we assume that density is constant and equal top, in the

6,
interval 1, a and equal to pb in the interval b, 9% In the interval a,b we assume that 2% =const. This then leads

oz
to
H — H.
gipdz =g p,,_(-——2+H3J—p1 (Hl "":"H
2 2
1
The shear stress in the fluid at the wall can be written in terms of the head loss as follows:
L
D= AP, =D
4
or
D
T=—APf
42

and, therefore,
42
={rae=zar,,
b 1

where ZAP, is simply the sum of all the frictional pressure loss for all of the flow elements. Substituting the
hydrostatic and head loss terms into the integrated Euler equation results in

37 The density in the interval b,2 is in fact not constant but is reduced as vaporization occurs as the liquid approaches
the surface. The effect of this is that we will be underestimating the head termn and the thermosyphon will actually work a little
better than we compute here.
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If we assume some temperatures at a and b that will provide us with the densities for the hydrostatic term.
Then if we assume a refrigeration load, it, together with the temperature rise will allow the computation of the
required flow rate. With that flow rate, we determine pipe sizes for which the frictional head loss will match the
hydrostatic term as required.

State points
Supply Dewar, point 1:

We would like to keep the pressure in the supply reservoir at approximately one atmosphere. For the
present calculation we will assume that it is 1.3atm. We expect that we can keep it lower than this. The saturation
temperature at 1.3atm. is 4.52K and the liquid density is 0.1185 g/em>.

Bottom of Magnet, point a:

For the location chosen for the experimental hall, the height, Hi, is about 75m. ‘The height, Ho, is 20m and
Hj is then about 56 m. For a liquid density corresponding to that at point a, the hydrostatic head for 75 m is 0.87
atm. which brings the pressure at point a to 2.17atm. This is approximately the critical pressure. If we ignore any
temperature rise in the liquid as it descends from the reservoir to point a, the enthalpy there is 11.24 J/g and the
density is 0.1258g/cm?(2.2 atm, 4.5K)®

Top of Magnet, point b:

We now pick a temperature at b, say, 4 8K. Subtracting off 20m of hydrostatic head, the pressure there is
1.93atm. The enthalpy and density are 13.57 J/g and 0.111 g/cm’.

Return Flow, point 2:

Assuming no further heating above point b, we can compute a quality of 12% corresponding to 1.3atm. and
enthalpy of 13.57 J/g. An average density for 12% quality is 0.107 g/cm® which is not significantly different than the
density at b.

Mass Flow

The enthalpy rise from a to b is 2.33 J/g. We can now specify a heat input to get the mass flow. For 1600
W of heat input, the mass flow is

m= 1000 _ 6875/

2. 331
Driving Force

For p, we take the average of rj and ra which is 0.1222 g/cm3. The head term then becomes

BR.D. Mc Carty, Thermophysical Properties of Helium-4 from 2 to 1500 K with Pressures to 1000 Atm., NBS TN 631,
November 1972.
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which is approximately 0.06 atm.

Frictional Pressure Loss

Supply

For the supply side we assume a 3.5 inch O.D. tube with 0.125 inch wall, so that the diameter is 8.26 cm.
The area is 53.5 cm?, and for 687 g/s and density of 0.1222 g/cm?, the velocity is 105 cm/s. The Reynolds number is
3.5x108, so the friction factor is about 0.01. The velocity head is 67.4 N/m? and {£/d is 24.2, so that the pressure
loss in the supply line is 1630 N/m?.

Bobbin Heat Exchanger
We assume that the bobbin heat exchanger consists of one 3/4 inch O.D. tube with 0.06 wall on each

bobbin segment. The diameter is 1.6 cm. The total flow area for 48 flow passages is 96.5 cm?. The velocity is 60.8
cm/s. The Reynolds number is 3.8x10°% so that the friction factor is about 0.014. The velocity head is 21.6 N/m?

and f£/d is 24.7 so that the pressure loss is 535 N/m?.

A

Return

We use the density at 2 and compute for single phase flow. For a 4 inch O.D. by 0.120 inch wall tube, the
diameter is 9.53cm. The flow area is 71.3cm?- The velocity is 89.6cm/s. The Reynolds number is 3x108, so that the

friction factor is about 0.01. The velocity head is 43 N/m? and the f£ /d is 6.0, so the pressure loss is 258 N/m?.
This may be somewhat low due to two phase flow effects.

Total Pressure Drop
The total drop is then the sum of those listed above, plus one velocity head loss at the exit for a total of
2468 N/m#. This is substantially less than the available head of 6000 N/m? which means that for the line sizes

chosen, the flow will be higher than assumed and the temperature rise across the magnet less.

Conclusion

For the 1600 W heat load, the thermosyphon system with 3.5 inch supply and 4 inch return, will supply a
flow in excess of 700 g/s with a temperature rise of less than 0.2K.
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10.0 MAGNET POWER SUPPLY AND PROTECTION SYSTEMS

The functions of the Magnet Power Supply and Protection Systems are to supply a controlled DC current
to the magnet, to detect magnet quenches, and to dissipate the energy stored in the magnet during normal
discharge and emergency dump situations. The Power Supply System consists of a 20 VDC, 55 KA power supply ,
high current buswork, magnet discharge resistor, charge/discharge switch and local controls, The Protection Systemn
consists of 55 KA current interrupters, quench resistor, magnet instrumentation monitors and local controls. A
simplified schematic of the system is shown in Figure 10-1.

DC Current
é Interrupter
N
E Rbus 3 Raquench
.05 milliohm (10 milliohm 20 VDG
M £5,000A
L=1.98H -+ 4160 VAC
A 3e
Rbus
.05 millichm 2 Rquench .
+10 milliohm Charge/Discharge
: e
N N
L DC Current "
Interruptar W
Rdischarge
.24 milliohm

Figure 10-1 Power Suppoly Schematics

10.1 Magnet Power Supply System

The design requirements of the Magnet Power Supply System are dictated by magnet design and operating
parameters. A list of the parameters which affect the power supply design is shown in Table 10-1.

Table 10-1 Magnet design and operating parameters

Inductance 1.98 henries

Operating current 50,200 amps (.1% accuracy)
Stored energy 2.5G joules

Ground isolation 500V

Charge/discharge time(51) 8 hours

Emergency dump time (37) 300 seconds

The magnet assembly is designed to separate at the vertical centerline

Magnet coil to power supply connections are at the outer ends of the
assembly
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The power supply, discharge resistor and charge/discharge switch will be located inside the Utility Building
on the surface of the experiment site.

Magnet Power Supply

The input line voltage to the power supply will be 4160V, 3 phase, 60 hertz. The power supply must be
equipped with a manually operated disconnect which can be either internal to the power supply enclosure or in a
separate, standalone enclosure.

The power supply must be capable of providing a DC current of 50.2 KA to the magnet during normal
operation. OQutput current regulation of .1% is required in order to meet the specified stability of the magnetic fieid.
The operating current level may need to be fine tuned during commissioning to achieve the required field strength
inside the coil operating volume, Consequently, the power supply must be capable of delivering 55KA to the
magnet to allow for small variances from design parameters.

Under normal operating conditions, the voltage drop (at 50.2KA) at the output terminals will be slightly
over 5 VDC, However, in order to charge the magnet within the required 8 hours, the initial voltage across the power
supply load will be about 10 volts. The parameters of the installed magnet and power supply systems may be
slightly different from the design. A 10V contingency is being carried at this time. Therefore, the power supply
must be capable of providing 20 VDC at the output bus terminals.

The voltage across the output terminals is expected to rise to about 960V during an emergency dump of the
energy stored in the magnet. The voltage isclation between the power supply busses must therefore be at least
1KV. The ground connection in the center of the dump resistor will keep the voltage differential between either bus
and ground at less than 500V. Therefore, the voltage isolation between the output busses and ground must be at
least 500V,

Low conductivity water (LCW) is available for cooling the output stages of the power supply. The
maximum temperature of the water will be 40°C.

A summary of the power supply design requirements is provided in Table 10-2.

Taﬁie 10-2 fower §uppiy ﬁesxgn Eequirements:

Input voltage 4160 VAC, 3 ¢

Output voltage 20 VDC

Output current 55,000 A

Output bus ground isolation 500 V

+ & - bus isolation 1KV

Cutput stage cooling LCW @ 40°C (maximum)
Location surface facility

Local and remate control capability

Buswork

The overall length of the buswork between the power supply and the magnet is approximately 100 meters.
The buswork will be housed inside a non magnetic duct for safety and cooling considerations.
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Normal operating current for the buswork will be 50.2KA. However, the buswork must be designed to
handle the maximum current capability of the power supply, 55KA. Aluminum has been selected for the bus
conductors because it is lower in cost and lighter in weight than copper. Using aluminum, a cross sectional area of
509 square centimeters per leg (1018 for both) is needed to stay within the NEC current density guidelines for bare
conductors inside a duect.

The maximum power dissipation in the bus (at 55KA) will be less than 320 KW. Cooling for the bus will be
provided by air drawn through the bus ducting from the experiment hall to the surface.

Flexible sections must be included in the buswork to allow for thermal expansion and contraction. The
logical locations for these sections is at both ends of long bus runs; ie., at the power supply output terminals, 90
degree bends and the connections to the magnet leads. The buswork must also contain removable sections near the
magnet coil connections to allow for disconnection of the bus when the two halves of the magnet assembly must be
separated.

Bus to bus and bus to ground voltage isolation is the same as for the power supply output connections,
1KV and 500V respectively.

A summary of the buswork design requirements is provided in Table 10-3.

- able ” '-' 77 es ) eems: T

Overall length 100 meters
Power dissipation <330 KW
Cooling forced air
Current capacity:
Normal operation 50,200 amps
Maximum 55,000 amps
Ground isolation 500V
+ & - bus isolation 1KV

Magnet Discharge Resistor

The function of the magnet discharge resistor is to absorb the stored energy of the magnet during a normal
shutdown cycle. Its resistance was selected such that, when combined with the buswork resistance, the magnet
energy would be dissipated within the required 8 hours.

The resistor will be constructed from stainless steel alloy strips arranged in a parallel configuration to

produce the required resistance and provide sufficient surface area to dissipate the absorbed energy. The resistor will
be cooled by water imnmersion.

Bus connections to resistor must have the same bus-to-bus and bus to ground isolation voltage capabilities
as that stated above for the buswork, ie., 1 KV and 500V, respectively.

A summary of the discharge resistor design requirements is provided in Table 10-4.
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Energy dissipation
Resistance
Construction

Cooling

Bus to bus isolation
Bus to ground isolation
Location

Magnet Charge/Discharge Switch

esistor

Jesign equirements:

2.5 G joules (8 hrs)

241 E-6 ohms

parallel plate alloy resistors
water immersion

1 KV

500 V

surface facility

While the added resistance of the discharge resistor in the high current circuit is necessary during a magnet
discharge cycle, it is neither necessary nor desirable to have it in the circuit during magnet charging or nermal
operation. Consequently, the resistor is bypassed by the charge/discharge switch when it is not needed.

The switch must be capable of interrupting the maximum output current of the power supply of
55KA DC. The bus connections must have the same bus to bus and bus to ground isolation as specified for the

other high current components (See Table 10-5).

Current interrupt capability
Bus to bus isolation
Bus to ground isolation
Number of interrupt cycles
Location
Local and remote operation capability

200 before rebuild (breaker type device)
surface facility

The switch unit will be provided with manual controls so that it may be operated in a stand-alone mode for
maintenance and test purposes. A Temote control interface will also be provided so that the unit may be operated

from the magnet system control workstation via a LAN type cable.

Local Controls

The power supply will be equipped with a local control station to allow complete operation of the supply as a
stand-alone unit. A summary of the contrel and monitor functions to be provided at the local station is shown in
Table 10-6. The local control station will also provide an interface for remote operation by a programmable controller
via & LAN type cable.

Controls:
Control power on/off
Power supply output on/off
Qutput current setpoint
Qutput overcurrent setpoint
Local/remote operation
Internal/external interlock inhibit

Local/remote operation

Monitors:

Output voltage
Output current

Interlocks status

Control power on/off
Power supply output on/off
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10.2 Magnet Protection System

The design requirements for the Magnet Protection System are also dictated by the magnet design and
operating parameters shown in the Table 10-1. Housing for all components of the Magnet Protection System will be
provided by the same facility as that for the power supply.

DC Current Interrupters

Removal of supply current to the magnet in the event of a quench is of critical importance. Consequently,
the Magnet Protection System will contain redundant DC current interrupters, one in each bus leg, to insure that
the flow of current from the power supply is cut off. Each unit must be capable of interrupting the maximum
output current from the power supply, 55KA DC.

Voltage isolation for the high current terminals on the devices is the same as that specified for the power
supply output terminals.

Manual controls will be included with each unit such that they may be operated in a stand-alone
configuration. The units will also include an interface connection which will allow them to be operated from the

protection system local control station via a LAN type cable.

A summary of the DC current interrupter design requirements is provided in Table 10-7.

Table 10-7 I urrent Interrupter Design Requirements:

Current, interrupt capability 55,000 ADC
Ground isolation 500 V

Open contact isolation 1KV
Location surface facility

Redundant current interrupt capability
and remote a.tion capability

Quench Resistor

The quench resistor must be capable of absorbing the 2.5G J of energy stored in the magnet in the event
that a quench occurs. The 300 second dump time (t = 100 seconds} and 1 KV maximum bus to bus voltage
isolation dictate that the resistance of the dump resistor be 20m(Q.

During the quench cycle, the current change in the resistor will be very high. Consequently, the resistor
must have little or no inductance. Muitiple stainless steel tubes immersed in water is a common design used to satisfy
these high energy, low inductance requirements. An equally common design is a parallel plate resistor of the type
shown in Figure 10-2. These plates can be arranged in a series-parallel configuration to produce the desired resistance
and absorb the energy stored in the magnet. The advantages of this type of resistor are that they are easy to
manufacture and assemble. ‘

The additional requirement for a voltage isolation from bus to ground of 500V dictates that the quench
resistor design include a center tap which can be grounded. Since this connection is not in the high current loop, it
only needs to be low inductance and capable of carrying a few hundred amps for a few minutes.

A summary of the dump resistor design requirerents is provided in Table 10-8.
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Figure 10-2 Quench Resistor Configuration

- Tagie 10-8 auencﬁ Ees:istor 3es:ign Eeqmirements:

Energy dissipation 2.5G joules

Resistance .02 ohms total

Construction two sections of alloy resistors
with center grounded

Cooling water immersion
(3155 gal = 50°C AT)

Bus to ground isolation 500V

+ & - bus isolation 1KV

Location surface facility

Manual and remote operation
e ——

Magnet Sensor Monitors

The magnet will contain a variety of sensor elements to monitor the operating parameters of the system. The
sensors will include voltage taps, liquid level monitors, strain gauges, He gas flow monitors and cold lead temperature
sensors {CLTS). Outputs from these sensors will form the core of the data used to detect quenches and other off
normal magnet operation.

Although the exact number of sensor channels is still being considered, it is expected that there will be 32
voltage taps, 8 liquid level monitors, 96 strain gauges, 8 He gas flow monitors and 102 CLTSs. Commercial
instrumentation modules will be used to monitor the sensors and provide readout capability.

It is possible that the voltage on some or all of the sensor leads will jump to 1 KV between lead sets and

500V from leads to ground. Therefore, the instrumentation modules must have comparable voltage isolation while
continuing to provide readout capability.
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Local Controls

The Magnet Protection Systern will include a local control station which will provide the capability of
operating the DC current interrupters and monitoring magnet system sensors. A summary of the control and
monitor functions to be provided at the local station is shown in Table 10-9.

Controls: Monitors:
Breaker control voltage on/off Breaker control voltage on/off
Breaker close/trip Breaker closed/tripped

CLTS readout

CLTS readout channel selector Voltage tap readout
Voltage tap readout selector Interlocks status
Internal/external interlock inhibit Quench detected
Local/remote operation Strain gauge readout

Local /remote operation

The local control station will contain the circuitry for detecting a magnet quench condition, or other off
normal operation, and for initiating a dump sequence. Since this is a critical function, all quench detection circuitry
will be redundant. The local control station will also provide an interface for remote operation by a programmable
cantroller via a LAN type cable.
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11.0 MAGNET CONTROL SYSTEM

The function of the Magnet Control System is to provide the capability for complete operation of the
magnet from a single workstation. The present plan calls for the system to be housed in the Operations Building.

The architecture of the system is a simple hierarchical structure which allows control and meonitor functions

to be passed from one level to the next without interrupting system operation. A simple block diagram of the system
is shown in Figure 11-1.

To Siow Controls

Magnet Systam
Controls

Il N A

Local

—,

Figure 11-1 Control System Block Diagram

The system will consist of a workstation with one or more programmable controllers, an operators console
and some local storage media. These are commercial items which are readily available. Final selection of the hardware
will be coordinated with other GEM control related systems to help keep the costs down and to promote
commonality throughout the project.

One of the commercially available software packages designed for interactive systems control, such as TACL,
will be used to form the core of the system software. Specialized control algorithms will be added as necessary.
Selection of the particular core software package and the language to be used for specialized software development
will also be coordinated with other GEM control related systems.

The system will consolidate and duplicate the control and monitor functions of the power supply, protection
and cryogenics and vacuum local contrel stations. Control sequences for individual systems will be simplified for
easier control of the overall system. Display of system monitors will be arranged in a logical manner consistent with
the expanded level of controls at this station.
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12.0 INSTALLATION SCHEME FOR MAGNET COMPONENTS IN THE
EXPERIMENTAL HALL

The five major components of the magnet system, as detailed in the prior chapters, are: the two Forward
Field Shaper (FFS) assemblies; the two Coil Assemblies (CA); and the Central Detector Support (CDS). The FFS
and CA pairs are labeled North and South corresponding to their locations in the Experimental Hall. All five
assemblies are independent, free standing units with provision for moving on rail type systems in the Hall and being
supported on the floor of the Hall with shimmed stacks. The details of the moving systems and jacking necessary to
accommodate the shims are provided elsewhere in this document. The alignment references described are surveyed
into the Hall and documented prior to the Magnet installation sequence. The installation scheme envisioned at
present is as follows:

® The South FFS will be transported, in the vertical orientation, to the North assembly shaft. It will be
oriented in the North-South direction as it will be after installation. The FFS will be lowered into the
Halt and placed on the rail system. It will then be moved South to its approximate final location.
{Figure 12-1)

® The South CA will be transported, oriented, lowered, and moved South in the same manner. It will be
near, but not connected to the South FFS. (Figure 12-2)

® The CDS, North CA and North FFS will follow in the same manner. (Figure 12-3, -4, -5) The CDS will
be positioned with respect to the Hall alignment system, aligned, oriented correctly in all directions and
placed on it’s shimmed supports. The CAs will be moved to join the CDS and similarly aligned and
oriented. The FFSs will follow.

¢  When the five major assemblies are in place, the magnet coils will be connected to all of their services for
full system testing. All systems will be tested, in sequence, and the magnet will be taken to full power.
(Figure 12-6).

e After the magnet systems have been certified and the magnet has demonstrated full power operation,
the magnetic field will be mapped through out the magnet.

®  After field mapping, the FFS’s and CA’s will be withdrawn to the ends of the Hall and supported on
their shims. The calorimeter system will be lowered and installed in the CDS. (Figure 12-7) When the
calorimeter installation has progressed far enough to free up the cranes, the barrel muon chambers will
begin being lowered and installed into the CA’s.

After the calorimeter system and barrel muon chambers have been installed, the CAs will be reconnected to
the CDS and aligned and oriented. The endcap muon chambers will be lowered and assembled around the FFS’s.
When this is complete, the FFSs will be transported to the CAs, carrying the endcap muon chambers. The muon
chamber assemblies will be joined and the FFSs will be joined to the CAs. All systems will be connected and the
magnet system will be ready for final testing and operation.
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13.0 MAGNET FACILITIES AT THE SSCL

There are two facilities at the SSCL for the manufacture and assembly of the magnets for GEM. They are
the Coil Winding Building {(CWB) and the Magnet Assembly Building (MAB) with its surrcunding open welding
pads. The CWB must be the first facility available for the on site manufacture and assemnbly of the various
subsystems of the GEM detector. In this building, the 1.2m long bobbin sections are prepared, the conductor is
formed inside it, and this winding is compacted. The coil segments will be assembled into the Coil Assemblies at the
MAB. There is a continuing effort to consolidate the two buildings at the IR-5 site; it is expected to succeed but is

not funded at this time.
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Figure 13-1 East Campus Access Roads

The CWB is a rectangular building approximately 30 meters wide by 80 meters long (Figure 13-2). It will

have three manufacturing stations of approximately 25 meters square. The stations will be serviced by a single
gantry crane with two hooks rated at 30 tonnes each and a hook height of 6.5 meters. The building will have large
doors at each end that open to 24 meters wide and 6.5 meters high. The gantry crane will have tracks that allows it
to travel out either end of the building for 2 meters. There will be an adjacent area of approximately 60 meters by
8.5 meters to include offices, rest rooms, lunch room and shop facilities. There are further design studies that could
result in the building being increased by at least one additional bay of 25 X 25m, and increased hook height and the
possibility of the cranes changing to bridge cranes from the current baseline gantry.
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The MAB will be constructed at the IR 5 site, where the GEM detector will be installed. The building will be
approximately 30 meters wide by 60 meters long. (Figure 13-3) It will be an cpen high bay with 20 meters clear
height for the entire bay. There will be two doors that open to 23 meters wide by 20 meters high, one at each end of
the building. The high bay is expected to be equipped with two assembly stations of about 25 meters square. There
will be an adjacent area of approximately 60 meters by 8.5 meters to include offices, rest rooms, lunch room and shop
facilities. There is a design study underway to consider enlarging the building to ensure the possibility of alternate
assembly schemes, like assembling the coils with their axis horizontal as opposed to the vertical orientation of the
current baseline. The MAB will be surrounded by open pads available for the construction of the large steel items
needed for the manufacture of the coil assemblies, the central detector support and the FFS assemblies. One pad

will accommodate the pair of inner and outer cryostat vessels. The other will accommodate the FFS assemblies and
the CDS assembly.
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The MAB and the adjacent pads will be connected to a heavy load path that leads to the installation shafts
to the Experimental Hall. There will be ample access for the large lift system required for the installation of the coils
into the cryostat vessels and their rotation to the horizontal position and attachment to their legs.
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14.0 SAFETY ANALYSIS CONSIDERATIONS
DOE Order 5481.1B

The safety of the GEM magnet subsystem will be assured through compliance with DOE Order 5481.1B
Safety Analvsis and Review Svstem, since this is considered a DOE operation that involves hazards that are not
routinely encountered and accepted in the course of everyday living by the vast majority of the general public.
Although nuclear radiation hazards may be associated with this system, it is not considered a nuclear facility for the
purposes of safety. DOE Order 5480.5 Safetv of Nuclear Facilities defines a nuclear facility as one whose operations
involve radioactive materials in such form and quantity that a significant nuclear hazard potentially exists to the
employees or the general public. Accelerators and reactors and their operations are not included. Therefore the

applicable safety order is 5481.1B .

Safety analyses will be performed with the purpose to systematically identify the potential hazards, analyze
potential consequences, plan measures to eliminate, control, or mitigate those hazards, and assess the system risk. By
starting in the design phase, the safety analyses will be initiated during the earliest phases of the life cycle of the
project to facilitate early hazard identification and their elimination or control. With mitigation of the hazards, it will
be demonstrated that there is reasonable assurance that the operation of the magnet can be conducted in a manner
that will limit risks to the health and safety of the public and employees, and adequately protect the environment.
Safety reporting documentation will include all pertinent details of the analysis to assure traceability from the initial
identification of a hazard to its elimination or the application of controls necessary to appropriately reduce the risk.

Safety Analyses

The safety analysis will be a documented process to systematically identify the hazards of the GEM magnet
subsystem, to describe and analyze the adequacy of the measures taken to eliminate, control, or mitigate identified
hazards, and to analyze and evaluate potential accidents and their associated risks. The risks will be derived as
quantitative or qualitative expressions of possible loss which consider both the probability that a hazard will cause
harm and the consequences of that event. In analyzing the system safety, reliability, and risk, the following
techniques will be useful.

Hazards

A hazards analysis is the first technique used early in the design phase of the project. This procedure will
document specific hazards associated with the GEM magnet, and establish plans for their prevention, mitigation, or
control. The hazards to be considered are those which can cause death, injury, occupational iliness, or damage to
facilities, systems, or equipment.

Failure Modes and Effects

Failure modes and effects analysis (FMEA) is an inductive method for qualitative reliability analysis. The
foundation of this approach is: fault identification; potential effects of the fault; existing or projected compensation
and/or control; and summary of findings. These facets generally appear as the possible hazardous condition, why
this condition is a problem, what has been done to compensate for or to control the problem, and what further
steps should be taken. FMEAs are particularly suited for root cause analysis and for environmental qualification.

Risk Assessment
Assessment of system risk is based on the likelihood of an undesired event happening and on the
consequences of that event. A crude risk assessment can be performed by examining each hazard and grading it on

these criteria into predefined categories. Likelihood categories may be defined from frequent to impossible for example,
while consequence categories can range from negligible to catastrophic.: Appropriate definitions must accompany
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these terms so all analysts can be consistent in the hazard grading. The resulting grades place each hazard on a two-
dimensional matrix, where they can be grouped according to relative risk. Judgments are then made as to the
acceptability of the risk and requirements for any further mitigation.

A more rigorous deductive approach is to use fault tree or event tree analysis. Fault tree analysis is an
analytical technique, whereby an undesired state of the system is specified, and the system is then analyzed in the
context of its environment and operation to find all credible ways in which the undesired event can occur. The fault
tree itself is a graphic model of the various combinations of faults that will result in the occurrence of the predefined
undesired event. The faults can be events that are associated with component hardware failures, human errors, or
any other pertinent events which can lead to the undesired event. Event tree analysis is a related technique in which
the approach is to start from an undesired fault called the sequence initiating event and proceed through a series of
yes/no branches relating to the performance of associated subsystems or components. Each path through the logic
makes up a sequence of events. At the end of each sequence, the ability of the system to perform is assessed. The
resulting end states from the various sequences can then be compared, with all sequences having similar end states
grouped.

Fault trees can be quantified probabilistically by assigning probability distributions to all the basic events in
the tree, and then solving the Boolean expressions which propagate the logic up the tree to arrive at the probability
for the top event. Computer codes are available which allow the analyst to graphically input very complex fault trees
and basic event data. Then the codes will solve for all minimal combinations of events which lead to the top event, as
well as quantify the probability of the top event. Computer codes also aid the analyst in performing sensitivity and
statistical uncertainty analyses on the results.

Safety Integration

An overall systems approach is essential to assess the safety and reliability of the GEM magnet subsystem.
The magnet is one large subsystem of many comprising the GEM detector, and the detector itself is one large
subsystem of the SSC. The various subsystems do not function independently. Interactions between the subsystems
at all levels must be analyzed to understand how hazards or failures in one subsystem can potentially affect other
subsystems. For example, when common cause failures of redundant equipment or subsystems occur, they can have
a devastating effect because no time is available to prevent an overall systemn failure. In this situation, supposedly
highly reliable equipment is proven to be quite vulnerable.

Safety Analysis Reports

Since the GEM magnet is part of a complex and expensive project, experience indicates that it will be
desirable to perform a safety analysis as early as possible in the life cycle of the project. This permits the early
identification of potential health, safety, or environmental problems and facilitates their elimination or mitigation in
the most cost effective manner. Therefore, a multi-stage safety analysis and review is recommended, consisting of
conceptual safety analysis during the design phase, a preliminary safety analysis prior to the start of substantial
construction, and a final analysis prior to initial operation.

The Conceptual Safety Analysis Report (CSAR) for the GEM detector will be produced during this design
phase and will include a comprehensive safety hazard analysis of the GEM magnet subsystem. The CSAR may also
present a qualitative risk assessment of the hazards, where each hazard is graded on qualitative scales related to its
likelihood of occurring and the severity of projected consequences. This places the hazard on a risk matrix, and allows
natural grouping of hazards with similar risk.

The Preliminary Safety Analysis Report (PSAR) is based on the final design of the GEM magnet and will
address in appropriate detail the following topics: a description and evaluation of the site; design criteria for systems,
components, and structures; normal and emergency operating procedures; identification of hazards; the probability
of occurrence and predicted consequences of hazards; potential accidents, including those resulting from natural
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phenomena; physical design features and administrative controls provided to prevent or mitigate potential accidents;
and operational limitations. The PSAR is much more quantitative than the CSAR, and may provide extensive
probabilistic risk analysis for those hazards identified in the CSAR as most important.

The Final Safety Analysis Report (FSAR) is prepared after review of the PSAR and submitted after
construction of the facility. It is updated from the PSAR. to account for the actual "as-built” features of the magnet,
as well as completing any analyses which may have been only first cuts in the PSAR and addressing all comments
from the review of the PSAR.
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15.0 MAGNET RESEARCH AND DEVELOPMENT

Magnet R&D activities are directed toward the conductor and the magnet winding to ensure that they can
be produced reliably prior to committing to production.

Although cable-in-conduit conductor designs are not new, production of the baseline conductor in 1134 m
lengths must be developed. This includes the need to demonstrate production capability for the continuous
extrusions of aluminum sheath. Also, development activities which fully test the joint and conductor performance
will provide the confidence to proceed to production. An integrated R&D program has been planned for the
conductor beginning with strand production and verification, leading through cabling, conduit encapsulation and
sheathing with aluminum. Several joint construction and performance tests with short lengths of cable-in-conduit
conductor will be made to optimize the joint geometry and confirm the ability to consistently achieve low joint
resistance. The planned simulated service coil will enable testing the conductor and the joint to their limits, thus
providing confidence that design margins are adequate. The conductor R&D plan is shown in Figure 15-1.

The GEM magnet will be the largest superconducting magnet ever made. Experience in winding coils on a
9.5 m radius is non-existent. Preliminary discussions with vendors have resulted in the choice of roll forming as the
current baseline approach. The forming process needs to be developed. Issues which must be resolved through the
development work include determining the amount of conductor reforming required to remove the conductor from a
shipping spool on about a 4 m diameter and to place it with the proper cross-section on the 19 meter module
diameter. Turns must be formed so that the factory terminated joint ends start and end within the tolerance
allowed by the joint overlap design. The winding R&D plan is shown in Figure 15-2. It begins with conductor
bending experiments and leads to the fabrication of two full radius windings of several turns each. Forming and
joining these two development windings will establish the procedures for production work.
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16.0 SCHEDULE

The summary scheduie for the magnet subsystem is shown in Figure 16-1. This schedule is based on the
assumption that the magnet subsystem will be authorized to place a major subcontract with an industrial partner
or team on 1 January, 1993, Preparations for bidding, awarding, and placing this contract are in progress at this
time; an acquisition plan describing the proposed contract and procedures has been prepared and released by the
SSC Laboratory. Assuming proper approvals, we intend to release a Request for Proposal (RFP) in late summer
1992 to formally initiate this process. We also intend to undergo a DOE review of the magnet subsystem in the early
fall, to allow sufficient scrutiny of our design, plans, and management so that we will be authorized to proceed with
this major procurement in advance of the submission of the overall GEM TDR.

Following approval, the three most critical tasks will be: 1) procurement of the conductor (to be performed
by SSCL); 2) the design and procurement of the winding tooling {to be done by the industrial team); and 3) to
complete the final design of all other hardware. These activities occupy the early critical path for the magnet
subsystemn as well as the detector as a whole. Reviews are being planned at key points in the schedule, and tentative
times are indicated in Fig 16-1 for the following:

SRR - System Requirements Review - to review the vendor’s final version of the system requirements, to
ensure proper technical understanding of the overall project.

PDR - Preliminary Design Review - to review key long-lead and critical-path items, for which early
procurement is required. This will include vacuum vessels, as well as late reviews of coil winding tooling and
procedures.

CDR - Critical design Review - to review detailed designs of all remaining hardware prior to procurement
actions.

PRR - Production Readiness Review - to review preparations for final assembly on site.
TRR - Test Readiness Review - to review rediness for final acceptance testing above- and below-ground.

These review points will provide SSCL as well as the GEM Collaboration with the desired degree of control
over the subcontracting team.

The magnet construction schedule is driven by the need to complete magnet installation and testing in the
detector hall by March 1997. The magnet must be completed by this time to allow the installation of the detector
components and the activation of the GEM detector by SSC “first-light™ in September 1999,

As is typical of large on-site magnet fabrications, the construction schedule critical path is a combination of
early facility construction followed by subsequent magnet fabrication and assembly activities. In order to meet the
aggressive schedule, the winding of the coils must commence as soon as facilities become available in March 1994. The
winding tooling will be developed and ordered early in 1993 for installation at the GEM winding building in February
1994. Early involvement of the magnet prime industrial subcontractor is essential to assure successful winding.
Therefore, it is important that the contract for the prime contractor be awarded in January 1993.

The simplified task timelines shown for the major magnet subsystems in Figure 16-1 are derived from a
number of sources, traceable to industrial estimates. Estimates of the critical winding and assembly operations were
developed by a detailed breakdown of the steps involved. This estimate will be supplemented by a detailed winding
plan that is currently being developed by an experienced magnet fabricator. Most elements of the magnet assemblies
are near the critical path. The supporting activities of external vacuum purnping systems, power/protection and
controls and cryogen supply systems are not deemed critical at this point. The schedule for the major steel erection
tasks, the two forward field shapers and supports and the Central Detector support, assumes fabrication in the
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United States. Discussions with foreign participants that will occur over the next few months will provide a better
basis for determining the schedule impact of these tasks.

While the schedule is ambitious, it is consistent with the construction schedule of other large magnet
systems. Timely approval of this detector will assure an orderly and cost-effective fabrication.
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Figure 16-1 - Magnet Subsystem Summary Schedule
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17.0 ENVIRONMENT, SAFETY AND HEALTH ASPECTS

The GEM magnet subsystem will be built and operated in compliance with all applicable environment,

safety, and health regulations. Specific assurance will be provided pursuant to DOE Order 5480.18 Environment,

. This program encompasses all operations that

are concerned with: controlling air, water, and soil pollution; limiting the risks to the well being of both operating

personnel and the general public to acceptable low levels; and protecting property adequately against accidental loss

and damage. Typical activities and functions related to this program include: environmental protection, occupational

safety, fire protection, industrial hygiene, health physics and radiation protection, occupational medicine, process
and facilities safety, emergency preparedness, quality assurance, and radioactive and hazardous waste management.

The SSC Laboratory has an environment, safety, and health program documented in their ES&H Manual.
The safety of the GEM magnet design comes under the auspices of the Associate Director of PRD, while the ES&H
Qversight Office is primarily responsible for assuring compliance with Order 5480.1B . The overall safety analysis and
review efforts are coordinated through the ES&H System Safety Group.
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