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ABSTRACT


The cryostat of a superconducting magnet consists of all magnet components except the magnet assembly itself.  It serves to support the magnet accurately and reliably within the vacuum vessel, provide all required cryogenic piping, and to insulate the cold mass from heat radiated and conducted from the environment.  It must function reliably during storage, shipping and handling, normal magnet operation, quenches, and seismic excitations, and must be able to be manufactured at low cost.


The major components of the cryostat are the vacuum vessel, thermal shields, multi-layer insulation system, cryogenic piping, interconnections, and suspension system.  The overall design of a cryostat for superconducting accelerator magnets requires consideration of fluid flow, proper selection of materials for their thermal and structural performance at both ambient and operating temperature.  In addition, consideration must be given to the operating environment in which the magnets must function over the course of their expected operating life.


This paper describes the current state of the design for VLHC high-field magnet cryostats and includes discussions on the structural and thermal considerations involved in the development of each of the major systems.

INTRODUCTION


Cryostat designs for superconducting magnets are largely driven by thermal and structural considerations.  Designers must continually be cognizant of the heat load to the helium system and of the structural loads imposed on the cryostat systems from static weight, shipping and handling, quench loads, and ambient ground motion.  These two considerations are generally at odds with one another.  Low heat load implies a minimum of structural material conducting heat from the environment.  Sound structural design implies material with sufficient strength to resist both static and dynamic forces.
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Figure 1.  VLHC Common Coil Dipole Cryostat Cross Section
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Figure 2.  VLHC Quadrupole Cryostat Cross Section


This paper attempts to summarize the results of the design effort to date on the VLHC common coil dipole and quadrupole cryostats.  Thermal and structural aspects of the design of each of the major cryostat systems will be described in detail.  Each of the cryostat systems will be addressed in turn; vacuum vessel, thermal radiation shield, multi-layer insulation (MLI), cryogenic piping, suspension system, and magnet interconnect.


In order to begin the design process, one needs a good handle on the pertinent allowable heat loads to each thermal station as well as a good definition of the structural environment to which the magnet will be subjected.  Tables 1 through 3 summarize the thermal and structural design criteria affecting the design of the VLHC cryostats.  Table 4 simply documents what we know about alignment criteria at this time.  Figures 1 and 2 illustrate conceptual layouts of the common coil dipole and quadrupole cryostats respectively.

Table 1. Estimated static heat loads

Temperature
70K
4.5K

Support conduction
1.5 W/m
0.3 W/m

Radiation and gas conduction
2.7 W/m
0.2 W/m

Total
4.2 W/m
0.5 W/m

Table 2. Common coil dipole estimated weights (assumes 17 m length)

Cold mass
72,500 lb
32,950 kg

Vacuum vessel
15,500 lb
7,050 kg

Supports, cradles, anchor
1,000 lb
455 kg

Shield assembly
1,000 lb
455 kg

MLI, assorted hardware, misc.
500 lb
227 kg

Total
90,500 lb
41,137 kg

Table 3. Shipping and handling loads

Direction
Load

Lateral
1 g

Vertical (weight + 1 g)
2 g

Axial (with shipping restraint)
0.1 g

Table 4. Alignment criteria

Position
Criteria

Precision of the cold mass with respect to the external fiducials
TBD

VACUUM VESSEL


The vacuum vessel is the outermost cryostat component and, as such, serves to contain the insulating vacuum.  In addition, it functions as the major structural element to which all other systems are ultimately attached to the accelerator tunnel floor.  Furthermore, it serves as a pressure containment vessel in the event of a failure in an internal cryogen line.  The vessel is 914 mm OD, 12 mm wall.  The size and general configuration is the same as those used for LHC interaction region quadrupoles.  The length of the individual vessels will be determined as the details of the lattice and interconnect requirements are finalized.

THERMAL RADIATION SHIELDS


The cryostats have a single shield cooled by helium gas nominally at 70K.  The shields intercept heat radiated from the 300K surface of the vacuum vessel and conducted through the support system.  Aluminum extrusions serve as the supply and return for the shield flow.  The shield itself is a formed shell attached to the cryostat at the support structure.  The nature of the shield function requires that the shell have high thermal conductivity to minimize thermal gradients around the circumference.  Copper and aluminum are the materials of choice for this application.  Thermal analyses were performed using both materials.  The results from these analyses indicate there is no significant difference in the thermal performance of the shield between these two materials.  Cost dictated the ultimate material choice.  Copper and aluminum are approximately the same cost per unit weight, however, with a density over three times that of aluminum, the use of copper as the shield material would result in an assembly cost three times higher than an aluminum shield.  The selected material is 6061-T6 aluminum, 3.175 mm thick.  The shields are segmented along their length to minimize the effect of thermally induced distortions during cooldown caused by the asymmetric cooling of the supply tubes.

MULTI-LAYER INSULATION


The multi-layer insulation system will be modeled after that used in the LHC interaction region quadrupoles.  The cold mass will be covered by a single blanket of 10 layers of double aluminized mylar separated by nylon spacer material.  The blankets are secured using Velcro strips.  Two blankets of 15 layers each will similarly cover the 70K shield.  Two blankets are used to stagger the longitudinal seams.

CRYOGENIC PIPING


In addition to providing the necessary structural support and thermal insulation for the cold mass assembly, the cryostat serves to contain the piping for all of the cryogenic services required for magnet and magnet system operation.  Table 5 lists the pipe sizes for each of the cryostat pipes.  Table 6 provides a summary of the pressure and flow parameters for each of these services. The shield extrusions are anchored at one of the magnet supports and are free to slide axially at the other to allow for thermal contraction.

Table 5.  Cryostat pipe sizes

Description
OD

(mm)
ID

(mm)
Tkns

(mm)
OD

(in)
ID

(in)
Tkns

(in)
Notes

Vacuum vessel
914.0
890.0
12.0
35.984
35.039
0.472
Carbon steel

Dipole cold mass
580.0
560.0
10.0
22.835
22.047
0.393
Including outer shell

Quadrupole cold mass
542.0
530.0
6.0
21.339
20.866
0.236
Including outer shell

4.5K supply
88.9
85.598
1.651
3.5
3.37
0.065
2 at each end dome

70K shield supply
38.1
31.75
3.175
1.5
1.25
0.125
Aluminum extrusion

70K shield shell
830.0
823.65
3.175
32.677
32.427
0.125
Aluminum shell

Table 6.  Cryostat piping flow parameters

Description
Fluid
P oper

(atm)
P max

(atm)
T

(nominal)
Flow

(g/s)

4.5K supply
Lhe
TBD
TDB
4.5K
TBD

70K shield supply
GHe
TBD
TBD
70K
TBD

COLD MASS


The dipole and quadrupole cold masses are 580 mm and 542 mm diameter respectively including the outer helium shell.  Their respective lengths are approximately 17 m and 9.2 m.  Each contains two coils arranged vertically as shown in figures 1 and 2.

SUSPENSION SYSTEM


The suspension system in any superconducting magnet serves as the structural attachment for all cryostat systems to the vacuum vessel that in turn anchors them to the accelerator tunnel floor.  The emphasis was on meeting the allowed suspension system conduction heat load from table 1, satisfying the structural requirements in tables 2 and 3, and maximizing the suspension stiffness.  This latter constraint is not explicitly defined in the design criteria, but comes from experience testing similar magnets that assemblies that are more rigid tend to be more structurally stable during shipping and handling.

The conceptual design for the VLHC high field dipoles, quadrupoles, and possibly spools uses support posts similar to those developed for SSC collider dipole cryostats and to those employed in LHC arc dipoles and quadrupoles.  These supports are easy to manufacture are very strong and provide good thermal resistance to minimize heat load to the cold mass.  Figures 1 and 2 illustrate a conceptual cross section that utilizes this support.

INTERCONNECT


As its name implies the magnet interconnect serves as the area between magnets at which each of the cold mass and cryostat pipes between magnets are connected.  Each pipe is anchored axially near the center of the magnet assembly.  In the case of a 17 meter long dipole this means the interconnect bellows need to accommodate approximately 50 mm of axial cooldown contraction for stainless steel assemblies like the cold mass and 70 mm for aluminum assemblies like the thermal shield.  Bellows are required on each cold mass, shield, and cryogenic pipe to allow for this expansion.  Bellows are either hydroformed or welded stainless steel.  Generally hydroformed bellows are used except where electrical connections requiring greater access are made up between magnets.  In these locations welded bellows offer greater flexibility.  For the aluminum extrusions on the shield aluminum to stainless steel transition joints are required for the bellows connection.  Lateral instability is a concern for interconnect bellows and requires the use of internal squirm protectors on each bellows assembly.

Radiative heat transfer must also be minimized in the interconnect area.  Shield bridges that span the gap between adjacent magnets accomplish this.  These bridges are extensions of the magnet shields, modified to contain their respective bellow ODs if necessary.  A sliding joint between bridge sections on adjacent magnets accommodates contraction during cooldown.  Each is covered with the same MLI scheme used throughout the body of the magnet.  Each shield bridge also has a pressure relief to prevent pressure buildup in the event of an internal piping failure.  They are located in the upper half of the shield sections in order to prevent liquid spills from impinging directly onto the vacuum vessel wall.


One of the challenges facing VLHC interconnect designers will be the beam screen connections between magnets.  The details of these connections are unclear at this time, but will necessitate connection of some number of small tubes carrying cold helium gas at relatively high pressure.


Figure 3 illustrates the interconnect area between two common coil dipoles.  The dimensions are approximate and the beam screen connections are not shown.
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Figure 3.  VLHC Common Coil Dipole Cryostat Interconnect

SUMMARY


It is important to keep in mind that the cryostat design described here is very preliminary.  Much work needs to be done to address the unique requirements of the design, to address all the outstanding issues and design constraints, and to finalize component sizes.  The above conceptual design description serves as the starting point for detailed design, analysis, and R&D activities.
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