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[bookmark: _Toc314832247]Purpose

The purpose of this note is to describe the present plan for testing four MICE Coupling Coil Solenoid assemblies at Fermilab. The plan includes a brief description of scope, cost, and schedule estimates.

[bookmark: _Toc314832248]Scope

The scope of this plan includes:

· Preparing an existing test cryostat for testing MICE CC solenoids
· Integrating the cryostat with the existing CHL cryogenic system
· Fabricating a dedicated Test Stand DAQ and Control System
· Installing one MICE CC solenoid assembly in the cryostat
· Commission the system
· Testing four MICE CC solenoids

[bookmark: _Toc314832249]Coil Assembly

Figure 1 shows a picture of the first MICE CC solenoid assembly (as recently delivered to LBNL) and its dimensions.
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Figure 1: MICE Coupling Coil Assembly

LBNL is preparing the coil assembly for testing. Preparations include installing cooling tubes with a manifold for connections to the helium supply and return lines (Figure 2), installing the passive quench protection system consisting of cold diodes and resistor packs (Figure 2), and installing assembly instrumentation such as temperature sensors and voltage taps. The coil assembly is expected to be delivered to Fermilab ready for testing and installation in the test cryostat.
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Figure 2: MICE CC Cooling Tubes and Quench Protection System

[bookmark: _Toc314832250]Test Requirements

The MICE CC assembly test requirements are specified in TID-N-445 [1]. This is a draft version, as additional definition of requirements from LBNL is needed to finalize the specification. However, this document provides enough information to proceed in the interest of schedule and it provides the basis for the preliminary cost estimate included in this report.

[bookmark: _Toc314832251]Test Cryostat

The cryostat to be used for testing MICE CC assemblies is a Superconducting Magnetic Energy Storage (SMES) cryostat built by Meyer Tool in 1997 but never used. This cryostat was recently transferred from the National Magnetic Field Lab (NHMFL) to Fermilab. Figure 3 shows a picture and a cross section of the cryostat.
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Figure 3: SMES Cryostat as transferred to Fermilab from the NHMFL. Overall diameter: 11.8 ft, Overall Height: 10 ft.
[bookmark: _Toc314832252]Test Cryostat Modifications

To make adequate room for the MICE CC Assembly, including cooling tube manifold protrusion and cold diode packs, the inner helium vessel of the SMES cryostat will be removed. This is feasible because the MICE CC will be tested in conduction cooled mode, and all that is required is a large vacuum vessel. The inner helium vessel is a pressure vessel that can be used for a bath cooling scheme. We intend to preserve the option of using the inner helium vessel for possible future uses of the cryostat involving testing large coils in bath cooling mode.

The modification requires fabricating a dished head between the outer vacuum shell and the existing top plate as shown in Figure 4 to replace the original cryostat flange piece with the inner helium vessel welded to it. Also shown in this figure is a concept for supporting the MICE CC solenoid assembly from the top plate. The dished head is a long lead procurement item (10 weeks).
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Figure 4: Cryostat Modifications - dished head and coil support structure concept

Other cryostat modifications include the installation of small 500 A High Temperature Superconductor (HTS) current leads, and a mechanical support structure for the coil assembly. No thermal shield will be included, because calculations show that the existing vacuum shell Multi Layer Insulation (MLI) blanket is sufficient to limit radiation heat load to the coil to 20 W [2]. The total head load (including conduction heat load) is estimated to be 22.5 W.






[bookmark: _Toc314832253]Test Site

Three potential locations for installing the test cryostat at Fermilab were considered: the IB1 Test Facility, the CDF assembly hall area, and the Central Helium Liquefier (CHL). There are serious disadvantages with the IB1 and CDF locations described in Appendix A, so the proposed location is CHL. 

Figure 5 shows the proposed location at CHL in the South Annex, and Figure 6 shows the fringe magnetic field map with the MICE CC solenoid operating at full current.

[image: ]
Figure 5: Proposed location of the test cryostat in the South Annex of the CHL building
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Figure 6: Fringe Magnetic Field map with the MICE CC solenoid operating at full current
Unlike the other locations considered (see Appendix A), the large fringe magnetic field is not expected to be a problem at the CHL location because the cryostat would be located at sufficient distance away from general public areas. Provisions must be taken to avoid operating the compressor located next to the cryostat while testing is taking place. This is not a problem, as there are three additional compressors located far away.

The lack of DC power and stored energy extraction systems at CHL is also not a problem for the MICE CC solenoid test. A relatively small air-cooled 300 A supply with an energy absorption circuit will be provided by LBNL for the test [1].

The main disadvantage of the CHL location is the inefficiency of operating large cryogenic equipment for a relatively small test cryostat cryogenics load. The minimum CHL operating configuration is one small (1.2 MW) CHL compressor and one CHL coldbox without LN2 precooling. This minimum configuration is expected to produce 22 g/s (630 liters/hr) of LHe, which is still a lot more than required for testing MICE CC solenoids. The CHL electric bill for operating in this configuration is approximately $60/hr. For comparison, the CDF electric bill for the CDF cryo system (a Tevatron Satellite Refrigerator) is approximately $15/hr. However, the CDF cryo refrigerator requires LN2 precooling, which adds $5/hr to the CDF operating cost. The IB1 Test Facility cryogenic refrigerator consumes $45/hr in electricity and $18/hr in LN2, for a total cost of utilities ($63/hr) similar to operating CHL in the proposed configuration.

Although the CHL cryo system is inefficient for this small load, it needs to operate only while testing is taking place. Since the Tevatron shutdown, the CHL facility is readily available and could be repurposed to support the MICE CC solenoids test program. In addition, there are no other uses planned for CHL so other superconducting solenoid test programs such as mu2e transport solenoids and ITER Central Solenoid (CS) modules could be supported in the same location as well. There is sufficient cryogenics capacity margin and redundancy to consider using the CHL building for these additional superconducting solenoid testing programs in the future, for example see Ref. [6].

[bookmark: _Toc314832254]Cryogenic System Integration

We have considered several options to provide cooling to the MICE CC solenoid. These options are described in detail in [2]. We selected and developed the option that would provide the minimum cost and fastest schedule to integrate the test cryostat with the CHL cryogenic system. Details of this concept can be found in [3]. Figure 7 shows a flow schematic. 

[image: ]
Figure 7: Flow schematic for the MICE test cryostat integration at CHL

The basis of this concept is that Liquid Helium is supplied to the MICE CC test cryostat from a CHL Liquid Helium Dewar driven by pressure difference between the dewar and CHL compressor suction. An electric heater is used to make sure the return gas is warmed up to room temperature prior to entering compressor suction.

This concept also includes provisions for controlled cooldown by in-pipe mixing of helium gas with liquid helium [3]. The ability to control coil temperature gradients while cooling down between room temperature and 80K is an important requirement for this test [2].

[bookmark: _Toc314832255]Data Acquisition and Controls

A dedicated test stand DAQ and control system needs to be fabricated and installed at CHL. This sytem will be similar to the system shown in Figure 8, which was fabricated by Fermilab to support voltage taps DAQ and superconducting bus quench detection for the upcoming MICE Spectrometer Solenoid test. This system is being prepared for shipment to the MICE Spectrometer Solenoid test location. Details of this system can be found in [4]. In addition to voltage taps DAQ and quench detection, the MICE CC test stand system will include test stand cryo controls, power supply controls,  and DAQ of various sensors (temperature, pressure, level, etc).
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Figure 8: Voltage Taps DAQ Rack for MICE Spectrometer Solenoid


[bookmark: _Toc314832256]Operations

We have conducted a study of different cooling methods to estimate the time it would take to cooldown and recover from a quench [5]. With the chosen conduction cooling method, it would take up to 8 hours to cooldown and up to 2.5 hours to cryogenically recover from a quench. In addition, it would take a couple of hours to ramp the coil to full current given the high magnet inductance of 596 H [1]. Given these parameters, we anticipate no more than one or two training quenches per day. There could be several traning quenches (50 or more) for this coil, so we estimate a total test run duration of approximately 2 months.

Operating the CHL cold box without LN2 precooling eliminates the concern of freezing N2 in the heat exchanger, so overnight unattended CHL operation is less of a concern. We assume two shifts of one operator each to support CHL cryogenic operations, and unattended overnight operation.

A magnet measurer is assumed to be present to support quench testing a few hours each day, and a crew of cryo, mechanical, and electrical engineers and technician support is assumed to be available as needed for trobleshooting and repair of problems.
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Table 1 shows a preliminary direct cost estimate (M&S and SWF) for the major categories to setup the MICE CC test stand, including the operating cost of testing one coil. Appendix B provides an itemized cost estimate detail.

The total direct cost is $970K. With Fermilab/TD overhead added, the total cost is approximately $1.4M.

The test stand setup direct cost is $740K, and the direct operating cost for testing one coil is $230K. In addition to support personnel labor cost ($86K), operating cost is dominated by the cost of electricity ($60/hour) and steady facility helium losses (~$30/hour). Since we plan to use no LN2 cold box precooling, the operating cost of Nitrogen is negligible. How much of the cost of utilities is actually charged to the project would depend on how Fermilab handles these charges and what is absorbed as overhead. For example, the IB1 Test Facility does not directly charge the cost of Electricity to projects. This determination is beyond the scope of this note.

Table 1: Preliminary cost estimate to setup the MICE CC Test Stand and test one coil
	Direct M&S
	Direct Labor (SWF)

		
	Total ($K)

	Test Cryostat Prep
	$133

	Vacuum System
	$47

	Cryogenic System
	$81

	Electronics
	$106

	Test Operations (one coil)
	$146

	Grand Total
	$514



		
	 Total (FTEs)
	 Total ($K)

	Project Management
	0.23
	$32.8

	Test Cryostat Prep
	0.74
	$77.0

	Cryo Integration Design
	0.28
	$32.7

	Cryo Integration Fabrication
	0.29
	$33.6

	Commissioning
	0.16
	$22.1

	DAQ Fabrication and Installation
	1.17
	$126.6

	Documentation
	0.37
	$45.9

	Test Operations (one coil)
	0.79
	$85.9

	Grand Total
	4.02
	$456.6
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Figure 9 shows a preliminary high level schedule with milestones. This schedule is heavily dependent on availability of resources, as there are many competing activities that key personnel are involved with. Note from Table 1 that a total of 4 FTEs of qualified personnel must be allocated within the next 6 months.

The schedule assumes that we can proceed with the CHL installation immediately, and that AD-Cryo personnel is available to help with CHL cryo integration and operations support. We do not yet have the Fermilab Directorate authorization to proceed with the CHL installation and agreement to count on AD-cryo support for this project.
Also assumed is that LBNL delivers by mid-March 2012 the MICE CC solenoid assembly ready for testing and installation in the cryostat.

With these assumptions, the cryostat can be operational by June 2012, and the first MICE CC Solenoid test can be completed by end of July 2012. The schedule for testing the remaining three solenoids would depend on the fabrication delivery schedule of these coils.

[image: ]
Figure 9: Preliminary High Level Schedule


[bookmark: _Toc314832259]Other Possible Test Stand Uses

The modified test cryostat can also be used to test mu2e PS and TS prototypes, and TS production modules. The cryogenic system integration to the CHL equipment proposed for testing MICE CC solenoids can be used to test mu2e solenoids. Both solenoids are indirectly cooled by conduction cooling, and have similar requirements. 

The main difference between MICE CC solenoids and mu2e solenoids testing is the higher current required for mu2e. This higher current requires the addition of high current vapor-cooled leads to the cryostat for testing mu2e solenoids, and the installation of high current DC power systems and possibly energy extraction systems (i.e., a dump switch and dump resistor) at CHL. 

Options to satisfy these additional mu2e requirements are being studied. For example, there is DC power equipment in Fermilab storage that could be deployed at CHL, and the SMES cryostat came with a leads pressure vessel that could be installed to provide vapor-cooling to a pair of existing 10 kA or higher power leads.

It is important to note that most of the MICE CC test stand setup is directly applicable for testing mu2e solenoids.


[bookmark: _Toc314832260]REFERENCES

[1] MICE Coupling Coil Assembly Test Requirements Specification, TID-N-445, DRAFT 1/19/12, http://tiweb.fnal.gov/website/controller/2185 

[2] R. Rabehl, “MICE CC Testing – Comparison of Cryogenic Systems for Cooldown and Steady Operations”, 11/29/2011, http://tiweb.fnal.gov/website/controller/2190 

[3] R. Rabehl, “Process Integration of the MICE Cryostat at CHL”, 12/13/2011, http://tiweb.fnal.gov/website/controller/2187 

[4] R. Carcagno et. al., “Feasiblity and Cost Estimate for Adapting a Mobile Fermilab DAQ and Active Quench Protection System to the MICE Spectrometer Solenoid Testing”, Rev. 1.0, 3/30/11, http://tiweb.fnal.gov/website/controller/2188 

[5] R. Rabehl, “Cryogenic Studies for MICE Cryostat Operations”, 11/7/2011, http://tiweb.fnal.gov/website/controller/2189  

[6] R. Carcagno et. al., “ITER Central Solenoid Module – 4K Cryogenic Testing Evaluation at FNAL”, TD-11-023, 12/22/2011


[bookmark: _Toc314832261]APPENDIX A: Other Fermilab Test Locations Considered

IB1 Test Facility

Figure A-1 shows a possible cryostat location considered for the IB1 Test Facility. It involves removing inactive horizontal test beds to make room for the cryostat. The IB1 cryogenic system is adequate to meet the test stand load, but has to be shared with other test stands. The fringe field of the MICE CC operating at full current will extend the entire building width, affecting areas such as the 30 kA power system, the Vertical Magnet Test Facility (VMTF) area, the SRF Vertical Cavity Test Area, the control room and offices.
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Figure A-1: Possible cryostat location at IB1 and fringe field map


Major disadvantages of this location are:

· The large MICE CC fringe magnetic field (5 Gauss 50 ft. away from the solenoid at 210 A will likely magnetize part of the IB1 building and will interfere with operations of other test stands (SRF vertical cavity testing and other superconducting magnet testing) in the already crowded building.

· Testing the MICE CC solenoids at IB1 will starve other test stands from Liquid Helium, causing potential downtime in testing programs such as SRF cavities for ILC and Project X, and superconducting magnets for LARP, 11T LHC Dipole Upgrade, mu2e, etc.

· Future use of the cryostat for testing other planned large, unyoked solenoids is definitely incompatible with operation in IB1.  The installation cost will need to be repeated elsewhere for those tests unless the cryostat is installed in its final destination




CDF

Figure A-2 shows a possible cryostat location considered for the CDF Hall, and Figure A-3 shows the magnetic fringe field when the solenoid is operating at full current.
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Figure A-2: Possible cryostat location at CDF
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Figure A-3: Fringe Magnetic Field map at CDF


Although the existing CDF cryogenic system is a good match for the MICE CC solenoid load, the following disadvantages are associated with this location:

· The CDF Hall will be a construction zone through at least summer of 2012, while equipment is being removed and the area prepared for other uses. No cryostat installation activities can take place during this time. This is incompatible with the MICE CC test schedule.

· The large fringe magnetic field is a concern for interference with other possible activities to take place at CDF, limiting access by general public while testing is taking place, and possibly with offices in the new IARC building. 

· The CDF cryogenic system may not be sufficient to satisfy the demands of other uses of this cryostat. For example, testing the mu2e PS prototype at 15 kA using a pair of existing MTF vapor cooled leads would require ~ 3.6 g/s for the leads alone, which is close to the CDF liquefaction capacity limit of  4 g/s leaving no refrigeration capacity for the cryostat and other loads (see chart below).
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	Direct M&S
	Direct Labor (SWF)
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Row Labels Sum of Total ($K)

Test Cryostat Prep $133

Cryostat Current Leads $5

500 A HTS Current Leads $5

Cryostat Instrumentation $4

Temperature Sensors $4

Cryostat Mechanical Fixtures $119

Instrumentation Tree $5

Lifting Fixture $5

Mechanical Supports $5

Misc. items (flex hose, fittings, etc) $5

T&M for welders and machining $13

Top Plate/Cover Plate Support Fixture $7

Vacuum Vessel Cover Plate $80

Cryostat Wiring $5

HV and LV wiring, connectors, feedthroughs, etc $5

Vacuum System $47

Vacuum Pumps $42

Vacuum Instrumentation $5

Cryogenic System $81

Transfer Line section 1 (dewar to flex line) $9

Welding $3

Bayonets $5

Vacuum Jacket $1

Inner Line $0

Transfer Line section 2 (flex line) $12

Welding $2

Bayonets $5

Vacuum Jacket $4

Inner Line $2

Transfer Line section 3 (flex line to cryostat) $15

Welding $2

Bayonets $5

Vacuum Jacket $1

Inner Line $0

Cernox (2) + transmitter $2

Cryo control valve $5

Warm gas supply $5

Welding $1

Warm tubing $0

Valves and instruments $2

Flowmeter $2

Two-phase return line $15

Welding $2

Bayonets $5

Vacuum Jacket $3

Inner Line $1

Warm tubing $0

Valves and instruments $3

Flowmeter $2

Heater Vessel $9

Welding $2

Heater and controls $7

Heater Vessel $0

Heater vacuum jacket $1

Intercepts return line $2

Welding $1

Warm tubing $0

Valves and instruments $1

Pumpouts $1

MLI $1

Spiders (Mat'l + VMS time) $1

Quench Relief Valves $2

Miscellaneous $10

Electronics $106

Quench Detection $40

Quench Characterization $21

Slow Scan $26

Cryo Controls $8

Interlocks $8

Power Supply Controls $3

Test Operations $146

Misc. consumables $10

He Consumables $50

Helium Losses (2 months) $50

Electricity $86

1.2 MW Compressor Motor (2 months) $86

Grand Total $514
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Row Labels  Total (FTEs) Total ($K)

Project Management 0.23 $32.8

Test Cryostat Prep 0.74 $77.0

Assemble the Aluminum Support Structure 0.00 $0.0

Design and Fabricate Mechanical Support/restraint 0.21 $20.9

Develop Mechanical Layout of the Cryostat and Test Objects 0.16 $15.6

Fabricate and Deliver 0.5kA Leads 0.00 $0.0

Lift Assembly into Aluminum Frame 0.00 $0.0

Remove the Shipping restraint 0.02 $2.0

Review and revise provisions for magnet support inside cryostat 0.02 $3.3

Install Mechanical Support 0.05 $5.4

Prep and Install 0.5kA leads 0.04 $3.8

Lift Helium vessel and Shield Assembly on to Alum. Structure using CHL 10 ton  Crane 0.00 $0.0

Move the assembly into CHL Bay 0.02 $2.3

Develop layout and detail drawing for the Vacuum Vessel Cover Plate Assembly 0.09 $10.7

Specify and prepare purchase order for 0.5 kA HTS leads and Bus bar 0.03 $4.6

Add Cernox RTD Instrumentation 0.09 $8.5

Cryo Integration Design 0.28 $32.7

Transfer line section 1 (dewar to flex line) 0.06 $6.9

Transfer line section 2 (flex line) 0.03 $3.7

Transfer line section 3 (flex line to cryostat) 0.06 $6.9

Warm gas supply 0.01 $1.1

Two-phase return line 0.05 $5.3

Heater Vessel 0.05 $5.3

Intercepts return line 0.01 $1.6

Engineering 0.02 $2.1

P&ID - Engineering 0.02 $2.1

Cryo Integration Fabrication 0.29 $33.6

Pressure tests of 3 transfer lines, shield, shield vent, lead flow 0.02 $2.7

Wire valves and instruments 0.01 $0.8

Cryo Controls logic programming 0.01 $1.3

Operator Displays programming 0.01 $2.0

Transfer line section 1 (dewar to flex line) 0.05 $5.3

Transfer line section 2 (flex line) 0.02 $2.6

Transfer line section 3 (flex line to cryostat) 0.04 $4.2

Warm gas supply 0.01 $1.6

Two-phase return line 0.02 $2.6

Heater Vessel 0.02 $2.6

Intercepts return line 0.01 $1.6

Installation 0.05 $6.3

Commissioning 0.16 $22.1

Complete the pre-cool down checklist 0.00 $0.4

Cryo Commissioning 0.15 $21.7

DAQ Fabrication and Installation 1.17 $126.6

Quench Detection 0.37 $40.2

Quench Characterization 0.30 $27.9

Slow Scan 0.27 $34.4

Interlocks 0.16 $15.6

Power Supply Controls 0.07 $8.6

Documentation 0.37 $45.9

Engineering 0.07 $8.1

P&ID - Drafting 0.01 $1.6

VIE List 0.01 $1.1

Write process controls summary 0.01 $1.3

Write summary of pressure protections 0.01 $1.3

Electrical Drawings 0.01 $1.2

Venting Analysis 0.01 $1.6

Safety 0.29 $36.2

Write cryo safety introduction 0.00 $0.7

Address Cryo Safety Panel questions/comments 0.04 $5.9

Assemble documentation package 0.00 $0.7

FMEA 0.01 $1.6

Internal review of documentation package 0.02 $3.3

ODH 0.02 $2.6

Piping Engineering Note (s) 0.07 $7.9

Submit documentation to  Cryo Safety Panel 0.00 $0.7

TD ORC process 0.00 $0.7

Vacuum Vessel Note 0.02 $2.6

What If 0.01 $1.1

Below the hook Engineering Note 0.07 $8.6

Operations 0.01 $1.6

Operating Procedures 0.01 $1.6

Test Operations 0.79 $85.9

Solenoid Mechanical Prep 0.11 $9.8

Solenoid  Electrical Prep and Checkout 0.09 $9.4

Install Solenoid and complete Checkout 0.04 $3.3

Cryo operations support 0.35 $35.1

Instrumentation and Electrical Support 0.07 $8.6

Magnet measurer support 0.14 $19.7

Grand Total 4.02 $456.6
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