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1. Purpose
This procedure defines and controls the critical current test activities performed on superconducting coils at TD/Superconducting Materials.  This procedure defines the operation envelope and describes the procedure to be followed to examine and control the hazards associated with the tests.
The primary test performed for the insert coils is to determine its critical current Ic and field generation ability at a low temperature and in a background magnetic field.  The test and operations involved are similar to tests that are commonly performed at IB3a to determine the dependence of critical current of superconducting strands as a function of magnetic field and temperature.  General guidelines for handling cryogens and operating high field magnets are similar to those for superconducting strand critical current tests and therefore only briefly described.  Strands and cables samples regularly tested in IB3a are less than 2 m long.  The superconducting insert coils are often wound with conductors that are 50 - 1,000 m in length and therefore present additional hazards that need to be examined and controlled.  This document identifies such hazards and defines steps to be taken to analyze these hazards before each individual test.  Appropriate operator training requirements are described.   
2. Critical Current Test of Insert Coils, Apparatus, and Operations
2.1 Coils fabricated at TD/SCMD
Fermilab has a long history of designing, fabricating, and testing various superconducting magnets and associated components.  For example, high field Nb3Sn dipoles and quadrupoles are being developed at Fermilab’s high-field magnet program, in collaboration with the U.S. LHC accelerator R&D program.  Those magnets are primarily targeting for installment in accelerators and are large in terms of their sizes, often >1 m long.  The primary test facility is the Magnet Test Facility at IB1.  

Superconducting coils being developed at TD/SCMD are small-scale (<30 cm in length), prototype solenoids fabricated from emerging materials including YBCO tapes, Bi-2212 round wires, and MgB2.  Occasionally, coils with novel shapes would be fabricated and tested using NbTi and Nb3Sn, like those helical cooling channel coils needed for muon accelerators.  An example of the coil being tested is shown in Figure 1.  
High field superconducting solenoids are often comprised of concentrically stacked coils.  Magnet designers use such concentrically stacked coils to handle high electromagnetic stresses while generating magnetic fields they need.  Such a design need dictates that coils tested may include single coil or a multiple insert coil assembly like the one shown in Figure 2.  

The sizes of the coils that IB3a facilities can accommodate depend on the temperature and background magnetic field strength required. Teslatron 2 allows testing coils with external diameters up to 78 mm in background fields up to 14 T at 4.2 K.  The coil insert #1 in Figure 2 will be able to be tested in Teslatron II.
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2.2 Tests scopes
2.2.1 Test I-V characteristics of insert coils at various temperatures and fields and determine the critical current coils can carry and their field generation capability.
a. Coil will be instrumented with voltage taps, including those monitoring half coils and end-to-end coil voltage, temperature sensors, and hall probe sensors.

b. Coils will be tested using one of the Telastron magnets, depending on the temperature and field requirements and the sizes of the test coils, or other open-bucket Dewar.

c. Zero-field tests might be performed in open bucket cryogen Dewar such as 5 Liter liquid nitrogen Dewar.
2.2.2 Determine the current and voltage of the solenoid coil at selected temperature and field levels, i.e. 4.2 K and 12 T, as a function of time for several sweep rates or current.

a. Change ramp rates to see if any spontaneous quench or training will happen. 
2.2.3 Test coil at a constant current and see what levels of voltage noises are present.

a. Fields for tests may include self field, 5 T and 10 T, or other appropriate levels.

b. Pass a current at 60% Ic, or other appropriate current levels, for 5 minutes and monitor the voltage levels of all voltage taps.
2.2.4 Test coil’s quench characteristics, quench detection and protection strategies.
a. Coil will be instrumented with heaters, thermalcouples, and voltage taps.

b. Coil will be induced to quench and its quench characteristics varying with temperature and field will be determined. Primary parameters studied are minimal quench energy and normal zone propagation velocity.  

Operations may include:
1) Crane operation for probe lifting.
2) Use of cryogen.
3) Use of high-magnetic field and operation of high-field superconducting magnets.
4) Use of pressure vessel.
5) Use of electricity, electronics, and computer.

6) Soldering work.
3. Coil Test Procedure
Critical current test of superconducting insert coils generally consists of following steps, some of which are optional.
1. Install coil onto the test probe

a. Coil will be mounted with voltage taps, temperature sensors, and hall sensors, all of which will be connected to the DAQ systems. Electrical signals of all instrumentations will be checked at RT using DAQ electronics and LabVIEW routines.

2. Carry out 77 K self field instrumentation/coil test.
a. Coil will be gradually inserted into a liquid nitrogen bucket Dewar.  Current connections will be established, and an electrical current will be ramped at 0.3-3 A/s, or rates appropriate for the superconductors being tested, until superconducting transitions are found.

3. Insert probe into the Teslatron magnet cryostat and cool down Teslatron magnets

a. See “IB3a Cryogenic Systems Teslatron Systems Operating Procedure” for precooling and cooling Teslatron magnets and helium transferring.
4. Perform coil tests at 4.2 K and 0-14 T.

a. Test I-V characteristics of the insert coil at 4.2 K and 0-14 T and determine the critical current of the coil using the following working procedures:
· Mount current leads to the test coil probe.

· Charge Teslatron magnet to 12 T or desired field level.  Pass a current at 0.3 A/s, or appropriate rates suitable for the superconductors being tested, up to 2 kA through the test coil while monitoring the voltage across the entire coil. Shut down the power supply in case electrical fields of any voltage taps exceed 3 V/cm.

· Progress to other field levels (10 T, 8 T, 5 T, 3 T, 1 T, 0.5 T, 0 T) and determine critical currents of the coil.

b. Determine the current and voltage of the solenoid coil at 4.2 K and 12 T, or desired field levels, as a function of time for several sweep rates or current.

· Charge Telstron magnet to 12 T.  Pass a current at 0.5 A/s up to 400 A through the test coil while monitoring the voltage across the entire coil. Shut down the power supply in case electrical fields of any voltage taps exceed 3 V/cm.

· Repeat the test with ramping rates of 1 A/sec and 5 A/sec.
· Change ramp rates to see if any spontaneous quench or training will happen. 
c. Test coil at a constant current and see what levels of voltage noises are present.

· Self field, 5 T and 10 T

· Pass a current at 60% Ic, or other appropriate current levels, for 5 minutes and monitor the voltage levels of all voltage taps.
d. Test the quench characteristics of the insert coil.

· Induce the test coils to quench using quench heaters.

· Monitoring temperature and voltage signals of insert and Teslatron magnets.  Enact quench protection electronics when a quench occurs.

5. When the test is finished, pull up the probe and warm up the magnet.

a. See “IB3a Cryogenic Systems Teslatron Systems Operating Procedure” for procedures for warming up Teslatron magnets.

4. Cryogen handling instructions
Operations to establish the conditions for test, i.e. the field and temperature, shall conform to the document “IB3a Cryogenic Systems: Teslatron Systems Operating Procedure”.
5. Magnets cooling down, warm-up, power-up, and power-down instructions
Operations to establish the conditions for test, i.e. the field and temperature, shall conform to the document “Cryogenic High-Field High-Current Operations in IB3-A”.
6. Coil test cautions and preparation
Superconducting coils, especially insert coils, may differ in terms of the length of superconductor used, magnetic field generation ability of test coils, and their stored energy.  In terms of insert coil test, calculations shall be made to:
1. Estimate the fault axial forces between the insert coil assembly and the Teslatron magnets.

2. Helium evaporation rate due to the potential quenching of the test insert

3. Increasing helium evaporation rate due to AC losses of the test insert.

4. Mutual inductance effect of the insert magnet on the Teslatron magnet.

An example of such analysis for the test insert shown in Figure 1 is presented in appendix A.  This test insert was successfully tested in July of 2013 at IB3a.
7. PPE, Training Requirement and Operation control
In addition to work-area specific PPE, the following applies.

Personnel must wear thermal gloves. Steel toed shoes are required when handling cranes or when moving heavy probes.  

Handling of liquid cryogen in SCMD/IB3a is restricted to personnel who have been authorized by the head of TD/SCRD. This authorization is contingent upon successful completion of general cryogen, ODH training outlined below as well as other training consistent with TD/SCRD requirements.  

1. Up to date Fermilab training record for the following trainings as required by the Individual Training Needs Assessment (ITNA)
a. “Cryogenic safety training” (FN000434/CR) 
b. “O.D.H. training (FN000029/CR/01)” 
c. “Electrical Safety in the Workplace (NFPA 70E) (FN000385/CR/01)” 

d. “Basic Computer Security (FN000374/CB/01)”
e. “Computer Workstation Ergonomics (FN000324 / CR)”
2. Review of the following document with the TD/SCRD Responsible Engineer:  
a. Cryogenic operations and probe use: “IB3a Cryogenic Systems: Teslatron Systems Operating Procedure”, 
b.  Magnetic field hazard: “Static Magnetic Fields”, FESHM Chapter 5062.2.
c. Teslatron systems: “Cryogenic high-magentic-field high-current testing operations in Ib3-a”, TD-5220-OP-464130, D. Turrioni.
d. Teslatron cryogenic system and pressure hazards: “IB3-A cryogenic engineering note”, 
e. Teslatron electrical system hazards: “IB3-A electrical system engineering review note”.
f. Critical current testing of superconducting strands: “General procedure for testing critical current of superconducting strands”, TD-5220-OP-464129, D. Turrioni.
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This document describes the electric, mechanical, and magnetic hazard analysis for testing the transport critical current of a superconducting Bi2Sr2CaCu2Ox (Bi-2212) insert coil using Teslatron II located at IB3a.  The insert coil will be nested co-axially inside the Teslatron II which can provide background fields from 0 T to 14 T at 4.2K.  The general hazard analysis and the measurement procedures for using Teslatron II for critical current measurement of superconductors have been established in [1] and [2] won’t be discussed here.  Rather, this document addresses aspects of testing this small insert coil which are different from standard short samples tests.  This document will describe the specifications of the coil to be tested, the test goals, potential hazards and hazard mitigation approaches.  Note that subsequent insert coils may differ in terms of superconductor used, the magnetic generation ability, and stored energy so this is not a control document for testing all incoming insert coils; however, this document could serve as a template for safety analysis for such coils.  

A.1. Description of Test Activity

Table 1 lists the specifications of the coil to be tested and Figure 1 shows photographs of the coil before and after heat treatment.  The first experiment is to determine the transport critical current, Ic, of this small Bi-2212 solenoid in magnetic fields of 0-14 T at 4.2 K using the standard four-probe method.  The Bi-2212 coil was fabricated using the wind and react method from 45 meters of Bi-2212/(Ag/AgMg) wire cut from a 180 m  spool.  The heat treatment used was melt processing in flowing 1 bar oxygen.  The turn-to-turn coil insulation was a braid-ceramic sleeve made from mullite.  The coil has six layers of Bi-2212 wire.  

Table 1: Overview and specification of the Bi2Sr2CaCu2Ox coil

	Material
	AgMg/Ag-sheathed Bi2Sr2CaCu2Ox

	Wire
	Diameter
	1.2 mm without insulation

1.34-1.40 mm with insulation

	
	Length
	45 m

	
	Architecture
	85x18

	
	Insulation
	Mullite (2 Al2O3 SiO2)

	Coil
	Inner diameter
	33.40 mm

	
	Outer diameter
	48.10 mm

	
	Height
	57.80 mm

	
	Turns
	244.5

	
	Inductance
	1.1 mH

	Performance: 

short, witness sample
	Ic
	1139 A at 4.2 K and self field

487 A at 4.2 K and 12 T

	Performance;

Coil
	Ic
	797.3 A at 4.2 K and self field

340.9 A at 4.2 K and 12 T

(assuming 70% of short-sample Ic)

	
	Jave
	196 A/mm2

	
	Bo
	1.48 T

	
	Bmax
	1.55 T


The general standard for testing critical current of superconductors [3] will be followed.  In brief, the coil will be instrumented with voltage taps and temperature sensors.  The coil will be mounted on the modular coil test probe and inserted in the Teslatron II system and the entire coil assembly will be cooled to 4.2 K using liquid helium.  During the test, the voltage of the entire coil and various layers (layer 1-2, layer 3-4, layer 5-6, layer 1-3, and layer 4-6) will be monitored while an electrical current is being passed through the coil.   The same basic test principles and test procedures established for short superconductor strand and 1 m ITER barrel sample will be followed.  Additional concerns brought by this specific coil will be addressed in the engineering calculation and hazard analysis sections.
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A.2. Potential Hazards
A list of the potential hazards associated with the general test of superconductor critical current in magnetic fields using Teslatron includes

· Rupture of pressure vessel 

· Oxygen deficiency hazard

· Hazards associated with handling of liquid He

· Magnetic field hazards.

The above mentioned hazards were addressed in reference [1], Hazard analysis for Teslatron II, and reference [2],TD operation note , General procedures for testing critical current of superconducting strands.  

The specific hazards that may come with testing an insert coil include:

· Mechanical forces on background coils

· High helium evaporation rate

· Possibility of quenching the background coils when the insert coil is quenched. 
A.3. Engineering Calculations and Hazard Mitigation

All the calculations in this section are based on the coil parameters given in Section 1.  Note that the coil critical current, Ic, is assumed as 70% of short-sample Ic, which is 340.9 A at 4.2 K, 12 T.  In the following discussions, the following operating conditions are assumed : the critical current of insert coil is 350 A (at 4.2 K) and the background field is 12 T, with the central axial field generated by the insert as 1.5 T.
A.1.1. Rupture of pressure vessel

The danger of rupture of the Teslatron II pressure vessel was addressed in [1]. According to the hazardous analysis, even in the worst case scenario that entire liquid helium bath were vaporized by quenching of the Teslatron II magnets, the relief valve set has adequate capacity to prevent significant pressure build-up in Teslatron II and rupture of the vacuum vessel walls. 

A.3.2. Fault axial forces

The worst case is determined to be when an entire half of the Bi2212 coil is electrically shorted with the rest half still generating field, resulting in the axial field centers of test coil and background magnet being mismatched and thus an axial force occurs to attract the alive half of the test coil to the back ground field axial center.

The amplitude of this axial force, [image: image6.png]Fra



, can be calculated as the below equation [4],
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 is the off-center displacement between two coils, [image: image11.png]NI,
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 are the total ampere turns and [image: image15.png]
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 are the coil radiuses for two coils, respectively. [image: image19.png]K(k)
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are the complete elliptic integrals of the first and second kinds, defined below.
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The modulus, [image: image24.png]


, of the elliptic integrals for this system is given by:
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In our case, the fault-mode axial force is estimated as 2.96 kN.  Considering the cross sectional area of the winding, the axial stress on the LTS magnet will be 85.24 kPa, and for the test coil this value will be 3.15MPa.  Both stresses are below levels which would damage the LTS magnet or the Bi-2212 test coil.

If we just consider the mismatch between the axial field centers of test coil and background magnet due to the error of test coil mounting, the axial force on the off-centered coil has a factor of ~0.46 kN/mm, which means that 1 mm off-center displacement would cause a restoring force of 0.46 kN, and the axial stresses stress on the LTS magnet and the test coil will be 13.19 kPa and 487.29 kPa, respectively.  Hence, using 5 MPa as a safety criterion, the off-center displacement must be less than 10 mm.  In our test, the off-center displacement is controlled to be 
[image: image26.wmf]±

2 mm.

A.3.3. Helium evaporation due to the quenching of the test insert

The self-inductance of the coil is 1.1 mH; assuming the transport current during the test will reach 350 A, the stored magnetic  energy can be calculated:  
[image: image27.png]ELl*6741
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Here, [image: image29.png]


 is the self-inductance of the test coil and [image: image31.png]


 is the coil current.
The latent heat of vaporization of liquid helium at boiling point (4.23 K) is 2.589 J/mL [3], a deposition of heat energy of 67.4 J into helium bath will boil off only 26 mL liquid helium, which transforms into a helium vapor volume of 1.75 L (calculated with the liquid density and vapor density of helium, 124.7 g/L and 16.76 g/L separately [3]).
Hence, even without the dump resistor to partially dissipate the magnetic energy, the magnetic storage energy in this coil will be not a serious heat source.
A.3.4. AC losses

The main component of AC loss for the Bi2212 multifilamentary strand will be due to hysteresis. Generally, the hysteretic loss energy density,[image: image33.png]


, can be calculated as [2]
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Here, [image: image36.png]


 is the effective diameter of superconductor, [image: image38.png]


 is the maximum magnetic field,  [image: image40.png]J-(B.T.e)



 is the critical current density of superconductor varying with magnetic field, temperature and strain.
In our case, considering the magnetic field ramping  from 0 to 14 T (including the background field and self-field), i.e. [image: image42.png]14T



, and [image: image44.png]


 is ~ 150 µm, [image: image46.png]J.(B)



 is shown as in the below plot. 
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Hence, the hysteresis loss energy density is calculated as 
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For the coil, the total hysteresis loss energy [image: image50.png]


is
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Here,  [image: image53.png]


 is the total conductor volume in the coil, [image: image55.png]


 is the conductor cross-section area and [image: image57.png]


 is the whole conductor length in the coil. In this case, [image: image59.png]


 is 1.2 mm and [image: image61.png]


 is 45 m, so the total hysteresis loss energy released in the coil is just 49 J, which is a small thermal loss under liquid helium.

A.3.5. Mutual inductance effect
Since the test Bi2212 coil is located in the bore of the LTS magnet coaxially and concentrically, the mutual inductance due to the field coupling might be an issue.  The amplitude of mutual inductance, M, which could be estimated as below [4]: 
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Here, [image: image64.png]


 is the off-center displacement between two coils, which should be zero in our calculation,  [image: image66.png]
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 are the total numbers of turns and [image: image70.png]
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 are the coil radiuses for two coils respectively. [image: image74.png]K(k)
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are the complete elliptic integrals of the first and second kinds, defined below.
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The modulus, [image: image79.png]


, of the elliptic integrals for this system is given by:
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In our case, the mutual inductance between the test Bi2212 coil and HTS should be around 13.5 mH. Hence, if the test coil is quenched and then discharged with the coil current dropping down from 350 A to zero in 1 s, the induction voltage at the LTS magnet terminals is about 4.74 V, which is below the trigger voltage (5 V) for the quench diodes of the LTS magnets.  Therefore, the risk for inducing the LTS magnets to quench during a quenching event of the insert coils is relatively low. 

A.4. Conclusion 
This test activity complies with Fermilab safety requirements.

[1] P. Hanlet, E. Barzi, and A. Rusy, Hazard analysis for Teslatron II, TD engineering note

[2] D. Turrioni, General procedures for testing critical current of superconducting strands, TD operating procedure TD 5220-OP-draft 
[3] IEC 61788-3 Ed. 2.0 en:2006, Superconductivity - Part 3: Critical current measurement - DC critical current of Ag- and/or Ag alloy-sheathed Bi-2212 and Bi-2223 oxide superconductors 

[4] Y. Iwasa, Case Studies in Superconducting Magnets: Design and Operational Issues, Springer; 2nd ed. 2009 edition
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Figure 1: A Bi-2212 solenoid mounted on the test probe and its specifications.
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Figure 2: Cross section and design parameters of a 30 T hybrid solenoid comprised of a Bi-2212 insert generating 10 T in a 20 T outsert magnet. The bottom left image shows the flux profile for ¼ of the entire magnet cross-section. The bottom right image is the contour plot of the magnetic flux density in the four Bi-2212 coil inserts.
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Figure 1: Photographs of a Bi-2212 coil manufactured at FNAL for MAP final cooling magnet research.
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