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SCOPE 
This document outlines the general activities related to testing of the critical current of superconducting strands.  Work activities take place in Industrial Building 3 – Annex, on the first floor, in the Superconducting Strand and Cable Research and Development Laboratory (“SC-RDL”).  Activities generally take place in the north half of this laboratory.
This document describes the critical-current, n-value, RRR and magnetization test procedures, the probes used in the procedures, and various electronics and data acquisition tools.  The varieties of wire specimens and other specimens are also discussed.
This document does not contain procedures for establishing the field and temperature of critical current measurements.  Procedures associated with the operation of the high-field cryogenic magnet systems address the creation of such an environment for critical current measurements as well as many other test activities.
The purpose of these activities is to accurately determine the critical current (Ic) and n-value as a function of field, temperature, and some other physical parameters such as the presence or absence of an insulation, the material upon which the strand is tested, and so on.  Activities also include RRR and magnetization measurements. The critical current is one of the most important engineering parameter of a superconducting wire and its subsequent use in cables and magnets.  As such, the critical current is also used in specifications and quality control. 
Often, critical current measurements must comply with international standards or other project specifications as follows:
IEC 61788-1 Ed. 1.0 b:1998, Superconductivity - Part 1: Critical current measurement - DC critical current of Cu/Nb-Ti composite superconductors;
IEC 61788-2 Ed. 1.0 b:1999, Superconductivity - Part 2: Critical current measurement - DC critical current of Nb3Sn composite superconductors;
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; and
IEC 61788-4 Ed. 1.0 en:2001, Superconductivity - Part 4: Residual resistance ratio measurement - Residual resistance ratio of Nb-Ti composite superconductors.

ENVELOPE OF OPERATIONS
Typical test samples are round or tape-shaped wires in which multiple superconductor filaments are embedded in a matrix consisting of a normal metal, such as Cu or Ag.  The metal matrix provides thermal stability against magnetic flux jumps and protection against damages that may be introduced by quenching when electrical currents will go around the local non-superconducting sections to flow in the metal matrix. The parameters below define the typical characteristics of critical current specimens.  A separate hazard analysis and testing plan should be completed and approved for samples that lie outside of the range of any parameters.
· Round wires shall have diameter between 0.3 and 2.0 mm.  (In other document was between 0.5 and 1 mm). Large wires may be difficult to bend, might not be compatible with sample holders, might have too high a current-carrying capacity, and might introduce other physical or mechanical aspects.  Small wires might not be compatible with sample holders or procedures used to mount specimens, and can be especially fragile.
· Tapes shall have width up to 1.2 cm and thickness down to 0.1 mm.  
· Length shall be between 3.8 cm and 200 cm.  Sometimes a “hairpin” configuration, or similar, may be used when small lengths of sample are available, for which voltage taps separated by 0.5 cm may yield data of reasonable quality.  Long samples are generally wound in a helix around a cylindrical test mandrel.
· Strands need not be superconducting or contain a superconductor; the dimensions above can apply to ordinary copper or aluminum wires.  Since ordinary metals with good conductivity are usually incorporated in the superconducting wire, there should be no upper limit to the fraction of normal metal incorporated with the superconducting strand.  Specimens that contain less than 30% of the cross-sectional area of normal metal tend to be very unstable, and should not be tested under the present scope.  
· Critical current testing of a multi-strand assembly, a cable, wide tapes, or monoliths lie within the operational scope if the test current does not exceed the maximum value allowable by the test probe under use.  
· The maximum current allowed depends on probe design and varies with each probe.  No alteration of an experimental setup , to implement higher current, is permitted without proper design and review (see <Engineering work process guidelines, TD>).
· The current used for RRR measurements is only 3 A, i.e. well within the defined envelope. 
· No external current is needed to perform magnetization measurements, which are typically performed over the magnetic field range available in the system and within a range of temperatures within the VTI.
· Test activities routinely occur at 4.2 K in a liquid helium bath.  A temperature range between 1.5 and 300 K is compatible with the safe operation of the apparatus when tests are performed within a VTI.  Temperature above 400 K may cause damage to the equipment.  Testing in a liquid nitrogen bath is not compatible with the systems containing commercial magnets or needle valves and can therefore take place in the cell loader , T3, or other nitrogen cryostats.
·  See <TD 5220-OP-DRAFT GENERAL ACTIVITES IN THE IB3-ANNEX SUPERCONDUCTING STRAND AND CABLE RESEARCH AND DEVELOPMENT LABORATORY>.Testing can take place up to the operational magnetic field limit of each systems. A separate procedure governs the normal operation of the magnet systems as well as special operations at 2.2K K to 17 T.
· Specimen voltage above 100 µV may result in an instability or even sample burn-out.  Operational controls exist to accommodate this situation safely, and this condition is a routine part of measurement.  Extending specimen voltage to higher values as part of the typical measurement process is permitted, based on the judgment of the operator.  Maintaining such voltages under steady-state conditions, however, is not compatible with the design of the test probe, hardware, or software.  
· No activities should produce voltage higher than 50 V according to the definition of low voltage system.
· Test probes have been designed and approved specifically for critical current measurements.  Use of a non-approved test probe is not permitted.  Approved probes include those described in <TD 5220-OP-464131 GENERAL ACTIVITES IN THE IB3-ANNEX SUPERCONDUCTING STRAND AND CABLE RESEARCH AND DEVELOPMENT LABORATORY>. It also likewise not allowed modifying any of the existing experimental probes without proper design and review. ((see <Engineering work process guidelines, TD>).
· Sample holders are often shaped in the form of a cylinder with copper end lugs.  This assembly is commonly called a “barrel”.  Since materials used in the barrel affect the mechanical, electrical, and thermal properties of the test configuration, a significant amount of effort has gone into the design and engineering of the test barrels.  Use of non-standard materials may affect the safety systems incorporated into the hardware and software, and shall not be permitted.  Use of non-standard designs also may compromise the operation, and shall not be used.  Approved barrels are composed of:
· Stainless steels
· Titanium alloys, especially grade 5 (Ti-6Al-4V)
· Fiberglass epoxy composites, especially G-10, with special attention given to the orientation of the fibers
· Cu lugs and end rings are copper, oxygen-free electrolytic grade (e.g. CDA-101 or OFE copper)
[image: N:\dt\dt_public\Short_Sample\Misc\LICIA\LICIA 2002-3\FOTO PROBE\Soldered Contact Completed.jpg]
Fig.1. Probe with sample holder.
APPLICABLE DOCUMENTS
· TD 1140 – TD Policy for Operational Readiness Clearance
· TD 5220-OP-464131 General Activities in the IB3-Annex Superconducting Strand and Cable Development and Test Laboratory
· TD 5220-OP-464130 Cryogenic High-Field High-Current Operations in IB3-A
· TD 5220-OP-464132 Teslatron Cryogen and Probe Procedures in IB3-A
· IEC 61788-1 and -9, critical current standards
· IEC 61788-1 Ed. 1.0 b:1998, Superconductivity - Part 1: Critical current measurement - DC critical current of Cu/Nb-Ti composite superconductors;
· IEC 61788-2 Ed. 1.0 b:1999, Superconductivity - Part 2: Critical current measurement - DC critical current of Nb3Sn composite superconductors;
· 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 
· IEC 61788-4 Ed. 1.0 en:2001, Superconductivity - Part 4: Residual resistance ratio measurement - Residual resistance ratio of Nb-Ti composite superconductors
· Engineering work process guidelines, TD.
· Engineering notes PVEN IND-073, IND-096, IND-145 and IND-194.

R2A2 AND AUTHORIZATION OF WORKERS
The critical current testing activity operates in the Strand and Cable Research and Development Laboratory (SC-RDL) under the Superconducting Materials Department in Technical Division.  Clearance for all operations shall be approved by TD-HQ.  The SMD Head has authority over operations and authorization of workers.  The SMD Head is responsible for gaining commitment of all workers seeking authorization with policies and procedures in operations documents.  To this end, the SMD may set training requirements and require on-the-job training until a suitable level of competence and commitment is attained.  The SMD Head may stop operations or bar authorized workers from doing work for reasons of safety, health, environment, or quality according to Fermilab policies.

Daily operations shall be coordinated by a SC-RDL Manager, who shall report to the SMD Head.  The SC-RDL Manager may be the Head of the Superconducting Strand and Cable Research and Development Group, or these roles may be filled by separate persons.  The SC-RDL Manager shall have authority over scheduling of testing operations and the allocation of facilities for testing.  The SC-RDL Manager shall be consulted by investigators when any new work item is being considered.  Investigators shall not begin work without consent from the SC-RDL Manager.  The SC-RDL Manager should be aware of all activities taking place in the laboratory at any given time, and should be able to summarize ongoing activities to line management on short notice.  In particular, the SC-RDL Manager shall serve as the primary point of contact for urgent or emergency situations pertaining to the laboratory.

Only authorized workers shall be permitted to do critical current testing work.  Workers shall be re-authorized on an annual basis to ensure that training is up to date, to ensure that workers are aware of any changes to operations (including revisions to this document), and to assess any other needs.  The list of authorized workers shall be maintained by the SC-RDL Manager.  

To authorize new workers, the SC-RDL shall first ensure that the required training courses have been completed.  An on-the-job training (OJT) mentor shall then be assigned, and limited duties can be accomplished by the new worker under the supervision of and with direct interaction by the mentor.  When the SC-RDL is satisfied with the level of competence and is assured that the new worker is committed to policies and procedures established for work, the new worker shall be submitted to the SMD Head for approval.  The SMD Head shall review the training and OJT completed, and, if satisfied, shall approve the new worker and request that the worker be added to the list of authorized workers above.

GENERAL REQUIREMENTS FOR ALL ACTIVITIES – THIS IS ALREADY IN See <TD 5220-OP-464131 GENERAL ACTIVITES IN THE IB3-ANNEX SUPERCONDUCTING STRAND AND CABLE RESEARCH AND DEVELOPMENT LABORATORY>.
The following TD laboratory work policies apply:
· Safety glasses shall be worn at all times in the lab.
· No food or drink shall be consumed in lab areas where critical current tests take place.
· Appropriate gloves shall be worn for any operations posing hazard to hands or fingers, per TD policies.
· Safety shoes and hard hats shall be worn for crane operation as spelled out by TD crane operation procedures.  Cranes are used for raising and lowering of test probes.
· Proper laboratory clothing and shoes shall be worn at all times.  

All workers testing critical current must also have read TD 5220-OP-464131 General Activities in the IB3-Annex Superconducting Strand and Cable Development and Test Laboratory, and must be authorized to perform general work in the SC-RDL.  That is, compliance with the OP above is a prerequisite for work authorization under the present procedure.

The following training is in addition to the training requirements listed TD 5220-OP-464131:
· On-the-job training (OJT) related to critical current measurements.

Many activities can take place concurrently in the SC-RDL.  Meticulous housekeeping shall keep the laboratory space as clean as possible to prevent dust, debris, grits, shavings, filings, splinters, and any other hard particles from accumulating on any surface.  Such debris can cause injury as well as invalidate experiments or testing despite the best intentions of workers not to disturb other experiments.  Clutter shall be avoided.  Walkways shall be kept open as much as possible.  Storage of probes, use benchtop space, and provisions for other areas shall strive to be neat and tidy, to mitigate risks for accidents when multiple investigators perform activities in a common area.  Clean-up at the end of the day and end of the week, to restore the lab space to the best possible conditions, shall be a standard part of the work routine.

Many superconducting strands are brittle and delicate after heat treatment.  Particular care shall be applied regarding wires and cables that may be placed on bench tops or other surfaces.  Unless the state of the wire is known, workers shall consider the wires to be as brittle as glass, and shall use appropriate caution.

GENERAL DESCRIPTION OF WORK ACTIVITIES
[bookmark: _Ref355173055]Overview
Most often, the critical current is measured at several fixed fields in sequence at constant temperature.  Fermilab conducts these measurements in special superconducting magnet systems, called Teslatron systems, which permit normal measurements up to 15 T and under special conditions up to 17 T.  The temperature of the helium bath, 4.2 K, is most often the measurement temperature, which is achieved by immersing a test probe in the liquid helium bath.  The critical current can be measured as a function of temperature using a VTI, which is an anti-cryostat specially designed to isolate the temperature of the test region from that of the superconducting magnets.  Temperatures between 1.5 and 60 K can be attained in the VTI when using a PID control system.  On other occasions, immersion of a sample in liquid nitrogen at 65-77 K can be used, but only using appropriate cryostats (see above). All of these conditions are allowed in the scope of operations. 
Generally, field and temperature are held constant during data acquisition.  A current is ramped up from 0 while monitoring and recording the voltage (a V-I or V(I) measurement, where V is voltage and I is current).  A rise in the voltage (the V-I transition) marks the critical current, with the value being determined by a certain criterion.  For example, the current at which the voltage first exceeds 0.1 µV per meter of length between voltage taps can be defined as the critical current.  Different protocols establish the criterion used.  Almost always this is based on a certain electric field or a certain resistivity value that corresponds to a level of dissipation in applications.
Special flexible current leads have been installed to accommodate testing to the limit of current supplies.  Testing above this current value will require changes to the apparatus.  Voltage generated by the specimen above 1 mV may result in heating and burn-out, so several hardware and software quench protection components are included to shut off the sample current when the voltage is approximately 100 µV.  Extending specimen voltage to high values is unusual.  The power supply requires low voltage to drive current; typical voltage is below 10 V.  
On occasion, a technique to monitor voltage at constant applied current while sweeping field is used (a V-H or V(H) measurement, where V is voltage and H is field).  This technique is used to assess the thermal stability of a specimen.  A voltage jump will occur unpredictably in an unstable specimen, resulting in heating of the sample and helium boil-off.  Software and hardware components will stop current flow when this occurs.  The heat released is not large and does not release much vapor or trigger a quench in the superconducting magnet.
The critical current is highest at zero field and low temperature.  Ic is a decreasing function with increasing field, increasing temperature, or a combination of these.  For example, activities in the Magnet Systems Department focus on the field range 10 to 15 tesla, and many specifications for Nb3Sn wire are written for this field range.  If testing is continued down to 5 T field, current exceeding the limit of the power supply would be required to observe the V-I transition (provided the sample also remains stable).  The scope of operations permits testing to the operational limit of supplies and infrastructure, but it does not permit alteration of supplies or infrastructure to reach higher current without appropriate review, hazard analysis, and modification of procedures.
Before the test activity begins, work shall be coordinated with the SC-RDL.  The SC-RDL will make a request to the Operations Administrator to place the desired Teslatron system into cryogenic activity, which might require cooling down.  Procedures for placing a system into cryogenic activity are defined in TD-OP-5220-464130 Cryogenic High-Magnetic Field High-Current Testing Operations in IB3-A.  
Once the Teslatron system is ready and approval to begin the critical current test activity is received, the general work activity proceeds as follows: 
1. The type of material, information about the strand’s make-up (including diameter and superconductor fraction or copper–non-copper ratio), vendor or project identifier, and other pertinent information are gathered.
2. Samples are received in a state after their heat treatment or as-delivered from the vendor.  Except for Nb-Ti strands, heat treatments will make the samples brittle.  Handling care is required.
3. Samples are either transferred to test barrels or used on the barrels from heat treatment (often the barrels serve a dual purpose).  Copper rings are attached if needed.  A solder connection is generally made to ensure good electrical contact and transfer of current to the specimen.  In some cases, e.g. the small sample probe, a different form of support is provided for the sample.
4. The test barrel is mounted in the test probe.  For some probes, the barrel is incorporated permanently with the test probe, so this step is combined with (3) above.  Pressure or other clamping connections between the probe and the copper rings or strand fixture are completed.  For example, a nut is tightened against the lower copper ring for one probe design.
5. Voltage taps and other instrumentation connections are made to the sample.  This often requires the entire probe to lie horizontal on a laboratory bench while a soldering iron is used to attach the taps with solder.
6. The assembled and instrumented probe is transferred to the magnet system being used for the test.  The magnet system’s operation is controlled by separate procedures, see TD-OP-5220-464130 Cryogenic High-Magnetic Field High-Current Testing Operations in IB3-A, and the magnet system operational manual.
7. Procedures for insertion of the probe into the magnet system are described in TD-OP-5220-464132 Teslatron Cryogen and Probe Procedures.  While the different systems have similar flange connections and other arrangements, the operating procedures for the particular system being used shall be followed.
8. Cryogens are added as necessary.  Cryogen transfer is controlled by TD-OP-5220-464132 Teslatron Cryogen and Probe Procedures.
9. When the system is ready and the temperature is stable, the critical current test segment begins.  One of the protocols described above determines the particular actions to take.  
a. It is rare to conduct critical-current measurements in zero field only.  Therefore, a necessary first step is to secure the area around the magnet for magnetic objects, e.g. gas cylinders, tools, portable stairs.
b. For example, typical V-I testing usually begins by ramping the magnet to high field following the operating procedures for the magnet system.  Once the field is reached and is stable, a data acquisition run begins.  Several such V-I curves might be acquired.  After acquiring data, the magnet will be ramped to the next field, stabilized, and the data acquisition might be repeated.  
c. The example above is one of many possible sequences.  It is not the purpose of this document to define each and every step-by-step sequence that is possible.  The particular choice of sequence shall be left to the discretion of the operator based on the intention of the particular critical current test activity.
d. Operational procedures governing the magnet systems also define when tests shall be paused for various reasons.  An example is for the replenishment of liquid cryogens.  The test segment can include many repetitions of data acquisition and system maintenance, over the course of several hours.
10. At the end of the critical current test segment, the system is returned to a safe, unpowered status.  The operating manual for magnet systems defines this end point, after which the present activity can continue. 
11. The probe is extracted from the magnet system per TD-OP-5220-464132 Teslatron Cryogen and Probe Procedures.
12. Additional samples on additional probes might be tested, repeating steps 3-11 above.  Often, many probes are prepared in a batch, so steps 7-11 are repeated.
13. When the test activity is complete, the SC-RDL shall be notified.  The SC-RDL may take additional actions to remove the Teslatron system from active cryogenic use.
14. At the end of the critical current test, data are analyzed and reported as required by the experiment.  Test specimens may be stored on their test barrels, or they can be removed from the barrels.  Sometimes these test specimens are saved for future reference.  
Sample mounting, test barrels, and test probes
Test procedures defined by projects, international standards, and other activities often define the particular method of mounting samples and the particular configuration of test probes.  This document is not meant to exhaustively explain each configuration and probe.  Instead, the general methods are summarized to define appropriate work and to give the worker an understanding of what is not typical and should therefore require additional analysis before doing work.

Some superconducting wires can be tested in their as-received state, as a strong and flexible wire.  Mounting such samples can be rather simple, and the risk for damage to the specimen is low.  Other superconducting wires require a heat treatment, and they emerge from the heat treatment in a brittle state with a high risk for damage.  Moreover, sometimes the properties of the superconductor depend on mechanical strain, which can be changed unintentionally by twisting or bending the sample or its fixture.  Mounting these samples requires appropriate skills and a high degree of care and may require a very specific standard operating procedure.  The table below classifies the typical strands and the general difficulty for mounting the sample.

	Wire class

	General mounting characteristics

	
Flexible wires and tapes with characteristics like those of ordinary copper wire


	Niobium-titanium (Nb-Ti) wire, such as Tevatron wire, LHC wire, Mu2e conductor
	The outer sheath is typically copper and adheres well with ordinary solder when both surfaces are reasonably clean.  High strength of Nb-Ti makes wires stronger, with more spring-back and more resistance to bending over small radii.  Generally, strands can be wrapped around a steel screw of the same diameter without breaking.

	YBCO or “RE”BCO (RE stands for rare earth) wire (manufacturers refer to their tape forms as “wire”)
	The outer sheath is typically copper.  However, the internal constituents break down under high heat, so low-melting point solders are preferred.  Typically this is a tape 4 mm wide and 0.1 mm thick.  Tapes are strong and flexible, and can be bent around 1 mm radius.  Occasionally the manufacturing quality is poor, resulting in de-lamination of the copper.  Care should be taken to not bend and re-bend regions of the sample.  

	
Wires and tapes that are brittle after heat treatment 
Portions of the barrel used to support the specimen for heat treatment might also be used for the critical current test.


	Niobium-tin (Nb3Sn) wire, such as LARP strand, “hi-lumi” strand, ITER strand, Nb3Al
	The outer sheath is typically copper and is very soft after the reaction.  This means that the copper sheath deforms plastically with small stress, and strands might even bend under their own weight.  Even mild bending can produce internal fractures not visible or evident to the worker.  As much as possible, strands should be supported at all times, and gentle force applied along the axis of the strand, e.g. to “snug” the strand against the barrel, is safest.  Ordinary solders can be used.

	Magnesium-boride (MgB2) wire and tape
	The outer sheath of this wire can be pure copper or a high-strength alloy of copper and nickel (Monel).  Like Nb3Sn wire above, when pure copper is used the strand has poor structural integrity.  Monel improves structural integrity somewhat.  Ordinary solders can be used.

	Bismuth oxide, Bi-2212, or Bi-2223 wire and tape
	Bi-2212 may be in round wire or tape form.  Bi-2223 is a tape conductor, typically 4 mm wide and 0.25 mm thick.  This class has a distinctive silver sheath.  The typical heat treatment reaches very close to the melting point of silver, so the sheath has virtually no mechanical strength.  Often, alloying agents improve the strength somewhat.  However, handling should be similar to that used for Nb3Sn strand above.   Silver solders are required.  



Test barrels incorporate thick copper lugs as current terminals, and a thin-walled central section within which the voltage taps are connected.  The following areas of attention apply to samples mounted on barrels:
· Resistance in the region where current transfers from copper to the sample, and from copper portions of the probe to copper end rings, should be as low as possible to avoid heating and instabilities associated with heating.  Good solder and/or pressure connections are imperative.  Soldering irons with appropriate power settings and tip configurations, fixtures, and other components have been developed to facilitate successful connections most or all of the time.  If good connections cannot be obtained, technicians should stop and analyze the condition of the wire and barrel, or barrel and probe, perhaps with the assistance of an engineer or scientist.
· Motion of the central portion of the strand should be avoided.  Sometimes the barrel material is chosen such that thermal contraction of the wire will constrain it firmly against the barrel material at cryogenic temperature, so it is possible to conduct successful experiments with wires snugly fit into barrel grooves and with no other restraint.  Titanium barrels have this property for the wire classes above.  Most experiments will use solder, grease (which freezes), or epoxy to affix the central portion of the strand against the barrel.  Test protocols may dictate one or another of these schemes in consideration of certain trade-offs.  For example, securing the strand with epoxy will also reduce the thermal conductivity to the surrounding helium bath.  Technicians should ensure adequate restraint without excessive use of an agent such as epoxy.
· Sometimes the copper rings and the central barrel do not form a solid joint.  Torsion or other loading can cause this interface to slip, causing undue strain on the sample.  Sometimes procedures contain certain actions specifically directed at this area of attention.  Technicians shall use appropriate care when transferring the barrel to the probe and making pressure or other connections.  The need for higher than usual force should be a signal to stop and analyze the mounting process.  Sometimes a gasket of malleable metal, such as indium, facilitate good pressure connections while also reducing the torque applied to the barrel via friction.
· Practically all metals are covered by an oxidation layer.  Sometimes this layer is difficult to see by eye, but it will nonetheless be present.  Polishing or lightly sanding the surface to expose bare metal will facilitate good contacts and low noise.  Care should be taken when polishing brittle strands.  Many solders incorporate flux agents which clean and dissolve oxide coatings.  Hot solder joints facilitate effective cleaning by flux.
· Changing magnetic fields, such as the self-field produced by the wound sample as current is ramped, will induce voltage in a loop of wire.  Voltage taps that are not tightly twisted and are not co-wound with the strand create loops with large openings, and hence large induced voltages can occur in such circumstances.  This could result in measurement errors.  Maintenance of voltage taps and care in their application are important.
· Measures for preventing samples from damages by Lorentz forces (orientation of the current applied and the Lorentz force induced – the Lorentz force should push the sample towards the barrels or sample holders; there should be no physical gap between the sample and the sample holder before cooling down or after cooling down.)

Some critical-current measurements do not use barrel-shaped fixtures.  However, in these cases the principles outlined above still apply.  These principles are matters of good experimental practice.

Computer-controlled testing and data acquisition
Several activities are managed by a PC that incorporates a graphic interface for the user.  These activities include:
· Monitoring of cryogen levels
· Monitoring of temperature and pressure levels
· Ramping of the magnet power supply to establish magnetic field
· Ramping of the sample power supply to pass current through the sample
· Recording of voltage from various instrumentation leads
· Monitoring of shunt voltages used to assess power supply current settings

On-the-Job training is required to familiarize the worker with the use of these different software modules.  The sequence outlined in the previous section can then be managed entirely from the computer interface and its connection to the equipment racks at each Teslatron station.

CHARACTERISTICS OF NORMAL OPERATIONS, HAZARDS, AND CONTROLS
Particular characteristics and hazards associated with critical current testing, and their controls, are listed below (the following hazard table is provided as a substitution for FESHM form 2060.1):

	Characteristic or Hazard
	Control

	(All hazards noted in TD-5220-OP-464131 General Activities in the IB3-Annex Superconducting Strand and Cable Development and Test Laboratory)
	(Controls noted in TD-5220-OP-464131 General Activities in the IB3-Annex Superconducting Strand and Cable Development and Test Laboratory)

	Sharp objects (ends of wires, cutting tools)
	PPE – gloves, proper disposal of sharps

	Burn risk (soldering iron) – typical solders are used on bench top
	PPE, OJT, proper tool repair and condition

	Epoxies - expected use: 10 mL per sample
	PPE – gloves, safety glasses; Proper lab attire

	Heavy objects (probe) – typically 20 kg 
	Follow approved procedures for handling probes, housekeeping (probe storage in proper area), crane training and proper crane PPE (hard hat, safety shoes)

	Electrical hazards – typical operations are low voltage
	Current leads are low voltage and are covered with insulation.  Inspection and maintenance of equipment; adherence to procedures (e.g. removal of condensation), OJT, PPE (leather gloves)

	ODH (helium boil-off) – typical strand testing may consume up to 100 L liquid helium per sample.  Helium boil-off increases for high sample currents and for ramping field often.
	The Teslatron piping systems have been explicitly designed and thoroughly reviewed to handle and exhaust helium boiloff.  Refer to ORC documentation TD-5220-OP-464130.   

	Cold surfaces – it is common for condensation to freeze on surfaces during testing
	Area control during testing, PPE (gloves), procedures (surfaces are warmed before handling)

	Magnetic field – stray magnetic fields near Teslatron systems routinely exceed 1 mT (10 Gauss) inside the safety arc near the dewars
	Cautionary signs warn about magnetic field hazards.  Operators are located outside of the stray field zone when field is on.  Area is controlled when field is on (administrative control).  Compressed Gas Cylinder training and other OJT addresses magnetic objects located in laboratories where stray fields are present.  Such ferric materials are secured outside of the area of administrative control.

	Potential hazards associated with soldering practices: fumes from heated solder constituents (when solder contains a core of 1-3% flux), fumes and decompositions products from heating of oil, paints, or coatings present on the surfaces of superconductor during soldering, fumes from fluxes, burns and fire. 
	· Appropriate lead work practices



DATA, RECORDS, AND QUALITY MANAGEMENT
The use of a data acquisition computer greatly facilitates the secure storage and management of test data.  In general, the technician or engineer conducting the critical-current measurement will create data files with unique names and unique storage locations.  These locations are secured within the TD computer system.  Workers shall not communicate secured data to outside parties unless authorized to do so by the SMD Head or by an official representative who is a point of contact, as designated by the SMD Head.

Logbooks and laboratory notebooks are an integral part of this record keeping.  Workers shall make proper entries into all necessary logbooks.  Logbooks shall be secured when critical-current measurements are not taking place.  An example is to store the logbook in a locked desk, or to ensure that the location where logbooks are kept is always locked and only accessible to authorized personnel.

The test procedures established by international standards or project specifications strive for a high level of quality management.  These procedures also incorporate analysis and reporting guidelines that evaluate repeatability, uncertainty, accuracy, and measurement errors.  When critical-current measurements do not take place under such procedures, work shall nonetheless follow the spirit of these standards.  Some aspects, such as the methodology by which software reduces acquired data to determine a critical current value, are based on international standards.  An occasional review of software and a check for continued compliance with standards shall be coordinated with the cycles for equipment calibration. 

SPECIAL MATERIALS USED AND WASTES GENERATED
[bookmark: _Ref309818374]Below is a list of special materials typically used for critical current measurements.  This list does not include materials customarily found in laboratories around Fermilab, such as wipes, isopropyl alcohol, etc..  The list also notes any special hazards and disposal pathways.  If the experiment requires a special material that is not listed here, work should not proceed until the material and intended work process has been reviewed and approved.  One-time use of a special material need not result in revisions to this document, and can be accommodated by review of the TD-SSO. ADD CuBe.

	Special material
	Use and Notes

	(Superconducting wires listed under TD-5220-OP-464131 General Activities in the IB3-Annex Superconducting Strand and Cable Development and Test Laboratory)
	All industrial superconducting wires are non-reactive and can be disposed as industrial waste.  All wires used by Fermilab are clad in safe materials such as copper or silver.

	Barrel materials:
	Titanium or titanium-alloy


	G-10 fiberglass epoxy


	316 LN Stainless steel

	Copper

            CuBe
	These materials make up the test barrel.
Grade 5 Ti (Ti6Al4V) is commonly used.  This material can be superconducting at 4.2 K.

Cutting G-10 can produce hazardous particulates.  Consult MSDS.  





Attend training Beryllium Handling [FN000196/CR/00]

	Epoxies:


	Stycast Blue 2850 FT (catalyst 9.3)



	Stycast Black 2651 MM

	Epoxies are sometimes used to secure the sample to the test barrel.

Epoxy is mixed with a catalyst and applied, per instructions that accompany the product.  Stycast Blue has good thermal conductivity.

Another cryogenic epoxy filled with black carbon to increase thermal conductivity.

	Solders:  Most solders are a lead-tin or bismuth-tin alloy.  Silver solders apply to Bi-2212 and Bi-2223 strands.  Hollow-core solders containing flux are often used.

	The MSDS should be consulted for all solders, including those containing flux (e.g. hollow-core solders).  Use of lead solders shall comply with FESHM 5052.3.  Lead solders should be handled with gloves.  Solder lengths can be re-used.  Spent pieces of solder shall be treated as hazardous waste and disposed of appropriately with the assistance of a TD waste generator.  Other disposal paths should be consistent with the toxicity and environmental hazard identified in the MSDS.

	Greases:  Commercial silicone-based greases normally used to make high-vacuum seals work well.  Examples: Apiezon series (L, M, H, or N), Dow-Corning high-vacuum grease.  
	Consult the MSDS for the particular product.  Some may irritate the skin; gloves shall be worn for application of grease.  Generally, these products can be disposed of as industrial waste.

	Solvents:  General laboratory solvents to remove grease and fingerprint residues are used.  These include: ethanol, isopropyl alcohol, methanol, and acetone.

	Solvents are flammable.  Storage of large quantities shall be in a ventilated flammable storage cabinet approved by the TD-SSO.  Bench top storage shall comply with TD policies using labeled containers and minimum quantities necessary for work function.  Housekeeping shall strive to separate flammable solvents from heat sources such as soldering irons.
Hazards should be assessed on an individual basis for the solvents used in each operation.
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