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3. Executive Summary

The project is then to design and build a Probe based on the current model.  This probe is to be used in critical current test the critical current for super conducting short or spiral samples. This probe must use less liquid helium per test.  Implementing new technology, identifying all sources of heat in and out of the system, and optimizing the design will be the approach taken to accomplish this task. 
There are 3 major sources of heat transfer in this system.  These 3 consist of conduction, convection, and radiation heat transfer, the former 2 of which will looked at in this paper.  These methods will be analyzed in order to find and reduce/eliminate the major heat leaks into the cryostat.  
Out of a pool of 7 original concepts, 5 were chosen to be implemented into the new critical current probe design.  The spoke thermal cap design was modified from a grid like pattern that would protrude G-10 through the steel casing, to an entire length of G-10 shaft that would replace the lower section of the original G-10 casing.  Then fin design would require drilling around the copper leads near the top of the cryostat in order to increase the area seen and therefore increase the convection rates.  The HTS (High Temperature Superconductor) lead design would replace a section of the copper leads leading into the liquid helium, this would also need structural support by G-10 rods.  The final method to conserve helium would be to find an optimum number of leads while still being able to test a reasonable number of samples. 
Analysis of these concepts requires standard conduction equations and forced convection equations due to the mass flow rate of helium gas will provide an upward velocity.  It also required knowledge of how properties of different metals and gas vary with temperature as values of lower than 5 Kelvin will be reached.  
The final design will be based off the same structure as the original critical current probe, however, with the added improvements stated above.  There will also be a spiral sample mounted to the bottom for the option to test longer samples. 
Due to the dangerous nature of the experiment, all tests will be performed by people who have taken NHMFL safety courses and all experiments will fall within the NHMFL lab safety standards.  The environment will not be affected as this will be in a closed lab and the burn off helium will not provide a negative impact. 

4. Introduction
The purpose of this project is to design a probe that tests superconducting samples at very low temperatures while conserving as much of coolant as possible.  The National High Magnetic Field Laboratory (NHMFL) and the Applied Superconductivity Center (ASC) have identified some weaknesses in existing critical current probes.  A critical current probe is used to test samples of superconducting material.  These tests determine the sample’s resistance to varying current at a temperature of 4.2K.  Liquid helium is used to obtain 4.2K.  Each sample will have a critical current at this temperature which will cause it to leave the superconducting state.  This data is recorded by a computer during the test and can be analyzed by the experimenter.  There is concern over the rate of burn off of the liquid helium as the cost of liquid helium is rather high.  Critical current probes are placed in a bath of liquid helium inside a cryostat and extend out of the cryostat into ambient temperature.  
5. Problem Definition
5.1 Product Specifications
The customer has very specific design criteria for this particular probe.  An efficient probe which can effectively test 6-8 samples as well as a spiral sample and conserve helium must be produced.  The probe must be able to withstand and deliver 1000 amps through the samples.  This probe must also withstand several hours of extremely low temperatures without deformation as the samples must stay in the same location. In order to do this, the heat leaks must be minimized, materials must be analyzed, a stage for the samples must be designed, potential heat leaks may be insulated, and in depth analysis and modeling must be completed. 
	Objectives

	Conserve helium

	Test 6-8 short samples

	Test one spiral sample

	Deliver 1000 Amps to the samples

	Durability


Table 1 - Objectives



6. Design Approach
6.1 Steps
To avoid reinventing the wheel, so to say, the design approach was to base our new probe on the original removing or minimizing all heat leaks in the system.  
6.2 Identifying Heat Leaks
Heat leaks are spots where heat “leaks” into or out of the system depending on whether the desired system is to be kept cold or hot.  Since the cryostat is to be kept cold to preserve liquid helium heat leaks will be where heat is leaking into the system.  Identifying the major heat leaks of the original probe was the launching pad for the design of the new probe.  To identify the heat leaks a closer look at the probe and its use was needed.  The probe is specifically designed for a cryostat used in one of the labs at the NHMFL.  Heat that enters the cryostat system is from the radiation on the cryostat and from the probe through conduction and radiation.  The focus is on the probe so only heat leaks from the probe will be considered.  
6.3 Conduction 
	In the existing probe the copper leads that transfer the current to the short samples and the stainless steel jacket touch the liquid helium bath.  Both the copper leads and the stainless steel jacket are exposed to the ambient air at 300K and the liquid helium bath at 4.2K.  The large temperature difference causes the conduction through the stainless steel and copper to be a large heat leak into the cryostat.  The copper leads will conduct more heat because of the larger combined cross sectional area and because of its high thermal conduction.  
6.4 Radiation 
	Radiation occurs at the top flange of the probe and at the body of the probe exposed to the ambient air.  The radiation at the top flange of the probe is neglected since it is minimal compared to the body of the probe and because of its distance away from the entry of the cryostat.  The radiation is therefore acting on the body of the probe.  To reduce the radiation to the probe, a radiation shield needs to be implemented.  However, it is important to note that the body of the probe is made of stainless steel which is one of the better choices for a radiation shield.   
6.5 Heat leaks
The identified heat leaks under consideration are from the thermal conduction of the copper leads and the stainless steel tube combined with the radiation.  Measures to prevent radiation from entering the system on both the probe and the cryostat were implemented on the original designs.  Since the radiation compared to conduction is small and in consideration of time radiation will be ignored and conduction will be the focus.  This leaves the conduction of the copper leads and the stainless steel casing as the major heat leaks in the system.  Now that the major heat leaks have been identified the next step is the produce concepts that will reduce or prevent these heat leaks.
7. Concept Generation
During this stage of the project concepts on how to conserve liquid helium by reducing the transfer of heat from the ambient air, 298K, to the inner He bath at 4.2K.  Many concepts have been generated and are presented as means to conserve He.  These concepts look at different parts and areas of the existing probe in an attempt to look at all possible heat leaks the probe has.  These concepts are presented as options in this section and will need further thought, research, and experimentation before accepted as a viable means of conserving liquid helium.

7.1 Concept #1 – Heat exchanger
Of the identified heat leaks the copper current leads are thought to be the largest source of heat transfer from the ambient temperature to the liquid helium bath.  The copper leads are exposed to the ambient air temperature only at the top of the probe, see Figure 1. At this point the copper is at the maximum temperature difference of 298K as compared to the liquid helium bath 4K at the bottom.  If the copper at this point were to be cooled and thus the temperature gradient reduced then the rate at which liquid helium is being burned off would decrease.  

 (
Copper current leads
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Current lead connectors 
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Figure 1 - Top view of probe showing exposed current leads
 (
Figure 
2
- 
Side view of heat exchanger
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  To cool the current leads at the top a cylindrical cap would be made to cover the current leads while leaving the current connection exposed out of the side, see figure 1.  The cap would be air tight and around the protruding current connections and at the base of the top flange.  This cap would be insulated so to keep the volume inside the cap cooled.  This cylindrical heat exchanger would be cooled by the escaping helium gas burned off from the liquid helium bath.  The gaseous helium would travel the cylindrical stainless steel tubing cooling the copper leads all the way up to the top.  A vent will be at the top of the cylindrical heat exchanger to allow the excess helium gas to escapes so pressure does not build inside the probe, cryostat, or heat exchanger, see figure 3.
  
[image: ]
Figure 3 - Angled top view of the heat exchanger on top of the probe

7.2 Concept #2 – Spoke thermal cap
 (
Figure 
4
 - Spacer
)[image: ]During testing a large portion of the stainless steel tube is exposed to the ambient air.  Stainless steel is fairly ideal for all the requirements needed from this part of the probe.  For this reason we have decided to not try and replace the stainless steel but rather impede the thermal conductivity of the stainless steel.  To accomplish this, a modification of an already existing component of the current probe would be implemented, see figure 5. 

 This part is called the current lead support.  Acting as a spacer for the current leads as they travel through the probe this spacer could also hinder the thermal conduction of the stainless steel tube.  The current lead support is made of a fibrous material called G-10 that has a thermal conductivity of .27 W/m(K) which I is much lower than that of stainless steel at 16 W/m(K).  Extending the square notches so that they protrude through and are flush with the outer diameter of the stainless steel tube will impede the thermal conduction of the tube.  This  (
Figure 
5
 - 
current lead support
 modification
)[image: ]is due to the increased thermal resistance from the G-10 because its low thermal conductivity is lower than that of stainless steel.  The equation for resistance by conduction from one material to the next is expressed below.
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 -
 Thermal heat conduction through Stainless steel and G-10 layers.
)[image: ](R) in these equations is resistance,(L) is length, (k) is the thermal conductivity, and (A) is the area.  This shows as (k) decreases in value the resistance increases which proves, in theory, that interrupting the stainless steel with G-10 will increase the thermal resistance.  With the increase thermal resistance more liquid helium can be save during Ic measurement test.
7.3 
Concept #3 – Helium gas insulation
 (
Figure 7 – Rate of heat transfer with respect to temperature gradient
)[image: ]Another concept is using the burn off gas to create an insulating layer between the leads and the liquid helium.  If the heat transfer rate between the leads and the liquid helium exceed about 10^4 watts per meter kelvin, then Film boiling will occur which means a constant layer of liquid gas at the contact point of the lead.  Figure 1 shows the rate of heat transfer at different stages of boiling and how the rate at which heat transfer increases due to temperature difference will slow down during film bonding.  The way the probe is positioned vertically in the cryogenic fluid, allows for the highest heat transfer rate due to the fact that the gas is being evaporate directly up and not being hindered by any outside obstructions, as can be seen in figure 2 (a).  Since the object of this project is to decrease the heat transfer rate, the leads could be put at a certain allowable angle (depending on the constraints of the tank) impeding the rate at which the gas that could escape, causing a thin layer of gas to form and insulate the surface. Figure 2 (c) would be showing the ideal horizontal situation, however this would not be practical to the constraints of our design.  If this orientation cannot be achieved, small wells placed alongside the leads could trap some of the gas and create pockets of helium gas that could slow down the rate of heat transfer, as shown in figure 2(b).  
 (
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7.4 Concept #4 - Fins
By adding fins to the top portion of the copper leads not immersed in the liquid helium, the heat would be taken out of the rod faster and therefore cause a lower temperature gradient by preventing heat being transferred to the lower portion of the rod. Since the main driving force behind the three methods of heat transfer is a temperature gradient, reducing this would in turn reduce the amount of heat transferred at the base of the leads in the fluid.  The focus on this part is the copper leads and not the steel casing on the outside, this is because our steel casing is constrained to fit in a certain diameter hole from the tank leaving no space for fin extrusions.  The idea is that these fins will provide a greater surface area for the rising cool helium gas to come into contact with and therefore a higher heat transfer rate out of the leads.  However optimization and the efficiency of the fins will play a huge role in determining how plausible.  For example, adding more copper to the probe would increase its resistance and therefore the power being generated.  As seen in figure 2, the fin efficiency can vary with lengths and gap distances.      
[image: ]
Figure 9 – Graph of circular fin efficiency to effectiveness


7.5 Concept #5– HTS Leads
	
[image: ]
Figure 10: Conceptual Probe Lead
The copper leads cause a high rate of helium consumption.  A concept reducing the depletion of helium by the leads will greatly enhance a probe which tests super conductors. To achieve this, high temperature super conducting leads (HTS leads) could be used to replace the standard copper leads.  Electrical resistance causes heat which will cause the temperature to rise.  This probe needs to be able to test samples at very low temperatures (4.2K).  If the leads have a large resistance, they will cause the temperature to rise quickly.  This rise in temperature will burn off the liquid helium and require more liquid helium to be put into the system.  To reduce the amount of helium needed to keep the system at the prescribed temperature, the resistance in the leads may be reduced.  HTS leads function at relatively high temperatures compared to low temperature superconductors.  They do not necessary need to be kept at low cryogenic temperatures to retain superconducting qualities.  This means that even as the temperature gradient changes from 4.2K (the temperature of liquid helium) to room temperature, there is some point in between that will be suitable to replace the copper leads with non-resistive HTS leads.  This should reduce the rate of helium burn off during testing.  The placement of the HTS leads is crucial to optimize performance and avoid quenching.  Figure 2 shows the basic concept of how the copper leads may be replaced with HTS leads at a certain point to reduce resistance.
The traditional copper leads may be replaced with super conducting leads to reduce the resistance.  Low temperature superconductors will not be very effective in this case because of the low temperatures required to keep a zero resistance.  HTS leads will be much more effective in reducing the heat generation caused by passing current through the leads because of the larger temperature range they may be exposed to without losing superconducting properties.  This is why HTS leads will be used instead of LTS leads.   Figure 3 depicts the difference between the two.
[image: ]
Figure 11: LTS vs. HTS leads
Current Research/Implementation
MarkeTech develops Bi-2223 HTS leads which replace the copper leads at under 77K and reduce the consumption of helium.   Table 1 shows this reduction.
Table 2 – Helium Savings from use of MarkeTech HTS leads 
[image: ]
	The main objective of replacing the copper leads with HTS leads at some determined position down the probe is to reduce the surface area of the relatively thermally conductive copper.  So, the surface area of the copper may be reduced and used solely as structural support for the HTS lead.  The current will take the path of the HTS lead because it will provide a path with no resistance.  This will leave the reduced area copper as a support only.  

7.6 Concept #6 – Structural Support
	The current probe in use at the NHMFL has a stainless steel casing which houses the leads.  This casing goes from room temperature all the way down the probe into the liquid helium bath.  This makes it a heat leak.  There is reason to believe that this casing may be made out of a different material with a lower thermal conductivity.  Theoretically, the heat leak would be minimized. This should be analyzed to see if replacing or removing the stainless steel could reduce the consumption rate of the helium.  Several materials will be looked at and analyzed to determine the amount of helium which could be saved.
	This casing may also be able to be removed completely.  The necessity of the casing will need to be analyzed to determine the casing’s function at certain points.  Being able to remove part of or all of this casing would eliminate a major heat leak.
The concern may be brought up that HTS leads from the previous concept will not be structurally sound.  HTS leads are generally very thin tape or wire.  The structural integrity of the HTS leads is low.  Thus, using the HTS leads may require some type of structural support.  There are forms of structural support that will not create another significant heat leak.  Some type of encasement may be used for structural support.  Cryosaver current leads employ the use of a fiberglass shell as seen in figure 4. 
[image: ]
Figure 12: Cryosaver HTS shell
Possible ideas:
· Remove stainless steel casing entirely
· Use less thermally conductive material for:
· Jacket
· HTS supportive shell

Pros to these ideas:
· Reducing a major heat leak
· Providing durability
If this concept could be further developed and properly implemented, the result should be a probe with reduced heat leaks that can withstand several tests without failure.
7.7 
Concept #7- Number of Leads
	The amount of leads going into the system may be reduced.  The fewer leads into the system, the less heat will be generated.  If less heat is generated, then less helium will be used.  Electrical engineering concepts will be used to explore possibilities for reducing leads.  
	The process of reducing leads is an optimization problem.  The specifications require a holder that can test 6-8 samples during one experiment.  A design which tests six samples will require less leads than one which tests eight.  This will reduce helium burn off per testing, but may require multiple tests in certain instances.  Multiple tests require more pre-cooling and cooling time.  So, optimizing the amount of samples being tested versus the amount of tests being done will reduce the depletion of helium.
	There also is some interest is designing a probe which tests samples in series.  This can be an issue if the samples are not similar but conceptually, one could test multiple samples with only two current leads.  Another idea is to create a modular probe.  This probe would allow eight samples to be tested, but if only four samples needed to be tested, the experimenter could easily remove the unnecessary leads.  This removal of the leads would reduce the heat leak.
· Optimization Problem
· Less leads = less samples = more tests
· Must optimize the amount of samples being tested
· 24 sample probe will not efficiently conserve helium 
· Large amount of heat leak into the system from ambient air
· 1 sample probe will not efficiently conserve helium
· Must be pre-cooled and submerged in the liquid helium for a test that takes less than a minute
· Too much handling
· Must optimize between 6-8 samples



8. Concept Selection
The heat exchanger and the gas insulation were both rejected before any analysis was performed.  The gas insulation concept is not valid when HTS leads are used which is a main focus of the design.  The heat exchanger is not necessary if the probe is designed long enough.  The fins and the HTS lead support system were both accepted but modified from the original ideas seen in the previous section.  Table __________ shows the rejected, accepted, and modified concepts.
Table 3 - Concept Selection with approximate helium savings
	Concept Selection Table 

	Concepts 
	Accepted 
	Helium Savings
 (per test) 
	Final 

	Heat Exchanger 
	No 
	--- 
	No 

	HTS Lead and Support 
	Yes 
	≤ 26% 
	Modified 

	Number of Leads 
	Yes 
	≤ 22% 
	Yes 

	Fins 
	Yes 
	9% 
	Yes 

	Gas Insulation 
	No 
	--- 
	No 

	Jacket Design 
	Yes 
	0.2% 
	Modified 






8.1 HTS Lead:
High Temperature Superconducting (HTS) leads are ideal for reducing heat transfer while still carrying large amounts of current.  Super conductors break the Wiedermann-Franz law that says electrical conductivity is proportional to heat transfer such as copper.  Copper is not only a great conductor of electricity but is also a great conductor of heat.  HTS leads on the other hand can transfer the necessary current to the short sample while producing little to no heat from either conduction or resistive heat generation through dynamic loading.  
However ideal HTS leads are for low heat high current transfer there are strict conditions on which they can operate.  Superconductors operate best at 4.2K with low applied magnetic fields.  At this temperature with low fields a superconductor is at its best passing large amount of current.  As temperature and or the applied magnetic field increases the amount of current the superconductor passes decrease.  Eventually the increase in temperature and or the applied field will knock the superconductor out of the super conducting state.  The change of current with respect to applied field at a certain temperature can be seen in Figure_____.   Figure ____ can be view with more detail in Appendix _____.
The reduction in current due to applied field and temperature must be taken into careful consideration when designing for the HTS leads.  The magnet in the cryostat that will apply the field to the short samples will be the applied field that will affect the HTS leads.  This magnet operates, normally, around 5 Tesla but can reach as high as 9 Tesla.  For a conservative design 9 Tesla will be used as the applied background field.  HTS leads are superconducting well above 77K but as can be seen in figure___ this conducts minimal to almost no current at 5 Tesla.  A safe operating temperature for an HTS lead while still producing a reasonable amount of current needed is 33K-35K.  This number was given by the sponsor from much experimentation and knowledge.  
Using 33K- 35K as the highest operating temperature of the super conducting lead and 9 Tesla as the applied field 200 (A) is the amount of current that the HTS lead will pass.  This can be seen more clearly in figure_____.[image: ]
Even though it is not yet known how long the HTS lead will need to be, which will be discussed later, it can be determined how many layers of HTS leads will need to be used.  A 1000 (A) is the amount of current that needs to be carried by the HTS leads.  To do this at the operating temperature of 33K-35K and applied field of 9 Tesla the HTS leads will need to have multiple strips.  If one HTS lead carries 200 (A) by electrically connecting two together, essentially stacking them on top of each other and connecting with solder, the HTS leads will now conduct 400 (A).  To reach 1000 (A) a total of 5 HTS leads will need to be stacked together and electrically connected.  Because 1000 (A) would now be the critical current of the newly stacked HTS lead a factory of safety is needed since operation at the critical current is dangerous.  The operating current of 1000 (A) will be 60% of the critical current of the HTS leads, as recommended by the sponsors.  This will give a final value of 8 HTS strips stacked together with a critical current of 1800 (A) to create one HTS lead.  The number of leads and the length of these leads will be discussed later on.
9. System Analysis
In order to observe the benefits of the newly designed Ic probe, analysis on the existing probe must first be implemented.  The system analysis will ultimately provide a temperature profile and a range of points to attach the HTS lead to our system. 
9.1 Assumptions and Givens:
In order to reduce the complexity of the system analysis, a number of assumptions were made.  This includes that the leads at the top of the cryostat are at room temperature or 300 K and that the leads at the bottom of the cryostat were at the saturated liquid helium temperature at 4.2 K.  It was also assumed that the temperature of the helium gas varied exponentially as a function of distance starting from the base of the cryostat up to the 300K point at the top.  It is also assumed that the stainless steel casing prevents most of the incoming radiation so the only heat transfer methods analyzed are conduction and convection.  It was also assumed that the liquid helium would be at the saturated liquid stage.  Also the type of copper being used was 99% annealed. 
9.2 Analysis on existing probe without convection:
In order to simplify the process the current probe was analyzed in steps, the first was by heat transfer and temperature profile only accounting for conduction.  Because the copper leads exists at much lower temperatures the thermal conductivity varies greatly and is represented by integral tables and the following equation. 

Where A is the cross sectional area, L is the total length in which the heat transfer is being analyzed (in this case it would be the length of the leads), T is the end temperate, and k(T) is the thermal conductivity as it varies with temperature.  Using tables provided by the text Experimental techniques for low temperature measurements, the average thermal conductivity was found to be about 15 W/(m^2*K).  The standard heat conduction was then used to find the heat being transferred to the liquid helium, as shown below.

The total heat transferred was calculated to be 160 W and was plugged back into the conduction equation in order to find a temperature distribution as a function of distance along the copper lead. 

	

Figure 13

By using this base temperature profile and the estimated temperature profile of the gas, convection calculations are the next step in the process. 
9.3 Analysis on existing probe with convection:
Because the gas is being burned off at a certain rate, the type of convection occurring is forced convection.  In order to calculate the amount of heat being taken away from the leads, certain constants need to be determined all of which will be temperature based.  According to a paper written by Helge Petersen, the constants were approximated to be the following.
[image: ]
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Where the constants are dynamic viscosity, density, and thermal conductivity of the helium gas respectively from top to bottom.  These equations make the assumption that the gas is kept at a constant pressure of 1 atmosphere, which is accurate of the cryostat.  The only variable would be the temperature of the gas which is assumed to vary at an exponential rate.  Knowing that an average experiment burns off about 50 Liters of liquid helium an hour and given the density equation above, the average velocity of the steam can be approximated by the following equation. 

Where the inner diameter of the steel casing, mass flow rate, and density are Mflow, row, and CSA respectively. From here, the Reynolds, Nusselt, and Prandtl number need to be calculated by using the following equations. 



Because most of these constants vary with the temperature, and therefore the position of where it is at, it was easier to see how each of these properties changed by finding the values at point .05 meter increments staring from .05 meters up from the center of the magnet to the top of the cryostat at 1.2 meters.  These graphs relative to this position distribution are referenced in the appendix section C.1.  From these constants, the Nusselt number equation can be used to solve for the range of convection coefficients along the length of the critical current probe as seen below.

Where h is the Nu is the Nusselt number and x and k is the position and thermal conductivity of the gas respectively.  From the convection coefficient, the heat transferred out of the leads can be determined by the standard convection equation 

Where SA is the surface area and  is the temperature difference between the gas and the copper leads.  In order find an accurate rate of heat transfer, it was calculated over an incremented range of .05 meters up the probe while using the convection coefficient at that point.  This is more explicitly shown in the appendix C.1. 

The heat taken away by convection was found to be about 5.322 W and using this with the heat transfer equation, an new temperature profile was found as seen below.

Figure 14

From this graph it is determined that the 33K point, or the point where the HTS leads need to be attached, is .1218 meters up from the center of the magnet.
Once the HTS lead is place, the matter of finding the heat transfer for the HTS follows the same process as for the copper just with different material properties.  Currently there was an error in the calculations that provided an unreasonable heat transfer rate into the liquid helium, however it did show a reduction in heat transfer.  This will be better calculated by actual experimentation when the probe is built.  

9.4 Current lead Optimization
 (
Figure 15
)[image: ]	The most basic concept to reduce the rate of helium burn off is to optimize the number of current leads used to perform the critical current test.  The probe currently used can test 1- 8 superconducting short samples per test.  There is, on average, one critical current test per week with 6-8 sample mounted on the probe during the test.   The number of leads inside the system is dependent on the number of samples that can be tested at one time.  By using a common positive lead for samples 1-4  and 5-8 as shown in figure ________, the number of leads per sample has been maximized in this manner.  The samples are not put in series, resulting in one positive and one negative lead, because of the danger of a burnt out.  A burn out is when a short sample is destroyed due to any number of reasons as simple as a slight bend in the sample.  If a sample burn out it will no longer conduct current and preventing the testing of the other samples in series.  Another reason a series set up is not used is that different types of short samples are tested that are rated for different currents during one test.  If different short samples are in series the current needed to test one of the samples may burn out another.  These two reasons keep the set up as is.  The optimum number of leads per sample is shown in table ____________ below.
Table 4 – Leads per sample
	Number of Samples
	1
	2
	3
	4
	5
	6
	7
	8

	# Leads 
	2
	3
	4
	5
	7
	8
	9
	10


	
	To find the optimum number of leads to use in the new probe an estimation was made using data from the existing probe.  The average amount of liquid helium used during a 3 hour test was 150 liters with 8 samples mounted on the probe.  The test can be broken up into three parts: cooling down the cryostat magnet, ramping the magnet, and the actual critical current testing.  
It is assumed that cooling down the cryostat magnet is independent of the probe.  One hour is needed to cool down the cryostat magnet which is 1/3 of the total testing time so it is estimated that 50L of liquid helium is used during this part.  This 50L will be constant independent of the changing number of leads.
It takes 45 minutes to ramp up the magnet inside the cryostat for the critical current test.  This time is set and will not change.  The amount of helium burned off is dependent on the number of leads used for the probe since the probe is in the cryostat during the ramping.  The rate at which one current lead burns off liquid helium is needed in order to know how much helium is burnt off during ramping.  Knowing that 150L of liquid helium was used in three hours with a probe with 10 leads it can be determined that 5 L/hour is burnt off per lead.  Complete calculations can be found in appendix _________.  
The only other information need is the amount of time it takes to perform the critical current test per sample.   Since 1 hour and 45 minutes is set for ramping and cooling of the cryostat magnet 75 minutes is used for testing with 8 samples.  Using the estimate that this time is broken up evenly over the 8 samples would yield 9.37 minutes per sample.   Table 5 below shows the results of these calculations.
Table 5 – Lead Optimization
	Number of Samples
	Number of Leads needed 
	He losses During Magnet ramping (L)
	He losses During Testing (L)
	He Losses During Magnet cool down (L)
	He Losses for single test (L)
	Number of test required 
	He Losses over total test (L)

	1
	2
	7.50
	1.56
	50.00
	59.06
	6
	354.38

	2
	3
	11.25
	4.69
	50.00
	65.94
	3
	197.81

	3
	4
	15.00
	9.38
	50.00
	74.38
	2
	148.75

	4
	5
	18.75
	15.63
	50.00
	84.38
	2
	168.75

	5
	7
	26.25
	27.34
	50.00
	103.59
	2
	207.19

	6
	8
	30.00
	37.50
	50.00
	117.50
	1
	117.50

	7
	9
	33.75
	49.22
	50.00
	132.97
	1
	132.97

	8
	10
	37.50
	62.50
	50.00
	150.00
	1
	150.00



The loss of helium is the lowest for a probe designed to test a maximum of 6 short samples at a time.   Table 6 summarizes the important results of table 5, highlighting the number of leads that burnoff the least amount helium during a full critical current test.
Table 6 – Selected number of leads
	Number of Leads
	He Losses per total test (L)

	2
	354.38

	3
	197.81

	4
	148.75

	5
	168.75

	7
	207.19

	8
	117.50

	9
	132.97

	10
	150.00



To better show that 8 leads is the minimum amout of helium lost per test an optimumziation graph, figure 16, was made from the data from table 5.  Figure 16 plots the total helium losses over the total number of test virsus the number leads.  As can be seen from the graph two minimums exist at a lead number of 4 at 148.75 liters  and 8 at 117.50 liters.  A six sample probe will be chosen since the 8 leads is the optimum number of leads to save helium since it is the lowest minimum.


Figure 16

9.5 Jacket
	The heat transfer rate of the jacket needs to be reduced to conserve helium.   To reduce the heat transfer rate, the material of the jacket may be changed.  Previously, stainless steel was used as a heat shield and jacket for the copper leads.  Stainless steel has a higher thermal conductivity than G10 making it less effective.  The new jacket will be made out of stainless steel and G10.  The G10 will connect to the stainless steel at an optimum point.  A lower amount of stainless steel will theoretically allow for a better heat transfer rate.  

Table 7 – Known values
	Jacket Dimension
	Value

	Cryostat Depth
	

	Length
	1.74m

	Thickness
	5.84mm

	Radius
	55mm

	Cross sectional area
	107.146mm2

	Length
	1.74m

	Top Surface Temperature*
	300K 

	Lower Surface Temperature*
	4.2K


*Assumed values
	To determine the most effective length of the stainless steel, several needed values are shown in Table ___________.  When calculating the rate of heat transfer through the jacket, the thermal conductivities of each material are going to change with temperature.  The thermal conductivity change for stainless steel from 300K to 4.2K is significant, while for G10 it is relatively small.  Therefore, when calculating for an all stainless steel jacket, the following conduction equation must be used.

 	where,
 	from Cryogenic tables


	
The heat transfer rate for a jacket made entirely of stainless steel is 0.188W.  Assuming the change in the thermal conductivity of G10 is negligible and the temperature of the jacket at the joint is 270K, the heat transfer rate for the new design is 0.083W.  This is a significant drop in heat transfer and will help conserve helium without sacrificing structural support as the G10 will not be a support member.  
G10 is a more effective material than stainless steel for the jacket but it cannot be used as a structural support.  It also must not be used at the entrance to the cryostat.  This limits the dimensions of the new jacket.  The lengths of the stainless steel and G10 portions of the jacket can be seen in table ___________.
Table 8 - Jacket Lengths
	Jacket portions
	Length

	Stainless steel
	0.711 m

	G10
	1.029 m



9.6 Fins
	Due to manufacturability, placing fins on the copper leads could present an issue because of their length.  The decision has been to implement a triangular spiral fin similar to a thread on a screw.  These fins may effectively reduce the burn off of the liquid helium 
Assumptions made for fins on the copper leads:
1) Fin temperature varies only in one direction when,
2)  for 99% heat transfer performance 
3) Adiabatic tip because using triangular fins will allow for negligible heat loss through the tip, 
4) Annular fins of a rectangular profile will be similar to the threaded fins for calculation purposes
The fins on the copper leads are analyzed using these assumptions.  The heat transfer rate with the fins must be compared with the leads without a fin. For simplicity, the temperatures for these equations are chosen at a point one meter down from the cryostat.
Analysis of Unfinned Lead
	The analysis of an unfinned circular copper lead must be done prior to analyzing the finned lead. The restrictions on the system allow for a maximum radius of 3.937mm.  The heat transfer rate of one copper lead is determined from the following equation.  

Where h is the average convection rate determined from previous calculations, A is the surface area of the copper lead without fins, and Tb is the surface temperature at a specific point x, and T∞ is the temperature of the gas at the same point x. The temperatures used are found from previous calculations and are shown in table _________________.  The heat transfer rate for an unfinned copper lead is calculated to be 6.337W.
Table 9 - Calculated Temperatures
	
	Temperature at L=1m

	Surface 
	250K

	Gas 
	105K



Analysis of Finned lead
	The finned lead also has the same restriction in diameter.  This means the fin radius is at a maximum of 3.937mm.  The concept is to increase the surface area of the lead.  The rate of convection is taken to be the average value found from previous calculations.  The thickness and spacing will have to be designed.
Table 10 - Affect of thickness on heat transfer
	Thickness (mm)
	Assumption 2 (m*L)
	Tanh(m*L)
	Qfin (W)

	0.1
	9.747
	1
	11.182

	0.25
	6.164
	1
	10.821

	0.4
	4.873
	1
	10.511

	0.5
	4.359
	1
	10.33

	0.6
	3.979
	0.999
	10.164

	0.75
	3.559
	0.998
	9.944



The thickness will not be constrained by assumption 1 because the value obtained from this expression ends up being very high.  However, assumption 2 does influence the thickness.  Table ________ shows the effect of the thickness on the heat transfer rate as well as how it influences assumption 2.  The design calls for a relatively high heat transfer rate and a hyperbolic tan value of 1.  The table shows four different thicknesses that meet these qualities.  The strength and durability of these copper leads is important to consider.  A fin with a thickness of 0.5mm is chosen due to its strength and relatively low change in the heat transfer rate. 

	

Table 11 - Calculated Fin Dimensions
	Fin Dimensions
	Value

	Lead length, LCu
	1,087 mm

	Convection heat transfer rate, h
	1.639 W/m2K

	Thermal conductivity, k
	401 W/m*K

	Inner radius, r1
	2.0 mm

	Corrected radius, r2c
	4.187 mm

	Corrected Length, Lc
	1,078 mm

	Corrected Area, Ap
	539.125 mm2

	Area of fin
	85.018 mm2

	Spacing
	2.0 mm

	Area of section with no fin
	25.133 mm2

	
	



With the thickness, the corrected radius, length, and area can be calculated.  Using these values from Table _____________, the fin efficiency can be determined using annular fin charts and the following equations.



With the fin efficiency, the rate of heat transfer by the fin can be calculated to be 0.016W. The rate of heat transfer of the portion between fins is calculated to be 5.973*10-3W.  There will be 431 fins throughout the length of the lead.  This makes the total heat transfer rate of the finned surface copper lead 9.628W.  This shows a significant increase in the heat transfer rate and justifies adding fins to the current copper lead design.  The overall surface area of the lead is increased 0.021m2.  For more detailed calculations see appendix ________________.


Table 12 - Heat transfer of finned vs. unfinned leads
	Heat transfer 
	

	Finned Copper Lead
	9.628W

	Unfinned circular copper lead
	6.337W

	Increase
	3.291W

	
	



Figure 17 - Simple schematic with finned leads
	Figure ____________________________ shows a simple schematic of the current leads with fins.  These fins will be placed in the gaseous helium region only.  The leads will be narrowed and threaded the create fins which will increase the surface area and therefore, increase the heat transfer.





10. Final Design

[image: ]After the analysis on each of the concepts had been completed the final step was putting all of the concepts together to get the final design of the probe.  A picture of the final design for the probe can be seen in figure ______ below.

[image: ]The full body image shows the implementation of the G-10 jacket replacement and the optimized number of leads. To show the optimization of the leads clearly a zoom in of the top portion of the probe is shown in figure _____.  There are six single leads which are the negative terminals for the six different samples on the sample holder.  The two lead coming out of the common current connect at the bottom of figure___ the two positive current leads.  Each positive current lead will be the common return for three samples. As the current sample holder is designed this is the optimum number of leads for a probe with six samples.  The gray tube with the circular flange on top coming out of the center of the top G-10 flange in figure____ is the instrumentation wire guide for any necessary equipment needed for the experiment.  The two figures below, figure____ and figure___, show the G-10 jacket replacement concept.   The stainless steel jacket and the G-10 jacket are held together by an elongated G-10 insert that will connect the two.

[image: ][image: ]











		These figures also show how the G-10 spacers throughout the body work.  These spacers will make sure that the copper leads will not touch through the whole length of the probe.
[image: ]		To remove the copper leads from touching the liquid helium bath HTS lead are implemented.  These leads, as discussed before are made up of 8 different strips of the HTS material to carry the required amount of current with a factory of safety added in.  The HTS lead will be connected by a solder joint at the top, connected to the circular copper lead and at the bottom to the sample holder.  The sample holder has copper bars, 0.25in x 0.25in, that are used to connect to the HTS leads, the bottom solder joint, and to the superconducting samples.  Copper is used to connect to the superconducting samples  because this will not damage the copper rods.  If the samples were soldered onto the HTS directly the heating and reheating would destroy the HTS material with in 3 or 5 test.  The white strips in figure ___ are the stacked HTS leads.


11. Environmental, Health and Safety Issues
During the critical current test there is no harm to the environment.  Escaping helium gas is minimal and is not dangerous to the environment.  Most of the evaporated gas from the experiment is recycled into the NHMFL helium system for future use on test.  
The health and safety issue building the probe are the standards health and safety issues for machine shops.  The probe will be created and build in one of the NHMFL machine shops so all safety protocols will be followed according to NHMFL lab safety standards.  During the actual testing there are safety issues for those who operate the test.  Only trained personnel who have taken NHMFL safety courses can operate the test.  These and all other safety issues associated with liquid helium and critical current testing are covered in these safety courses.  If all safety instructions and protocols are followed there is little danger to the operator of the test.
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Appendix A – Copper and HTS Lead Calculations
A.1 One Dimensional Heat Conduction on Copper Leads

One Deminsional Heat Conduction: no convection
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A.2 One Dimensional Heat Conduction and Convection on Copper Leads

Constants for calculations with convection
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Distance in meters starting in the   cryogenic portion
Temperature Profile of Leads before converction
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Temperature profile of gas
[image: ]
Various Constants of helium dependent on temperature
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Surface contact, Raleigh, Prandtl,
and Nusselt for vertial plates forced convection 
Measured mass flow rate/Velocity
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Range of values for the dimensionless constants
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Convection coefficient and range of values
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Temperature Profile of Lead with Convection
Equations from line of best fit through excel
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Temperature after convection
Temperature before convection
(incremented by .05 m)
(incremented by .05 m)
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A.3 Analysis of  HTS leads

Calculation for New HTS Probe
[image: ]
0.1218 meter up from the center of the magnet will be how long the HTS lead will need to be
for the starting point to be at 33K, according to temperature profile of existing lead
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Heat flux balance between copper lead and HTS lead without convection
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the HTS length according to heat flux balance is .1168 meters, this means that we can assume
the orginal length of 0.1218 meters with convection is accurate.
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Cross sectional area of the whole HTS lead, just the copper
part could not be found 
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The heat tranfered by the HTS lead to the helium bath
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A.4 Analysis of  HTS leads with One Dimensional Conduction

Temperature Profile of HTS lead without convection
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Distance Profile in meters
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Temperature Profile
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A.5 Analysis of HTS leads with One Dimensional Conduction and Convection

Temperature profile of gas
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Various Constants of helium dependent on temperature
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Surface contact, Raleigh, Prandtl,
and Nusselt for vertial plates forced convection 
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Measured mass flow rate/Velocity
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Temperature profile of gas
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Various Constants of helium dependent on temperature
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Surface contact, Raleigh, Prandtl,
and Nusselt for vertial plates forced convection 
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Measured mass flow rate/Velocity
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Range of values for the dimensionless constants
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Convection coefficient and range of values
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Calculations of helium burn off rate are incorrect due to errors
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Appendix C – Graphs 
C.1 Data for Copper Leads








C.2 Data for HTS






Appendix D – Fin Analysis
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Appendix D – Jacket Analysis
The heat transfer rate of the G10 is lower than the Stainless steel when used as a casing.
This can be seen from the following calculations
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from Cryogenic Tables
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assume between 250-300K average
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Heat transfer for solely stainless steel casing
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Heat transfer rate of the stainless steel casing in the cryostat assuming 4.2K at the bottom surface and 300K at the top surface
G10 and Stainless steel casing
Heat transfer for portion of stainless steel casing
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Heat transfer rate of the lower casing made out of G10 instead of stainless steel.  This rate is much lower and therefore more efficient to use
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<------ this is the heat transfer rate of the proposed design for the casing
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Appendix E – Figures

Figure 1
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Figure3
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Figure 4
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Figure 5
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Appendix F – Tables

Table 1
	Objectives

	Conserve helium

	Test 6-8 short samples

	Test one spiral sample

	Deliver 1000 Amps to the samples

	Durability







Table 2


[image: ]




	Concept Selection Table 

	Concepts 
	Accepted 
	Helium Savings
 (per test) 
	Final 

	Heat Exchanger 
	No 
	--- 
	No 

	HTS Lead and Support 
	Yes 
	≤ 26% 
	Modified 

	Number of Leads 
	Yes 
	≤ 22% 
	Yes 

	Fins 
	Yes 
	9% 
	Yes 

	Gas Insulation 
	No 
	--- 
	No 

	Jacket Design 
	Yes 
	0.2% 
	Modified 


Table 3

Table 4
	Number of Samples
	1
	2
	3
	4
	5
	6
	7
	8

	# Leads 
	2
	3
	4
	5
	7
	8
	9
	10



Table 5
	Number of Samples
	Number of Leads needed 
	He losses During Magnet ramping (L)
	He losses During Testing (L)
	He Losses During Magnet cool down (L)
	He Losses for single test (L)
	Number of test required 
	He Losses over total test (L)

	1
	2
	7.50
	1.56
	50.00
	59.06
	6
	354.38

	2
	3
	11.25
	4.69
	50.00
	65.94
	3
	197.81

	3
	4
	15.00
	9.38
	50.00
	74.38
	2
	148.75

	4
	5
	18.75
	15.63
	50.00
	84.38
	2
	168.75

	5
	7
	26.25
	27.34
	50.00
	103.59
	2
	207.19

	6
	8
	30.00
	37.50
	50.00
	117.50
	1
	117.50

	7
	9
	33.75
	49.22
	50.00
	132.97
	1
	132.97

	8
	10
	37.50
	62.50
	50.00
	150.00
	1
	150.00



Table 6
	Number of Leads
	He Losses per total test (L)

	2
	354.38

	3
	197.81

	4
	148.75

	5
	168.75

	7
	207.19

	8
	117.50

	9
	132.97

	10
	150.00


Table 9
	Jacket Dimension
	Value

	Cryostat Depth
	

	Length
	1.74m

	Thickness
	5.84mm

	Radius
	55mm

	Cross sectional area
	107.146mm2

	Length
	1.74m

	Top Surface Temperature*
	300K 

	Lower Surface Temperature*
	4.2K


Table 10
	Jacket portions
	Length

	Stainless steel
	0.711 m

	G10
	1.029 m



Table 11
	
	Temperature at L=1m

	Surface 
	250K

	Gas 
	105K



Table 12
	Thickness (mm)
	Assumption 2 (m*L)
	Tanh(m*L)
	Qfin (W)

	0.1
	9.747
	1
	11.182

	0.25
	6.164
	1
	10.821

	0.4
	4.873
	1
	10.511

	0.5
	4.359
	1
	10.33

	0.6
	3.979
	0.999
	10.164

	0.75
	3.559
	0.998
	9.944



Table 13
	Fin Dimensions
	Value

	Lead length, LCu
	1,087 mm

	Convection heat transfer rate, h
	1.639 W/m2K

	Thermal conductivity, k
	401 W/m*K

	Inner radius, r1
	2.0 mm

	Corrected radius, r2c
	4.187 mm

	Corrected Length, Lc
	1,078 mm

	Corrected Area, Ap
	539.125 mm2

	Area of fin
	85.018 mm2

	Spacing
	2.0 mm

	Area of section with no fin
	25.133 mm2

	
	





Table 14
	Heat transfer 
	

	Finned Copper Lead
	9.628W

	Unfinned circular copper lead
	6.337W

	Increase
	3.291W

	
	



h Vs. Distance
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Prandtl
Temperature Profile before convection
0.05	0.1	0.15000000000000019	0.2	0.25	0.30000000000000032	0.35000000000000031	0.4	0.45	0.5	0.55000000000000004	0.60000000000000064	0.65000000000000102	0.70000000000000062	0.75000000000000089	0.8	0.85000000000000064	0.9	0.95000000000000062	1	1.05	1.1000000000000001	1.1499999999999984	1.2	16.524999999999999	28.85	41.175000000000011	53.5	65.824999999999989	78.149999999999991	90.474999999999994	102.8	115.12499999999999	127.45	139.77499999999998	152.1	164.42500000000001	176.75	189.07499999999999	201.4	213.72499999999999	226.05	238.375	250.7	263.02499999999969	275.35000000000002	287.67500000000001	300	Distance (m)
Temperature (K)
Temperature Profile After Convection
0.05	0.1	0.15000000000000019	0.2	0.25	0.30000000000000032	0.35000000000000031	0.4	0.45	0.5	0.55000000000000004	0.60000000000000064	0.65000000000000102	0.70000000000000062	0.75000000000000089	0.8	0.85000000000000064	0.9	0.95000000000000062	1	1.05	1.1000000000000001	1.1499999999999984	1.2	16.02	27.844999999999999	39.678000000000011	51.518000000000001	63.37	75.236999999999995	87.121999999999986	99.031999999999996	110.97199999999999	122.9490000000001	134.97	147.04399999999998	159.18	171.3870000000002	183.67699999999999	196.059	208.547	221.15300000000002	233.89200000000019	246.77599999999998	259.82100000000003	273.04199999999969	286.45699999999948	300	Distance (m)
Temperature (K)
Reynolds Number Vs. Distance
1.0000000000000005E-2	2.0000000000000011E-2	3.0000000000000002E-2	4.0000000000000022E-2	0.05	6.0000000000000032E-2	7.0000000000000021E-2	8.0000000000000043E-2	9.0000000000000024E-2	0.1	0.11	0.12000000000000002	0.13	13.578000000000001	133.05800000000019	260.18700000000001	381.58499999999964	497.44299999999993	607.94999999999948	713.28500000000054	813.62400000000002	909.13800000000003	999.99199999999996	1086	1168	1246	Distance (m)
Reynolds Number
Nusselt Number Vs. Distance
1.0000000000000005E-2	2.0000000000000011E-2	3.0000000000000002E-2	4.0000000000000022E-2	0.05	6.0000000000000032E-2	7.0000000000000021E-2	8.0000000000000043E-2	9.0000000000000024E-2	0.1	0.11	0.12000000000000002	0.13	1.4829999999999985	4.641	6.4889999999999999	7.8569999999999975	8.9700000000000006	9.9150000000000027	10.739000000000001	11.468	12.120999999999999	12.710999999999999	13.246999999999998	13.736999999999998	14.185	Distance (m)
Nusselt
Prandtl Vs. Distance
1.0000000000000005E-2	2.0000000000000011E-2	3.0000000000000002E-2	4.0000000000000022E-2	0.05	6.0000000000000032E-2	7.0000000000000021E-2	8.0000000000000043E-2	9.0000000000000024E-2	0.1	0.11	0.12000000000000002	0.13	0.70100000000000062	0.70000000000000062	0.70000000000000062	0.70000000000000062	0.70000000000000062	0.70000000000000062	0.69899999999999995	0.69899999999999995	0.69899999999999995	0.69899999999999995	0.69799999999999995	0.69799999999999995	0.69799999999999995	Distance (m)
Temperature (K)
Convection Vs. Distance
1.0000000000000005E-2	2.0000000000000011E-2	3.0000000000000002E-2	4.0000000000000022E-2	0.05	6.0000000000000032E-2	7.0000000000000021E-2	8.0000000000000043E-2	9.0000000000000024E-2	0.1	0.11	0.12000000000000002	0.13	3.53	2.5249999999999999	2.085	1.827	1.653	1.526	1.428999999999998	1.3520000000000001	1.29	1.238	1.1940000000000015	1.1559999999999984	1.1240000000000001	Distance (m)
h (W/(m^2*K))
Critical Current Ic vs Applied Field
at Different Temperatures 
4.2K	1	1.5	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	18	20	22	24	25	26	28	30	31	1539.2999159999999	1226.3997899999999	999.59983200000011	754.38455399999998	608.03080799999998	499.15403999999995	434.43338399999993	401.90765999999985	357.768642	327.95485799999994	302.39979	285.36307799999992	262.95653999999985	249.16029600000005	236.660886	224.86140600000007	216.93902999999997	197.21717399999997	181.89217200000002	170.92152000000002	164.347722	154.43089199999997	151.20012600000001	144.62586599999995	138.05206800000002	135.36923400000001	30K	0.2	0.40001000000000003	0.60001000000000004	0.80001	1.0000199999999999	1.5000199999999999	2.0000200000000001	2.5000200000000001	3.0000300000000002	3.5000300000000002	4.0000299999999998	4.5000299999999998	5.0000299999999998	5.5000299999999998	6.0000299999999998	6.5000299999999998	7.0000299999999998	7.5000299999999998	8.0000400000000003	8.5000300000000006	9.0000400000000003	9.5000300000000006	10.00005	10.50004	11.00004	11.50005	12.00005	12.50005	13.00005	13.50005	14.00006	14.50004	15.00006	15.50005	16.000039999999991	1067.607618	920.78309400000001	845.04650999999978	717.88886400000001	649.51886999999999	511.70519399999995	443.19151799999986	377.39578799999992	345.92850599999986	307.54508399999997	281.20553999999987	254.02885199999994	230.428044	210.18874800000003	194.95568399999999	181.72492800000001	170.85453000000001	161.34287399999999	150.97282200000001	143.74945199999996	135.38217000000003	128.08719000000005	122.72336999999999	117.57437999999999	112.06733999999999	107.204328	102.91327199999999	98.121407999999988	94.045181999999983	90.61206	87.322619999999986	83.961107999999996	80.242007999999984	78.239700000000013	74.949798000000001	50K	0.2	0.40001000000000003	0.60001000000000004	0.80001	1.0000199999999999	1.5000199999999999	2.0000200000000001	2.5000200000000001	3.0000300000000002	3.5000300000000002	4.0000299999999998	4.5000299999999998	5.0000299999999998	5.5000299999999998	6.0000299999999998	6.5000299999999998	7.0000299999999998	7.5000299999999998	8.0000400000000003	8.5000300000000006	9.0000400000000003	9.5000300000000006	10.00005	10.50004	11.00004	11.50005	12.00005	12.50005	13.00005	13.50005	14.00006	14.50004	15.00006	15.50005	16.000039999999991	516.71142599999996	449.05614599999996	393.55885799999993	341.56583999999992	316.96387799999991	264.04131599999994	220.98799800000003	196.67201399999999	171.498096	151.18719000000002	136.31171400000002	121.29301799999999	108.99226800000001	99.122561999999988	90.540911999999992	82.029947999999976	75.450605999999993	68.863871999999986	63.528696000000011	58.772868000000003	54.345983999999994	50.684172000000004	46.664772000000006	43.475124000000001	40.478592000000006	37.903866000000001	34.893012000000006	32.890704000000007	30.251760000000001	28.585325999999991	26.239752000000003	24.523421999999997	22.749804000000001	21.176231999999999	19.624373999999996	77K	0.2	0.40001000000000003	0.60001000000000004	0.80001	1.0000199999999999	1.5000199999999999	2.0000200000000001	2.5000200000000001	3.0000300000000002	3.5000300000000002	4.0000299999999998	4.5000299999999998	5.0000299999999998	5.5000299999999998	6.0000299999999998	6.5000299999999998	7.0000299999999998	7.5000299999999998	8.0000400000000003	8.5000300000000006	9.0000400000000003	9.5000300000000006	10.00005	10.50004	11.00004	80.742815999999991	67.040357999999998	59.080098000000007	53.001564000000002	47.365626000000006	35.601258000000001	27.391055999999995	21.290808000000006	16.441655999999995	12.630155999999999	9.4973340000000004	7.0972439999999999	5.1143399999999977	3.630857999999999	2.4703139999999997	1.614228	1.043658	0.61815599999999993	0.36636600000000008	0.19588799999999998	9.3786000000000022E-2	3.4464091199999998E-2	8.7179400000000004E-3	1.8472885200000008E-3	6.1533318000000007E-4	Applied Field (T)
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Temperature (K)
Critical Current Ic vs Applied Field
at Different Temperatures 
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Temperature Profile before convection
0.05	0.1	0.15000000000000024	0.2	0.25	0.30000000000000032	0.35000000000000031	0.4	0.45	0.5	0.55000000000000004	0.60000000000000064	0.65000000000000135	0.70000000000000062	0.75000000000000122	0.8	0.85000000000000064	0.9	0.95000000000000062	1	1.05	1.1000000000000001	1.1499999999999975	1.2	16.524999999999999	28.85	41.175000000000011	53.5	65.825000000000003	78.149999999999991	90.474999999999994	102.8	115.12499999999999	127.45	139.77499999999998	152.1	164.42500000000001	176.75	189.07499999999999	201.4	213.72499999999999	226.05	238.375	250.7	263.02499999999969	275.35000000000002	287.67500000000001	300	Distance (m)
Temperature (K)
Temperature Profile After Convection
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Temperature (K)
Helium Losses Per Test vs Number of Leads
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Temperature Profile After Convection
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