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To enable turboelectric aircraft that utilize fully superconducting motors and generators, 

testing of high-current, low-AC-loss superconducting wires and coils must be performed. A 

preliminary investigation was conducted on the critical current capability of a magnesium 

diboride sample and on the complications that arise from testing the sample with a cryocooler.  

While a cryocooler provides the benefit of a wide and continuous operating temperature 

range, cooling a sample by conduction through solid media without a heat-exchange gas is 

difficult. This paper outlines the hardware and software used to conduct the first DC 

performance tests on magnesium diboride superconducting samples, along with several check-

out tests and mitigation steps needed to produce quality superconducting data using a 

cryocooler rather than a cryogen. 

I. Introduction and Background 

his paper presents preliminary superconducting sample data taken as part of a program to enable fully 

superconducting turboelectric aircraft. The NASA N3-X is a turbo-electric, blended-wing-body concept aircraft 

using distributed propulsion, which requires superconducting technology development. Several papers have been 

published on noise and emissions [1], flow simulations [2], propulsion system [3], and the high-power propulsion 

electrical grid of the NASA N3-X [4]. Felder et al. [3] notes that decoupling the propulsive fans from the power-

producing devices will enable performance and design flexibility. As the propulsion power requirement increases, so 

must the engine size, and it becomes favorable to use electrical transmission networks rather than mechanical 

transmission. To keep efficiency high, superconducting devices could be used for power transmission, generators, and 

motors [3]. However, before fully superconducting aircraft can be realized, high-current carrying, low-ac-loss coils 

for motors and generators must first be developed and tested. AC losses in superconductors arise from several 

mechanisms, including hysteresis, eddy currents, coupling losses, self-field losses, and other lower order 

contributions.  

A number of superconductors are commercially available that might be considered for the aircraft application, but 

the need for low ac losses for conductors used in the stators of electric machines narrows the choice.  Yttrium barium 

copper oxide (YBCO) has a critical temperature above the liquid nitrogen (LN2) boiling point and can sustain high 

critical currents and magnetic fields.  However, YBCO coated tapes have high ac losses due to the wide tape geometry 
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[5].  Attempts have been made to lower ac losses for YBCO by developing striated multifilamentary thin films [6, 7]. 

The study was successful in showing some reduction in hysteretic losses with minimal degradation of the 

superconducting properties. Bismuth strontium calcium copper oxide (BSCCO) also has useful current capacity in the 

30-60K range but because it too is available commercially only in tape form, it suffers the same drawback as YBCO. 

On the other hand, magnesium diboride (MgB2), with a critical temperature of 39K, is of interest because it can carry 

high current density, can be made into multifilament wires using the powder-in-tube (PIT) process and can be twisted 

– resulting in lower hysteretic losses. Furthermore, studies have shown that introducing impurities into MgB2 samples 

(i.e. doping) changes the superconducting properties [8-14] favorably. Doping increases the critical current density, 

Jc, and upper critical field, Hc2, of MgB2 with a drawback of yielding a reduced critical temperature, Tc. Overall, it is 

therefore important to find the optimal doping agent and molar percentage to maximize current carrying capability. 

For laboratory evaluation of MgB2 conductors, liquid hydrogen (LH2), liquid helium (LHe), gaseous helium (GHe), 

liquid neon (LNe), gaseous neon (GNe) and cryocoolers can be considered to investigate the superconducting state. 

LNe is expensive, has the highest boiling point (27.4K) of the cryogens listed and freezes at 24.5K, a range too narrow 

unless the gaseous state is also used. LHe is expensive but provides the coldest but most narrow operating range. LH2 

is cheaper than LHe, provides better heat transfer properties, but provides only a narrow range of available 

temperatures.  It also presents greater safety issues than many laboratories are willing to accept. GHe may also be a 

viable choice but presents some difficulties in heat transfer and temperature control.  A preferred option is the inherent 

safety and wide temperature range of the cryocooler to provide cryogenic temperatures, though there are definitely 

operational complexities involved. 

 This paper presents MgB2 superconducting experiments that use a cryocooler as the active heat exchange and 

discusses pros and cons of using this method. Experiment design, experimental procedure, and uncertainty analysis 

are discussed. Results are then presented on the cooling system performance, sample performance, and diagnostic test 

results. 

 

II. Experimental Description 

Several MgB2 samples were tested, all from a single strand of wire manufactured by Hyper Tech Research, Inc. 

(HTR). Figure 1 is a cross section of the MgB2 sample. The characteristics of this strand of wire were as follows: 

 

• Barrier: Niobium (Nb) 

• Multi sheath: Monel 

• Central fill: copper (Cu) 

• Powder material: MgB2 with 2% (molar) of carbon 

• Wire diameter: 0.83mm 

• Filling factor (volume fraction of superconductor to total volume of wire): 0.123 

 

This strand was manufactured using the continuous tube forming and filling (CTFF) method developed by HTR 

[15]. The manufacturer first fills the tubes with magnesium and boron powder and then heats the strands, causing the 

reaction to occur. This is known as the in-situ process. Unwanted reactions between the superconducting powder and 

neighboring material must be prevented, which is the reason why the barrier exists.  Three initial samples were used 

for check-out testing in the cryocooler-based system, one of which was burned out due to a lack of quench detection 

or protection. The data in this preliminary report is all from the fourth sample.   

A cryocooler and the attached experiment were mounted in the multipurpose vacuum vessel shown in Figure 2.  

The system operating temperature range is 12K-130K. Numerous ports are available for power, instrumentation, 

fluids, etc. The vessel is operated at high vacuum to minimize gas convection and conduction. A roughing pump was 

used to achieve 10-2 Torr and a turbomolecular pump was used to reach 10-5 Torr. Radiation from the room-

temperature vessel walls was reduced by aluminum foil sheets placed along the walls of the vessel. These features 

minimized the parasitic heat leak into the sample and into the cryocooler coldhead and simplified the thermal analysis 

of the sample and its fixtures. 
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Figure 1. MgB2 cross section from Hyper Tech Research, Inc. 

 

 

 
Figure 2. Test Vessel 

 

 

III. Experimental Design 

The cryocooler uses compressed GHe to extract heat from the coldhead inside the vessel. Controlled heat was used 

to adjust the operating temperature. The electrical system included a sample current power supply, a nanovoltmeter 

and a temperature controller. The nanovoltmeter sensed voltage across the sample while the temperature controller 

was used to control and monitor temperature data from seven sensors in the sample space. A LabVIEW program 

collected data from the various Cernox sensors and the silicon diode temperature sensors. 

Figure 3a shows the test setup suspended from the cold head of the cryocooler. There was a long thick copper L-

bracket for mounting the MgB2 short sample and a shorter thick copper L-bracket used as a heat sink for the high-

current leads. Eight (four positive and four negative) 16-gauge wires carried current from the room temperature feed-

throughs to the heat sink copper plates, which were attached to the shorter L-bracket with a thermally conductive but 

electrically insulating epoxy with 50-100 micron glass beads. From the heat sink plates to the superconducting sample 

only two wires per polarity were required because of the higher electrical conductivity of the copper at the low 

temperature.   
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Figure 3b shows a diagram of the test setup outlining the location of the various sensors, the MgB2 test sample, 

wiring, and the front and back of both L-brackets. The small rectangles labeled A, B, C, D2, D3, and D4 indicate the 

temperature sensor locations. Sensor D1 (not shown) was placed on the coldhead. Sensors A and C were calibrated 

silicon diodes, B was a calibrated Cernox, and D1-4 were calibrated silicon diodes. Almost all temperature sensor 

wires were attached to heat sink copper plates before leaving the vacuum vessel to limit heat leaks into the sensors. 

The leads for sensors B and C were wrapped around heat sinking spools attached to a copper plate, which in turn 

attached to the coldhead. Wire pairs were twisted to reduce electromagnetic induction. Temperature sensors had four 

leads, two wires for current and two voltage across the sensor. This measurement method is known as four-terminal 

sensing and is used in many measurement devices. 

 

 

                    
Figure 3. Photo (a) and diagram (b) of test setup. A, B, C, D2-D4 denote temperature sensor locations. 

 

A. Experimental Procedure 

The electric field criterion defined by Ekin [16] was used to determine the point at which the superconductor 

became a “normal” conductor. Ekin mentions that a critical voltage level cannot be chosen because it would change 

with wire length, therefore a critical electric field value must be chosen. Typically, the critical electric field is chosen 

as 𝐸𝑐 = 1 𝜇𝑉/𝑐𝑚. The effective sample length of MgB2 was 11.5 cm, therefore the defined voltage threshold was 

11.5 µV.  

Two methods of determining the critical current were tested, and it was found that one method was favored over 

the other. The first method required fixing the current and then changing the temperature until the nanovoltmeter read 

12 µV. The second method, in which temperature is fixed and current is varied, was chosen to conduct DC tests. It 

was much more difficult to precisely change the temperature of the sample than to change the current, therefore the 

second method was preferred. This second method produced V-I curves which were used to determine the critical 

current from Ekin’s criteria. All data shown in this paper used the second method.   

A heater was used to adjust temperature because the cryocooler has no throttle. The first heater was mounted in an 

aluminum block and its surface area in contact with the cold head was relatively small, therefore large thermal time 

constants were observed. An improved heater block made of copper was designed with much larger heat transfer area. 

Testing showed drastic reduction in response time; results are presented in the next section.  

 

B. Measurement Uncertainty 

There are several sources of uncertainty in the data taken. The calibrated silicon diodes have an uncertainty of 

31mK at 30K. The calibrated silicon diodes have an uncertainty of 12 mK at 30K. The calibrated Cernox sensors have 

an uncertainty of 9 mK at 30K. For average temperature data between multiple sensors, such as between sensors A 

and B, the uncertainty was calculated based on the root-sum-square of the individual uncertainties. The power supply 

has a front panel display uncertainty of 0.7% + 300 mA of the reading. The nanovoltmeter is accurate to 0.015% of 

the reading. The vacuum pressure transducer accuracy changes with range; for the pressure ranges of 5 × 10−8 to 

10−3 Torr, 10−3 to 50 Torr, and 50 to 1000 Torr the readings are accurate to 30%, 5%, and 1% respectively. The 

heater power supply has a front panel display accuracy of 0.1% + 100mV of the reading. 
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IV. Results and Discussion 

A. System Testing 

System performance in terms of vessel evacuation and cryocooler cooldown were measured at the outset.  Figure 

4a shows a typical vacuum vessel pump-down curve using only a roughing pump. Error bars are shown at 

approximately 5 and 37 minutes. After reaching ~10-2 Torr, the cryocooler compressor is turned on, initiating the 

chilldown shown in Figure 4b. In Figure 4b, MgB2 Top is sensor A, MgB2 Bottom is sensor B, and the coldhead sensor 

is D1. Four other sensors were used but are omitted from the figure for clarity. Error bars are included in this plot at 

the 5-minute mark. Figure 4b shows that thermally well-connected parts of the system reach roughly 30 K in less than 

40 minutes. Continued chilling brings those parts down to ~12K in less than one hour. The sensors attached to points 

with longer conduction paths, such as the MgB2 bottom, show longer chill down times. 

 

 

  
Figure 4. (a) Pump-down curve using only the roughing pump and (b) Chilldown curves for three sensors on 

test setup. 

 

B. Checkout Testing 

Two main check-out tests were conducted to improve the quality of the data. First, accurate temperature 

measurement and temperature oscillations at steady state were addressed. Secondly the issue of sample quenching and 

burnout was addressed.  

As previously noted, the cryocooler was not “throttle-able”; it runs only at full performance with a cold head 

temperature that depends on the heat load into the cold head. It delivers a known lift at a given temperature. Heaters 

were therefore used to regulate the set point temperature.  Before passing current through the superconductor, it was 

desired to have a steady state temperature. Initial test results indicated the existence of temperature fluctuations of up 

to 3K at a 50K set point irrespective of sensor location as shown in Figure 5a. Oscillations this large are unacceptable 

due to the highly temperature-sensitive critical current. These oscillations were primarily thought to be inherent to the 

cryocooler coldhead.  Besides the oscillations, it was found that using uncalibrated diodes and Cernox sensors yielded 

far too much uncertainty in temperature measurements. 

      Three corrective approaches were implemented to reduce temperature uncertainty:  a) using ultra-low uncertainty 

Cernox sensors, b) correcting/calibrating the remaining sensors, and c) installing a new copper heater block designed 

with maximum coverage area over the coldhead. The oscillations could only be addressed by closed loop control.  The 

result of a closed-loop proportional-integral-derivative (PID) test is shown in Figure 5b. As shown, there is excellent 

step response in temperature with voltage. Also, fluctuations across the sample are minimized to < 0.2 K.  It was 

calculated that introducing additional mass in thermal contact with the sample holder and adding some thermal 

resistance between the heater block and the cold head would reduce oscillations significantly, but this approach has 

not been implemented. 

Second, quench protection and/or detection was addressed. When the MgB2 sample leaves the superconducting 

state, rapid heating occurs if high current is still carried through the wire. To prevent damage to the sample in the 

absence of a quench-detection circuit, a passive shunt in the form of copper wires in parallel to the MgB2 sample was 

used such that current would be shared with the shunt when resistance in the MgB2 sample increased. This presented 
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some uncertainty in the current carried by the MgB2 sample because the current was only measured externally.  The 

split of current between the superconducting sample and the protective shunt cannot be accurately predicted because 

of unknown solder joint resistances. However, calculations estimated the approximate error in the current 

measurement, and it was found that the uncertainty would be negligible if a low resistance solder was used. Previously, 

indium-tin solder was used for attaching the MgB2 sample to the copper plates. Calculations indicated that using pure 

indium solder would reduce the solder joint resistance enough to make the sample current predictable.  Pure indium 

solder has lower resistivity than an indium-tin eutectic alloy but a higher melting temperature. The low resistivity 

decreased the leakage current uncertainty to the shunt during normal testing.  

 

  
Figure 5. (a) Oscillations of temperature readings from various sensors and (b) Temperature results from 

new heater block. 

 

However, an external electrical shunt introduced by a controlled system would be a much better tool for the 

experimental setup because it would eliminate the current uncertainty in the internal parallel conducting path. Another 

possible approach is controlled shut down.  Dubé and Goodrich [17] designed a quench detector circuit using 

operational amplifiers to detect when the signal voltage from the sample exceeded a reference voltage. The result is a 

drop in the output voltage, which is sensed by the power supply to shut down the current.  

The results of the quench detector circuit are shown in Figure 6 in terms of the circuit input and output voltage. 

The input to the quench detector is the voltage across the superconductor and the output of the quench detector controls 

the power supply. During a rapid increase in voltage from the voltage taps on the superconductor (indicating a 

transition from superconducting to normal behavior), the output voltage of the detection circuit drops from a high state 

to a low state. This can be sensed to shut down the power supply current. As shown, there is excellent time response, 

and this drop in output voltage occurs within 250 ms to shut down the power supply.  

 

C. DC Superconducting Testing 

Figure 7 shows seven V-I curves for MgB2 sample #4 at various temperatures near the warmest allowable 

temperatures for which the sample is still superconducting. Error bars are plotted on the highest voltage measurement 

for each test, but they are barely discernable. The temperature values shown in the legend of Figure 7 correspond to 

the average temperature between sensors A and B at the critical current. Figure 7 is an important plot because it depicts 

the DC transition point from superconducting to the normal state.  As shown, as sample temperature decreases, the 

superconductor critical current increases quite rapidly. Over just a ~2K range from 31 K to 33.2 K, allowable current 

rises from 2 to 100 A. Although difficult to see in Figure 7, prior to the sharp rise in voltage near the transition point, 

the voltage across the superconductor is nearly zero for each curve, indicating superconducting behavior.  This may 

be compared with the voltage for a copper wire with the same dimensions which would have a resistance on the order 

of 40 micro-ohms (assuming a residual resistance ratio of 100, typical for OFHC commercial copper), and at 10 A 

current, for example, would yield a voltage of 400 microvolts.  

From Figure 7, compared to a theoretical critical temperature of 39K for pure MgB2, the observed critical 

temperature of the sample at nearly zero current is approximately 33.7K. The disparity may be due to various causes, 

particularly the result of doping.  G Z Li et al. [10] reports a critical temperature of 38.2K for non-doped MgB2, 35.4K 
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for 2% carbon doping, and 33.2K for 3% doping.  Doping is used, as mentioned earlier, to increase the critical magnetic 

field and critical current density. 

 

 

 
Figure 6. Normalized output and input voltage. 

 

 

 

 
Figure 7. DC test results of MgB2 sample #4. Temperature in this plot is average temperature between 

sensor A and B. 

 

 

V. Conclusion 

Cryocooler-based cooling for superconductor testing is a more flexible alternative to using conventional liquid or 

gas cooling, but at the cost of higher operational complexity. This paper presented preliminary MgB2 short sample 
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data and outlined a few of the difficulties that arise in testing superconductors using cryocooler-based cooling. Issues 

and mitigation steps are summarized below: 

 

 Temperature sensors – Use properly heat-sinked, calibrated sensors. 

 Temperature oscillations – Use closed loop heater control and possibly larger thermal mass near the 

experiment with some added thermal resistance between the cold head and the experiment.  

 Temperature gradient across sample – Shorten thermal conduction path across sample. 

 Heating time constants – Use closed-loop control with properly configured proportional-integral-derivative 

coefficients and ensure that heater and sense resistor are in close proximity. 

 Quench and burnout detection – Build a quench detection circuit to monitor sudden increases in 

superconducting output voltage to shut off power supply current to the sample. At a minimum, use a simple 

shunt. 

 

Planned future work includes DC testing of multiple other MgB2 wires, and eventually coils. Afterwards, AC loss 

tests can commence. 
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