
Introduction


Detection of nicks, cuts, cracks or corrosion is an important part of the aeronautics industry.  Civilian corporations, the military and other government agencies require a method of early detection of flaws in the structure of aircraft and spacecraft in order to prevent these flaws from causing catastrophic failure of the structure.  Nondestructive testing (NDT) using magnetic sensing techniques such as eddy-current testing have been in use for many years.  One limitation of eddy-current testing is the shallow skin depth penetration of the materials used in airframes—usually aluminum.  Other limitations include having to remove paint from metallic surfaces, and testing hard-to-reach joints and rivets.  


As will be shown, a Superconducting Quantum Interference Device, or SQUID for short, suffers far less from these drawbacks. A SQUID provides a true dc response; therefore, it allows a much deeper penetration depth than conventional eddy-current methods.  A SQUID operates in the range of flux quanta—2.07 x 10 –15 Wb-m2—offering unparalleled sensitivity. SQUIDs can reveal defects that are simply undetectable by other means.

Historical Overview

In 1913, Heike Kamerlingh Onnes was awarded the Nobel Prize in Physics for the work he and his staff performed five years earlier for “researches on the properties of matter at low temperatures.  Late in 1911, Onnes reported that below a critical temperature, the mercury had passed into a new state, which on account of its extraordinary electrical properties may be called the superconducting state.”
  By 1914, Onnes and his staff had established that superconductivity was dependent on the temperature of the sample, the current density through the sample, and the strength of the externally applied magnetic field in which the sample resides.


It would be another twenty years before research in superconductivity yielded the solution to yet another mystery.  In 1933, Walther Meissner and Robert Ochsenfeld discovered what is now known as the Meissner effect.
  That is, when a ring of superconducting material is placed in an external magnetic field such that the ring encloses some magnetic flux lines, and the material is then cooled to the superconducting state, the ring will expel the flux. 


Two years later, in 1935, the First and Second London Equations
 were formulated and proposed by Fritz and Heinz London:


[image: image61.emf]
where m* is the effective mass of the bound pair of electrons, n* is the number of bound pairs of electrons, and q* is 2e—twice the charge of an electron.  Although derived empirically, the First and Second London equations provided a working description of the superconducting phenomena.  Even so, Fritz London realized that superconductivity is a quantum mechanical phenomenon born out on a macroscopic scale.  In a monograph published in 1950, Fritz London states: “… the long range order of the mean momentum vector would be due to the wide extension in space of the wave functions representing the same momentum distribution throughout the whole metal in the presence as well as in the absence of a magnetic field.  Hence this would not be a mobile electronic lattice, but rather a quantum structure on a macroscopic scale.”
  Or as Dr. Richard Feynman wrote:  “the peculiar quantum mechanical behavior of matter on a small scale doesn’t usually make itself felt on a large scale except in the standard way that it produces Newton’s laws—the laws of so-called classical mechanics.  But there are certain situations in which the peculiarities of quantum mechanics can come out in a special way on a large scale.”

Quantum Mechanics and Superconductivity

What follows is a brief outline of the quantum mechanical development of the superconducting phenomena.  The first task is to write down the general SchrÖdinger Equation for a charged particle in a vector potential:
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(1)

where A is the vector potential and  is a general scalar potential.

Next, we use the probability density 
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to find an expression for the probability current J.  What would be helpful to know is whether there exists a current J such that
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The reason being that, even though J is known as the probability current, in the case of superconductivity, there are so many electrons in the same state that J becomes an electric current.  We now take the time derivative of the probability density,
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and plug it into the SchrÖdinger Equation to arrive at an equation for the time rate of change of the probability density
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where the current is given by
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With a little rearranging of terms, we have 
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“It turns out that in quantum mechanics with magnetic fields it is the p-momentum 

[mv + qA, as opposed to the kinematic momentum mv] which is connected to the gradient operator (, so it follows that 
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is the operator of a velocity.”


In other words, the equation for J seems reasonable because it appears to contain a particle density—((*—operated on by a velocity operator.  What may require some explanation is the fact that the velocity operator is made up of two parts, (/ m and qA/m.  The first part of the operator is expected—it is merely the kinematic, or mv-momentum.  However, the second part is necessary because it describes a charge particle’s momentum due to a vector potential A.  It is because the SchrÖdinger equation does not change in the first instant—only the SchrÖdinger equation’s rate-of-change changes—that is the momentum identified with the ( operator is p = mv + qA.

Superconductivity


Initially, quantum mechanics was developed to explain why an electron does not spiral into the nucleus as it orbits. It was also thought that the SchrÖdinger Equation gave the position of the electron in its orbit, but it was Max Born who supplanted that idea with the interpretation of the SchrÖdinger Equation as giving the probability of finding an electron in a certain place.
  In this interpretation, the square of the amplitude does not give the charge density; rather, the square of the amplitude is the probability per unit volume of finding an electron in a certain space.


However, when dealing with a superconducting material, the square of the amplitude can be related to the charge density because of the large number of electrons occupying the same state.  In qualitative terms, the electron interaction with the vibrations of the atoms in the lattice network of the superconductor—the so-called electron-phonon interaction—results in the electrons forming bound pairs.  When two electrons are bound in a pair, they act as a boson rather than a fermion.  This means that the electron pairs want to be in the same state, so it is difficult to separate them.


The bound pairs, however, are not held together so tightly that they can be considered a point particle.  “Indeed, that was one of the difficulties in understanding the phenomena; the two electrons which form the pair are spread out over a considerable distance.”
  This means that the SchrÖdinger equation, as it has been written, requires some modification.  In this case, q must be 2e because the phenomena deals with bound pairs of electrons. Unfortunately, the distance between the pairs is unknown, so the effective mass m is unknown.  Working with what is available, the first step to write the state equation as the square root of the charge density multiplied by a phase factor:
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Substituting this equation into the current equation gives
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(2)
Flux Quantization


Some of the resulting strange behavior of superconductivity can now be investigated.  For example, given a ring of superconducting material with no current in the material, equation (2) will give:
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Now, to find the flux we take the line integral of A around a closed curve ( such that the curve does not include any of the superconducting material; which gives
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And since the flux ( penetrating the curve ( is 
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This gives
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On the left hand side you will notice that we have the line integral of gradient, which can be written as the difference of the values of the vector function at those two points:
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Which gives
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One would expect q( to be zero if (1 = (2, but this is simply not true for the superconducting ring.  Should you follow the path back around to the same point, you should get the same value for the wave function, namely
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And this is only possible if ( changes by 2(.  So the left-hand side of equation (3) should be written
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so that
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This shows that the flux will be trapped inside a superconducting ring in integer multiples of q((( 2(ħ!
Josephson Junction
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Suppose we now have the following situation: two identical superconductors separated by a thin insulator such that a junction is formed.  The insulator is thin enough to allow the paired electrons to tunnel through from side 1 to side 2 of the superconductor as shown in Figure 1 below.

With no magnetic field present, the coupled SchrÖdinger equations for this junction are
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Where the constant K is a characteristic of the junction.  Now, if the two sides of the superconductor are hooked up to the two terminals on a battery, as in Figure 2, there will be a potential difference V across the junction.  We can choose the zero of energy to be anywhere we like, so we shall choose it to be in the middle of the insulator such that 

U1 – U2 = qV.  Substituting these values into equations 4 and 5, we have
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Using the state functions
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we find with 
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The current from side 1 to side 2 is just 
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For a real superconductor, the charge densities of side 1 and side 2 are equal (because they are assumed to be identical); which means (1 = (2 = (0. So letting 2K(0 / ħ = J0 gives
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Now, with (1 = (2 = (0 as above
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Integrating with respect to time, we have
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[image: image51.wmf]SQUID Frequency Response
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Superconducting Quantum Interference Device (SQUID)


Suppose you now have the situation shown in Figure 3; that is, two junctions a and b connected in parallel.  Jtotal will be Ja + Jb, the sum of the currents through the junctions, with phases (a and (b respectively.  So, the phase change from point P to point Q is given by (PhaseP(Q for each path individually.  For the upper path,
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While the lower path is
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The difference in phase is (b - (a, which is
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As you recall, the line integral of the vector potential gives the flux ( through the center of the superconductor, so that 
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Now suppose that
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Then the total current is
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Using a trig identity, we have


[image: image38.wmf]00

sincos

e

total

q

d

=F

JJ

h


Even though nothing is known about (0—it could be whatever Nature wants it to be—we can say that its maximum value is one.  So the maximum current will be a function of the flux:
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And the cosine will be a maximum when 
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where n is any integer.  Therefore, the maximum current will vary with the flux (, and will have a maximum anytime


[image: image41.wmf]e

n

q

p

F=

h

;

which happen to be the same values we found for the values of flux quantization.

SQUID System Equipment

1 Low Temperature Superconducting Niobium SQUID

1 Quantum Design SQUID Controller (control electronics)

[image: image52.emf]1 Tristan Technologies 1-channel probe (as shown in Figure 4)

1 Tristan Technologies Nonmagnetic Liquid Helium Dewar

[image: image53.emf]Cooldown Procedure


What now follows will be a brief outline of the procedure for cooling the SQUID to liquid helium temperature.  This will allow us to take voltage measurements.  Prior to adding liquid helium to the dewar, it is necessary to pump down the vacuum space surrounding the helium reservoir.  This is accomplished using a roughing pump, a turbo pump, a mechanical gage (reading into the mTorr range), an electrical gage (reading into the Torr range), various quick-disconnect connections and some flexible tubing.  The pumps are connected in series fashion to the dewar through the flexible tubing.  All connections contain a clean O-ring which is greased with Dow-Corning® high vacuum grease.  These connections are clamped and tightly sealed.  The first pump to be started is the roughing pump; which takes a suction on the vacuum jacket of the dewar through the flexible tubing and turbo pump, and discharges to atmosphere. Once the mechanical gage read below the trip set point for the turbo pump—approximately  120 mTorr, the turbo pump was started.  If the turbo pump had been started after a prolonged shut down of the system—with the dewar—the turbo pump would have to run at least twenty-four hours to get the vacuum jacket into the Torr range.  Once the electronic gage read approximately 2 Torr, the vacuum valve on the dewar was closed.  The valve had to be closed prior to adding liquid helium because the low temperature of the liquid helium would cause the pressure in the vacuum cavity to be lower than the suction of the turbo pump. If this condition were to occur, the vacuum cavity would therefore draw oil out of the sump of the turbo pump and into the dewar.  With  the vacuum valve on the dewar shut, we are ready to add liquid helium.  

The transfer of helium is a two-person job.  One person must line-up the transfer line to the port on the probe, and the other must line-up the transfer line to the port on the storage tank.  Naturally, the warm metal coming into contact with the extremely cold liquid causes the helium to boil, so the pressure in the storage tank rises.  This increase in pressure above atmospheric pressure causes the helium to flow from the storage tank to the helium reservoir in the dewar.  Though once the transfer line has cooled, room temperature helium gas must be ported into the top of the storage tank at a pressure slightly above atmosphere to maintain flow.  

The helium level in the dewar is monitored using an electric level indicator.  The gage is wired to superconducting stick of metal in the helium reservoir.  As the helium level rises, the electrical resistance of the stick decreases, and the gage converts that resistance to a percentage which is then shown on the gage face as percentage of liquid helium.  For example, the gage converts the full resistance to 0% helium level and zero resistance to 100% helium level.  Once the helium level gage indicates 100%, the transfer of the liquid helium is stopped, and we are ready to begin taking measurements.

SQUID Classification and Electronics

Before continuing with the measurements taken, some mention must be made of the workings of the control electronics and the type of SQUID employed.  The type of SQUID is the deciding factor in the type of electronics package used, so we shall discuss the SQUID type first. 

There are several classifications of superconductor: low-temperature, high temperature, type I and type II.  High temperature superconductors are those materials that become superconducting at above the boiling temperature of liquid nitrogen, 77 Kelvin.  Low temperature superconductors require the use of liquid helium, which boils at 4.2 Kelvin.  

Type I superconductors are those materials that exhibit the Meissner effect; that is, when a ring of the material is cooled to the superconducting state in a magnetic field, these materials expel the magnetic flux which threads the ring.  However, Type II superconductors allow some flux penetration.

There are also two classifications of SQUID—rf and dc.  An rf SQUID is biased with AC current and requires only a single Josephson Junction.
  In contrast, a dc SQUID is biased with DC current and requires two Josephson Junctions; which must be matched for proper operation.
 The NASA SQUID is a type-I, low-temperature Niobium dc SQUID.  


Because the SQUID is of the dc type, the control electronics are somewhat complicated, so I shall discuss them briefly before moving on to the measurements.  As was previously mentioned, the dc SQUID acts as a nonlinear flux-to-voltage transducer.  The figures below show the voltage-to-current relationship (V - I), the voltage-to-flux relationship (V - (), and the voltage response of a dc SQUID to a modulating flux.  
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[image: image55.emf]
For a dc SQUID, a change in applied flux (A leads to a phase difference across the junctions.  This phase difference then leads to a detectable voltage difference across the loop.  As long as the bias current, typically twice the critical current
, is held constant, the SQUID voltage will vary between two values—Vmin and Vmax—as shown on the V – I curve as the applied flux varies between n(0 and (n+1/2) (0.  So the V - ( curve is roughly sinusoidal with a period (0.  A modulating flux, when applied to the SQUID at three different operating points, will elicit three different voltage responses Vs, as shown in the figure.

In order “to linearize the V - ( curve, we introduce the flux locked loop (FLL)”.
  The SQUID output is fed into a lock-in amplifier which is referenced to the modulating flux (M, which is itself a function of some frequency .  The modulating flux is applied to the SQUID such that  (M(= (M sin(t), where 

(M <= (0 / 2.  If the flux in the SQUID is a multiple of (n/2)(0, then the FLL output is 0 Vdc.  However, should the flux in the SQUID deviate from (n/2)(0, the SQUID output will “contain a component at  and the lock-in will output a dc voltage”.
  


The output of the loop, V0, is a voltage proportional to the feedback current, controlled by VL.  The user records V0 and relates that to the magnetic field through a prior calculation with a known field.


Since the SQUID is a highly sensitive magnetometer, the pick-up coils consist of two sets of oppositely wound superconducting coils a small distance apart.  This is done to take advantage of the fact that the signal being measured is small and closer to the lower set of coils when compared to the background noise. The upper set of coils being oppositely wound cancels the same signal through the lower set of coils. A noise signal—such as the Earth’s magnetic field—is constant over the small distance separating the two coils, so it does not show up in the output.

Experiments

It was decided that two experiments would be necessary in order to gauge the effectiveness of the SQUID in detecting flaws.  The first experiment would be done to determine the bandwidth of the SQUID.  Even though the device would be used at low frequencies in order to take advantage of dc skin-depth penetration, we felt it would be necessary to have a proper characterization of the SQUID’s operating range. Finally, the second experiment would involve a scan over an aluminum plate with a known defect.  This last experiment would give a rough idea of the SQUID’s flaw detection capability.  

Experiment 1: Obtaining the Bandwidth

Equipment

1 Hewlett Packard HP3314A Function Generator

1 LeCroy 9354CL digital Oscilloscope

1 100-Ohm resistor

1 100-turn copper wire coil wound around a plastic (nonferromagnetic) core

1 wooden dowel rod



Procedure

A current was pushed through the circuit using the HP3314A function generator.  Both the SQUID output and the voltage across the 100-Ohm resistor were captured on the LeCroy digital oscilloscope. The SQUID output was sent to the o-scope via a BNC connection from the SQUID controller front-panel, in order to take advantage of the filtering provided by the SQUID controller.  The voltage across the 100-Ohm resistor was monitored to ensure a constant magnitude of current through the coil.  While the bandwidth measurements were taken, maintaining the voltage across the 100-Ohm resistor constant would ensure a constant magnitude of magnetic field at all frequencies. As the frequency was changed on the function generator, the peak-to-peak voltage of the SQUID controller as captured on the o-scope was recorded.   Table 1 below summarizes the results of the bandwidth measurements. 


Test Circuit

[image: image56.emf]
[image: image57.emf]Frequency Response

Using the 1000 Hz entry from Table A.2 and the result from Appendix 1 (equation A.2), one may calculate the magnetic field produced by the coil:
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L is the length of the coil, 1.15 cm. The radius of the coil a is 1.2 cm.  ZP is what is know as the lift-off—the distance from the center of the coil to the SQUID’s lower pick-up coil.  Since the pick-up coils are located inside the probe, which is contained within the dewar during operations, it was necessary to consult the Tristan technical manual to find the distance from the lower pick-up coil to the tail cap.  This distance was then added to the distance from the tail cap to the center of the coil to get the lift-off—10.038 cm.  The current I was obtained from Ohm’s Law by dividing the voltage output of the voltage regulator by the 100-Ohm resistor to get a value of  0.150 mA.   The number of turns N is 100, and the permeability of free space 0 is 4 x 10-7 H / m. So

B = 1.32 x 10-9 T (p-p)

And with V = 430 mV, the transfer ratio is

3.26 x 108 V/T


Before moving on to the description of the next experiment, it is important to mention the slew rate.  The slew rate is “the maximum change in flux per unit time that the system can tolerate while maintaining lock…typically about 10-6
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s-1.  Obviously, the slew rate has an effect on the sensitivity of the device, so it was calculated for this system as follows: since 
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where
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is the frequency.  The SQUID controller offers a RANGE function, which allows the user to adjust the number of flux quanta per the maximum 5 volt readout.  Choosing the 5 RANGE means that there are 5 flux quanta per the 5 volt range, which allows the user to substitute 
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for VMAX.  From the data in Table 2 you can see that the slew rate of the NASA system is two orders of magnitude below the ‘typical’ value quoted above.

Table 2. Slew Rate Data

A = VSQUID
 = Frequency

Slew Rate

12
500.00
2
37699.112

0.717
5000.00
2
22525.219

0.407
10000.00
2
25572.564


Results


Using the commonly applied method of finding the cutoff frequency:
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where VMAX was taken to be 450 mV.  The frequency response graph shows the SQUID’s dynamic range of operation; which covers the DC range and up to 30kHz AC where the cutoff is reached.  The two low points in the graph at 60 Hz and 110 Hz are due to the controller’s 60 Hz monitor filter.  Shielding the environment could preclude the necessity of the 60 Hz filter thereby removing the two dips in the frequency to voltage plot.

Experiment 2: Flaw Detection
Equipment

1 Hewlett Packard HP3314A Function Generator
1 LeCroy 9354CL Digital Oscilloscope

1 EG&G 5302 Lock-in Amplifier

1 Tristan Technologies Non-ferromagnetic Dewar

1 Quantum Design 5000DC SQUID Controller

1 6” x 8” x 1¼” Aluminum Plate (Sample)

1 24” x 24” x ¼” Aluminum Plate (Grounding Plate)

1 2-axis motion control table

1 3” x 4” x 1/16” copper plate (Current Plate)

Procedure

The set up for this experiment is similar to the set up for the frequency response.  The HP3314A function generator was used to push a current through the copper plate taped to the bottom of the dewar’s tail.  A 6” by 8” aluminum block was place below the tail onto a scanning table.  The SQUID output was synchronized through the lock-in amplifier to clean up the signal.  The 60 Hz notch filter off the monitor was also employed to aid in noise reduction.

When an AC current was pushed through the copper plate, a magnetic field was induced in the aluminum block.  With no defect, there should be no z-component of induced magnetic field.  However, there will be some z-component of magnetic field in the presence of a defect.  Therefore, the intention was to induce a magnetic field in the aluminum plate, which contains a defect of known proportion, and scan the block below the SQUID.  As the block is scanned and the defect comes into the area of the tail, the SQUID should register a voltage change.  

In order to better capture this change in voltage, a PC was used to for data collection.

[image: image58.emf]
Test Circuit

Scan Results

[image: image59.emf]

From this graph, the defect is clearly visible.  One will note the peak and valley on either side of the center of the plate, which shows the positive and negative side of the magnetic field induced around the defect.  

Conclusion


In summary, the superconducting phenomenon is a quantum mechanical effect that manifests itself on a macroscopic scale.  Because of this, what is known as the probability current in quantum mechanics proves to be an electric current on a macroscopic scale.  In a SQUID, this current is sent down two distinct but identical paths.  This current tunnels—also a quantum mechanical effect—through a pair of insulators which causes a phase difference, which in turn produces a measurable voltage due to the interference.  Because the SQUID will produce a voltage due to a change in flux, it can be used as a flux to voltage transducer—as it was in this case.  However, what separates the SQUID from other transducers is its ability to operate over a large range of frequencies, even into DC.  Also, the SQUID offers unparalleled sensitivity in that it can detect defects ¼” below the surface of an aluminum block.


Unfortunately, for two reasons, it will be some time before the SQUID will be capable of everyday industrial NDT use.  First, because of its sensitivity, the SQUID can easily be overcome by noise.  While there are several methods available to reduce noise; such as shielding and filtering, these methods may be unreasonable in an aircraft hanger or prohibitively expensive.  Second, liquid helium is extremely expensive, but low TC DC SQUIDs offer the best sensitivity.  So as with anything else, until costs come down, the SQUID will remain an experimenter’s tool.
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Data

		HP3314A				LeCroy 9354CL

		Amplitude (mV P - P)		Frequency (Hz)		Coupling		Amplitude (mV P - P)		Amplitude (mV P - P)

		15.00		1.00				17.20		430

		15.00		10.00				18.10		442

		15.00		80.00				20.30		354

		15.00		90.00				20.30		364

		15.00		100.00				18.10		342

		15.00		110.00				21.60		262

		15.00		1000.00				20.00		430

		15.00		10000.00				20.30		462

		15.00		15000.00				20.30		493

		15.00		20000.00				19.40		494

		15.00		25000.00				19.70		456

		15.00		29000.00				19.10		376

		15.00		29500.00				19.10		376

		15.00		30000.00				19.70		364

		15.00		31000.00				20.00		341

		15.00		35000.00				19.10		299

		15.00		40000.00				19.10		248

		15.00		45000.00				18.70		207

		15.00		50000.00				18.40		173

		15.00		55000.00				17.80		149

		15.00		60000.00				18.10		126

		15.00		100000.00				15.60		36
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Slew Rate

		HP3314A				LeCroy 9354CL

		Amplitude (mV P - P)		Frequency (Hz)		Coupling		Amplitude (mV P - P)		Amplitude      (V Magnitude)

		835.00		500.00				1090.00		12

		45.50		5000.00				56.20		0.717

		28.70		10000.00				36.90		0.407

								Slew Rate

		12		500.00				37699.1118430775

		0.717		5000.00				22525.2193262388

		0.407		10000.00				25572.5642002209
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