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We have tested the performance of several different SQUID magnetometers in both 

laboratory and field environments. The performance was compared to that of other 

magnetic field measurement devices. 

This thesis describes the principle of operation of the SQUID magnetometer. It also 

explains some principles behind other types of magnetic field measuring devices. The 

differences between magnetometer and gradiometer are also explained. 

Many potential and existing applications for the high temperature SQUID magnetometer 

are discussed. The report pays particular attention to the applications of deep sea 

magnetometry, land mine detection and geophysical prospecting. 

A chapter is devoted to the issue of noise. Both intrinsic sensor noise and external 

ambient noise are discussed in detail. 

During the project many pieces of equipment were designed, fabricated and developed. 

Description is given of the various sensor holders and cryostats that were constructed 

along with the electrical circuits that were designed to collect and process data. 

Experimental data confirmed the magnetically shielded specification of the sensors that 

were supplied. The unshielded performance was measured and compared to the shielded 

performance. Experiments were also earned out to detect land mines and make 

geophysical prospecting measurements. 

The research confirmed the potential of a high temperature SQUID for the application in 

geophysical prospecting. It was concluded that further research should be conducted to 

assess the suitability of this technique for future application. 
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The SQUID was discovered in the 1960s after the discovery of the Josephson junction. 

The low temperature SQUID required liquid helium as coolant to operate. Since the 

discovery of the SQUID, many applications have been found for the device, from aircraft 

wheel testing to brain wave studies. This project began with the aim of finding new 

applications for the relatively new high temperature superconducting quantum 

interference devices, which require the easier to handle coolant, liquid nitrogen. During 

the research, particular attention was paid to applications in a magnetically non-shielded 

environment. 

The following report begins with an explanation of the different types of SQUID that are 

available and their construction. Description is also given of some of the principles of 

operation. The difference between magnetometer and gradiometer are discussed. 

Several potential and existing unshielded applications are discussed, including deep sea 

surveying, geophysical prospecting and biomagnetometry. 

There are many different types of magnetic field measurement devices. These are 

discussed in some detail, beginning with the high temperature SQUID and followed by 

the low temperature SQUID. The commercially successful fluxgate magnetometer is 

discussed in context of its operation and performance in comparison to the SQUID 

magnetometer. Other high precision magnetometers that are discussed include the proton 

precession, optically pumped magnetometers, hall probe and induction coils. 

The research concentrated on obtaining the measurement resolution of a SQUID 

magnetometer. All magnetometers are limited by the noise that is generated, both 

internally and externally. Chapter 5 is used to discuss the different aspects and issues that 

surround the subject of noise. Many techniques that may be used to minimise noise are 

discussed in this chapter. 



During the project many pieces of apparatus were designed constructed and tested. 

Cryostats, sensor holders and a Helmholtz coil were built during the project. Electronic 

circuits were designed to reduce noise and increase sensitivity. Analysis was made of 

analogue to digital converters and electronic filters that were used in the collection of 

data. Methods used for data processing, calculation and manipulation are explained in 

chapter 6. 

Many tests were conducted with seven different magnetometers during the project. 

Calibration tests in magnetic shielding were conducted to confirm the specifications of 

the various sensors used in the project. Tests were then conducted in an unshielded 

environment within a park in the city of Southampton. This lent familiarity to working in 

an unshielded environment. The research concludes in chapter 7 with several 

geophysical prospecting runs in the remote environment of the Gower in west Wales. 

At the end of the project several SQUID sensors had been tested for their specification in 

the laboratory. The experience gained from these tests enabled the system to be modified 

for portable use in the unshielded environment. Further experience was gained with field 

operation, culminating in geophysical measurements being made with a high temperature 

superconducting SQUID. 

Although conclusive results were not obtained in the geophysical measurements, the 

SQUID system showed great promise. As a result this research has provided the basis 

from which further development in SQUID applications may progress. 
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The purpose of this chapter is to give an overview of how the SQUID works, its history 

and development. Because an intimate knowledge of how a SQUID works is not critical 

for this project the emphasis will always be kept towards an air of practical application. 

The electronic circuits that form a working magnetometer will also be mentioned in the 

context of system integration. The many different types of high Tc SQUID 

magnetometer and their construction will also be discussed. 
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Since superconductivity was first observed in 1911 when a sample of mercury lost all 

measurable resistance at 4.2 K people have searched for new and useful devices to create 

from superconducting materials. The SQUID is a result of such research and has shown 

itself to be one of the most popular small-scale superconducting devices discovered to 

date. It was twenty years after the discovery of superconductivity before the Meissner 

effect was discovered. The Meissner effect is crucial in the working of a SQUID and 

involves the expelling of magnetic flux from penetrating the body of the superconductor 

when it is in the superconducting state. Another integral aspect of SQUID operation, that 

was not predicted until 1950, was that of flux quantisation, observation of which had to 

wait until 1961. It was a few years later that the Josephson effect was predicted and 

experimentally verified, and hence the Josephson junction was bom. SQUIDs were first 

studied in the mid-1960's soon after the first Josephson junctions were made [2.1]. The 

1960's were a time of great progress in the world of superconductivity because practical 

and useful superconducting wire became commercially available, allowing 
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superconducting magnets to be made. But it was not until 1986 that the next step forward 

occurred in the field when a new class of 'high' temperature superconductors was 

discovered. These new superconductors facilitated the use of liquid nitrogen as coolant, a 

cryogen that is a lot cheaper, a lot more efficient and easier to handle than the previously 

used liquid helium. This very brief history plots the progress made to allow the discovery 

of the modem day high Tc SQUIDs that are presently in use. 

In the simplest definition, a SQUID is a flux to voltage transducer. For a given change in 

magnetic flux incident upon the SQUID ring there is a corresponding change in the 

voltage output from the SQUID. A SQUID obtains its record of being the most sensitive 

detector of any kind by taking advantage of three quantum mechanical effects: 

1. Superconductivity 

2. The Josephson junction 

3. Flux quantisation 

Before the discovery of high temperature superconductivity it was estimated that the 

maximum possible temperature for superconductivity would be about 30 K before the 

Cooper pairs would break up. Hence it was a great surprise in 1986 when possible high 

temperature superconductivity was published by Bednorz and Muller [2.2] in a new class 

of copper oxide material. A whole new class of high temperature superconducting 

materials was discovered, having critical temperatures above the all-important threshold 

of 77 K, the boiling point of liquid nitrogen. BCS theory does not explain high 

temperature superconductivity, and to date none of the many theories proposed to explain 

high temperature superconductivity have been generally accepted. 

The next quantum mechanical effect that is exploited in the SQUID is the Josephson 

effect. Brian Josephson was working at the University of Cambridge as a research 

student when he predicted the effect that was subsequently named after him. Consider 

two superconductors separated by a thin insulating layer, which will act as a barrier to the 

conduction electrons. The wave function associated with the Cooper pairs is able to 

'leak' into this region from each side. As long as the barrier is thin enough, the two wave 

functions will overlap, if they overlap sufficiently, the phases of the two wave functions 
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lock together. Under these conditions, Cooper pairs can tunnel through the barrier 

without being broken up. The net effect of this is that the insulating region acts as a 

superconductor, but with a much lower critical current than the regions either side of it. 

The Josephson effect can take two forms, depending on the current flowing across the 

junction. The first, the dc Josephson effect occurs when the current across the junction is 

below its critical level. The other effect is the ac Josephson effect, where a voltage is 

generated across the junction because the current is now above the critical current of the 

junction, but below that of the superconducting sandwich either side. Josephson showed: 

I = Ic sin(02 - 0]) 

Where 02 - 01 is the quantum mechanical phase difference across the junction. 

Flux quantisation is the third quantum mechanical phenomenon exploited in the SQUID. 

Flux quantisation stems from the discrete energy levels that are allowed in nature. Just as 

there are discrete energy levels available to an electron in orbit around the nucleus, there 

are discrete amounts of magnetic flux that are allowed to exist in nature. This effect can 

be observed on a macroscopic scale in a superconducting ring. If a current flows around 

the ring, it will produce a magnetic field inside the ring. The magnetic flux (magnetic 

field times area) in the ring has to take a specific value, i.e. it cannot take any arbitrary 

value: it must take an integral number of flux quanta. The value of the flux quantum 

being, 00 = h/2e = 2.07x10"'^ Wb. A SQUID is able to detect the effect from a magnetic 

flux the magnitude of a millionth of a flux quantum or less. 

(in? 

The physical make up of a dc SQUID is rather simple in design, as previously stated it 

consists of two Josephson junctions connected in parallel on a closed superconducting 

loop. Figure 2.1 shows the schematic layout of a dc SQUID. The output voltage of the 

SQUID is a periodic function of the applied magnetic flux, going through one complete 

cycle for every flux quantum applied. Whilst it would be possible to obtain a reasonably 
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sensitive measure of magnetic field change just by counting the number of flux quanta 

leaving or entering the SQUID ring, the addition of control electronics that interpolate 

between whole numbers of flux quanta increases the sensitivity. It is important to note 

the point that was made in the last sentence, that is, a SQUID only measures the change 

in magnetic field. Hence if the magnitude of the field were required then it would be 

necessary to zero the SQUID in a known field and count the number of flux quanta 

entering or leaving from there. This gives the SQUID the advantage of having a dynamic 

range that is only limited by the number of times the scale is reset. 

Figure 2.1. Schematic representation of a SQUID. 

The SQUID ring is biased with a constant current across it. If the two Josephson 

junctions are identical then the current will divide equally across them as it travels 

through the ring. A superconducting current will flow through the SQUID so long as the 

total current flowing does not exceed the critical current of the two junctions combined. 

This implies that if each Josephson junction remains superconducting up until 10 pA, 

then a total of 20 juA can be passed through the SQUID ring with superconductivity still 

being maintained. The value of 20 pA thus becomes the critical current (Ic) of the 

SQUID. The critical current of the SQUID is measured in practice by increasing the 

current across the Josephson junctions until a voltage develops across the SQUID. A 
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current voltage plot of this behaviour is shown in figure 2.2. There is the characteristic 

flat region in which the SQUID is still superconducting and the knees that show the point 

at which a voltage develops across the SQUID (current moving in both positive and 

negative directions.) 

V 

Figure 2.2. I-V characteristic of a DC SQUID. 

If a magnetic field is applied to the SQUID ring when it is biased at a level below its 

critical current, screening currents are set up within the body of the superconducting 

material. The screening current (Is) acts to oppose the effect of the magnetic field. This 

has the effect of adding to the bias current within the body of the SQUID ring, as seen in 

figure 2.3. The screening current creates a magnetic field equal and opposite to the 

applied field, effectively cancelling out the flux in the ring. This applied magnetic field 

has the effect of lowering the critical current of the SQUID itself. As the screening 

current now adds to the bias current flowing through one of the Josephson junctions, this 

lowers the total bias current that can be passed through the SQUID before a voltage is 

produced. When the magnetic flux incident upon the SQUID ring is increased to the 

point at which the effect of half a flux quantum is present within the SQUID ring an 

interesting event takes place. When the ring reaches half a flux quantum it is no longer 

energetically favourable for the screening currents to shield the ring from the incident 

flux. In fact the screening current changes direction and allows a flux quantum to enter 
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the SQUID ring. Figure 2.4 shows a graph of how this effect would develop over several 

flux quanta entering the SQUID loop. Hence it can be seen that the screening current 

changes direction at every half a flux quantum and reaches zero at every whole number 

of flux quanta. 

Figure 2.3. Creation of screening currents due to the addition of a magnetic field. 

*o 24o 5*0/̂  3*0 /^/2 

Figure 2.4. Dependence of screening cunent upon applied magnetic field. 
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Two main facts have been established so far. 

1. The screening current of the SQUID is periodic in the applied flux 

2. The critical current of the SQUID depends on the screening current 

Hence a further point can be implied from points 1 and 2. 

3. The SQUIDs critical current is also periodic in the applied magnetic flux. 

Hence the critical current goes through a maximum when the applied magnetic flux is an 

integer multiple of a flux quantum, Ig is a minimum. It correspondingly goes through a 

minimum when the applied flux is an integer multiple plus one half of a single flux 

quantum, Ig is a maximum. As a result of these two states the I-V curve can be modified 

to that of figure 2.5 in which the applied current to produce a voltage changes depending 

on magnetic flux present. 

Figure 2.5. Modified I-V curve due to applied current. 
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An actual magnetometer, is operated with the bias current at a level above the critical 

current of the Josephson junctions to ensure they are permanently resistive. Under these 

conditions there is a periodic relationship between the voltage across the SQUID and the 

applied magnetic flux, with a period of one flux quantum. It is possible to note from 

figure 2.5 that at constant bias current the voltage across the SQUID is at a maximum 

when the critical current is at a minimum, and vice versa. The corresponding relationship 

between flux input and the voltage output can be viewed in figure 2.6. 
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Figure 2.6. Periodic relationship between voltage and applied flux. 

Although the model presented here is by no means rigorous it presents the main aspects 

of how a SQUID works. The main weakness of the model is that it does not really 

convey the phenomenon of quantum interference. Figure 2.6 shows the variation of 

critical current with applied flux as an interference pattern analogous to an optical 

interference pattern. If light is shone through two slits on to a screen it is possible to 

view a pattern of maxima and minima of intensity because the two sources of light 

interfere with each other. If a cuiTent is passed through a dc SQUID then maxima and 

minima of critical current can be observed as the incident flux is raised and lowered, 

because the macroscopic quantum wave functions at the two junctions interfere with each 

other. 
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It is not necessary to measure a whole period in the SQUID modulation to perform a flux 

measurement. Accurate measurement of a small fraction of a flux quantum is possible. 

This is achieved by biasing the SQUID to a point in figure 2.6 where dV/dD is at its 

steepest slope, to maximise the output voltage for minimum input magnetic flux change. 

A SQUID is usually operated in a flux-locked mode, where an external coil is used to 

generate a magnetic field in such a manner as to keep the total flux through the SQUID 

loop constant. The current required to keep the SQUID loop at a constant level is 

measured and calibrated to correspond to the value of the incident magnetic flux. 

2.4. SQUID ELECTRONICS 

2.4.1. FLUX LOCKED SQUID 

Most practical applications use the SQUID in a feedback circuit as a null detector of 

magnetic flux. As stated in section 2.3, a SQUID can be operated in a flux locked loop 

(FLL), and as all work in this project was carried out with a FLL it is worthy of some 

explanation as to its general construction and operation. A schematic representation of a 

flux locked loop can be seen figure 2.7. 

X SQUID 

% 

A M P U F I E R L O C K - I N DETECTOR INTEGRATOR 

1 

l-L 

Vo 
1 1 0 0 k l Iz OSCILLATOR ) 

Figure 2.7. Flux locked loop schematic. 
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A modulated flux is applied to the SQUID with peak-to-peak amplitude of half a flux 

quantum and a frequency (fm) of usually between 100 and 500 kHz. Figure 2.8 

demonstrates the principle of operation of the FLL. If the averaged value of the flux in 

the SQUID is exactly nOo, then the resulting voltage is a rectified version of the input 

signal, i.e. it contains only the frequency 2fm as shown in figure 2.8 (a). If this voltage is 

sent through a lock-in detector that has been referenced to the fundamental frequency 

the output voltage will equal zero. But if the averaged value of the flux equals (n+l/4)l>o 

then the voltage across the SQUID is at frequency fn as in figure 2.8 (b) and the output 

from the lock-in will be a maximum. Hence, as the flux is increased from nDo to 

(n+1/4)00 the output from the lock-in will increase linearly in the positive direction. If 

the flux is decreased by the same amount, then the output from the lock-in decreases 

linearly as shown in figure 2.8 (c). 

V / 

""73 * 

N+]/4)$o 

\ * 
(N+l/2)*o 

Figure 2.8. Non-linear input to a SQUID converted into a linear output. 

The alternating voltage across the SQUID is coupled to a low-noise preamplifier, which 

is usually at room temperature, via a cooled transformer as in figure 2.7. An oscillator 

applies a modulating flux to the SQUID. After amplification, the signal from the SQUID 

is synchronously detected and sent through an integrating circuit. The smoothed output is 

connected to the modulation and feedback coil via a large series resistor Rf. Hence if the 

SQUID has an applied flux of dO the feedback circuit will generate a flux -dO which 
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opposes the original flux, and a voltage proportional to d0 will appear across Rf. This 

technique enables the measurement of much less than one flux quantum to many flux 

quanta. It has been found that the use of a modulated flux greatly reduces 1/f noise and 

diift in the bias current and preamplifier. 

2.4.2 FLUX-TRANSFORMER 

Sometimes it is convenient to expose the SQUID directly to the magnetic field being 

measured, but more often the magnetic signal is conveyed to the SQUID by a flux 

transformer. The simplest type is the so-called directly-coupled magnetometer in which a 

pick-up loop, typically 10 mm across is directly coupled to the two arms extending from 

the body of the SQUID. The entire device is patterned from a single layer of YBCO and 

is shown in figure 2.9. The bi-crystal line is the region in which the orientation of the 

structure is broken to form the tunnelling junction of the SQUID. 

P I C K - U P L O O P 

Bl-CRYSTAL LINE 

Figure 2.9. Directly coupled magnetometer. 
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The pick up loop will have a current induced when a change in magnetic field is incident 

upon it. The current is then transported across the junctions of the SQUID. The 

relatively large size of the pick up loop acts as an amplifier of the signal, thus increasing 

the sensitivity of the device. 

Another more complicated type of flux transformer uses a three-layer make-up and 

consists of a closed superconducting loop incorporating two coils in series. One of the 

coils is termed the input coil, this is inductively coupled to the SQUID and is usually 

fabricated along with it. The other coil is called the pick-up coil and this is exposed to 

the field to be measured as represented in figure 2.10. The pick-up coil acts as a 

magnetic antenna that couples external signals into the SQUID. There is a basic principle 

in superconductivity that the flux inside a closed superconducting circuit cannot change. 

As a result of this fact, a change in field that causes the flux in the pick-up coil to change 

also causes a change in the flux in the input coil. This latter flux change being sensed by 

the SQUID itself. The area of the pick-up coil is usually much greater than the area of 

the SQUID. The primary function of the flux transformer is to convert the high magnetic 

flux sensitivity of the SQUID into a high magnetic field sensitivity. 

PUT CO L 

Figure 2.10. A multi-layer flux transformer. 
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2.5 MAGNETOMETER AND GRADIOMETER 

As discussed in section 2.4.2 a flux transformer is useful to turn a SQUID from a sensor 

of magnetic flux into a sensor of magnetic field. This is how a SQUID magnetometer is 

constructed; it measures the change in magnetic field at the point in space in which the 

pick-up coil is located. For various different practical reasons it may be that a SQUID 

magnetometer is insufficient to perform the measurement required. There may be a lot of 

background interference that dominates the measurement. In this case using a 

gradiometer may be advantageous. 

A gradiometer differs from a magnetometer because it has two coils on the pick-up coil 

end wound in series opposition. Figure 2.11 shows a magnetometer, a first order and a 

second order gradiometer. As the name implies the gradiometer measures the magnetic 

field gradient between the two input coils. If there is a uniform magnetic field 

surrounding the two gradiometer coils then the SQUID will not output any voltage, even 

if the magnetic field is oscillating but the field at both coils is the same, no signal is 

detected. Because the magnetic field gradient drops off quickly from its source a 

gradiometer is very useful at rejecting distant sources of magnetic field and only monitor 

those nearby. This can be especially useful when working in an environment where there 

are lots of external sources of noise and it is possible to get the gradiometer close to the 

source to be measured. Gradiometers have been used for conducting MCG 

measurements in an open hospital ward. A first order gradiometer can measure dB/dz as 

shown in figure 2.11; this is known as an axial gradiometer. A planar gradiometer will 

measure an off diagonal gradient, i.e. dB/dx. Many high Tc gradiometers are of the 

planar design, simply because a high Tc wire has not been invented yet that can be 

formed into a coil. The usual way to construct a high Tc axial gradiometer of sufficiently 

high quality for this purpose is to use two magnetometers, one above the other. 
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Figure 2.11. (A) Magnetometer. 

(B) First order gradiometer. 

(C) Second order gradiometer. 
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The second order gradiometer measures the change in the gradient over space. If 

magnetic field decreased linearly, then the second order gradiometer would not detect 

anything. It is the rate of change of field gradient that is measured in this case. An axial 

second order gradiometer, as shown in figure 2.11 (c) measures d^%/dz^, whereas the 

corresponding second order planar gradiometer will measure d^B^/dxdy. 

Since the advent of high Tc superconductors there has been a worldwide effort to develop 

SQUIDs and flux transformers operating at 77K. As a result there are a multitude of 

different techniques of Josephson junction manufacture. Some of which will be 

explained in this section. Many structures have been made and they can be divided into 

three main categories: 

1 Grain boundary junctions 

2 Barrier junctions 

3 Weakened j unctions 

Grain boundary junctions can be further sub-divided into natural or engineered. Barrier 

junctions involve a barrier on non-superconducting material. Weakened junctions are 

formed by having the structure of the material weakened in a controlled way to form the 

junction. Figure 2.12 gives an overview of twelve types of Josephson junction 

construction. 
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Figure 2.12. Twelve types of Josephson junction construction. 

It is believed that the first high temperature thin film Josephson junction was made by 

Koch et al. [2.3]. They made polycrystalline films of YBaiCusO^x containing randomly 

oriented grains as shown in figure 2.12 (A). Using a photo mask they ion implanted a 

region of the thin film to make it non-superconducting, leaving a microbridge of 

superconductor crossed by one or perhaps several grain boundaries that behaved as weak 
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links (Josephson junctions.) Since then many groups have made similar junctions, 

usually by removing regions of the film using acid etching or ion-beam milling, and 

extended the technique to other materials such as BiSrCaCuO [2.4] and TlBaCaCuO 

[2.5]. Grain boundary junctions with low critical current densities often exhibit almost 

ideal resistively shunted junction behaviour. Unfortunately they suffer from the 

drawback that one has little control of their properties and none on their location. 

There are several techniques that have been devised to induce the growth of grain 

boundaries at a specific location. Simon et al. [2.6] deposited a film across a step etched 

in a substrate as in figure 2.12 (B). The film was then patterned to form a bridge across 

the step; provided the step edge is shaip enough, a grain boundary is formed at top and 

bottom. Subsequent transmission electron microscopy at Mich [2.7] showed that if the 

step angle is steeper than 45 degrees then the film has an a-axis orientation on the step, 

thus forming a grain boundary with each of the c-axis films on either side. 

Another technique that has been widely adopted involves bicrystal substrates [2.8], made 

by cutting a wedge from a crystal of (100) SrTiOg and tusing two pieces together to form 

a grain boundary between two regions with a known in plane misorientation, see figure 

2.12 (C). When YBCO is deposited with an in situ-process, the a and b-axes mimic the 

orientation of the substrate, producing a grain boundary. Related to the bicrystal junction 

is the bi-epitaxial process [2.9], which can be viewed in figure 2.12 (D), in which an 

appropriate seed layer is deposited on the substrate and then selectively removed to leave 

edges in predetermined locations. SrTiO] is deposited as a buffer layer and then followed 

by a YBCO film which undergoes a 45 degree in-plane re-orientation wherever it crosses 

the edge of the seed layer. Again the microbridges are patterned across the 45 degree 

grain boundaries to form junctions. 

This has dealt with the first group of junctions, now to deal with the second group, the 

barrier junctions. The first of which is the edge junction, see figure 2.12(E), by 

Laibowitz et al. [2.10]. Both junctions and SQUIDs have been made by this technique 

but the yield and reproducibility are poor. Schwartz et al. [2.11] fabricated a junction by 

patterning a narrow slit in a YBCO film using electron-beam lithography and depositing 

a gold film across the slit, see figure 2.12 (F). This junction only exhibited supercurrents 

up to temperatures of up to 16 K. Using a different configuration as in figure 2.12 (G), 
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Dilorio et al. [2.12] fabricated proximity effect junctions that exhibited Josephson effects 

to temperatures well over 77 K. Another class of proximity effect junctions, involving 

PrBaCuO (PBCO) as the barrier was pioneered by Rogers et al. [2.13]. Figure 2.12(H) 

shows how they grew a c-axis trilayer of YBCO-PBCO-YBCO, with a PBCO thickness 

of typically 50 nm, and patterned it to form junctions. An alternative configuration for a-

axis junctions can be seen in figure 2.12 (I), which was adopted by Gao et al. [2.14] who 

fabricated edge junctions with PBCO barriers. 

The third and final category contains the so-called weakened structures. Simon et al. 

[2.6] deposited a YBCO film across a thin aluminium strip which 'poisons' the 

superconductor locally thereby reducing its transition temperature, see figure 2.12 (J). In 

another method that is shown in figure 2.12 (K), one reduces the transition temperature of 

a narrow region by focusing high energy ions on to a microbridge [2.15]. Or by using a 

mask patterned with electron beam lithography [2.16] to define the area exposed to an ion 

beam. In a third technique [2.17], controlled electrical pulses were applied to 

microbridges at 77 K, again producing a weakened region as demonstrated in figure 

2.12 (L). Although these weakening techniques are controllable at least to some degree, 

they usually lead to flux flow characteristics that are undesirable for most applications. 

However, if the region weakened could be reduced to a few tens of nanometres, these 

techniques might prove very useful. 

To date, the best SQUIDs have been made from step edge grain boundary or bicrystal 

grain boundary junctions, see figure 2.12 (B) & (C). Although careful fabrication 

procedures have improved the yield of these junctions, particularly in the case of the 

bicrystal devices, the scatter in the critical current and resistance remains higher than one 

would like. There is ongoing work to improve the understanding and reproducibility of 

trilayer edge junctions with a variety of barrier materials, and it is hoped that there will be 

steady progress in the yield in this class of junction. The simplicity offered by the grain 

boundary junctions, which involve only a single YBCO layer makes them very appealing 

for practical applications. 
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The purpose of this chapter is to discuss the number of possible applications that have 

been considered during the course of this project. Each application is explained 

separately and the degree to which they may be applied with state of the art sensors is 

discussed. One potential application was evaluated in collaboration with the 

Southampton Oceanography Centre (SOC). Another application that is discussed is 

concerned with geophysical prospecting. Further areas for unshielded application that are 

described include non-destructive evaluation (NDE), magnetocardiography (MCG), 

magnetoencephalography (MEG), land mine detection and archaeological surveying. 

3.2 DEEP SEA SURVEYING 

The Challenger Division of the SOC were interested in mapping the magnetic profile of 

the deep ocean floor. They were interested in the geological features that existed on the 

seabed and below. Other potential applications that could result from the creation of such 

technology include the discovery of sunken wrecks, cables and unexploded bombs. 

Figure 3.1 shows how a potential set-up could look. Fluxgate magnetometers had been 

used in previous experiments [3.1], but it was decided that better resolution was required 

[3.2]. The main technical constraints of this proposal were: 

1. Required sensitivity of magnetometer to be around 1 pT over measurement intervals 

of several thousands of seconds. 

2. Compact size of system to fit into pressurised containers for the 5500m depths of 

survey. 
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3. Ability of the sensor to operate without magnetic shielding whilst being trawled along 

at approximately 1 m s' \ 

BOAT TRAWLING SENSOR 

A 

DLAD VLlGHT 

Figure 3.1. Potential set-up for deep sea SQUID surveying. 

The ultimate sensitivity of a modem high Tc DC SQUID magnetometer was known to be 

as high as lOfTHz '^ at measurement frequencies of around 100Hz and above. At 

frequencies of measurement below 100 Hz, the so-called 1/f noise becomes a factor. This 

means that the stability of the instrument steadily decreases the longer one observes it. 

The result of this effect is that the ' D C stability of the instrument requires investigation. 

The pressure that is experienced on the deep ocean floor is about double that used in 

industrial gas cylinders. At ocean floor depths of 5500 m the pressure due to the water is 

about 550 bar. It is therefore necessary for the system to be of compact size to fit into the 

pressure vessels that will protect it from the inhospitable conditions. The SOC required 

the system to be no more than 16 cm in diameter because it is very difficult and 
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prohibitively expensive to manufacture the pressure vessels with an internal diameter 

greater than 16 cm. This is one area where SQUIDs carry an advantage over much of 

their competition. A basic SQUID magnetometer sensor is only a few centimetres in 

length and less than two centimetres in diameter. 

The fact that the system has to operate without magnetic shielding was not an 

insignificant matter. Almost all the applications of high Tc SQUIDs reported to date have 

been in magnetically shielded environments. There is very little documentation of 

unshielded applications outside the realm of non-destructive evaluation and 

magnetocardiography [3.3]. The unshielded performance of high Tc SQUIDs was very 

quickly identified to be the area of great interest and promise for new applications, due to 

the improved performance of modem high Tc sensors in such environments. The 

problems associated with high temperature SQUIDs being subject to the earth's magnetic 

field are two fold. First of all there is the dependence of the critical current of the 

Josephson junctions upon the magnetic flux penetrating the junction. Hence the 

geomagnetic field can adversely affect the performance of high Tc dc SQUIDs. The other 

problem associated with high Tc SQUIDs operating in magnetic fields is the fact that the 

intrinsic noise of the instrument is increased due ta motion of the magnetic flux vortices 

that thread the Josephson junction. The flux vortices are loosely pinned to sites within 

the body of the superconductor. The effect of thermal energy given to the vortices causes 

them to jump from pinning site to pinning site. This causes the voltage output from the 

SQUID to increase in the form of intrinsic 1/f noise. 

The problem with moving unshielded sensors in the earth's magnetic field only serves to 

increase the problem of noise intrinsic to the sensor. The motion of the SQUID in the 

earth's field increases the magnetic flux that moves through the body of the 

superconductor and hence the intrinsic noise will be increased. This increase in flux 

noise is unavoidable but needs to be taken into consideration. There are also a whole 

muhitude of other aspects that need to be thought about when planning tests of SQUID 

performance whilst on a moving platform. If gradiometric measurements are to be made, 

(two sensors in series opposition) the amount of rotation of the sensors during 

measurement is crucial in determining their accuracy. The two sensors are immersed in 

the earth's magnetic field of approximately 50 )liT, so even the slightest tilt in their 
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orientation causes a significant change in measured field. As SQUIDs are capable of 

measuring changes in magnetic field of the order of 50 fT, it is possible to see that a 

change in orientation in the earth's field of 1 part in 10̂  may be sensed by the system. 

Although it would not be possible to eliminate all twisting motion when trawling the 

SQUID in the sea it could be possible to subtract the effect if it is found to be cyclic. 

To demonstrate just how technically challenging the SOC project was perceived to be, 

the different aspects and problems that required attention were listed. It was clear that 

there would be simpler applications to look at whilst still making progress towards the 

final SOC goals. Simpler applications would include unshielded measurements whilst 

keeping the system stationary. The intrinsic sensor noise sources in mobile gradiometer 

operations can be placed into four main categories as detailed below: 

1. s t v ^ r b d n u l r l f s c m j f k i e s . 

Johnson noise (white noise) 

Electromagnetic induction 

1/f noise (flux motion and Ic variations) 

2. SOURCES FROM FIELD CHANGES. 

Eddy currents 

- Flux trapping 

Imbalance between sensors 

Magnetisation changes in normal metals 

3. ACCELERATION INDUCED SOURCES. 

- Motion of magnetic parts w.r.t. loops 

- Cryogen slosh 

Changes in loop area and orientation 
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4. TEMPERATURE INDUCED SOURCES. 

- Thermal expansion 

Critical current variations 

Changes in paramagnetic moment 

- Penetration depth changes 

Thermal emfs 

There are many issues outlined above and it was obvious that all could not be covered 

immediately. Hence stationary applications were considered and researched. 

The subject of noise reduction whilst moving an unshielded SQUID in the earth's 

magnetic field is discussed in the papers by Keene [3.4] and Clem [3.5]. The two authors 

take a similar approach to minimising the effect of movement in magnetic fields. The 

paper by Keene explains the principle behind a prototype three-axis giadiometer system. 

In the paper the SQUID sensors are surrounded by a 'magnetic vacuum', this effect is 

achieved by surrounding the detecting sensors with three orthogonal Helmholtz coils. 

Each coil is linked to the two SQUIDs that comprise it's component of the gradiometer. 

The average field detected by the two SQUIDs is fed back to the Helmholtz coil, and an 

appropriate amount of current is supplied to the coils to cancel out the gross change in 

field, but leaving the gradient part intact. The effect of maintaining a constant magnetic 

field around the sensors is to reduce the noise induced due to magnetic flux moving 

through the superconducting material of the SQUID. Keene also goes on to discuss an 

adaptive signal-processing algorithm that compensates the incoming raw data allowing 

for small changes in the orientation of the sensors in the earth's magnetic field during the 

time they are in transit. This idea is a progression from the 1993 idea by Koch of a three 

SQUID gradiometer (TSG) in which a third SQUID was used to null out ambient field 

around two others that formed the gradiometer arrangement [3.6]. The only drawback of 

Koch's system was that a three-axis system would require nine SQUIDs, which in many 

applications could make a system prohibitively expensive, whereas the idea by Keene 

would only require six sensors for a three-axis gradiometer system. The Clem system 

was devised in collaboration with Koch and retains the three SQUID per axis 

requirement. 
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Both the systems noted in the last paragraph were still in development and had not 

actually reached the stage of a fully working prototype at time of writing. Initial reports 

by both parties have been encouraging and the promise of further results is awaited. 

Within the realm of geophysical prospecting there are a whole host of methods that have 

been employed in the search for natural resources. There are two methods that this 

project has been concerned with, magneto tellurics (MT) and time domain 

electromagnetic (TDEM) methods. Full details of the magnetotelluric method can be 

read in the book by Kaufman and Keller [3.7], with a fully detailed practical review given 

in the paper by Vozoff [3.8]. The book by Reedman [3.9] gives details on all the major 

techniques in geophysical prospecting including the time domain electromagnetic 

method. The magnetotelluric method is very similar to the time domain electromagnetic 

method and is concerned with measuring the resistance of the ground below the surface. 

The resistance of the ground down to many kilometres can be measured with this method. 

Because all materials have a representative resistance, knowledge of the resistance in the 

ground leads to knowledge of the material below. Hence a picture of the physical make 

up of the subsurface can be drawn up in layers to uncover any precious mineral reserves 

that may be present. The resistance is measured from looking at the magnetic and 

electric response of the ground to an induced electromagnetic wave that is injected into 

the ground. The crucial difference between MT and TDEM is the way in which the 

induced signal is created. MT uses the naturally created electromagnetic waves from 

such events as thunderstorms. These random events cause electromagnetic waves to 

permeate through the earth which are then reflected by conductive materials in the 

ground below. The reflected waves in TDEM are created by a source that is part of the 

experimental set up; this offers the advantage of allowing the timing and bandwidth of 

the signal to be optimised. In both methods sensitive magnetic detectors are required to 

measure extremely weak signals, often over large areas. It would appear that the TDEM 

method is desirable over MT because of the extra flexibility that it offers, enabling 

specific measurements to be made for particular materials at predefined depths. The 
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limitations of these methods lie in the bandwidth of measurement. The skin depth 

equation shows that the depth of penetration of electromagnetic wave is inversely 

proportional to the frequency of the wave. Hence the lower the frequency the greater the 

depth of penetration of the wave. Wave travel is also affected by the electrical 

conductivity of the ground that it must travel through. Highly conductive media limits 

the depth to which the electromagnetic waves penetrate. The depth of penetration in 

kilometres is given by [3.25]; 

(1/271) V(lOpT) 

Where T is the measurement period in seconds and p is the ground resistivity in ohm-

metres. The reflected waves are collected and their frequency components analysed. 

Standard algorithms are used in the modelling of the underlying terrain. Both electric 

and magnetic measurements are taken; the electric measurements are made along a length 

of wire with two copper electrodes placed about 250-500m apart. Very large coils with 

high permeability cores often perform the magnetic measurements in this technique. 

Although very sensitive to changes in magnetic field, these induction coils can be 

relatively bulky, measuring over a metre in length. The measurements are also made in 

the field, often in awkward and inhospitable places. Ruggedness and portability are 

therefore important considerations. The construction of a 3-axis system could feasibly be 

made much more compact with the use of SQUID technology over a comparable coil 

system. It was therefore important to know the performance of the two systems relative 

to each other. If a SQUID system would perform at least as well as induction coils at the 

important frequencies, then the added advantage of their lightweight and compact size 

would give them an advantage for fieldwork, especially in more rugged environments. 

The work by Chwala [3.10] documents the first tests carried out in the field performing 

transient electromagnetic (TDEM) measurements. In the study they compare the 

performance of a high Tc SQUID system with the more conventional induction coils. It 

is concluded that the SQUID system performed better than the coils in two areas. They 

found that greater depth information could be gained with a SQUID system because 

induction coils measure dB/dt, whereas SQUIDs measure the magnetic field with respect 
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to time. Their experiments showed depth information 2-3 times greater than that 

achieved by the induction coils. It was also found that a great saving in measurement 

time could be gained with SQUIDs, because coils required an increase in measurement 

time by a factor of between 25 and 100 to give the same quality of information. 

The above work goes to prove that modem high Tc SQUIDs are on the verge of practical 

unshielded application, and that further investigation is very much warranted. 

3.4 BIOMAGNETOMETRY. 

Magnetocardiography (MCG), magnetoencephalography (MEG) and nerve tissue damage 

location are three of the leading potential applications in the medical world. MCG is 

concerned with the characteristics of the beating heart. A single beat of the human heart 

can be split into characteristic 'QRS' and 'T' wave components. Figure 3.2 shows how 

the human heartbeat should look in a healthy patient. The principle of operation is very 

simple. The electrical impulses that cause the heart to beat create a resultant magnetic 

field of the order of many hundreds of femto Tesla. A SQUID sensor placed close 

enough to the changing field will detect the action of the heart. The study of this activity 

can be useful for the diagnosis and prevention of a number of different conditions. A 

very comprehensive paper on the integration of MCG with high Tc SQUID sensors is 

given by Weidl [3.11]. This paper gives a description of how existing low Tc technology 

is being replaced by much less expensive high Tc technology. Because there is no longer 

any need for a magnetically shielded room it becomes much less expensive. This not 

only cuts the cost of the entire system down by orders of magnitude, but also gives the 

system the potential of being a portable one, allowing use within wards, so that the 

monitoring can be done at the bedside. A high Tc system offers the added advantages of 

being cheaper and easier to run because liquid nitrogen is cheaper and easier to handle. 

A popular alternative to the MCG is the electrocardiogram (ECG), which operates on the 

principle of measuring the potential difference between two points on the surface of the 

skin. As the description insinuates this is a contact method, whereas MCG is not, in 

ECG, electrodes are taped across the area of interest and the changes in potential 

difference monitored. ECGs are a useful technique in their own right, but suffer from a 
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number of drawbacks. Being a contact method, any patient with a serious skin condition, 

such as a bum victim, would not be able to benefit from an ECG due to the contact nature 

of its application. 
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Figure 3.2. A healthy human heart beat. 

Immediately after a suspected heart attack it is vital to learn whether the patient has 

damage to their heart, this is known as an infarction. It has been demonstrated that an 

ECG cannot detect the presence of damage or blockage of the blood vessel leading to the 

heart for around eight hours after an attack. It has been demonstrated however that an 

MCG has the ability to detect the infarction immediately by detecting the increase in 

amplitude of the 'T' wave. SQUID technology also offers the advantage of being able to 

locate the exact position of tissue damage, thus considerably speeding up operating time 

because the surgeon no longer needs to search such a wide area to identify exactly where 

the damage lies [3.12]. To put this idea into perspective, there are 100,000 people in 
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Germany alone who die of infarctions. Putting this into a global perspective the potential 

that a SQUID system has for saving lives is great. 

Another promising application in this field comes from the detection of heart arrhythmia. 

This is a condition in which the patient's heart becomes unstable or stops beating. The 

clinician would look for fragmentation in the 'QRS' wave, where if an arrhythmia were 

present there would be extra frequencies contained. It is genuinely believed that the 

technology has been developed to conduct a mass screening exercise, they only wait on 

the necessary funding to prove their idea. 

The practical application of a bedside foetal MCG system has already been demonstrated 

in an unshielded environment. Although this was with the use of low Tc SQUID sensors, 

with further development in the manufacturing of high Tc sensors it is only a matter of 

time before it is demonstrated with such technology. 

Magnetoencephalography is concerned with looking at the electrical activity that occurs 

within the brain. An array of SQUID sensors are required to map the three dimensional 

electrical activity within the brain. A number of clinical applications have been identified 

for this technique, such as detection of certain types of epilepsy and other brain 

abnormalities. The reaction and processing of the brain to outside stimuli is an active 

area of current research as detailed in the paper by Laudahn [3.13]. The magnetic fields 

produced from electrical activity within the brain tend to be of the order of tens of femto 

Tesla. This tends to restrict usage to low temperature SQUIDs in magnetically shielded 

environments. High Tc SQUIDs do have the required sensitivity in the white noise of 

their spectrum, but to apply this to an unshielded environment is an application that will 

have to wait some time yet. Although one driving force that may provide enough 

momentum to apply high Tc to MEG is in screening for Parkinson's disease. This is a 

degenerative disease that becomes prevalent in older people generally. If a national 

screening program were to be introduced, it would not be practical to send everyone to a 

European facility where there was a magnetically shielded room, it would therefore be 

necessary for a portable system to operate with at least, very little shielding. Again 

reasons of practicality facilitate the possibility of application for high Tc SQUID 

technology. 
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3.5 NON-DESTRUCTIVE EVALUATION. 

A recently established application for high Tc SQUIDs in an unshielded environment is 

the introduction of non-destructive evaluation (NDE). NDE is not a new technology; in 

fact the testing of items without breaking them has been in practice for many years. It is 

within the field of eddy cunent testing that SQUIDs have made the breakthrough. An 

excitation coil emits a magnetic field at a certain frequency, this emanates into the 

material being tested, and eddy currents are produced and detected by the magnetic 

sensors in use at that time. If there is a flaw somewhere in the material the shape of the 

resulting eddy current will be distorted. So, as the sensor is trawled over the surface of 

the material (or the material is moved under the sensor) any flaw in the material will be 

detected. Before SQUIDs were used the popular sensor technology was induction coils. 

The high temperature SQUID has now superseded the old induction coil in some 

applications because it has the ability to look deeper into materials and has greater spatial 

resolution due to its more compact nature [3.14]. There has been a large and successful 

collaboration with different groups and companies within Germany to facilitate the 

commercial testing of aeroplanes [3.15-3.19]. This technology is now in use in a busy 

airport in Germany where aircraft wheels are tested for cracks, the fuselage is tested for 

corrosion and the area around rivets are tested for cracking and splitting. 

NDE is also proving useful in other areas outside of the aviation industry. It has been 

discovered that the low frequency noise of a SQUID magnetometer goes up when placed 

close enough to a material that is corroding [3.20]. This discovery could have far 

reaching effects on many structures that are known to deteriorate with time. None more 

so than large buildings and bridges. Being able to accurately assess whether a building or 

bridge is still safe for use could save many lives and a lot of money. Research continues 

in this field and looks set to open up into a successful and prosperous business. 
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In the previous sections, some of the more popular areas of research for applications of 

SQUIDs in an unshielded environment have been detailed. The purpose of this section is 

to mention some of the other work that has been conducted towards SQUID application. 

Another potential application of a portable high Tc SQUID gradiometer could be 

archaeological surveying. A highly sensitive magnetometer could be used to measure the 

varying susceptibility of the ground below as it is scanned across the surface of the earth. 

Because rocks and earth have slightly different susceptibility, a map of a field could be 

drawn up before any excavation took place on a site of potential interest for instance, 

where a Roman settlement may once have stood. A distinct pattern of the walls and 

buildings of the settlement can be drawn up, thus saving the archaeologist a lot of time 

and money on false digs. 

A recent and potentially lucrative application is concerned with the testing of printed 

circuit boards (PCBs). It may be argued that this fits within the realm of NDE, but it 

relies on a different process to detect flaws in manufacture, and will become a subject all 

of its own if it becomes commercially successful. As everyone knows, the manufacture 

of PCBs is a massive global market with interests in all forms of manufacturing. 

SQUIDs can detect the failure of these PCBs because of the stray magnetic fields that are 

created when a short circuit or cross between conduction lines occurs. As PCB 

manufacturing tolerances become tighter and tighter the need for accurate and reliable 

testing mechanisms is self-evident. 

An application that has raised some attention lately is that of land mine detection. Many 

types of land mines contain a small amount of ferrous metal, usually in the firing pin 

section. If SQUIDs could be developed to be an ultra sensitive 'metal detector' then they 

could be used to save many lives in the field of land mine detection. The present state of 

the art requires a human to lie down on the ground with a stick and prod it into the 

ground at a sharp angle until something solid is hit. Sometimes it's a stone sometimes 

it's a mine, but still a very slow, inefficient and dangerous process. 

One relatively new application for high Tc SQUIDs that is showing a keen niche for itself 

is spectroscopy. Nuclear magnetic resonance (NMR) has been around for a long time. 
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but it appears that SQUIDs can help in this specialised form of spectroscopy [3.23]. 

Most NMR measurements are traditionally made at high magnetic fields because the 

signal is proportional to the product of sample magnetisation (M) and the Lamor 

frequency (co). Since both magnetisation and precession frequency scale with magnetic 

field strength, the NMR signal is greatly enhanced as the magnetic field is increased. 

Unfortunately there is a problem with increasing the magnetic field when dealing with 

polycrystalline and amorphous materials due to the random nature of the orientation of 

the individual molecules with respect to the applied field. The result is local variations in 

the Lamor frequency, which deteriorates the quality of the spectrum. These high field 

problems can be substantially reduced by using low magnetic fields and a SQUID as 

detector. Conventional NMR pick-up coils measure the time derivative of a magnetic 

flux, the SQUID measures magnetic flux directly. Therefore the signal scales with®, for 

this reason SQUIDs are much more sensitive than conventional detectors at low 

frequencies. 

Another application to note is SQUID microscopy. Still in the developmental stage 

[3.21], this is a new and potentially exciting area for high Tc SQUIDs to move towards. 

Initial demonstrations showed a scan of a dollar bill on which a 'negative' of George 

Washington was seen due to the differing magnetic properties between the ink and the 

paper. These initial experiments were conducted with sample and SQUID both immersed 

in liquid nitrogen. Modem SQUID microscopes have become more refined and allow 

scanning of room temperature samples. It is possible to resolve magnetic particles with 

extremely small diameters that are very close together. 

The use of SQUIDs as a highly accurate thermometer has been reported [3.22]. The 

principle of Josephson noise thermometry in the temperature range close to that of liquid 

helium is a well-established technique. This new research is attempting to increase the 

absolute temperature range of measurement to the 10-50 K range. A so called Resistive 

SQUID (or R-SQUID) is constructed, the noise from which is accurately used to measure 

the absolute temperature. It has been claimed that an uncertainty of ImK has been 

achieved at a temperature of 50 K. 

There is work being conducted towards sending SQUIDs into space to be used as part of 

a gravity probe relativity gyroscope mission [3.23]. There are a huge number of practical 
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aspects that have to be looked at that can be of use to researchers looking at more earthly 

applications. Aspects such as thermal stability, electromagnetic radiation, changing of 

earth's magnetic field, energetic charged particles and launch vibrations are all issues that 

if resolved could assist work ongoing in other areas. 

This chapter has highlighted at least a dozen real and potential applications for high 

temperature SQUIDs for the market place. The number of applications is in a very large 

part due to the huge progress made by the different SQUID manufacturing and 

development groups over the world. Since the discovery of high Tc in 1986 and the 

subsequent construction of the first high Tc SQUIDs there has been rapid and remarkable 

progress in the development of these devices. Initial high Tc SQUIDs were many orders 

of magnitude noisier and less sensitive than their low temperature counterparts. The 

noise levels of many modem high Tc SQUIDs are now within a single order of magnitude 

of their low temperature contemporaries. With progress being made all the time, money 

spinning applications appear increasingly likely. 
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4.1 INTRODUCTION 

This chapter describes various types of magnetometer that are commercially available. A 

brief description of each type of magnetometer will be given, along with their respective 

applications, advantages and disadvantages. There are many criteria on which 

magnetometers can be compared, such as cost, noise, sensitivity, portability and ease of 

operation. 

HTKGia TTc 2SiQlLII][» 

The operation of a high-Tc SQUID has already been discussed in chapter 2 and therefore 

does not need to be mentioned here. The over-riding advantage of a SQUID is the 

sensitivity of such an instrument, with quoted figures of around lOfT/VHz at 1 Hz within 

a well-shielded environment [4.1]. A major concern of this project however is to 

investigate the behaviour of a SQUID in less well-shielded environments. The main 

perceived disadvantage of using a SQUID system is the requirement of cryogenic 

cooling. This is often an unfounded concern because a modem nitrogen cryostat can be 

left for many days without the need of attention, thus allowing unskilled operators to use 

the system for prolonged periods. For portable applications, a high Tc SQUID can be 

very desirable because a system can be made that is very small and relatively lightweight. 

Hand held portable systems weighing just a few kilograms have been reported. These 

types of systems are ideal for unshielded applications such as non-destructive evaluation, 

ward magnetocardiography and geophysical prospecting. Most commercially available 

systems are very user friendly, with just a push of a button required to operate the 

electronics, with all the tuning and running functions being completed automatically. 
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The cost of commercially available SQUID systems is relatively large at around £10,000 

per channel. It is well understood though that the prices would fall considerably if the 

annual sales of SQUID systems increased significantly after a major application is 

discovered and exploited. 

41.3 i jo tp i f 

It is believed that low temperature SQUIDs can obtain an order of magnitude 

improvement in performance over their high temperature counterparts, due to their lower 

operating temperature. Figures of around 1 fT/VHz have been recorded, again within a 

magnetically shielded environment [3.24]. Hence ultimate resolution in a very well 

shielded environment is obtained by a low temperature SQUID. In a less hospitable 

environment other considerations are required, such as portability ruggedness and user 

friendliness. Aspects in which the high Tc SQUID can have an advantage. The low Tc 

SQUID uses liquid helium as coolant, which is less efficient than liquid nitrogen, with a 

boil off rate approximately ten times higher compared to nitrogen. This can have far 

reaching effects on the design of a portable system, because it has to be small enough to 

be portable, but contain enough helium to last a sufficiently large period of time. Low 

temperature systems also tend to be less robust because of the intricacy involved in the 

construction of a liquid helium cryostat. It is likely that a portable low Tc SQUID system 

would require topping up with helium on a daily basis, this is a skilled operation and 

therefore decreases its user friendliness. The initial purchase costs are similar to that of a 

high Tc system, but the running costs are a lot higher because liquid nitrogen is very 

cheap, of the order of 3Op a litre where as helium is very expensive at several pounds per 

litre. This is of budgetary importance when one realises that not only is helium more 

expensive but it is likely that ten times as much will be consumed compared to a nitrogen 

system. Current applications of low Tc SQUIDs are in areas where their ultimate 

resolution is required. A prime example of such an application is in the detection of brain 

activity. The electrical signals within the brain produce tiny magnetic fields, of the order 

of 10 fr. Magnetoencephalography (MEG) can therefore only be successfully 

accomplished with the aid of low temperature SQUIDs, at this time. 
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4.4 FLUXGATE MAGNETOMETER 

The fluxgate magnetometer was one of the first modem high sensitivity magnetometers 

to achieve widespread use. Its popularity is due to its relatively good sensitivity 

combined with ease of operation and portability. The device was originally developed 

during world war two as a submarine detector. Several designs have been used for 

recording diurnal variations in the earth's field, for airborne geomagnetics and as portable 

ground magnetometers. 

The most common design of fluxgate consists of two cores of high permeability at low 

magnetic fields. Common core materials include mu-metal, permalloy and ferrite. Each 

core is wound with primary and secondary coils, the two assemblies being as close as 

possible identical and mounted parallel so that the windings are in opposition. The two 

primary windings are connected in series and energised by a low (50-1000 Hz) frequency 

current. The maximum current of which is sufficient to magnetise the cores to saturation, 

in opposite polarity, twice each cycle. The secondary coils, which consist of many turns 

of fine wire, are connected to a differential amplifier, whose output is proportional to the 

difference between the two input signals. 
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Figure 4.1. Fluxgate core magnetisation. 
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Figure 4.1 shows the magnetisation characteristics of the core in relation to the current 

through the primary windings. In the absence of an external magnetic field the saturation 

of the cores is symmetrical and of opposite sign, near the peak of each half cycle so that 

the outputs from the two secondary windings cancel. The presence of an external field 

component parallel to the cores causes saturation to occur earlier for one half cycle than 

the other, producing an imbalance. The difference between the output voltages from the 

secondary windings is a series of voltage pulses which are fed into the amplifier, as 

shown in figure 4.2. the pulse height is proportional to the amplitude of the biasing field 

of the earth. Any component can be measured by suitable orientation of the cores. 

Much of the noise in a fluxgate can be attributed to the hysteresis of the core, as better 

materials have been developed noise has decreased in these magnetometers. Another 

source of noise comes from eddy currents that are produced in the cores; this is 

minimised by making them as long and thin as possible. There are several other 

fundamental sources of error in the fluxgate instrument. These include imbalance 

between the two cores, thermal noise in the cores, drift in the biasing circuits and a 

temperature sensitivity of around 1 nT/degree centigrade or less. These disadvantages 

are relatively minor however, when compared to the advantages, which include direct 

readout, no azimuth orientation, lightweight (2-3 kg) and small size. It is an advantage 

that any component of a magnetic field can be measured, and done relatively quickly, in 

about 15 seconds. The best fluxgates claim sensitivities of around lOpT/VHz at 1 Hz in a 

magnetically shielded environment [4.2 - 4.4] 
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Figure 4.2. Characteristics of the fluxgate magnetometer. 

4.5 PROTON PRECESSION MAGNETOMETER 

The proton precession magnetometer grew out of the discovery of nuclear magnetic 

resonance. Some nuclei have a net magnetic moment that, coupled with their spin, 

causes them to precess about an axial magnetic field. The proton precession 

magnetometer depends on the measurement of the free precession frequency of protons 

that have been polarised in a direction approximately normal to the direction of the field 

to be measured. When the polarising field is suddenly removed, the protons precess 
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about the earth's field in a manner analogous to that of a spinning top precessing under 

the influence of gravity. The protons precess at an angular velocity co, known as the 

Lamor precession frequency, which is proportional to the magnetic field B, so that, 

(0 =yp b 

The constant yp is called the gyromagnetic ratio of the proton. It is the ratio of its 

magnetic moment to its spin angular momentum, the value of which is known to an 

accuracy of 0.001%. Because frequency measurements can be made quite precisely, the 

magnetic field can be determined equally as accurately. The magnetic moment from the 

moving proton induces a voltage that varies with the precession frequency v, in a coil that 

surrounds the sample. It is therefore possible to determine the magnetic field from, 

B = 2TCV / YP, 

where the factor 2% I = 23.487 +/- 0.002 nT / Hz. It is the magnitude but not the 

direction of the total field that can be obtained. The accuracy of measurement of 

magnetic field is determined in part by the accuracy of measurement of frequency. To 

realise the full potential of the method, the frequency needs to be measured to an 

accuracy of 0.001%. Although this is not particularly difficult to realise in a static 

installation, it can be problematic to achieve in portable equipment. The proton 

precession magnetometers sensitivity is quoted to be around 1 nT whilst immersed in the 

earth's magnetic field [4.5]. One advantage of the system comes from the fact that it 

requires no orientation or levelling, which is good for marine and airborne operation. 

One down side being its rather low resolution compared to SQUIDs. Proton precession 

magnetometers are only able to measure the total field and at intervals between 

measurement of a second or more which can be disadvantageous in some applications. 
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The optically pumped magnetometer was bom from the technology gained around the 

time of the first lasers. The technique was developed by using the energy in transferring 

atomic electrons from one energy level to another. The principle of operation may be 

understood by looking at figure 4.3, which shows three possible energy levels, Ai, A2 and 

B for a hypothetical atom. Under normal conditions of temperature and pressure, the 

atoms occupy the ground state levels Ai and A2. The energy difference between Aj and 

A2 being minute, representing the fine Zeeman splitting structure difference of opposing 

spin electrons in the local magnetic field, with energy in the region of ICĈ  eV. Because 

thermal energies are much larger than this, at around 10"̂  eV, the likelihood of the 

electrons being in state A; or A2 are equally probable. The energy level at point B 

represents a much larger jump in energy compared to that from Ai to Aj. The transition 

from Ai or A2 to B corresponds to infrared or visible spectral lines. The electrons are 

forced into the A2 energy state by irradiation of the atom with a photon beam, where the 

energy corresponding to the difference between A2 and B has been removed. This has 

the effect of lifting all the electrons in the A, energy state up to the B energy state. When 

the excited atoms fall back into the ground state, they will fall back into either A] or A2 

with equal probability. But the electrons in the A] state will be re-excited back up to the 

B state, whereas the ones that fell down to the A2 state will remain there because the 

photon beam does not contain the correct energy to excite them out of that state. The net 

effect of this is to excite all the atoms from the Ai to the A2 state and is known as optical 

pumping. If a RF signal corresponding to the energy difference between levels Ai and A2 

is now applied the pumping effect is nullified. The proper frequency for this signal being 

given by V = E / h, where E is the energy difference and h is Planck's constant (6.62 x 10 
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Figure 4.3. Optically pumped magnetometer. 
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To turn this idea into a working magnetometer it is necessary to select atoms that have 

magnetic energy sub-levels that are suitably spaced to give a measure of very weak 

magnetic fields. Elements that have been used for this purpose include caesium, 

rubidium, sodium and helium. In a rubidium-vapour magnetometer light from the 

rubidium lamp is circularly polarised to illuminate the rubidium vapour cell, after which 

it is refocused on to a photocell. The axis of this beam is inclined at approximately 45 

degrees to the earth's field, which causes the electrons to precess about the axis of the 

field at the Lamor frequency. At one point in the precession cycle the atoms will be 

nearly parallel to the light beam direction and one-half cycle later they will be anti-

parallel. In the first position, more light is transmitted than in the second. Thus the 

precession frequency produces a variable light intensity that flickers at the Lamor 

frequency. If the signal is received on a photocell, amplified and fed back to a coil 

wound on the cell, the coil-amplifier system becomes an oscillator whose frequency, v, is 

given by: 

B = 2%v / Ye 

Where ye is the gyromagnetic ratio of the electron. For rubidium the value of ye / 2% is 

approximately 4.67 Hz / nT, whereas the corresponding frequency for the earth's field of 

approximately 50 p,T is 233 kHz. Because ye for the electron is known to a precision of 

about 1 part in 10 ,̂ and because of the relatively high frequencies involved, it is easily 

possible to measure magnetic field variations of around 10 pT. Indeed there are claims 

that these types of magnetometer can reach a resolution of 3 pT [4.6]. Since 1965, 

optically pumped caesium and rubidium-vapour magnetometers have been increasingly 

employed in airborne gradiometers [4.7]. 

4.7 INDUCTION COILS 

Induction coil magnetometers represent one of the closest rivals to SQUID 

magnetometers in the area of geophysical prospecting. They are relatively cheap, 
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lightweight, fairly portable, with low power consumption and can have great accuracy. 

The principle of operation follows the law of induction, where a coil of wire with a high 

permeability core is energised by a changing magnetic field. The sensitivity of an 

induction coil is directly proportional to the number of turns of wire it contains (hence its 

size) and to the frequency of the magnetisation signal. To obtain sensitivities around the 

20 fT mark, induction coils need to be over a metre in length. This length requirement 

can inhibit the practicality of fieldwork, especially if a three-axis magnetometer is 

deployed. Induction coils have a good frequency range in which they can operate for 

applications in geophysical prospecting [4.8]. It has been quoted that the best induction 

coils can measure to an accuracy of less than 100 fT from 1 Hz to over IkHz. They are 

at a disadvantage when compared to SQUIDs in two major ways, one of which being the 

portability aspect of a three-axis system. The other being that an induction coil takes 

longer to make a measurement than a corresponding SQUID system [4.9]. The SQUID 

has a faster measurement rate because of it's lower self inductance due to it's smaller size 

and the lower signal to noise ratio compared to induction coils. This means that greater 

depth penetration could be obtained with the use of a SQUID than with the induction coil 

as discussed in chapter 3. It is clear however that one of the greatest competitors in 

geophysical measuring instrument technology is that of the induction coil. 

4.8 HALL PROBE 

Hall sensors are sometimes used in non-destructive evaluation because of their good 

spatial resolution and relatively low cost. The main reason they are not very widespread 

is due to their relatively low signal sensitivity [4.10]. With a measurement range from 

slightly less than 100 jj.T to many Tesla, they are not really likely to pose any direct 

competition to the SQUID. 
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In this chapter the distinction between desired signal and unwanted noise is discussed. 

The essence of this entire project is concerned with the measurement and reduction of 

noise to allow the measurement of signals. Any SQUID output voltage will be composed 

of three main elements, signal, intrinsic noise and external noise, and it is the 

experimental goal to measure the magnitude of the signal as accurately as possible. The 

sensitivity of dc SQUIDs made from a high Tc superconductor is always limited by noise 

and comes in the two forms stated above, intrinsic and external. Intrinsic noise usually 

consists of white noise and 1/f noise. The white noise voltage is proportional to the 

operating temperature, due to the distribution of electron energies that cause this noise. 

The 1/f noise results from a large number of different physical sources and will be 

discussed below. The external noise comes from sources outside the measurement 

system, such as electromagnetic interference and changing magnetic fields. Different 

sources of error can also creep into measurements due to the inability to set up the 

apparatus perfectly. This form of noise can often be unavoidable but still needs to be 

addressed. This section will also discuss the ways in which intrusive noise is minimised, 

both in experimental set-up and in SQUID design and fabrication. 

5.2 INTRINSIC NOISE 

There are many papers that report on the general sources of noise within a SQUID [5.1-

5.4] and some that just concentrate on particular aspects. The term 1/f noise was created 

from the observation that at a certain frequency the noise increased in proportion with the 

reciprocal of the frequency. It is now commmly agreed that the two main sources of this 

noise come from critical current fluctuations in the Josephson junctions and thermally 

assisted flux flow of vortices in the main body of the SQUID ring [5.5-5.8]. For SQUIDs 

to be useful in many applications they often require frequencies of less than 1 Hz. The 
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1/f noise becomes a significant factor at frequencies below 1 Hz, hence a huge amount of 

research effort has been dedicated towards reducing the frequency at which the on-set of 

this noise occurs [5.9-5.11]. 

The two main sources of 1/f noise will be described here, but these are not necessarily the 

only sources of intrinsic 1/f noise. The first one mentioned here arises due to the 

fluctuations in the critical current of the Josephson junctions, and the mechanism for this 

process is quite well understood. In the process of tunnelling through the barrier, an 

electron becomes trapped on a defect in the barrier and is then subsequently released. 

While the electron is in the trap there is a change in the height of the tunnel barrier and 

hence a change in the critical current density of that region. As a result of this, the 

presence of a single trap causes the critical current of the junction to switch randomly 

back and forth between two values, producing a random telegraph signal. If the mean 

time between pulses is x, the spectral density of this process is a Lorentzian, 

S(f) oc x/(l+(27rfT)^), 

hence it is white at low frequencies and falling off as 1/f at frequencies above 1/2%%. In 

many cases, the trapping process is thermally activated, andx is of the form 

X = To exp (E/keT), 

where tq is a constant and E is the barrier height. 

In general, there may be several traps in the junction, each with it's own characteristic 

time Tj. One can superimpose the trapping processes, assuming them to be statistically 

independent, to obtain the spectral density, 

S(f) cc J dE D(E) [ To exp(E/kBT)/(l+(2TcfTo)^ exp(2E/]^T)], 

where D(E) is the distribution of activation energies. The term in square brackets is a 

strongly peaked function of E, centred at E=kBTln(l/27ifTo), with a width of 

approximately kgT. Thus at a given temperature, only traps with energies within a range 
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keT of Eav contribute significantly to the noise. If one now assumes D(E) is broad with 

respect to kgT, one can take D(Eav) outside the integral, and carry out the integral to 

obtain 

S(f,T) oc (ksT/f) D(Eav). 

In fact one obtains a 1/f like spectrum from just a few traps. The magnitude of the 1/f 

noise in the critical current depends strongly on the quality of the junction as measured 

by the current leakage at voltages below (Ai + A2)/e, where Ai and A] are the energy gaps 

of the two superconductors. Traps in the barrier enable electrons to tunnel in this voltage 

range, a process producing both leakage current and 1/f noise. Thus, for a given 

technology, junctions with low subgap leakage currents will have low 1/f noise. 

The second source of 1/f noise in SQUIDs arises from the motion of flux lines trapped in 

the body of the SQUID. This noise has the same qualities as a simple flux noise i.e. it 

behaves as if an external flux noise were applied to the SQUID. This means that the 

spectral density of the 1/f flux noise scales with the square of the flux velocity, Vo , and 

vanishes when 0=(n +/- !6)0o where V<d=0. In contrast, there is still critical current noise 

when V(D=0, although the magnitude depends on the applied flux. The origin of the noise 

can be physically described in terms of the motion of flux quanta in the superconducting 

film. Each vortex hops independently between two pinning sites under thermal 

activation, a process that produces a random telegraph signal with a Lorentzian power 

spectrum of the form T/(l+mV), where t=Xo exp [-U(T)/kBT] is a characteristic time, to 

is an attempt frequency and U(T) is the height of the energy bamer separating the wells. 

One computes the spectral density of an ensemble of such independent processes by 

adding the individual Lorentzians; if the distribution of activation energies is broad on the 

scale of kgT, the result is a 1/f power spectrum. The spectral density of the noise can 

increase approximately linearly with the magnetic field in which the SQUID is cooled. 

This highlights the need for research in this area for applications such as geophysics 

because cooling and operation in the earth's magnetic field is crucial. It was found that 

the 1/f noise in multilayer structures were higher than in single layer films, due to the 

difficulty in maintaining sufficiently high quality microstructure through several growth 
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processes. Considerable progress has been made in this area however, with multilayer 

structures often outperforming their single layer counterparts. 

The white noise level of a dc SQUID comes from the finite temperature at which it is 

operated. In a classical analysis the dominant sources of this noise come from Nyquist 

voltage and current fluctuations associated with the normal state junction resistance. For 

a ring with inductance L and two symmetrical junctions with critical currents ic and 

resistances R, the spectral density of the noise voltage appearing across the junction is 

S(V) = 4kBTR/2 

In addition to this voltage noise there will also be current fluctuations in the ring, with a 
spectral density, 

S(i) = SksT/R. 

The simplest assumption is that these two noise sources are unconelated. Although this 

is not the case in general, because circulating noise currents will influence the voltages 

appearing across the junctions and vice versa. But to gain an approximation of the noise 

it is convenient to ignore any extra contribution from these cross-correlations. The flux 

spectral noise density S(0) is simply related to both minimum detectable energy in unit 

bandwidth 6E and to S(V) and S(i): 

6E = S(0)/2L = [S(V)/(dV/d0)^ + S(i)/(di/d0)^] /2L. 

The non-linearity of a SQUIDs response means that to evaluate the derivatives in the 

above expression requires numerical solution of differential equations. Tesche and 

Clarke [5.12] have given such an analysis. For the purposes of an approximate solution, 

it is possible to find solutions that yield results that are correct to within a small 

numerical factor. It is known that the maximum change in critical current that can be 

produced by an external flux is 0o/2L and this requires a change of applied flux of 0o/2. 

Thus di/d0 ~ 1/L. Similarly 
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drVVcKD -(cTVVcU) (di41@) = ]R/2JL. 

Substituting these approximate values back into the previous equation yields the 

minimum detectable energy 5E, set by thermal fluctuations in the SQUID ring: 

613 ~ 81%;TTL/FL 

This has the simple physical basis that a SQUID possesses two degrees of freedom 

(voltage and current) each of which is associated with k^T/Z of themial noise. This is 

distributed as white noise throughout a bandwidth of approximately R/IttL. However, it 

is the minimum theoretically achievable noise level possible in a SQUID, and the goal 

that is chased in all SQUID design and manufacture. 

It is often convenient to eliminate R from the last equation, this can be done using the 

McCumber P parameter as follows: 

Pc = 2 TT lo C / Oo 

The McCumber p parameter, Pc, is used in the design and characterisation of SQUIDs. It 

is used to minimise the hysteresis in the current-voltage characteristic and determine the 

maximum resistance that can be tolerated for a given capacitance. Hence: 

16icbtr(l(:/pc)'^\ 03c :< 1) 

This equation gives a clear indication of how to improve the resolution of a SQUID by 

reducing T, L and C. A large number of SQUIDs with a wide range of parameters have 

been tested and found to have white noise energies generally in good agreement with the 

predicted values. 

There have been reports of rf SQUIDs competing with dc SQUIDs due to their lower 1/f 

comer [5.13]. Although rf SQUIDs can have a higher white noise compared to their dc 

counteiparts, they can have a lower frequency of onset of the 1/f knee. This means that 
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in applications where measurements down to low frequencies are required, but the 

absolute accuracy of a dc SQUID is not required, a rf SQUID could be a useful option for 

use in these applications [5.29]. 

5.3 

The type and level of external noise that a SQUID will encounter is dependent upon the 

application. But it is the object of this section to highlight some of the more general 

sources of external noise and then refine the discussion towards specific applications 

relevant to this project. The general specification of modem high Tc SQUIDs is of the 

order of a few tens of femto Tesla; this is much less than the background noise signals 

generated in an ordinary laboratory environment. Figure 5.1 shows a schematic 

representation of the external noise signals in an ordinary laboratory or medical clinical 

environment. It is composed of a continuous background noise in the form of the hatched 

area and certain peaks at discrete fi-equencies. It is clear to see that over the whole 

frequency spectrum the external noise level is orders of magnitude larger than the field 

resolution of SQUID devices. The background signals are more or less uniform fields 

with the peaks being associated with relatively large non-uniform components induced by 

conductors and magnetic materials in the direct surrounding of the sensor. The peak 

amplitude of these signals can change very rapidly by the starting up or shutting down of 

electrical machines. 

Figure 5.1. Typical noise spectrum of a laboratory. 
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5.3.1 ELECTROMAGNETIC INTERFERENCE. 

It has been known for a long time that SQUIDs are very sensitive to electromagnetic 

interference (EMI). Especially in the vicinity of urban centres, EMI can seriously affect 

the operation of a SQUID. EMI can be suppressed by the introduction of magnetically 

shielded rooms, but these are very complicated and expensive to construct. In many 

applications such as geomagnetics it is not feasible to construct shielded rooms. Normal 

conducting shields placed around each individual SQUID can substantially reduce EMI, 

unfortunately this is done at the expense of an increased thermal magnetic noise, a 

reduced bandwidth and a frequency dependent phase shift due to eddy currents in the 

shield. There have been investigations into the effects of EMI on dc SQUIDs [5.14]. It 

has been found that EMI of sufficient intensity can reduce the modulation depth of dc 

SQUIDs as well as induce a low frequency excess noise, especially if the EMI has an 

amplitude-modulated part. Special readout techniques such as bias reversal can reduce 

this excess low frequency noise, as discussed later in this chapter. 

The physical dimension of a SQUID is small in general when compared to the 

wavelength of EMI. EMI radiation incident upon the SQUID can then be considered to 

be a puie r.f. flux bias, hence the SQUID senses only the magnetic component of the 

electromagnetic field. For this reason it is appropriate to mainly consider the effects of 

an EMI flux (Oemi) on SQUID operation. For simplicity it is assumed that only the bias 

current, the a.c. modulation flux (Oa.c.) used for a flux locked loop and an EMI flux of 

single frequency are present. The r.f flux induced by an EMI generates an additional 

screening current in the SQUID loop, which adds to the bias current. The SQUID 

modulation voltage will then be the result of a superposition of the SQUID response to 

Oa.c. and the interference flux. EMI of low frequency up to the order cf several hundred 

kHz will probably be sensed by the flux locked loop and will therefore be present at the 

loop output. Higher frequencies will not appear at the amplifier output because the 

bandwidth of the readout electronics limits the frequency response of the system to less 

than a few MHz. Regardless of this fact the SQUID itself will respond to much faster 

flux changes, because its response time is given only by the switching time of it's 

Josephson junctions and the L/R time constant of the SQUID ring, which for 
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conventional thin film SQUIDs can be of the order of 50 ps. For EMI above a few MHz 

the amplified SQUID modulation voltage (Vm) will not contain components of the EMI 

signal, but only show its average value. No EMI is thus directly detectable at the output 

of the electronics assuming that the EMI is not amplitude modulated. 

Due to the periodic nature of the SQUID transfer function, the r.f. flux generated by EMI 

will lead to a 'washing out' of the transfer function if the ®emi is large enough. Even 

larger Oemi can completely suppress flux modulation of the SQUID. 

5.3.2. THERMAL FLUCTUATIONS 

Temperature fluctuations within the SQUID system can have far reaching effects on the 

noise performance of such a system. They can influence both the stability and sensitivity 

of a high temperature dc SQUID. Temperature fluctuations as small as a few mK can 

have considerable influence on the sensitivity of a SQUID. 

An example where temperature fluctuations are inevitable is a HTS SQUID cooled by a 

cryocooler. A pulse-tube refrigerator (PTR) is a type of cryocooler that operates by 

pulsing helium gas through a cold head at a frequency of around 2 Hz. In an experiment 

with a SQUID in two layers of mu metal and the PTR being made solely from non-

magnetic materials [5.15], it was found that there was a 2 Hz period in the sensed 

magnetic field, even though there was no external signal applied. The periodic change in 

the flux signal had an amplitude of several n#o. With a measured temperature 

dependence of the SQUID (dO/dT) of 1 Oq/K and an estimated temperature change of the 

cold stage in the PTR of 6 mK lead to the observed flux signal of some rrSDo- The 

temperature fluctuations of a cold head on a cryocooler can be reduced by the use of 

thermal low pass filters, but due to the periodic nature of the temperature variation, even 

small temperature fluctuations can give rise to a noticeable flux signal. 

Depending on the type of SQUID used there can be up to four different mechanisms that 

contribute to the instability and increased noise of SQUIDs, due to temperature variation 

[5.16]. An initial mechanism to consider is the London penetration depth which has 

a temperature dependence of A , l = ? l̂(0) / V [ 1 - (T/Tc/]. Temperature variations will 

therefore lead to changes in the London penetration depth, which in turn will lead to a 
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variation of the effective area of the SQUID, and hence it 's field-to-flux transfer 

coefficient bo = dB/dO. This will have a more serious effect on SQUIDs with smaller 

loop areas. It will also have greater effect close to Tc because the London penetration 

depth is proportional to 1/V[1- (T/Tc)"*]. For a 20 pH HTS SQUID operated at 77 K, 

B(0) will change by nearly 1% for a AT = 1 K. In an applied field of 50 pT, such as the 

earth's field, the dB(0)/dT dependence results in a d0/dT of about 5 Oq/K for a typical 

HTS SQUID with L = 20 pH and B(0) = 100 n T / O o . Whereas a typical low temperature 

SQUID would have a value several orders of magnitude lower of 5 rrtPo/K. 

A second mechanism, which has greater influence on noise, is thermally activated motion 

of flux in the SQUID body. During cool down in an ambient magnetic field, vortices can 

be trapped in the body of the SQUID, as mentioned earlier in the slightly different 

context of 1/f noise. The vortices that thread the superconductor are usually pinned at 

impurities or thickness variations of the superconducting ring. Thermal fluctuations can 

change the pinning energy and thus allow for the escape of vortices, which will move 

across the ring and thus change the flux in the SQUID. This effect is irreproducible in 

nature since the number of trapped vortices and their position in the SQUID is likely to 

vary with time. 

The use of dc SQUIDs introduce two additional effects that can be compensated for with 

the use of appropriate readout schemes. Temperature fluctuations lead to a 1/f voltage 

noise across the weak links, which in turn leads to a 1/f component in the noise spectrum. 

This effect, which has already been discussed earlier in this chapter, is greatly reduced by 

the operation of a flux locked loop. The second effect springs from asymmetry in the 

critical currents in the junctions. This leads to a temperature dependent difference in 

current flow through the individual weak links. This results in a variation of the flux 

through the SQUID. If the critical currents of the two Josephson junctions (Ici and Icz) 

are not identical, the bias current (Iq) in the dc SQUID will be split up asymmetrically 

between Ici and Ic2 into the two branches of the SQUID ring, generating a net flux 

through the dc SQUID. As an example, consider an asymmetry in Ic of I c i = 2 I c 2 . For a 

typical SQUID inductance of L = 100 pH and an Ici = 5 pA, a I dcD/dTl = 0.035 cDq/K is 

expected. Reversing the bias current changes the sign of the temperature dependence 
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caused by this effect. It is therefore possible to reduce a temperature drift in the flux 

signal by using one of several bias reversal schemes. 

As a consequence of these results, a cryocooler system used for cooling SQUIDs should 

be designed to have a temperature stability that is given by the acceptable influence of 

temperature changes on the flux signal. For random temperature fluctuations generated 

by boiling liquid cryogen for example, the fluctuation anplitude must not exceed 1 mK 

in order to observe the intrinsic noise of the SQUID, if it is assumed that the fluctuations 

are indeed white in a bandwidth of 100 Hz. Strong demands are made upon the periodic 

temperature stability of cryocoolers such as the PTR. For a dD/dT of 1 OQ/K (HTS 

SQUID in 50 piT field) and an intrinsic SQUID noise of OQ/VHZ, the periodic 

temperature fluctuations due to the cryocooler should not exceed a few jjK. 

5.3.3. OTHER EXTERNAL SOURCES 

It is important to mention some of the other sources of noise that can compromise the 

measurement of magnetic signals. The production of eddy currents can seriously hamper 

the performance of a SQUID system. Any moving conductor that is immersed in a 

magnetic field can induce eddy currents that result in a varying magnetic field at the 

sensor. In a similar way, if there are magnetisation changes in a material for any reason it 

can affect the signal detected by the magnetometer. Some materials magnetic properties 

are dependent upon temperature, hence slight changes in temperature can vary their 

magnetisation and hence the amount of field incident upon the sensor. Because liquid 

nitrogen is slightly paramagnetic, the slosh of the nitrogen as it circulates around the 

cryostat can set up stray fields. In fact any magnetic material that is moving in a 

magnetic field will cause noise. Thermal emfs can be created if magnetic materials have 

temperature differences whilst moving around the sensor. 

We will estimate the effect of sea water circulating around a SQUID sensor. This 

calculation has relevance to deep sea magnetometry, and demonstrates just how critical 

certain factors are. In this project the SQUID will be towed in a pressurised container at 

approximately 1 ms"̂  through the water. When a conductor moves with velocity (y) 
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through a magnetic field (B) there is a field (E = v x B) generated at every point. The 

current density produced at any point will be: 

J = aE = CT(V X B) 

Where a is the conductivity of the medium. Assuming that v and B are perpendicular 

and with the knowledge that J is simply the current (I) divided by the area (A), we get: 

I = a V B A 

Using the values for B = earth's field ~ 50 jaT, 

V = velocity of circulating water ~ 0.1 ms'\ 

a = conductivity of seawater ~ 5 Q''m'', 

A = area of 0.5 m whirlpool = = 7r/8. 

Hence the current produced by this flow of water is: 

I = 5 X 0.1 X 50x10^ X 7t/8 

1 = 9.8x10'^ A. 

If this circulating current of approximately 10 pA is now calculated as a magnetic field at 

a distance (r) of 1 m, the magnetic field will approximately be: 

B = |LIOI/27tr 

With Ho = 1.26x10'^ H m'\ we get a value for the magnetic field sensed at a distance of 

one metre being approximately 2 pT. Hence the total field produced by a circulating 

current of sea water around the SQUID sensor could exceed one picotesla. This would 

not be a problem if the field produced was constant, but of course, due to the nature of 

water flow and water currents, field would vary. It is likely that there would be a random 
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fluctuation in the field produced, hence creating another source of external noise. A 

similar estimation was made by Clarke [5.17], in a paper written regarding geophysical 

applications of SQUIDs. 

5.3.4 GRADIOMETER NOISE AND MEASUREMENT ERRORS 

It is often convenient to use magnetic sensors in a gradiometer arrangement. As already 

discussed in chapter 2, this can be done in two ways, either with a gradiometric pick up 

coil or with two magnetometers in series opposition. High Tc SQUID gradiometers of 

sufficient quality can only be manufactured in the form of a thin film. These 

gradiometers are planar in design, generally with a separation between coils of 1-2 cm. 

To create an axial gradiometer from high Tc SQUIDs, it is necessary to use two 

magnetometers that are set a certain distance apart and configured to measure magnetic 

field in the opposite sense. The great advantage of a gradiometer is that it will largely 

reject distant sources of magnetic noise. This is so because of the attenuation of 

magnetic dipole field with distance meaning that the gradient of a distant magnetic field 

will have greatly attenuated by the time it reaches a gradiometer. There are several 

technical difficulties involved in using two magnetometers to create a gradiometer. It is 

crucial that the sensors are similar in performance, accurately aligned and held rigid. 

To give an insight into the degree of accuracy in aligning the sensors, it is possible to 

perform the following calculation. If we assume that it is possible to achieve an accuracy 

of 500 f r with each individual magnetometer and the earth's magnetic field is 

approximately 50 jaT. A gradiometer operated in the earth's field will need a sensitivity 

of 500x10"^^ parts in a background of 50x10" .̂ This difference equates to a sensing 

criteria of 1 part in 10 .̂ From a practical point of view, this means that the two individual 

magnetometers must remain aligned at an angle of within 1 part in l(f to maintain 

maximum sensitivity. 

There are many other sources of error associated with the use of two magnetometers 

configured as an electronic gradiometer. Although most of these errors will only cause a 

small error they are still worth considering. The consideration of a deep sea 
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magnetometry project highlighted many of these potential sources of error. When two 

magnetometers are set one metre apart, any expansion or contraction of the material that 

the sensors are mounted on will introduce errors. When being towed under water there 

will be a certain amount of tipping as the craft under goes yaw and tow movements. As 

the originally vertical sensors are tipped at an angle the effective vertical distance 

between the sensors is reduced, thus introducing more error. If the two sensors are not 

mounted with the pick-up coils in exactly the same plane, their calibrations will therefore 

not be accurate because both sensors will trap different degrees of the vertical component 

of the earth's field. 

The common mode rejection of an analogue to digital converter (ADC) can be another 

important area to avoid errors. In the electronic gradiometer arrangement where two 

magnetometers are arranged in series opposition the output of each SQUID is fed to an 

ADC. The common mode rejection of an ADC is dependent upon the number of 'bits' 

that the converter has. Because the analogue signal is placed into a digital value, the 

more bits the ADC has the more values the analogue signal can take. Going back to the 

500 fT sensitivity in the earth's field of 50 jj.T requiring rejection of 1 part in 10® means 

that the ADC will ideally have a common mode rejection value at least as high as this. 

The digital value of each sample is stored in an array of binary units. To achieve a 

resolution of 10® would require an ADC with around 27 bits, which is impossible with 

present technology. Fortunately the variation of the earth's field over a period of a few 

minutes is a lot less. Diurnal fluctuations in the earth's magnetic field are generally of 

the order of a few nanotesla. This results in a required common mode rejection value of 

500 fT in 5 nT, which equates to 1 part in 10,000. An ADC with 14 bits has sufficient 

resolution to fulfil this requirement and are readily available. There are many papers that 

discuss this issue, some of which will be discussed in the forthcoming section. 

Continuing with a focus on the SOC project, the craft that was envisaged to tow the 

SQUID magnetometer array along the deep sea would also contain other measurement 

instruments. It would have been very important to assess any magnetic signal that 

emanated from other instruments and measure their effect on the gradiometer. It may 

then be possible to filter out the noise if it is found to be cyclic. 
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5.4.1 SENSOR DESIGN 

One of the major criteria of SQUID sensor design is to make a low noise instrument that 

can be successfully operated in the earth's magnetic field and preferably whilst in motion. 

Since the advent of high Tc materials the noise of SQUIDs has decreased by around eight 

orders of magnitude [5.18]. A recent discovery that was made by Dantsker et al 

demonstrated that the addition of slots and holes within the body of the SQUID could 

help reduce the low frequency noise, especially when the sensor is subject to the earth's 

field [5.19]. The reduction in noise was believed to be due to a reduction of flux motion 

by thermal activation within the superconductor. It was also found that by reducing the 

linewidth of the SQUID body it was possible to largely reduce noise. It was predicted 

that magnetic fields would be excluded from the body of the superconductor, below some 

threshold field, so long as the line width was below a certain value: 

Bt = 7rOo/4w .̂ 

Where Bt is the threshold field and w is the linewidth of the superconductor. 

Experiments showed that there was very little increase in the low frequency noise for 

fields below the threshold value Bt, and a rapid increase with field at higher values as 

flux entered the superconductor. Fields of up to 100 pT were used in experiments and 

showed no degradation in the performance of some SQUIDs with sufficient slots. This 

was in marked contrast to non-machined SQUIDs that showed a great increase in their 1/f 

noise when immersed in these fields. It was calculated that a linewidth of 4 pm should 

return a threshold field of just under 100 pT. The motivation for reducing the linewidth 

is a reduction in the vortices that thread the superconductor. It is the thermally assisted 

flux flow within the superconductor body that causes 1/f noise as reported in section 5.2. 

This 1/f noise is increased when immersed in the earth's field because more flux vortices 

thread the superconductor creating more movement of these vortices to create extra noise. 

It has been demonstrated that it is energetically favourable for flux vortices to exist 
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outside the superconductor when linewidths of 4 jtim or less are used. This effect was 

demonstrated up to the predicted field of 100 |LIT. 

In a paper by Selders et al [5.20], a different approach was taken to the same problem. 

The introduction of antidots was used to introduce extra pinning sites within the 

superconductor body. Artificial pinning sites were created by the preparation of 

networks of sub micrometer holes. These defects were placed arbitrarily over the 

superconductor, where a periodic array of antidots with a radius much smaller than the 

distance between them was created. YBCO films were used and there was no 

deterioration of the superconducting properties caused by the introduction of holes. The 

antidots, sometimes referred to as sputter holes, were created by a high pressure on-axis 

magnetron-sputter technique on CeO: buffered sapphire and LaAlO]. The experiment 

proved that there was a large dependence on the 1/f noise with the arrangement of 

antidots. Depending on geometrical arrangement the 1/f noise could either go up or 

down. 

An alternative approach is the addition of a flux dam in the pick-up loop which has been 

demonstrated to reduce the amount of low frequency noise in a SQUID magnetometer 

when operated in the earth's magnetic field. The work by Koch et al [5.21] and [5.22] 

put a weak link or Josephson junction into the superconducting pick-up coil to create the 

flux dam. It is believed that a flux dam can prevent flux lines from being pinned to sites 

within the superconductor by providing an easy route for flux lines to enter and exit from 

the SQUID. Tests with commercial high Tc SQUIDs showed a marked increase in the 

low frequency noise when sensors were immersed in fields of 1 |_iT, whereas the flux dam 

sensors could withstand ambient magnetic fields up to 34 |LIT, which is at the lower end of 

the earth's magnetic field. Work carried out by Leslie et al [5.23] on rf SQUIDs operated 

in magnetic fields of 50 piT found no conclusive evidence of flux dams being an effective 

way to reduce excess noise. This may be an indication that the benefits from flux dams 

are rather marginal, but further investigation is required before definite conclusions can 

be drawn. 

The reduction of low frequency excess noise and temperature drift of SQUIDs by 

'degaussing' using high frequency magnetic fields has been reported by Muck et al 

[5.24]. The principle behind this scheme involves removing the vortices from the 
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SQUID body to reduce the 1/f noise generated by the thermally assisted flux hopping, or 

at least moving the vortices to pinning sites with high pinning energy. The 

demagnetisation is achieved by using a high frequency magnetic field of several hundred 

MHz and a maximum power of 10 mW. It was found that a demagnetising frequency of 

200 MHz and above gave nearly two orders of magnitude improvement to the flux noise. 

5.4.2 BIAS REVERSAL 

The term bias reversal has been mentioned already, but is worth mentioning in some 

more detail due to its success and application. Most modem high Tc SQUID electronics 

operate bias reversal schemes to reduce the lower frequency noise. Instead of running the 

SQUID with a constant bias current, it is rapidly modulated from positive to negative 

maxima. Bias reversal does not affect the thermally assisted flux hopping noise aspect, 

but it reduces the contribution attributed to the critical current fluctuations within the 

junction. 

The standard flux modulation schemes with a static bias current ly through the SQUID 

eliminates the influence of in-phase fluctuations of critical current and shunt resistance of 

the two Josephson junctions. The in-phase fluctuations occur when each of the two 

junctions produce fluctuations of the same polarity. Out of phase fluctuations, which 

occur when the oscillations are of opposite polarity, appear as corresponding fluctuations 

of the magnetic flux in the SQUID and may deteriorate the low frequency noise 

performance. However, flux changes caused by these out of phase fluctuations are 

inverted if the bias current is reversed, and the resulting V-O characteristic is shifted 

along the flux axis. Therefore the influence of out of phase fluctuations can be 

eliminated by bias reversal schemes where the bias current is periodically switched. The 

1/f voltage noise across the SQUID can be written in the following approximate form. 

Sv(f) « % [ (dV/dlo)^ + ] Sio(f) 

The first term on the right hand side in the equation relates to the in phase mode which is 

eliminated by flux modulation. The second term relates to the out of phase fluctuations. 
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which can be reduced by bias reversal techniques as detailed in [5.25-5.27]. The effect of 

ac bias can be seen in figure 5.2, there is a much lower level of noise at lower frequencies 

as compared to the spectrum with dc bias. The line in figure 5.2 labelled BMSR results 

from a run taken in the Berlin magnetically shielded room. This room was constructed 

from different materials to minimise magnetic interference incident upon this space to 

create a bench mark for comparison. At very low frequencies below about 1 Hz, the ac 

biased spectrum follows very closely to the background noise in the magnetically 

shielded room that the measurements were taken. 

Figure 5.2. Reduction of low frequency noise by a.c. bias. 
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A method of noise reduction that was pioneered by Koch et al [5.28] is the three SQUID 

gradiometer (TSG). It has been the subject of much interest and refinement by several 

groups around the world. The basic principle takes advantage of a magnetometer to feed 

back magnetic field information to a coil that compensates for changes in the ambient 

magnetic field. The net effect being that the SQUID sensors that do the measurements 

are maintained within a low field environment. 

A diagram of the circuit to make one of the axial components of the three SQUID 

gradiometer is shown in figure 5.3. It is important to note that this system requires nine 

SQUIDs to produce a three-axis TSG system. Within an axis of the system one of the 

SQUIDs is designated as the reference SQUID. The reference SQUID measures the 

changes in magnetic field that occur, in the normal way, except for the fact that the output 

is fed back to all three SQUIDs through identical coils that surround each SQUID. The 

two remaining SQUIDs are called the sensor SQUIDs, and their feedback loops measure 

the difference in magnetic field between reference SQUID and sensor SQUIDs. A 

calculation summing the two differences and dividing by the baseline (distance between 

sensor SQUIDs) results in the average magnetic field gradient in that area. It was found 

that the TSG had excellent linearity and common mode rejection ratio, because the 

uniform field subtraction is done magnetically. The subtraction to form the gradient is 

done electronically, which can reduce the linearity and common mode rejection in some 

circumstances. But because in most applications that the TSG would be used for, the 

magnetic gradient times the baseline is far less than the uniform applied field, the error 

introduced by the electronics is negligible. Since all the superconducting parts of the 

TSG operate in a constant magnetic field, the detrimental effects of magnetic hysteresis 

in the SQUID I-V characteristic are eliminated. 
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Figure 5.3. Idealised schematic of 3-SQUID gradiometer circuit. 

5.4.4 SHIELDING (MAGNETIC AND EMI) 

Two types of shielding will be discussed in this section because they are most widely 

used in SQUID applications. The point of shielding a SQUID is to protect it from the 

external environment, hence allowing it to make measurements without certain forms of 

interference. The two types of shielding most commonly employed are magnetic and 

electromagnetic interference (EMI) protection. Magnetic shielding can take the form of 

either a mu metal shield or a superconducting shield. Radio frequency interference 

(RFI), which is a sub-group of EMI, shielding is usually achieved with the aid of a thin 

sheet of conducting material such as copper or aluminium. 

Mu metal shields attenuate the magnitude of magnetic field that is incident upon the 

SQUID. This is achieved because mu metal is a material of very high magnetic 

permeability, thus acting as a type of magnetic 'sponge', soaking up the magnetic field in 
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the area surrounding it. Mu metal is a generic name for the alloy containing 

approximately 77% nickel, 14% Iron, 5% copper and 4% molybdenum with a 

permeability of several thousand Henries per metre depending on frequency and ambient 

field. If mu metal surrounds the SQUID sensor then less of the earth's field, for example, 

will be incident upon the sensor, hence allowing it to work at a lower noise level. The 

level of attenuation of magnetic field from one side of the wall of an infinitely long mu 

metal cylinder to the other can be calculated with the following relation, 

g = (M/4)(l-(a"/b")), 

where g is the ratio of magnetic field strength on one side of the shield wall to the other. 

(I is the permeability in Henries per metre, with a and b being the inner and outer radii of 

the shield respectively. Low frequency magnetic shield effectiveness is directly 

proportional to shield thickness because the shield's reluctance to magnetic flux is 

inversely proportional to its thickness. The above calculation was for an infinite cylinder. 

When the cylinder length is finite the effectiveness is reduced. 

Electromagnetic noise can cause a real obstacle to achieving optimal performance within 

a SQUID. The associated rapidly oscillating magnetic fields can hinder the V-O 

performance of the SQUID. RFI and EMI typically enter the system through the various 

interconnecting conductors, which act as antennae. These antennae take the form of 

power supply and signal leads and data lines. RFI spanning across the electromagnetic 

spectrum from about 100 kHz to 100 GHz is the most common form of EMI found on 

earth, especially in industrialised nations. These noise sources include everything from 

broadcast radio stations to satellite uplinks to military and civilian radar. Ensuring that 

the SQUID is well shielded can eliminate the majority of RFI noise problems. Using thin 

layers of copper or aluminium in a complete grounded circuit around the sensors and all 

accompanying circuitry minimises the effect caused by RFI. It is extremely difficult to 

shield equipment from low frequency electromagnetic fields, because these fields all 

permeate non-magnetic conductors such as copper and aluminium. 
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CHAPTER 6. 

6 

6 . 1 I N T R O D U C T I O N 

The purpose of this chapter is to explain the work that contributed towards the 

experimental aspect of this project. Because the project is of an experimental nature, 

there has been considerable work carried out in creating systems to collect and process 

data, to provide greater understanding of the usefulness of high temperature SQUIDs. 

The mechanical elements such as the cryostat and SQUID holder are discussed, with 

attention given to aspects such as circuitry and electronics. 

<).2 

6.2.1 CRITERIA FOR CRYOSTAT DESIGN. 

There are several important aspects to consider when designing a cryostat to house a 

SQUID. One such consideration is the minimisation of magnetic field production by the 

cryostat If the cryostat produces changing magnetic fields that the SQUIDs can detect, 

this will take the form of noise, which is undesirable. To minimise noise generated by 

the cryostat, it is important to minimise the ferrous and metallic components used. It is 

usually possible to eliminate all ferrous metals from the design of the cryostat. The 

reason ferrous metals are so detrimental to the operation of a SQUID is the fact that they 

are easily magnetised by movement in the earth's magnetic field, which in a portable 

system could swamp the actual signal that is being measured. All metallic objects near to 
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the SQUID will create eddy currents if there is a sufficiently strong changing 

electromagnetic field present. But the design is a compromise, because a complete radio 

frequency interference (RFI) shield is required to protect the SQUID from the potentially 

harmful electromagnetic interference. The RFI shield consists of a complete thin 

conducting layer around the SQUID to earth. This shielding often takes the form of a 

thin aluminium casing around the sensor which is in electrical contact with the shielding 

around the wires, which is also earthed to ensure all EMI goes straight to earth. 

Other design considerations should include, materials used in construction to be poor 

thermal conductors, they must also be strong and rigid enough to support the stresses of 

acute temperature change, mass of liquid and transportation forces. Because high 

temperature SQUIDs need liquid nitrogen for them to operate, it is important to keep the 

temperature and pressure in which they operate as constant as possible to maintain 

consistent performance from the SQUID. The main material used must also be strong 

enough to withstand the forces involved in creating a vacuum within the main body of the 

cryostat. The reason for a vacuum is to reduce the thermal conductivity from the liquid 

nitrogen at 77 K and room temperature of 300 K; this will in turn reduce the rate at which 

the liquid nitrogen boils off into the atmosphere. The longer the cryostat can go between 

refills provides the opportunity for longer experimentation runs hence less disruption to 

the SQUID. 

A very popular material as a result of all these considerations is fibreglass, which is not 

only a very poor, non-magnetic, thermal conductor, but has the mechanical strength to 

withstand the forces imposed by transportation and vacuum. 

Figure 6.0 shows the arrangement used in the single, double and triple shielded 

experiments in the laboratory. 
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Figure 6.0. The four types of set-up used in the laboratory experiments. 
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6.2.2 GLASS FIBRE CRYOSTAT. 

A fibreglass cryostat in the laboratory was identified that would be suitable for the testing 

of the high temperature SQUIDs. The general design and construction of the cryostat can 

be seen in figure 6.1. This cryostat was used for almost all of the laboratory tests and the 

early field tests on Southampton common. 

— G L A S S FIBRE CRY0ST4 

lOUlD NTTROGEN 

:H B SENSOR 

NSOR 

MU METAL SHIELD 

Figure 6.1. Glass-fibre cryostat. 
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The calculated volume of liquid nitrogen that this cryostat held was approximately 

12 litres of liquid, it had an average boil off rate of less than 2 litres of gas per minute. 

When nitrogen liquid evaporates into a gas it expands to approximately 700 times it's 

volume, this meant that the cryostat had a time between fills of up to 3 to 4days. For 

applications of prospecting in remote places, a hold time of this length is an obvious 

advantage. The cryostat had no metallic parts other than the thin aluminised-mylar 

insulation outside the nitrogen can and the non-ferrous metallic valve and screws on top 

of the cryostat. All other joints were made with epoxy-resin, 'o ' rings and rubber matt, 

all of which is non-magnetic. It was found that the noise of comparable cryostats was 

less than 10 at 1 Hz [6.1], which is far below the level of noise that is of most 

interest by nearly two orders of magnitude. 

6.2.3 TRISTAN CRYOSTAT. 

With the HTMl sensors came a small cryostat from Tristan technologies. This cryostat 

was also made from fibreglass but was much smaller in scale, and could therefore only 

hold one sensor. This would mean that a gradiometer system would not only require two 

sensors, but also two cryostats. This would have made the capital cost of a three-axis 

gradiometer system very expensive, although it would give the flexibility of a huge 

baseline, because the sensors no longer need to be constrained within the same cryostat. 

The longer the baseline of a gradiometer the better the resolution of the system as a 

whole. In practice, due to the small size of the cryostat, it only held nitrogen for a matter 

of a few hours, due also because the valve on the cryostat was faulty and let air into the 

vacuum space. Even with this problem it was encouraging to see that the SQUID could 

still detect land mines, see figure 6.1 A and chapter 7. A perfectly working cryostat of 

this type has a quoted hold time of the order of a day, which is quite acceptable for field 

use just as long as there is access to further supplies of liquid nitrogen. 
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Figure 6.1 A. Set-up for land mine detection. 
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6.2.4 GLASS FLASK. 

One of the simplest forms of cryostat to operate a SQUID is the glass flask. This is 

simply a vacuum insulated glass container with a lid and insulation, as shown below in 

figure 6.2. The set-up shown below was used in the early stages of the project and was 

designed to incorporate a Helmholtz coil set to emulate the earth's magnetic field. 

1TR0G[N 

ALING LID 

MU METAL SHIELD 

GLASS DEV/AR 

INGLE SENSOR 

FIBRE GLASS INSULATION 

Figure 6.2. Glass-flask cryostat. 

The set-up was later adapted for use in the field, as shown in figure 6.3. The glass flask 

provided a good non-magnetic container for the SQUIDs, whilst the large bucket full of 

sand provided a sturdy base for the arrangement. The importance of a vibration free 

platform from which to take measurements is immense, because the sensors are 
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completely unshielded in the field, hence they are fully responsive to the relatively large 

magnetic field of the earth. It does not therefore take much movement, such as that 

caused by a gust of wind, before it can be measured by the SQUIDs, thus introducing 

more noise into the system. 
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Figure 6.3. Glass-flask cryostat for field use. 
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There were a number of different SQUID companies contacted about the purchase of a 

high temperature SQUID system. There were only two companies found that marketed 

high temperature SQUIDs of sufficient quality that were able to lend a system for 

evaluation. The following sections discuss their design, construction and integration. 

6.3.1 OXFORD INSTRUMENTS GRADIOMETER. 

The system supplied by Oxford Instruments was a single chip gradiometer system. The 

gradiometer had a quoted baseline of better than 1900 fT / / cm at 1 kHz. 

The system was collected from the company after a demonstration of its operation. 

When the system was set-up in the laboratory, satisfactory operation was never achieved, 

until complete failure occurred and the system was returned. Although a complete 

calibrated run was never achieved, it was during this time that the basics of operation of 

the SQUID were learnt. It was also possible to undertake some qualitative experiments 

with the system whilst it was still operating. 

Oxford Instruments were unable to provide a satisfactory and fault free system that was 

reliable enough for evaluation. This fact ended the testing of this system, however it was 

concluded that the system as a whole was complicated and slow to control. 

6.3.2 TRISTAN TECHNOLOGIES MAGNETOMETERS. 

Tristan Technologies is a company that was formed from the break up of Conductus 

Incorporated, a large American company specialising in superconductor technology. The 

first system that we received and tested was called the HTML This name is derived from 

the fact that the HTMl sensors were designed for optimised operation in magnetic fields 

up to 1 |LIT. The second type of system received was called the HTM 100, which was 

designed for optimum performance in ambient fields of up to 100 |LIT. The SQUID 

controller was common for both the HTMl and HTMl 00 systems, and came from the 
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original Conductus low temperature SQUID system that had been marketed for many 

years. 

The first system type received from Tristan was the HTMl, so-called because it was 

designed for operation in small ambient magnetic fields below 1 pT. 

During the testing period with these sensors, which lasted for nearly a year and used three 

different HTMl sensors, the entire system operated faultlessly and with ease. The 

control box had an automatic start up routine, which put the sensors straight into test 

mode automatically. This is an advantage for field operation because any untrained non-

specialist could operate the SQUID without any prior knowledge of SQUID systems. 

Two high field HTM 100 magnetometers were delivered as soon as they became 

available. They were called high field sensors because they were the first commercially 

available high temperature sensors on the market designed for operation in magnetic 

fields as high as the earth's. This was an advantage when searching for unshielded 

applications of high temperature SQUIDs. Where the HTMl sensors were manufactured 

by Conductus, the HTM 100 sensors were made by the Mich group in Germany [6.2]. 

The circuit design used to collect and process data was identical to that described for the 

HTMl in section 6.3.2.1 and 6.9.2. 

There were a number of sensor holders designed and constructed for this project. The 

first was the small tufnol holder with Helmholtz coil for the glass flask. The second was 

the larger tufnol holder for the fibreglass cryostat. The third and final sensor holder of 
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note was the holder for the field set-up that went into the bigger glass flask to allow all 

three-axis components of measurement. 

6.4.1 HELMHOLTZ COIL SENSOR HOLDER 

This sensor holder was designed when there was only one sensor available for testing; 

hence it accommodates one sensor. This holder was designed to incorporate an integral 

Helmholtz coil set. It was planned to run the SQUID within the magnetic shielding to 

create a zero magnetic field environment for the SQUID. The Helmholtz coils would 

then be connected to a constant current source to produce a constant field of around 

50 |4,T. The theory therefore was to immerse the SQUID in a constant magnetic field 

similar to that of the earth's, because the mu metal would cut out most of the interference 

from the external environment and the Helmholtz coil would create a steady magnetic 

field. The results from this run could then be compared to runs with the Helmholtz coils 

switched off This would give a direct comparison of performance of the high Tc SQUID 

in a near zero magnetic field and that of the earth's. The design and integration of this 

system can be seen in figure 6.4. 

CSJS 

Figure 6.4. Helmholtz coil-sensor holder. 
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6.4.2 LARGE TUFNOL HOLDER 

This sensor holder was the most complicated and intricate holder to design and construct. 

Figure 6.5 shows a simplified schematic of the sensor holder, it is a two sensor holder 

which meant it was capable of enabling gradiometric measurements for the first time. 

The two sensors were held rigid with respect to each other to minimise errors. As the 

sensor holder was such a tight fit in the cryostat, it ensured that there was no movement 

or vibration of the two sensors between sensor holder and cryostat. There were tracks put 

into the sensor holder for the wires to lie in. The size of the tracks were designed 

specifically to make the wires lie tightly in the tracks to ensure there was no movement 

between wires and sensors, hence ensuring that no magnetic fields would be produced by 

these wires moving with respect to the sensors. 

-SHjELDED WIRES 
RUNNING IN TRACKS 
IN HOLDER 

-HOLDER TIGHI 
FIT IN G-F 
CRYOSTAT 

-CH A SENSOR 

Figure 6.5. Two SQUID gradiometer set-up. 
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6.4.3 THREE-AXIS SENSOR HOLDER. 

This sensor holder was the only one designed and built that was capable of measuring all 

three axes at once. The collaboration with the Swansea group allowed the use of another 

sensor to make a three-axis magnetometer system, capable of undertaking 

magnetotelluric measurements in the field. Figure 6.6 shows the design and construction 

of the three-axis set-up. Again the set-up was designed to make everything sturdy and 

vibration resistant. In the field tests, the large bucket full of damp sand that surrounded 

the sensors was protected from the wind by a large windbreak that was situated up-wind 

from the SQUID and control electronics. As far as was practicably possible in a portable 

system, it was vibration resistant. 

lUPNLLL SUHPUWI KUU 

DIRN 
[NSOR 

HkLLiSiUN 
MILLLU Z DIRN 

SENSOR HULL: 

[RSPEX SENSOR HOLDER 

jLASS NIlROGEN DEWAR 

Figure 6.6. Three axis magnetometer set-up. 
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(5.5; 

Tristan Technologies supplied a fully automatic SQUID controller, which operated both 

the HTMl and HTM 100 sensors. All aspects of conlrol were possible, from fully 

automatic set-up to manual control. A full explanation is not necessary here; full details 

can be found in the Tristan Technologies HTS SQUID controller manuals. 

6.6.1 ADClOO 

The ADClOO analogue to digital converter (ADC) measures voltages at pre-set intervals 

and stores those values in the form of columns of data in the computer. Accuracy relies 

on the precision of the ADC to measure minute changes in voltages. The ADClOO is a 

two-channel analogue to digital converter externally mounted to the computer and is 

powered and operated from the printer port on the computer. The maximum sampling 

rate was 1 kHz or 1000 samples per second. The sensitivity of the ADClOO was 

determined by the scale that it was set on when sampling a voltage. The converter was 

12-bit, which meant that it had 2*̂  'bins' in which it can convert the analogue data into 

digital data. The 4096 bins when used on their finest scale of +/- 50 mV on the ADClOO 

resulted in a digitisation sensitivity of 0.025 mV per bin. The manufacturers quoted 

accuracy was 1% typical error, which converts to an accuracy at best of around 10 fT +A 

0.1 fT when set on the finest scale of 50 mV. When the ADClOO was set to allow full 

scale deflection of the SQUID of +/- 5 V the sensitivity and error for a typical sensor 

works out to be around 1 pT +/- 10 fT. It was obvious from this result that careful 

attention had to be paid to the scale on which the converter was set before starting any 

run. If a power spectrum were required with a sensitivity of 10 fT, then the +/- 50 mV 

range would have to be used. On the other hand, if a longer run was required to study the 

stability of the SQUIDs then a greater dynamic range was required to suit the dynamic 

range of the SQUID output. 
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6.6.2 FIELD DATA COLLECTION ADC. 

Because the ADC 100 was a two-channel device and the fieldwork required a three-

channel system and greater accuracy, an eight channel 16-bit analogue to digital 

converter was acquired for the project. With the ADC being 16-bit, it gave much greater 

sensitivity over a greater range of voltages. This gave the capability of 65,536 bins to be 

spread over a dynamic range of +/- 5 V. The result of this improved performance gave a 

typical sensitivity of 0.15 mV with a 1% error. SQUID performance could then be 

measured to an accuracy of typically 60 fT +/- 0.6 fT, which is an accuracy that can be 

improved upon by reducing the dynamic range if necessary. With a three times over-

sampling method the accuracy was brought down to less than 20 fT +/- 0.2 fT. Over-

sampling involves taking multiple samples and averaging them. Hence three times over-

sampling involved averaging every three samples taken. This gave the advantage of 

greater accuracy but with reduced effective sampling frequency to one third of the actual 

sampling frequency. 

6 . 7 D A T A P R O C E S S I N G 

It is important to explain the manner in which the data was collected, processed and 

presented. The 12-bit ADC 100 and the 16-bit 8-channel analogue to digital converters 

both collected a data column for each channel being measured, with an additional column 

for the time data. All data was saved as a text file to allow maximum flexibility of 

transportation to graphical packages. All graphs were ultimately plotted in Microcal 

Origin graphical package, although the more complicated calculations were performed in 

Matlab. 

The processing of the raw data went as follows; three columns of data were imported into 

Origin as an ASCII text file. The three columns consisted of time data, and data from the 

two channels (assuming two channels were in use.) The voltage data from both channels 

was corrected so that the first element in both columns was zero. This is justified by the 

fact that the SQUID is a 'null' detector, and therefore does not measure absolute values 
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of magnetic field (just changes), hence the zero point is arbitrary and was taken as the 

first point of both channels. This time versus voltage data could therefore be plotted and 

is referred to as the 'voltage drift' of the two channels. It was found that if the voltages 

were not set to zero, and their start points were several volts apart, with their respective 

drifts only a few parts of a volt, there was insufficient resolution to obtain any kind of 

impression of the SQUID performance. 

The second graph that was plotted from the data was the 'field drift'. The voltage data 

was calibrated fi-om the conversion in the specification of the sensors. This graph gave a 

more accurate view of exactly what magnetic field the sensors were recording during a 

run. 

The final graph that could be produced from any run was the 'field difference' graph. As 

the title suggests, the two columns of data representing the actual field change of each 

individual sensor were subtracted from each other. This subtraction produced one 

column of data; the field difference, which is directly analogous to the gradient in an 

application environment. 

The field difference graph could be used to find some very important information. It was 

possible to work out the common mode rejection of the system within the correct 

experimental constraints. If both sensors are placed in an identical environment, and they 

both have the same levels of intrinsic noise then the field gradient should be equal to zero 

at all times. It is impossible to place both sensors in exactly the same piece of space and 

time, hence there may be slight differences in the magnetic fields that both sensors 

experience. Because the intrinsic noise of SQUIDs has a random component, the 

intrinsic noise between two SQUIDs is unlikely to be fully correlated. Hence, in reality 

the measure of common mode rejection between the two channels of data becomes a 

measure of the intrinsic gradiometric noise of the system, if it is assumed that the sensors 

are placed in as far is possible, the same environment. 

Before a run was undertaken to obtain a power spectrum it was important to realise the 

time constraints involved. Because the power spectrum involves the Fourier transform of 

the data, the time domain is converted into the reciprocal of the time domain, the 

frequency domain. The area of greatest interest for a power spectrum for SQUID 

application lies between 0.001 Hz and 1000 Hz. Because the frequency is the reciprocal 
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of the time domain, to achieve definition of spectrum down to 0.001 Hz, sampling must 

run for at least 1000 seconds. But to achieve a resolution of 1000Hz, it is necessary to 

sample 2000 times a second. One thousand times a second being 1000 Hz, but due to the 

Nyquist law it is necessary to sample at least twice this rate. Hence to achieve a spectrum 

that runs from 0.001 Hz to 1000 Hz it is necessary to sample 2000 times a second for 

1000 seconds. This would produce a data file of two million rows per channel. The time 

taken to process this data becomes difficult to justify for the gain that is achieved. For 

this reason a compromise is made over the frequency range required. It was found that a 

power spectrum from 0.1 to 500 Hz was acceptable. This therefore required a sampling 

rate of 1000 per second for 10 seconds at a time. 

To maintain consistency, the data that formed the Matlab power spectra was converted 

into ASCII text format and imported into Origin where it was graphed. Hence, all data 

that was collected in this project was presented by the Origin package. All graphs that 

were gathered from other sources, such as the calibration were left in their original 

format. 

As a final note to this section, it is worth explaining how the spectra were gathered in the 

laboratory and in the field. Because the SQUIDs in the laboratory were well shielded and 

the two channels run simultaneously were not correlated, it was assumed that it was safe 

to do a straight transform on each channel separately. This would result in two individual 

power spectra per run. When such runs were performed in the field, the situation was 

very different. Because the earth's magnetic field is constantly changing by the order of 

many hundreds of picotesla per minute, any spectra of any individual channel could be 

dominated by such noise. It was therefore decided that open field spectra data would be 

obtained from the subtracted field data. The resulting spectra would therefore represent a 

kind of average of the noise of the two channels. In fact, statistically the power spectra 

obtained in the field from two SQUIDs would represent V2 times the actual intrinsic 

noise of each individual SQUID. 



There were two forms of filtering used to minimise the amount of unwanted noise that 

was detected by the SQUIDs. The first form of filter used was electronic. The filter 

integral to the SQUID controller was electronic and trimmed off the high and low 

frequency signals. Later there was time spent on manufacturing electronic notch filters to 

reduce the huge 50 Hz noise that is ever present in all apart from in the most remote 

regions. The other form of filtering was by software, in which a Matlab program was 

written to remove certain unwanted frequencies from the data. 

6.8.1 ]E]LJE(:rrR<]KSnBC 

The electronic filtering provided by the SQUID electronics was highly controllable and 

versatile depending on application. There was a variable high pass and low pass filter 

available on the control panel. The high pass filter could be set to DC which is 

effectively doing no filtering at all, or 0.5 Hz and 5 Hz, in which all fi-equencies above 

0.5 and 5 Hz are passed through the electronics and collected as data. A high pass filter 

could be useful in circumstances where a long run were to be taken, but the low 

frequency drift of the SQUID caused it to go past full scale deflection. The high pass 

filter ensures that the output of the SQUID will remain within the limits of the electronics 

output unless a high frequency spike occurs, causing tte SQUID to reset. The low pass 

filter would allow all frequencies below the pre-set value to pass through the electronics. 

The pre-set values on the SQUID electronics were 500 and 5000 Hz. 

The only feature that the SQUID electronics lacked was a 50 Hz notch filter, which 

operates in a manner to remove a particular narrow frequency band, in this case 50 Hz. 

There were many potential designs of notch filter investigated, with their effectiveness 

increasing with cost. It was decided to start with a simple and economic design of filter 

to gain experience in filter design and construction. 

One of the main drawbacks of electronic filters is the fact that they do not stop filtering at 

precisely the desired frequency - there is a degree of roll-off. For example, a 50 Hz 

notch filter will not only remove signals at 50 Hz, it will also remove some at 49 and 
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51 Hz. The amount of extra frequencies taken or desired frequency let through all 

depend upon, type, design, specification and cost of components and circuit. 

6.8.2 SOFTWARE. 

Noise of a periodic nature can be eliminated by using software filtering. The 50 Hz 

signal that comes from mains electricity can be filtered this way. The frequency at which 

mains electricity is generated can vary with time, but is generally around 50 Hz. 

Software methods allow very accurate filtering over a definite range of frequencies. 

Software filtering was used in the field runs to attenuate the effect of mains electricity. 

<).<) 

The purpose of this section is to explain how the system was powered during the 

respective modes of testing. When field tests were conducted, it was obvious that mains 

power was not going to be available, but in the laboratory it was not convenient to use 

batteries because they need constant recharging or replacing which is inconvenient and 

expensive. For these reasons there were two different power set-ups, one for the 

laboratory and one for the field. 

6.9.1 LABORATORY POWER 

The SQUID control unit from Tristan Technologies was converted by Tristan 

Technologies from its normal 240 V a.c. mains power supply to allow d.c. battery power 

to be used. This meant that the controller came with a power lead that consisted of three 

live wires and one neutral. The live wires required 12 V, and plus and minus 24 V. The 

simplest way to achieve this to allow integration with a single power source of battery or 

main origin was to use a single 12 V power source with two 12 to 24 V DC to DC 

converters. This allowed the use of a single 12 V power supply to run the entire SQUID 

system. 
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6.9.2 FIELD POWER. 

The only power source suitable for portable application in this project was battery power. 

It was part of the design to allow the straightforward removal of the power supply unit 

and the replacement of a 12 V battery to allow portable use. The SQUID controller, 

laptop computer, DC to DC converters and rechargeable 12 V battery were all placed in a 

portable racking system for convenient portability. The use of battery power was thought 

to provide a cleaner source of power for the experimental set-up. Where the mains 

supply suffers from drops in voltage and the ever present 50 Hz hum, battery power is 

DC and therefore more constant and less susceptible to fluctuations. It is logical to 

reason that battery power can only help to lower the noise captured by the data collection 

system. The wiring arrangement and the power consumed can be seen in figure 6.7. 
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Figure 6.7. Schematic set-up for HTMl and 100 SQUIDs. 
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CHAPTER 7 

7 . T E S T S A N D R E S U L T S . 

7 . 1 I N T R O D U C T I O N 

The motivation behind the early tests was two fold, it was important to get a feel of how 

to operate a high temperature SQUID and it's limitations. Part of this project was in 

collaboration with the Southampton Oceanography Centre, which was very interested to 

learn about SQUID operation in the earth's magnetic field for deep sea surveying 

applications. As a result, two SQUID magnetometers were required to allow 

gradiometric measurements to be undertaken. Several commercial SQUID manufacturers 

were approached with the aim of evaluating the performance of systems before a final 

decision was made on purchasing. Two companies agreed on a loan period to evaluate 

their systems before any commitment was made. It was decided that tests would initially 

not be conducted in the field because the system would need modified to allow portability 

in an open field environment. It was important however to try to re-create the 

environment in which the manufacturer's sensor specification were created, so that they 

could be checked. As a first step towards the full characterisation of a system, tests were 

undertaken in the laboratory. Due to the high levels of noise present within the 

laboratory, it was necessary to shield the SQUIDs from external noise sources. Magnetic 

shielding was achieved with the aid of mu metal, and rf shielding via screened cables and 

aluminised mylar around the sensors to form a complete conducting shield fi-om low 

frequency electromagnetic interference. 

It was planned for tests in the laboratory to start with the sensor in maximum shielding to 

give a good approximation of the sensors ultimate performance. The number of shields 

could then be reduced to zero. Once all the levels of performance within the laboratory 

environment were complete, the opportunity to test the system in a magnetically remote 

environment was planned. 
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The first company to supply a SQUID system was Oxford Instruments (O.I.), who 

supplied a YBCO bicrystal junction single sensor gradiometer system. The white noise 

performance quoted by O.I. was under 1900fT / cm with the sensor operated in a 

laboratory environment with a superconducting shield to protect from magnetic 

interference. 

Unfortunately the system never operated completely reliably during the loan period, but it 

was possible however to demonstrate the power of SQUIDs in a non-quantitative manner 

by measuring the signals from an analogue wristwatch. The SQUID was operated in an 

unshielded laboratory environment and an ordinary wristwatch was placed as close as 

possible to the SQUID whilst avoiding the liquid nitrogen, and the magnetic signal was 

measured, the result of which is shown in graph 7.1. It was also possible to measure the 

effect of rotating a metal-framed chair within the same laboratory environment. 

Although these results do not contribute directly towards the greater understanding of 

science, they are a clear and direct demonstration of the power of a high temperature 

SQUID. It also demonstrates the clear practical advantage a high temperature SQUID 

has over its low temperature counterpart. It would be unthinkable to casually operate a 

low Tc SQUID from an open container because the liquid helium required for operation 

would vaporise immediately, thus ceasing operation of the device. 
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Graph 7.1 - Detection of the magnetic signal from a wristwatch using a high Tc SQUID. 
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7.3.1 TRISTAN HTMl MAGNETOMETER. 

The so-called HTMl magnetometer derives its name from the fact that it is a high 

temperature magnetometer suitable for use in magnetic fields up to 1 p,T. As will be seen 

later the HTMl 00 is specifically designed to be a similar magnetometer, but with the 

extra advantage of operation in magnetic fields of up to 100 |jT (i.e. the earth's magnetic 

field.) The first shipment of HTMl sensors consisted of a single magnetometer with 

control electronics. The sensor came with a specification curve as shown in graph 7.2, 

where a white noise level of less than 60fT Hz"''^ was guaranteed. The ultimate aim of 

the loan period was to confirm the specification in the laboratory and quantify the 

performance in a magnetic field equal to that of the earth. To become familiar with the 

system, many runs were undertaken in various different conditions. At this point of 

development there was access to only one mu metal shield, so this was the maximum 

shielding possible at this stage. 
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Graph 7.2- Noise curve of HTMl sensor. 
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To gauge the interaction between the shielding and the laboratory environment three 

short runs of 60 seconds were completed. Graph 7.3 shows the sensor output with the 

SQUID completely unshielded, resulting in a peak to peak voltage of around 5 V over the 

sixty seconds. This voltage swing equates to around 15 nT, which is far more than the 

intrinsic noise expected from the SQUID, but is understandable due to the fact that the 

SQUID is completely unshielded in a noisy laboratory. The next stage was to place the 

sensor in a single mu metal shield, graph 7.4 shows the effect of this operation. There is 

a massive attenuation in the peak to peak noise measured at this level of just over 0.2 V, 

which equates to around 700 pT. 700 pT is still far higher than the values quoted for the 

intrinsic noise of the SQUID, hence further shielding was required to give the ability to 

view the intrinsic noise of the sensor. Whilst the SQUID was in the single shield, a 

permanent magnet was placed near to the sensor in order to create a steady lOO^T 

ambient field. Graph 7.5 displays the resultant trace from this environment, where the 

voltage drift over the minute was around 2.5 V or 7.5 nT. Although the drift in voltage of 

graph 7.5 is similar to that in graph 7.3 it is worth noting that the amplitude of the noise 

observed when the SQUID was unshielded was much higher, probably due to the high 

levels of interference from sources in the laboratory. Whereas the single shield lOOpT 

run has a high drift, but relatively low amplitude of signal, which could be due to the 

presence of the magnet. 
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Graph 7.3- HTMl unshielded in laboratory. 
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Graph 7.4- HTMl in one mu metal shield in laboratory. 
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Graph 7.5- HTMl in one mu metal shield with permanent magnet creating steady field. 
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The magnet used to create the 100 |iT field had dimensions of 90 mm in diameter and 

25 mm deep. The magnetic field from the magnet was measured by a fluxgate 

magnetometer, the results of which are shown in graph 7.6. It is clear to see that at a 

distance of 250 mm, a field of around 100 |LIT is produced by the magnet. The distance at 

which the magnet was placed was not critical because the object was to create a steady 

magnetic field equal in magnitude to that of the earth, which varies depending on latitude 

within the region of 30 - 70 juT. It was therefore acceptable to place the magnet 

anywhere between 25 and 30 cm from the SQUID to create a steady field of over 50 juT. 
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Graph 7.6- Calibration curve of permanent magnet. 
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Further investigation was conducted into the effect of a 'high' ambient magnetic field on 

the output drift of the HTMl SQUID. Graph 7.7 is indicative of many 2000 second runs 

conducted in a 100 pT steady field with the SQUID having a single shield of protection 

from external interference. It was apparent that the magnet had the effect of causing the 

sensor output to oscillate over a time period of many hundreds of seconds with an 

amplitude of oscillation over 10 nT. The origin of this fluctuation is not clear, although 

may have a connection with the movement of flux lines within the magnetically saturated 
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Graph 7.7- 2000 second run with sensor in steady 100 fxT field. 

A second mu metal shield was obtained, as shown in figure 6.0, which allowed a set of 

three repeated tests to be conducted with the sensors in two shields, one shield and then 

one shield with the permanent magnet creating a steady 100 fJ.T field. A typical two 

shield run is shown in graph 7.8 where the peak to peak noise over 2000 seconds was 
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1.74 nT. This is in contrast to the single shield figure of graph 7.9 of 4.2nT. The 

apparent effect of a high magnetic field is evident in graph 7.10, in which the single 

shield magnet run results in a drift of over 30 nT. The effect of the 100 p,T field on the 

SQUID appeared to cause a periodic output from the sensor. 
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Graph 7.8- Average of five runs with two mu metal shields. 
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Graph 7.9- Average of five runs with one mu metal shield. 
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Graph 7.10- Average of five runs with one mu metal shield and 100 pT magnet. 
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To research this matter further, the SQUID remained within the high field environment 

and several long runs were undertaken. Again the periodic effect was very noticeable; 

graph 7.11(a) shows a run of around six hours in which the period of oscillation varied. 

The large oscillations had a period of order of several hours, whereas the smaller 

oscillations as detailed in graph 7.11(b) were around 200 seconds in period. 
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Graph 7.11a- Investigation into apparent sinusoidal effect of high magnetic fields on 

sensor output, ran over 12 hours. 
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Graph 7.1 lb- Zoomed in view of periodic behaviour. 

After some debate with the manufacturers over the cause of this apparent field induced 

oscillation, it was suggested that atmospheric pressure fluctuations might be the cause. It 

was suggested that it could just have been coincidental that the magnet was present when 

the output oscillations from the SQUID were observed. It was proposed that the natural 

changes in atmospheric pressure could have caused the temperature of the nitrogen to 

vary. To investigate the validity of this claim some kind of pressure tests were essential. 

In the absence of accurate barometric pressure measuring equipment a simpler test was 

devised. By placing a rubber bladder over the exhaust port of the cryostat the 

temperature of the nitrogen would gradually increase with the increasing pressure. This 

would cause the SQUID to warm up and in theory cause the noise from the SQUID to 

increase. The experiment was conducted successfully, with the bladder being left over 

the exhaust port for 75 minutes, in which time it ballooned to a diameter of nearly 50 cm. 

Graph 7.12 shows the entire run where the bladder is in place for the first 4000 seconds 

of the 9000 second run. The general level of noise remains unaffected for the entire run 
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at less than 500 pT per thousand seconds. Again the graph demonstrates the SQUID 

changing output in large jumps. There is no ready explanation for these flux jumps, but 

may be caused by sudden movement of flux in the SQUID washer, possibly caused by 

movement of the cryostat. 
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Graph 7.12- Investigation of the effect of ambient air pressure on SQUID output. 

To investigate the performance of a well established competitor to the SQUID 

magnetometer, we conducted several runs with a modern fluxgate magnetometer. Tests 

were conducted of fluxgate performance in single and double shielding and with the 

100 fj-T field. The fluxgate magnetometer was borrowed from the SOC and had a quoted 

noise level of <10 pT white noise, although it was not possible to confirm this. It was 

also believed that a fluxgate should be unaffected by the ambient magnetic field that 

surrounds it. Graph 7.13 shows the output from the fluxgate when inside two mu metal 

shields, giving a peak to peak noise of over 1 nT. Graph 7.13 is very coarse because the 

scale selection of the device was limited, but it does provide a guide to the noise, so that a 

comparison with the high Tc SQUID can be made. When the fluxgate was in a single 

shield the noise level increased by over an order of magnitude to around 15nT, as 

demonstrated by graph 7.14. There is an increase in noise due to the presence of the 

magnet in graph 7.15 to around 80 nT. Evidence to suggest that a fluxgate magnetometer 

may be affected by magnetic fields. 
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Graph 7.13- Fluxgate magnetometer with two mu metal shields. 
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Graph 7.14- Fluxgate magnetometer with one mu metal shield. 
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Graph 7.15- Fluxgate magnetometer with one mu metal shield and 100 (jT magnet. 

Graphs 7.13, 7.14 and 7.15 show the digitisation of the fluxgate magnetometer that was 

used. The instrument could not measure the required fields with enough sensitivity 

combined with the appropriate scale. The digitisation in graph 713 is approximately 250 

pT with a variation of approximately 4-5 digitisation bands, or about 1 nT. The 

digitisation in graph 7.14 increases to around 2.5 nT with a variation of 5-6 bands over 

the initial 800 seconds of the run, or 15 nT. Graph 7.15 shows digitisation of around 10 

nT per band, varying by around 8 bands, or 80 nT. Although this does not provide an 

accurate value of the noise associated with the three different conditions, it does show an 

upward trend in the noise of the magnetometer as the shields are removed and magnet 

introduced. 

7.3.2 LAND MINE DETECTION. 

Figure 6.1 A shows the set-up initially used in the land mine detection experiments. 

During the set-up of the equipment a small steel screw was stuck with blu-tac to the end 

104 



of a wooden ruler. When screw was waved under the SQUID a signal was clearly 

detected. The amplitude of the signal was approximately 3-4 V, with the SQUID 

controller set to a gain of 500. This meant that a small screw waved about 5 cm below 

the sensor induced a signal of around 100 pT into the SQUID. 

When the land mine arrived for detection the cryostat had sprung a leak in the vacuum 

chamber. The nitrogen was boiling off vigorously, hence only giving a short time to run 

the system. The SQUID controller was set to a gain of 500 and the land mine swiped 

within 5 cm of the sensor. As a result of this experiment the signal went completely cff 

the scale. Hence the SQUID was detecting a source of many hundreds of pT. 

To reduce the scale deflection, the gain on the control electronics was decreased to a 

factor of 20. When the mine was passed beneath the sensor, full scale deflection was 

again very easily achieved. 

The only way to prevent full scale deflection was to remove the large mu metal shield 

and wave the magnet at a distance of approximately 1 m from the sensor. This produced 

an amplitude variation of 3 - 4 V. On a gain of 20, the calculated calibration showed that 

1 V corresponded to 783 pT 

This meant that the landmine waved at a distance of 1 m produced a magnetic signal of 

approximately 2.5 - 3 |liT. 

It was unfortunate that no data could be taken of the runs, but it showed without doubt 

that a landmine was easily detected by a high temperature SQUID. 

7.3.3 TRISTAN HTM1_2 MAGNETOMETERS. 

All the measurements to this point had been made with single sensor magnetometers. It 

was planned that the final system would be a gradiometer system because of the 

advantages gained with such a set up. A two sensor gradiometer system would provide 

greater rejection of distant noise sources and greater sensitivity to the measured gradient. 

The greater sensitivity is created because two magnetometer sensors can be placed further 

apart than a single sensor gradiometer. Two new HTMl sensors replaced the previous 
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single sensor system, along with a pair of small mu metal shields that were only slightly 

larger than the sensors themselves. The mu metal shields were approximately 20mm in 

diameter and 50 mm long. The system set up now consisted of two separate 

magnetometers, both now capable of being triply shielded. The new sensors came with 

their own noise curve as seen in graph 7.16. 
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Graph 7.16- Noise curve of second HTMl sensor. 

A new way of graphing the new double set up was utilised to demonstrate their 

performance. The voltage output from the two sensors was collected in two data 

columns. That data was then corrected so that both sensors began at zero and calibrated 

into Tesla from Volts. The two columns of individual calibrated data were than 

subtracted from each other to form a single 'field difference' column. The field 

difference data could then be plotted to give a result that showed the relative gradient 

between the two sensors. The difference being proportional to the difference in intrinsic 

noise between the two sensors and the actual gradient detected between the two sensors. 

The resolution of what was noise and what was gradient being the primary objective. 
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A very long 14-hour run was conducted with graph 7.17 demonstrating the relative 

stability over the first 8 hours with a field difference figure of around 200 pT. Over the 

full 14-hour run the difference was around 1 nT. This was the first triple shielded run and 

demonstrated stability not seen before. 
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Graph 7.17- Field difference between two HTMl sensors in three mu metal shields. 

The unparalleled performance of the new sensors was reinforced in graph 7.18(a). The 

sensors are within three shields and run for 1700 seconds, it is possible to see the 

digitisation of the equipment as the analogue to digital converter reaches its limit of 

accuracy. It shows very clearly that two mu metal shields were not enough to expose the 

intrinsic noise of the SQUIDs within the laboratory environment. Graph 7.18(b) shows 

the field difference of the 1700 second three shield run resulting in a smoothed field 

difference of about 15 pT. The field to voltage calibration of these new sensors, when set 

on full sensitivity was 389 pT/V and 684 pT/V. 
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Graph 7.18a- Raw voltage data of field difference of triply shielded SQUIDs. 
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Graph 7.18b- Smoothed field plot of voltage data of triply shielded SQUIDs. 
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Graph 7.19 demonstrates the effect of the mu metal shields, where the voltage output of 

the sensor on channel A was protected by two mu metal shields but channel B sensor was 

only protected by one. There is easily an order of magnitude difference in the output 

between the two sensors, a detail that has been implied before in separate runs, but never 

proven in a simultaneous measurement. Both sensors were placed in the cryostat the 

same way up, but graph 7.20 shows that they output voltage and hence detects magnetic 

field in the opposite sense. This could mean that the pick-up coils are wired up in the 

opposite sense on the sensor. 
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Graph 7.19- One SQUID in one mu metal shield and the other in two. 
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Graph 7.20- Both SQUIDs in one shield sensing magnetic field in the opposite direction. 
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The longest run of the entire project was undertaken to confirm the long-term stability of 

the SQUID sensors. The run shown in graph 7.21 lasted for over 14 hours and resulted in 

some interesting observations. The stability of the sensors was less than 800pT for a 

40,000 second period of time, between 10,000 and 50,000 seconds. Unfortunately the 

output of the sensors had the tendency to jump, at random intervals by random amounts. 

Although this aspect could be corrected for in post run processing by removing these 

jumps, it was clear to see that the long term field drift of the HTMl sensors were around 

the 1 nT mark. 
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Graph 7.21- The longest three shield run. 
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It was believed that the focus of the project should start to look at much shorter timed 

runs so that all aspects of the SQUID performance could be assessed. To this end a 

collection of 700 second runs were completed, a typical example of which is shown in 

graph 7.22. The field output of the two individual channels averaged to around 25 pT 

over the 700 seconds. And more importantly the outputs appeared completely 

uncorrelated, indicating that it was the internal noise of the sensors that was being 

measured and not the signal from external sources. The graph shows the true output of 

each sensor and the 50 point average, which is the smoothed line on each channel. 

Graph 7.23 shows data obtained from a leading fluxgate manufacturer on their best 

performing magnetometer within three layers of mu metal shielding. The average 

smoothed data from this fluxgate was over 100 pT, which is inferior to the performance 

of the HTMl SQUIDs by a factor of around 5 times. 

These final laboratory tests on the HTMl system confirmed their performance relative to 

a top fluxgate magnetometer. 
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Graph 7.22- Triply shielded SQUID run for 700 seconds. Raw data and 50 point average 

smoothed data shown for each channel. 
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Fluxgate Low Frequency Field Drift Test. 
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Graph 7.23- Triply shielded fluxgate run for 700 seconds. 
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7.1 (:!()]%4[ivic)]\r iw[()][)]E iB(JE:j]E:(: ]ri()]% r icsi rirsHc; 

A signal generator was used to input the same wave into channels A and B of the 

ADC 100. The resultant difference between the output of the two channels would be 

equal to zero in an ideal analogue to digital converter. As the ADC 100 was not a perfect 

ADC it was useful to gain an estimation of the common mode rejection cf the unit. This 

could then give an estimation of the resultant resolution of the ADC 100 at different 

frequencies and durations as follows: 

(]r]E]sniFLA;rTEi) SKSfi/vi, lasnPLriTisD RESULTING ADC 100 RESOLUTION 

INTOADCIOO. 

FREQ. AMPL. 

(Vpk-pk) 

LENGTH 

(S) 

yiT'CjuMfJ 10() (j/LltJ 50() 

50UHZ 1 10 IpT 200f r 

33]%z 1 10 400fr SOfT 

33 mHz 0.4 10 20fr 4fT 

33 mHz 0.4 10 lOfr 2fT 

111 Hz 0.1 1000 40fr gfT 

33 Bk 1 1000 60fr i 2 f r 

33 mHz 1 1000 40fr g f r 

The resultant sensitivities were calculated from the average power taken from the Origin 

power spectrum. The power spectra plot taken from the subtraction between channels A 

and B (i.e. the resultant from the ADC 100.) The average power is provided by Origin in 

terms of volts per root Hertz. This figure was then multiplied by the respective 

calibration factors of the SQUID sensors to calculate the resultant sensitivity. 

Spikes were observed from the output of the ADC 100 when the signal generator was set 

close to 50 Hz. This means that the resolution the converter may be reduced at 

frequencies close to that of the mains. 
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7 . 5 T R I S T A N H T M I O O M A G N E T O M E T E R S . 

The sensors specifically designed for use in the earth's magnetic field were received and 

immediately replaced the HTM 1 2 low field sensors. The noise curves of the two 

HTMIOO sensors as completed by the Jiilich group who manufactured them can be seen 

in graphs 7.24 and 7.25. A lower frequency noise spectrum was taken by Tristan 

Technologies, the sensor suppliers, at a much lower frequency range, and can be seen in 

graphs 7.26 and 7.27. 
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Graph 7.24- Jtilich noise spectrum of the first HTMIOO 'channel A' sensor. 
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Graph 7.25- Julich noise spectrum for other HTM 100 'channel B' sensor. 
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Graph 7.26- Tristan noise spectrum for channel A sensor. 
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Graph 1.21- Tristan noise spectrum for channel B sensor. 
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The initial tests of the new HTM 100 sensors were conducted in the laboratory with the 

sensors in three mu metal shields. The result of these initial runs is shown in graph 7.28, 

where a 30 pT per 1500 second peak to peak field difference is observed. This level of 

noise is very similar to the HTM 1 2 noise observed previously. To ensure consistency, 

ten consecutive 1000 second runs were completed with all ten shown in graph 7.29. The 

field difference was consistently below 50 pT per 1000 seconds. 
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Graph 7.28- Initial three shield runs with new high field sensors. 
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Graph 7.29- Comparative successive triply shielded runs. 

To check the manufacturers specification of the sensors, data was collected with the 

sensors triple shielded. From which a power spectrum was created for each channel, as 

shown in graphs 7.30 and 7.31. These graphs confirmed that the sensors worked to 

specification in a fully shielded environment. In fact the results in graphs 7.30 and 7.31 

are better than the low frequency noise spectrums collected by the suppliers as detailed in 

graphs 7.24 and 7.25 
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Graph 7.31- Power spectrum for channel B HTM 100. 
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7 . 6 . F I E L D T E S T S A N D R E S U L T S . 

7.6.1 HTMl 2 FIELD TESTS. 

The first sensors that were used unshielded out of the laboratory were the HTM1_2 

sensors. They were taken on to a piece of ground on Southampton common 

approximately 500 m from the nearest building or motor vehicle. The first outdoor run is 

shown in graph 7.32a, over 10 seconds, the field difference between the two sensors is 

several hundred picotesla. A contributing factor of this large noise is the abundant 50Hz 

signal as shown in graph 7.32(b). 
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Graph 7.32a- Initial run taken in the field. 
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Graph 7.32b- 50 Hz component in initial run. 

A longer run was achieved on the common, although the sensitivity of the SQUID had to 

be reduced to prevent it from saturating the voltage output. Graph 7.33 shows this run, 

demonstrating the fact that the sensors are mounted in the opposite sense as the external 

signals cause the voltage output to vary with the opposite sign. Just after the 2500 second 

mark, a bicycle passed the system causing it to jump. It is evident to see from the graph 

that one of the sensors returns to its initial voltage level immediately, whereas the other 

one moves to a new level. Again this fact can be corrected for in the post run processing. 

One fact that can be gained from the run shown in graph 7.34; observation of the field 

difference of the first 2500 seconds shows the following. The field difference continually 

increases with time. Due to the nature of the way the post processing is calculated with 

the raw data being effectively zeroed at the start of the run, the observed slope in the field 

difference is indicative of a calibration error. Graph 7.35 shows how the apparent field 

difference of nearly 3 nT can be reduced to a few hundred picotesla just by adjusting the 
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voltage to magnetic field calibration of one of the sensors by around 15%. This situation 

had not been observed before in the laboratory runs, and could be due to the HTMl 

sensor calibration being dependent upon ambient magnetic field. 

To confirm the effect that external field had on the sensor, if any, it would have been 

necessary to calibrate the sensors before and after each run in the field. It was not 

possible to calibrate the sensors in the field due to external interference. As a result the 

effect of external field strength on calibration of the sensor remains unanswered. 
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Graph 7.33- Longer run in field showing sensors detecting in opposite direction. 
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Graph 7.35- Reduction in noise gradient with adjustment of sensor calibration. 

Another test that was conducted in the park was to tip the cryostat into and out of the 

earth's magnetic field to see if this affected the overall noise of the system. Because the 

low frequency noise of a SQUID is affected by the ambient field in which it is immersed. 

Graph 7.36 shows a 1000 second run of the SQUIDs in a vertical position. The resulting 

field difference being a little over 2 nT. In graph 7.37 the cryostat was then tipped 11 

degrees in a northerly direction, which had the effect of reducing the earth's magnetic 

field incident upon the sensors. Even though the field is reduced in the sensors, the field 

difference is not; in fact it appears to increase slightly. Graph 7.38, where the sensors are 

placed in the higher field southerly direction, the net result on the field difference is 

similar to the last two results. It would appear therefore that the city park provides too 

much interference and external signal to allow the intrinsic noise of the sensors to be 

observed. 
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CRYOSTAT VERTICAL. 
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Graph 7.36- Field run with sensors and cryostat vertical. 
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Graph 7.37- Field run with sensors tipped 11 degrees north. 
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Graph 7.38- Field run with sensors tipped 11 degrees south. 
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7.6.2 HTMIOO FIELD TESTS. 

An environment more remote than a park in a city was sought to conduct tests with the 

new HTMIOO sensors when they arrived to replace the HTM 1 2 SQUIDs. An area in 

west Wales called the Gower was chosen because of its remoteness combined with 

accessibility. Figure 7.1 shows the general area in south Wales which Pembrey is set. A 

more detailed view of the test area is shown in figure 7.2. 
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Figure 7.1. Map of southwest Wales, Pembrey is located just west of Llanelli. 
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Figure 7.2. Map showing the beach area of Pembrey. 
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A twenty second segment of a ran in this remote environment is displayed in graph 7.39, 

the two calibrated outputs from the SQUIDs being displayed along with their difference. 

The rejection of noise looks quite encouraging, except for the jumps in signal of about 

lOpT that happens at fairly random intervals. On close inspection of graph 7.39 it is 

possible to note that the cause of these jumps is due solely to one of the sensors. Data 

was also collected that was suitable for use in calculating a power spectrum for the 

unshielded sensors. The field spectrum of the difference between the two sensors is 

shown in graph 7.40. The spectrum of the difference between the two sensors is shown 

because it is the only way to represent the actual intrinsic noise of the sensors in an open 

field environment because most of the external noise should be removed by the 

subtraction of the two sensors. A field noise of just less than 1 pT is achieved at 1 Hz for 

the combination. Graphs 7.30 and 7.31 show the noise spectra of the two HTM 100 

sensors in three shields in the laboratory. The noise at 1 Hz is around 0.2-0.3 pT. This 

demonstrates that the HTM 100 in the field worked very close to its optimum in the 

laboratory. 
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Graph 7.39- Field run on the Gower. 
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Graph 7.40- Power spectra resulting from run on Gower. 

A 5 Hz magnetic dipole was activated as shown in figure 7.3. Graph 7.41, shows the 

detected signal by the two sensors and their difference, which represents a true changing 

gradient detected by the SQUIDs. The five hertz peak can be clearly seen in the power 

spectrum in graph 7.42 whilst a good overall noise level is maintained elsewhere. 

Figure 7.3. Field test to detect 5 Hz magnetic dipole. 
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Graph 7.41- Detected gradient from dipole on the Gower. 
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Graph 7.42- Power spectra showing the 5 Hz peak resulting from dipole run on Gower. 
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The design of the dipole is commercially sensitive and in the process of having a patent 

applied to its design. The dipole run enabled us to calibrate the dipole with the aid of the 

SQUIDs using the following equation: 

B = m / 

The magnetic dipole moment, m, of the dipole was calibrated by the Swansea group and 

found to be 6.5 x 10^ Wb m. With the sensors 70 m away, the magnetic field incident 

upon the SQUIDs was easily calculated. This calculation gives an expected field strength 

at the sensors of 1.5x10''° T. Close inspection of graph 7.41 gives good agreement with 

the calculated value, showing an amplitude in the region of 170 pT. 

Much work has been conducted in the past with low Tc SQUIDs and it is well 

documented that the 1/f noise is much lower than high Tc SQUIDs. Graph 7.43 shows a 

comparison run taken in the open field between a low and high Tc device. We have 

assumed that the low temperature SQUID represented the actual ambient magnetic field. 

Hence any difference between the two sensors represents the noise of the high Tc SQUID. 
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Graph 7.43- Field run on Gower to compare high and low Tc SQUIDs. 
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The final part of the project involved taking some magnetotelluric measurements. These 

were also taken in west Wales in the remote location near Pembrey. The beach in 

Pembrey has a very large flat bay that is potentially ideal for magnetotelluric 

measurements. 

The set-up of this experiment is shown in figure 7.4. Copper pipes of approximately 500 

mm in length were driven into the sand to ensure good electrical contact between the 

signal wire and the ground below. There were approximately ten copper rods hammered 

into the ground at each end of the signal wire as shown on the diagram as dots. The wire 

was energised with an a.c. current and the SQUID system took measurements of the 

magnetic component of the transmitted and reflected signals at various locations as 

shown by the X's in figure 7.4. Measurements were taken at as many locations as 

possible before the tide came in and ended the experiment. 
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Figure 7.4. Aerial view of magnetotelluric measurement set-up on Pembrey beach. 
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The same ahemating signal was transmitted into the ground on each occasion with the 

SQUID placed in various locations as indicated in the figure. The magnitude of the 

reflected signal was measured and stored in the computer. Graph 7.44 shows the 

magnetic field distribution that was measured from the reflected pulse that was 

transmitted into the ground. From this work it was possible to plot a graph of the 

magnetic profile of the earth in this region. 

* 0 

Graph 7.44- Magnetic field distribution in Z direction over test area. 

(Z-axis units - Field in pT. X & Y-axis units - metres.) 
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In this project we have optimised the operation of high temperature superconducting 

quantum interference devices, both in the laboratory and in the field. We have designed 

and built a fully integrated battery operated system suitable for operation in both 

locations. The voltage output from the SQUID was collected via an analogue to digital 

converter and stored on a laptop computer. The data was processed and then plotted in 

several forms, showing the voltage output, field drift, field difference and power 

spectrum. 

The ability of a high temperature SQUID was demonstrated with the Oxford Instruments 

system, showing the ability of an unshielded SQUID to operate with great sensitivity in 

the unshielded laboratory. However we found that the Oxford Instruments system did not 

work reliably. 

Reliable operation was achieved from the Tristan Technologies sensors. All the results 

gained in this project, including the detection of land mines were collected from these 

sensors. There were two different types of Tristan sensor used, the low field HTMl and 

high field HTMl00, which are designed for use in low and high ambient magnetic fields 

respectively. The low field sensors were designed for use in magnetic fields of less than 

1 juT, and the high field sensors in fields up to around 100 |j,T. 

Tests with a permanent magnet used to create a constant 100 )LIT magnetic field at the 

sensor showed that the noise increased by around an order of magnitude, compared to the 

SQUID in a single mu metal shield in the laboratory. Some unusual behaviour of the 

SQUID was discovered during the magnet runs. The normal stability of the sensor was 

compromised, replaced with an apparent periodic behaviour. One explanation that was 

posed for this behaviour was changes in atmospheric pressure. The periodic behaviour 
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had only been observed during magnet runs, but a test was undertaken in which the 

ambient pressure was varied when the SQUID was magnetically shielded. The result of 

this run showed that an increase in pressure did not give any noticeable effect on the 

performance of the SQUID. It was concluded that the operation of HTMl sensors was 

affected by magnetic fields close to the earth's field strength. 

The quoted performance of the SQUID sensors used in this project were checked and 

confirmed. The HTM 100 SQUID sensors matched and sometimes exceeded the 

manufacturers and suppliers quoted performance within the laboratory. 

When a third mu metal shield was obtained for the SQUIDs it was possible to observe 

their performance more closely. Runs using three shields showed the limit of the 

analogue to digital converter. A three shield run of 2000 seconds provided a graph that 

appeared very coarse. The coarseness was caused as a result of the voltage changes from 

the SQUID being close to the limit of the ADC, which had a resolution of 1 mV. Even 

with this digitisation of the signal it was possible to ascertain a field drift of around 10 pT 

over a 15 minute period. To confirm the effect of the third mu metal shield, a run with 

one sensor in two shields and one in three was performed. The noise level in the triple 

shielded sensor was lower by over an order of magnitude. 

The long term stability of the SQUIDs was established with several runs of 24 hours 

being completed. In which time the sensors normally kept within their range of plus and 

minus five volts for 10 - 20 hours. During these runs the output would remain within a 

few hundred picotesla, although there would be periodic jumps from one level to another, 

possibly due to the movement of flux vortices entering or leaving the body of the 

superconductor. 

In cooperation with the University of Southampton Institute of Transducer Technology 

we estimated the ability of a high temperature SQUID to detect land mines. Even though 

the cryostat was failing during the experiments, the HTMl sensors easily detected two 

different types of land mine. At a distance of approximately 1 m the sensors detected a 
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signal of 2.5-3 pT. The two types of land mine were fairly old, similar to the type laid 

during the Vietnam war. 

The initial field runs in the park in Southampton, demonstrated the massive 50 Hz noise 

that is present in urban envirormients. All noise spectra taken on the common were 

dominated by this frequency. The requirement of an area further from power lines and 

electrical power sources had been demonstrated. The Gower area in Wales was identified 

as being a suitable area, far enough from power lines and general civilisation but still 

accessible. The power spectrum from the Gower showed a significantly lower 50 Hz 

component. 

It was discovered that the high temperature SQUIDs used in this project outperformed a 

leading edge fluxgate magnetometer. With the fluxgate in two mu metal shields, a run of 

700 seconds returned a peak to peak field drift of just over 100 pT. Where as the same 

run for the SQUID gave a noise level of around 25 pT. Although the SQUID was 

consistently better than the fluxgate at low frequencies, fluxgate magnetometers are 

cheaper to purchase and easier to operate than a SQUID. Therefore we decided to 

investigate the higher frequency performance of the SQUID where it has a greater 

advantage. 

The performance of induction coils was researched because they are extensively used in 

geophysical prospecting. It was found that their performance was mostly limited by 

physical dimension. Coils with sensitivities of less than 10 fT / A/HZ were commercially 

available. The graphs show however that this sensitivity is gained above about several 

hundred hertz, i.e. as a white noise figure. The best high temperature SQUID white noise 

recorded was around 20 fT / VHZ. Below 100 Hz the performance of the SQUID was 

superior to that of induction coils. Coils measure the time derivative of the magnetic 

field, where as SQUIDs measure the magnetic field. Because the voltage decay across 

the coil is much quicker than the decay of the magnetic field, the SQUID can achieve 

lower noise levels at lower frequencies. As a result, the use of a SQUID can allow an 

increase in the depth of investigation in geomagnetic surveying, or a reduction in the 
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measurement time required to achieve the same data quality compared to that of an 

induction coil set. 

As a result of this research, it became apparent that high temperature SQUIDs could be 

useful for frequencies between one and one thousand Hertz. Useful frequencies for 

geophysical prospecting start from around these values. 

It appeared that the SQUID might have potential for application in this area. A 

geophysical prospecting run was undertaken in the remote Gower region. These runs 

were taken at the end of the project, and they showed great promise. Further research in 

this area is required to ascertain the suitability of high temperature SQUIDs, in 

geophysical prospecting. 
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