
ABSTRACT 

SCURTI, FEDERICO. In-Situ Distributed Sensing for High Temperature Superconductor 

Magnets Based on Rayleigh-backscattering Interrogated Optical Fibers. (Under the direction of 

Dr. Justin Schwartz). 

 

Because of their extraordinary properties, high temperature superconductors (HTS) have 

revitalized the interest in potential commercial applications of superconducting devices. Because 

of their higher critical temperature and higher current density under high background magnetic 

field compared to low temperature superconductors (LTS), a number of applications that were 

not technically, economically or practically viable with LTS, can potentially be enable by 

technically mature HTS. The most technically mature HTS material is currently (RE)Ba2Cu3O7-x 

(REBCO). During the last decade, REBCO conductor performance in high background field has 

been optimized and performance homogeneity over conductor lengths greater than a hundred 

meters has been achieved. Before HTS can be used to build real-world devices, one major 

technical challenge still needs to be addressed, which is detection and prevention of magnet 

failure. 

This research work aims at developing a failure detection system that is more reliable 

than the state of the art and is readily applicable to real-world devices based on HTS. 

The state of the art to detect failure of superconducting windings is monitoring voltage. 

Although this works satisfactorily in LTS, when it is applied to HTS coils it fails to keep the 

magnet safe. The failure detection system that was developed as part of this dissertation research 

is based on optical fibers interrogated via Rayleigh scattering, Optical fibers have been integrated 

into coils via co-winding with HTS conductor, integration into the REBCO conductor 

architecture and into conductor on round core (CORC®) cables. All fiber integration pathways 

have been experimentally demonstrated via prototypes and their failure detection capabilities 



shown via experiments at various temperatures and current densities, with the failure induced by 

different types of perturbations. 
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CHAPTER 1 ï INTRODUCTION  

Superconductivity: historical highlights 

Superconductivity was discovered in 1911 by the Dutch physicist K. Onnes. The 

discovery was unexpected and almost accidental. It occurred relatively soon after Onnes was 

able to liquefy helium for the first time. Thanks to the new liquefaction apparatus he was able to 

cool samples to temperatures as low as 1 K. He then started measuring electrical properties of 

several elements at the unprecedented cryogenic conditions. It is during one of these 

measurements that he first observed and defined the phenomenon that we now refer to as 

superconductivity. A sample of mercury (Hg) had been cooled to cryogenic temperatures and its 

electrical resistivity was being measured as a function of temperature. Instead of flattening off at 

a constant value, the electrical resistivity abruptly dropped to zero at a very specific temperature 

[1]ï[3].   

In the following table, several key facts that shaped the development of superconductivity 

are listed, from the discovery to nowadays. Note that the table is not meant to be comprehensive 

and it is a selection of some of the key facts, from the authorôs perspective. 

 

Table 1.1 ï historical highlights on Superconductivity 

Year Key People  Fact 

1908 H. K. Onnes Liquefaction of He 

1911 H. K. Onnes Discovery of superconductivity 

1933 H. K. Onnes Nobel Prize winner 

1933 W. Meissner, R. Ochsenfeld 
Discovery of path-independent 

diamagnetism 

1934 C. J. Gorfer, H. B. G. Casimir Develop two-fluid model 
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Table 1.1 (continued) 

1935 F. and H. London 
Macroscopic description of electrodynamic 

of superconductors 

1950 V. L. Ginzburg, L.D. Landau 
Phenomenological theory of 

superconductivity based on phase transitions 

1957 
J. Bardeen, L. N. Cooper, J. R. 

Schrieffer 

Formulation of microscopic theory of 

superconductivity (BCS) 

1962 B. D. Josephson 
Discovery of Josephson effect (weak 

superconductivity) 

1972 
J. Bardeen, L. N. Cooper, J. R. 

Schrieffer 
Nobel Prize winners 

1973 I. Giaever, B. D. Josephson Noble Prize winners 

1986 A. Muller, J. G. Bednorz 
Discovery of superconductivity in La-Ba-

Cu-O above 30 K 

1987 A. Muller, J. G. Bednorz Nobel Prize winners 

1987 P. Chu Synthesis of YBa2Cu3O7-x with a Tc=92 K 

1987 H. Maeda Discovers the Bi-Sr-Ca-Cu-O family 

2001 

J. Nagamatsu, N. Nakagawa, 

T. Muranaka, Y. Zenitani, J. 

Akimitsu 

Discovery of superconductivity in MgB2 

with Tc=39 K 

 

 

Fundamentals of Superconductivity 

As discovered by H. K. Onnes, the electrical resistivity of some materials does not 

decrease smoothly with decreasing temperature, until plateauing at a finite value, but it abruptly 

drops to zero at a well-defined temperature, typically referred to as critical temperature (Tc). 

Figure 1.1 is a schematic illustration of the drop in resistivity at Tc. Before this finding by the 

Dutch physicist, it was thought that all materials behaved alike in terms of their temperature-

resistivity characteristic. Although this is not true for superconductors, all normal, resistive 

conductors have a decreasing electrical resistivity with decreasing temperature. This is due to the 

decreased thermal vibrations of the ions that form the lattice, since lattice vibrations are 
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scattering centers for the electrons and contribute to the electrical resistivity. Although the 

resistivity of normal conductors decreases with decreasing temperature, it flattens out at very low 

temperatures and tends to a remnant value for temperatures approaching the absolute zero. This 

remnant resistivity is due to lattice defects, since they also act as scattering centers for electrons. 

A simple, empirical equation that describes the behavior of resistive materials is the Matthiessen 

rule, which reads 

” ” ” 

where the total resistivity is given by the sum of two contributions: ” is the remnant 

resistivity due to defects, and ” is the contribution to the resistivity of the lattice vibrations 

(phonons). The latter is temperature dependent. If we consider an ideal case of a perfect metal 

that has no defects, this ideal material would have zero electrical resistivity at the absolute zero, 

whereas a real metal, with a finite concentration of defects, would have exactly ” at T = 0 K. 

Figure 1.2 illustrates these two cases as implications of the Matthiessen rule [4], [5]. It is now 

worth noting that the transition that occurs at Tc in superconductors, from a finite to zero 

resistivity, occurs regardless of their defects content. However, as it will be discussed in the next 

sections, defects play a key role in some superconducting materials.  

Although the zero electrical resistivity below Tc is a property unique to superconductors, 

it is not the only material property that sets them apart. In fact, there is another property that 

distinguishes superconductors from a simple ideal electrical conductor with zero resistivity. This 

additional feature is unique to superconductors and is related to their magnetic behavior: it is the 

so-called perfect diamagnetism. Let us conceptually define an ideal conductor as a conductor that 

offers zero electrical resistivity below a certain temperature, and wonder what the difference is 

between such conductor and a superconductor.  
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Ohmôs law in differential form reads Ὁᴆ ”ὐᴆ  where E is the electric field, ɟ is the 

materialôs resistivity and J the current density. This implies that, in a material with zero electrical 

resistivity and a finite current density, the electric field needs to be zero. From Maxwellôs 

equation ɳᴆ  Ὁᴆ
ᴆ
 where B is the magnetic induction, it follows that, if the electric field is 

zero, the magnetic induction needs to be constant in time, i.e. 
ᴆ
πᴆ . Note that only the 

hypothesis of zero resistivity has been used to draw the former conclusion. Thus, the constancy 

of B in time is certainly valid for what we defined as ideal conductor [6]. 

Let us now carry out the following thought experiment to elucidate the magnetic behavior 

of an ideal conductor: a sample of ideal conductor is placed in an external magnetic field while it 

is above its critical temperature (i.e. with ɟ>0), and it is successively cooled below its critical 

temperature (inducing a ɟ=0), while in magnetic field. Given the constancy of B with time, this 

process yields a sample that is magnetized with B. However, starting from a different initial 

condition, the result will be different. In fact, if the sample is initially at zero field and cooled 

below its Tc while there is no magnetic field applied, applying an external magnetic field only 

once the sample is already below its Tc will not alter the magnetic field inside the sample, which 

will remain zero. These two procedures, broken down into steps, are illustrated in figure 1.3. 

Although this is what follows from classical electromagnetism, it does not described what is 

found empirically when the procedure is repeated with a superconductor. For superconductors, 

the magnetic field inside the sample is simply zero when they are below their critical temperature 

(i.e. when they are in the superconducting state) [5], [7]. Therefore, the relationship that defines 

the magnetic behavior of a superconductor is not  
ᴆ
πᴆ , but it is the more stringent ὄᴆ πᴆ . To 

express in words what the formulae state, the superconductor expels the magnetic field from its 
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interior, regardless of the initial condition and regardless of the path it follows in terms of 

temperature and applied magnetic field. This is why this diamagnetic property is also referred to 

as path-independent diamagnetism, or perfect diamagnetism. In other words, a superconductor is 

not simply an ideal conductor that offers zero electrical resistivity, but it is also a perfect 

diamagnet that always expels magnetic field. Since this property of expulsion of magnetic field 

was discovered by W. Meissener and R. Ochsenfeld, it is usually referred to as Meissener effect 

[8]ï[10]. The magnetic behavior of a superconductor is illustrated in figure 1.3 and compared to 

that of the conceptual perfect conductor. 

To model the perfect diamagnetism of a superconductor, let us imagine to apply an 

external magnetic field Ha, with a corresponding magnetic flux density in air Ba, to a 

superconducting sample shaped as a bar along the field direction. Inside the sample, the magnetic 

flux density will be ὄ ‘‘Ὄ ‘ὄ ὄ ὄ where ‘ is the relative permeability and Bi 

the magnetic flux density generated by the internal magnetization of the superconductor. Since 

the magnetic flux density needs to be zero in the superconductor, it needs to be that ‘ π and 

ὄ ὄ. The magnetic induction in a material exposed to an external magnetic field can 

always be written as ὄ ‘ Ὄ ὓ . If this is applied to a superconductor, for which B=0, we 

get that ὓ Ὄ . In words, this result means that the magnetization in a superconductor is 

equal and opposite to the applied field, which is what leads to the expulsion of magnetic 

induction [5], [6], [11]. From the definition of magnetic susceptibility, ɢm, it can easily be 

derived that for a superconductor ɢm = -1. 

From a more physical perspective, the perfect diamagnetic behavior can be explained by 

the presence of superficial currents that flow within the surface of the superconductor and not 

within its interior volume. In fact, since the magnetic flux density inside the superconductor is 
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zero, the current needs to be flowing on the surface of the sample [5], [11]. A schematic 

illustration of superficial currents established in presence of a magnetic field is shown in figure 

1.4. However, although they are referred to as superficial currents, in actuality they cannot flow 

solely in the surface of the sample. Since the sample surface is a two-dimensional material, the 

current density would be infinite. In reality, the superfice currents flow within a small but finite 

thickness and, therefore, the magnetic field also penetrates into the material by the same 

thickness. The magnetic field inside the material decays exponentially and tends to zero in the 

bulk. The extent of penetration depends on the superconducting material and is described by the 

penetration depth, ɚ, which is simply the e-fold of the magnetic field as a function of depth, B(x) 

[5], [11]. Figure 1.5 includes a schematic drawing of the spatial distribution of an external 

magnetic field across the surface of a superconductor as well as the definition of the penetration 

depth. ɚ ranges between a few and a hundred nm and, in addition to being materials dependent, it 

is also a function of temperature and microstructure (particularly defects content). An empiric 

relationship links the penetration depth to the temperature, as follows [5], [7]: 

‗Ὕ
‗π

ρ
Ὕ
Ὕ

 

As an example, figure 1.6 includes a plot of the ɚ(T) for mercury [5]. The Tc is 

highlighted in the plot, at about 4.2 K. At temperatures well below Tc, ɚ is almost constant with 

temperature, but it rapidly increases closer (but below) Tc, whereas it tends to infinity as the 

temperature approaches Tc. This physically means that the external field starts to penetrate more 

and more as the temperature gets closer to Tc, fully penetrating the sample at T=Tc (which also 

corresponds to the sample transitioning from superconducting to normal state). 
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In addition to a critical temperature, there are other critical parameters that define the 

boundaries of the superconducting state. They include magnetic flux density, current density, 

strain and frequency (if the superconductor is energized with AC current).  

Because there is not a unique critical parameter, the transition from the superconducting 

to the normal state may also occur at temperatures lower than the critical one. Let us consider a 

bar of superconducting material that is subject to an external magnetic field directed along its 

axis, kept at a constant temperature below its Tc, i.e. in the superconducting state. As discussed 

previously, the superconductor will generate, via superficial screening currents, a magnetic field 

(i.e. a magnetization) that opposes the external field, such that the field inside the superconductor 

is always zero. However, this mechanism is limited by a maximum external field that, if applied, 

causes the material to transition to the normal state. Figure 1.7 describes this phenomenon with 

plots of magnetization and magnetic flux density, inside a superconductor, vs applied magnetic 

field. As the external field increases from zero, the superconductor responds creating a 

magnetization that is equal in magnitude and opposite in sign to the external field, until the 

applied field reaches the critical field. At this applied field value, the magnetization drops to zero 

(figure 1.7b) and the magnetic field fully penetrates the sample (figure 1.7a), corresponding to 

the sample transitioning from superconducting to normal state. Although it is a well-defined 

material property, the critical magnetic field is not a constant for a given superconductor but it is 

a function of temperature and current density. Thus, there is an inter-dependence of each critical 

parameter on the others. This makes up a critical surface in a three dimensional domain of 

temperature (T), current density (J), and magnetic field (H). Figure 1.8 is an example of critical 

surface of a superconductor [5]. The critical surface in the T,J,H domain separates the 

superconducting state from the normal state: any point below the surface represents a condition 
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of T,J,H that allows for superconductivity, whereas any point above the surface describes the 

material in the normal state. As can be clearly seen, starting from a point below the surface, with 

the material in superconducting state, there are many paths in terms of changes of T,J,H that lead 

to crossing the critical surface, i.e. lead to the transition to the normal state of the sample. A 

typical transition from superconducting to normal state can be caused by a temperature increase. 

Let us consider a sample in superconducting state (i.e. T1 < Tc, J1 < Jc, H1 < Hc), and imagine to 

introduce heat into the system so that the temperature of the sample increases by ȹT, as shown in 

figure 1.9. At temperature T2=T1+ ȹT, the critical current density is J2, with J2>Jc. This means 

that, although the current that the sample was carrying did not change, at the new temperature, 

that original amount of current density is greater than the current carrying capacity of the 

superconducting material and, thus, it causes a transition to the normal state. Note that, during 

this transient, the sample generates heat via the Joule mechanism as soon as it becomes normal, 

because the current now flows on a resistive material (i.e. the current generates an electric field). 

The heat generated by the sample as soon as it transitions to the normal state is simply given by 

Q=EJ, where E is the electric field being generated by the sample in its normal state while a 

current J is flowing. 

Let us now consider the co-existence of both superconducting and normal phases in a 

sample. As it was discussed before, this happens, for example, at the surface of a 

superconducting sample, but it can also happen in the bulk when the applied field locally exceeds 

the critical field and, as it will be discussed in the next paragraphs. Furthermore, this co-

existence is always present in a specific class of superconducting materials, the type II 

superconductors. The magnetic field will decrease exponentially into the superconducting phase, 

according to the penetration depth ɚ. The density of superelectrons (ns) will have to change from 
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zero inside the normal region to the value that supports superconductivity in the superconducting 

phase. However, ns cannot change abruptly with position, but it grows gradually in the 

superconducting region. The parameter that describes the spatial growth of superelectron density 

is referred to as coherence length (ɝ) [12]. Associated with the interface between the two phases 

is a surface energy Es that depends on the relative values of penetration depth and coherence 

length. This is what will define the two different classes of superconducting materials: type I and 

type II. Let us illustrate this dependence. The superconducting phase is more ordered than the 

normal one, because of the presence of the superelectrons. This contributes to lower the Gibbs 

free energy of the superconducting phase. However, the magnetization of the superconducting 

phase (created to expel the external magnetic field), adds a positive term to the Gibbs free 

energy. For the superconductor to be in equilibrium, these two contributions need to balance. 

This can be expressed in formulae with the following equation: 

ρ

ς
‘Ὄ Ὣ Ὣ 

where Hc is the critical field, gn the specific Gibbs free energy of the normal region and gs that of 

the superconducting region [5]. The key aspect that will distinguish two different behaviors is the 

spatial growth of the two Gibbs free energy contributions from the interface into the 

superconducting phase. The negative contribution given by the superelectrons grows with ɝ, 

whereas the positive contribution given by the magnetization grows with ɚ. These two different 

contributions and the total free energy are shown in figure 1.10a, for the case ɝ> ɚ. Let us now 

approximate the gradual increases in magnitude of the two contributions (positive and negative) 

with step functions, as shown in figure 1.01b. With this approximation, the surface energy can 

easily be quantified as Ὁ ‘Ὄ ʊ ʇ. It is now clear that, depending on the difference 

between ɝ and ɚ, the surface energy will result positive or negative [5]. Materials with a positive 
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surface energy, i.e. with a ɝ >ɚ, are the so-called type I superconductors, whereas materials with 

a negative surface energy, which corresponds to ɝ< ɚ, belong to the type II superconductors. The 

sign of the surface energy has also implications related to the macroscopic magnetic behavior of 

the two different classes of superconductors. For type I, while they are in superconducting state, 

with H<Hc, the formation of normal regions is not favored, since itôd increase the total free 

energy of the system due to the positive surface energy of the interfaces. Thus, the material 

simply transitions to the normal state at H=Hc. This is not the case for type II superconductors. 

Because of a negative surface energy of the interfaces, even below the critical field, the creation 

of normal regions is thermodynamically favorable. In particular, since the decrease in total free 

energy depends on the total area of the interfaces (Es is per unit area), then the number of normal 

regions will be maximized and their size minimized. This typical behavior of type II 

distinguishes them from type I superconductors, and it is especially reflected in the magnetic 

behavior. In fact, the magnetic behavior of type II superconductors distinguishes them from 

superconductors of the first type. As discussed above, the underlying reason for the different 

magnetic behavior lies in the different coherence lengths relative to the penetration depth, which 

leads to opposite sign of the interfacial energy between superconducting and normal regions. Let 

us consider a sample of type II superconductor, shaped as a thin bar, exposed to a magnetic field 

directed along its length and homogeneous within the sample volume. Analogously with what 

discussed above for a sample of type I superconductor, let us imagine to start with a zero applied 

field, the sample in a superconducting state (T<Tc, J<Jc, H=0) and gradually increase the applied 

magnetic field. In this case, as shown in figure 1.11, the magnetic flux density inside the 

superconductor is zero (i.e. the superconductor is behavior as a perfect diamagnet), until a certain 

magnitude of applied field, referred to as lower critical field (Hc1). Continuing to increase the 
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field above Hc1 causes a partial penetration of the magnetic field within the sample, which means 

that the magnetic flux density within the superconductor is now greater than zero. As the external 

field is increased, the extent of the penetration of the field lines increases, until the external field 

equals what is referred to as upper critical field (Hc2). At this field value, the penetration of the 

field is maximum and if increased further, it causes the material to transition to the normal state. 

Upon the transition to the normal state, the magnetization of the sample becomes zero, if we 

assume that the normal phase of the type II superconductor is non-magnetic [5], [7]. Note that 

the magnetization-external field relationship is not linear between Hc1 and Hc2, but it approaches 

linearity, becoming M=µ0Ha upon transition to the normal state (Ha is the applied field). The 

range of magnetic field from Hc1 and Hc2 defines a new state that is unique to type II 

superconductors and is referred to as ñmixed stateò. Type II superconductors in their mixed state 

allow a partial penetration of magnetic field lines, therefore behaving as a superconductor as a 

whole, but comprising small normal regions that gets penetrated by magnetic field lines. Hence 

the term ñmixed stateò, indicating a mixture of superconducting and normal regions that co-exist 

in the same sample, at the same conditions. Note that the mixed state exists also in the case of a 

uniform applied field and ideally homogeneous superconducting sample and it is not to be 

confused with what is typically referred to as ñintermediate stateò, which is typical of type I 

superconductors that are exposed to a non-uniform distribution of magnetic field. In the latter 

case, few, large normal regions can be created where the external field locally exceeds the 

critical field. The regions remain large and limited in number because of they are 

thermodynamically unfavorable due to a positive surface energy. Figure 1.12 illustrates a type II 

superconductor in the mixed state. The penetration of magnetic field lines in the sample can only 

be described by quantum mechanics. Using quantum mechanics, it can be shown that the amount 
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of field that penetrates and form each normal region is constant and it is equal to a quantum of 

magnetic flux (fluxon), and that only the number of these regions varies with the applied 

magnetic field, increasing the magnetization as the external field increases. Fluxons are also 

referred to as Abrikosov vortices, because it was Abrikosov to theoretically predict them [13]. As 

discussed earlier for type I superconductors, surface currents need to be established in the 

material to screen the superconducting regions from magnetic field. Analogously, fluxons create 

surface currents that loops around each of them, screening the remaining superconducting 

regions of the sample. Therefore, normal cores can be considered cylindrical, with the magnetic 

field along the axis and a radius of about the coherence length. Since fluxons repel themselves, 

they will be distributed in a regular way, at the vertices of hexagons. Additionally, as the external 

field increases, more energy is introduced into the system, which allows for closer spacing of 

fluxons (and higher number) until the external field equals Hc2, which is when the highest 

density of closely packed fluxons is reached. At this point, the a spacing between fluxons 

corresponds to the coherence length. Analogously to the critical field of type I superconductors, 

both Hc1 and Hc2 are a function of temperature. A schematic representation of Hc1(T) and Hc2(T) 

is shown in figure 1.13 and compared to a typical Hc(T) of a type I superconductor. From an 

applications perspective, it is important to note that Hc1 is very small, which means that a type II 

superconductor is typically operated above Hc1, in the mixed state, and Hc2 is much higher than 

the critical field of type I superconductors. This is the main difference between type I and type II 

that enables higher field applications. 

When a transport current flows into a type II superconductor in mixed state, an additional 

dissipation mechanism can be activated, if the fluxons are free to move within the 

microstructure. Let us consider a current density J flowing in the material, perpendicularly to the 
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applied magnetic field. Let us also suppose that the magnetic field is greater than the lower 

critical field, putting the sample in the mixed state. The interaction between the normal nuclei 

and the transport current gives rise to a Lorentz force that acts on each fluxon. If the fluxons are 

free to move within the microstructure, the Lorentz force will put them in continuous motion, as 

long as the transport current is flowing. The motion of the fluxons is a dissipation mechanism, 

since they create an electric field according to Ὁᴆ ὄᴆ ὠᴆ, where V is the velocity of motion of 

fluxons. Thus, the power dissipated by the motion of fluxons will be P=EJ. Preventing fluxon 

motion is a crucial mechanism to increase the critical current of a type II superconductor. To 

prevent fluxons from moving driven by the Lorentz force, an opposing pinning force needs to be 

provided, that is greater or equal to the Lorentz force. The most common method to provide the 

pinning force is via microstructural defects. Defects will create energetically favorable positions 

for the fluxons to assume and maintain as long as the Lorentz force is equal or lower than the 

pinning force [5]. If we think of an increasing the transport current in a type II superconductor 

that has been engineered with pinning centers, the voltage will remain zero until the J is such that 

ὐᴆ ὄᴆ is equal to the pinning force. When ὐᴆ ὄᴆ increases above the pinning force, the sample 

starts to generate voltage and the J is effectively the critical current density of that sample. 

 Models and theories that aim to explain the origin of superconductivity, such as the 

B.C.S. theory, are not included in this introduction because they would be outside of its scope. 

High level descriptions of the theory can be found in [5], [7], whereas the original manuscript 

published by Bardeen, Cooper and Shriffer can be found in [14]. 
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High Temperature Superconductors 

As it was mentioned in the historical highlights section, the BCS theory was developed at 

the end of the 1950s [14]. The theory included a general expression for the critical temperature 

of a superconducting material. If maximized, this expression would yield a maximum critical 

temperature of about 28 K [14]. The prediction of an upper limit to the critical temperature of 

any potentially undiscovered superconducting material strongly diminished the enthusiasm in the 

search for new superconducting materials. However, about a decade later, a discovery that was 

completely unpredicted by the BCS theory took place. Although superconducting properties had 

already been found in oxides in 1975, with the discovery of LiTi2O4 by D. Johnston (with a Tc of 

13.7 K), in 1986, Bednorz and Muller discovered superconductivity in the La-Ba-Cu-O system, 

while working at IBM in Zurich [15]. The unpredictable aspect was that the critical temperature 

of the newly discovered superconducting oxide is about 36 K, which is higher than the maximum 

critical temperature predicted by the BCS theory. A few months later, C. W. Chu, by replacing 

lanthanum with yttrium, synthesized what is now the most known high temperature 

superconductor, which is part of the Y-Ba-Cu-O system. The stoichiometry that yields best 

performance is YBa2Cu3O7-x (YBCO), where x is the oxygen deficiency. The properties of 

YBCO are very sensitive to the oxygen content, with the maximum critical temperature and 

upper critical field obtained with x=0.07 [7]. As any other non-elemental material, YBCO is a 

type II superconductor, and it was the first one that was discovered to have a critical temperature 

higher than the boiling point of liquid nitrogen (77 K).  

The usual definition of high temperature superconductor (HTS) is a superconducting 

material with a critical temperature higher than 30 K. The rationale behind this definition lies in 

the fact that the upper limit given by the BCS theory is about 30 K, and that all materials 
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discovered before the ones belonging to the copper-oxide family (often referred to as 

ñcupratesò), had critical temperatures lower than 30 K. In other words, high temperature 

superconductivity began with the discovery of the cuprates. All the conventional 

superconductors with a Tc lower than 30 K are consequently referred to as low temperature 

superconductors (LTS). 

Soon after the discovery of the Y-Ba-Cu-O system, a number of other compounds were 

discovered, all sharing with YBCO one common aspect: the presence of the copper oxide planes 

within a unit cell. The most important cuprate material system that was discovered after YBCO 

was the Ba-Sr-Ca-Cu-O (BSCCO). The BSCCO family was discovered on Christmas Eve, 1987, 

by Hiroshi Maeda. After about 30 years from their discovery, the most important high 

temperature superconductors for applications are YBa2Cu3O7-x and Ba2Sr2Ca1Cu2O8+y, which 

turned out to be the best performing phase of the BSCCO system.  

Since all the experimental results included in this dissertation involve YBCO, the 

following section includes a brief description of its crystal structure, main properties and basics 

of a typical manufacturing process. 

As mentioned previously, the critical temperature of YBa2Cu3O7-x, with x=0.07, is 92 K. 

During the last three decades of research and development, it was found that other compounds 

based on the same crystal structure can be obtained replacing yttrium with another rare-earth, 

obtaining similar properties. For this reason, the family of materials that was initially represented 

by YBCO, is sometimes referred to as (RE)Ba2Cu3O7-x ((RE)BCO, or simply REBCO). REBCO 

crystallizes into an oxygen deficient perovskite crystal structure. A schematic drawing of the 

REBCO lattice is shown in figure 1.14. Highlighted in the drawing are the copper oxide planes, 

which is where the superconduction occurs.  
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After 2-3 decades of R&D, the manufacturing technology of REBCO is now well 

established and allows for continuous production of over 500 meters piece lengths of REBCO 

wire with fairly homogeneous properties along the wire length [16]ï[19]. In fact, the number of 

REBCO manufacturer on the global market has been increasing rapidly over the last decade. 

Although each commercial manufacturers have their own proprietary processes, the general 

procedure reflects what is described below. 

A superconducting conductor based on REBCO, i.e. having REBCO as its 

superconducting phase, is a composite material that comprises many different components, 

wherein each component has a specific role. Because of the need to deposit the REBCO layer as 

a thin film, the composite wire consists of a layered structure, with the overall wire resulting into 

a flat wire, or tape. Since the objective is to continuously manufacture hundreds of meters (or 

kilometers) of wire, every manufacturing step needs to be implemented within a reel-to-reel 

manufacturing setup. The manufacturing process begins with the selection of a flexible and 

strong substrate. This is typically 30-100 µm thick and can be Hastelloy C-276, Stainless Steel, 

or Ni-W.  A series of buffer layers is then deposited on the substrate, with the goal of serving as 

diffusion barrier and texture template, minimizing the lattice mismatch to grow the 

superconducting REBCO phase. The lower buffer layers are typically alumina and yttria, with 

MgO deposited on top of them for texturing. The final buffer layer is typically SrTiO3, which 

ensures a low lattice mismatch with the REBCO phase. The REBCO layer is then deposited as a 

thin film via Metal Organic Chemical Vapor Deposition (MOCVD) onto the stack of buffer 

layers. The thickness of the REBCO layer is about 1 µm. Increasing the thickness of the REBCO 

layer would proportionally increase the critical current of the wire, and almost linearly increase 

the critical current density of the wire (since the increase in cross section is negligible compared 
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to the increase in current carrying capability). For more details about the influence of the 

thickness of the REBCO layer on the wire performance, see appendix A. The REBCO layer is 

then capped with a silver layer (1-2 µm thick), which serves mostly to enhance the electrical 

contact between the REBCO layer and the next outer element and as a diffusion barrier. The 

layered composite described so far, capped with the silver overlayer, is referred to as HTS insert. 

The HTS insert is then encapsulated in copper or another highly electrically conducting metal, 

either via electroplating or via solder lamination, to provide an additional parallel path for the 

current in case of failure of the superconducting, REBCO layer. The metallic layer that is added 

to encapsulate the HTS insert is typically referred to as metal stabilizer, because of the electrical 

stabilization it provides. The thickness of the metal stabilizer can range from 15 µm to 100 µm or 

more, depending on the application. The typical architecture of a REBCO wire is shown in figure 

1.15 [20]. More details on the REBCO coated conductor manufacturing and most recent 

developments can be found in [21]ï[26]. 

In addition to the critical temperature being much higher than that of any LTS, the other 

main differences between HTS and LTS lie in the much higher upper critical field and the very 

different magnet stability that results from the different properties. The way a superconducting 

coil wound with HTS reacts to instabilities is very different from an analogous coil wound with 

LTS. As it is explained in the next section, this poses the last remaining technical challenge for 

HTS to become a fully commercial technology.  

Quench Challenge 

Any superconducting material, regardless of the type, critical temperature and specific 

properties, can transition, unpredictably, from the superconducting to the normal state. The 

transition is always accompanied by a large release of heat that, depending on the specific 
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operating conditions, may cause irreversible degradation of the superconducting material and, 

thus, catastrophic failure of the system they are part of. An irreversible transition to the normal 

state of an otherwise superconducting system is referred to as ñquenchò [27]. The local transition 

of a region of superconducting material to its normal state is referred to as ñnormal zoneò. A 

quench can, and almost always does, start locally, from a small normal zone that propagates 

throughout the magnet (the normal zone size can be in the millimeter range). However, not all 

normal zones lead to a quench.  

A normal zone (local transition to the normal state within a superconducting system) can 

be induced in many ways, corresponding to different forms of perturbations of a 

superconducting, unperturbed state. Perturbations can be thermal, mechanical, magnetic or 

electrical in nature. Different perturbations correspond to different paths for the superconducting 

material to cross and exit its critical surface. Typical examples of thermal perturbations are beam 

losses and particle showers in particle accelerators, failure of the cooling system, heat deposited 

by AC losses, nuclear heat deposited via neutron irradiation in a magnetically confined fusion 

reactor. Common mechanical perturbations are cracking of the impregnation material, conductor 

movements due to Lorentz forces, failure of magnet structural materials. 

Once a normal zone is initiated, it can either spread to a progressively larger 

superconducting region, or it can shrink and disappear until superconductivity is completely 

restored. The latter case is denoted as recovery, because the superconducting state is recovered. 

The speed at which the normal zone propagates is referred to as normal zone propagation 

velocity (NZPV) and it is another distinguishing feature between HTS and LTS. While the 

physics that drives and describes the propagation is the same, due to a higher critical 

temperature, higher heat capacity and lower thermal conductivity, HTS exhibit 2-3 orders of 
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magnitude lower NZPV relative to LTS [27]ï[37]. This apparently minor difference creates a 

major technical challenge that has been hindering applications of HTS materials to real-world, 

commercial devices. 

HTS have shown extraordinary properties and have reached technical maturity, including 

a fine control of the manufacturing process over conductor length. The latter aspect is crucial to 

produce long piece lengths of wire with homogeneous properties. The cost of the material is also 

slowly decreasing mostly due to the increase in number of manufacturers around the world. 

However, conductor cost is often not a problem, especially in those applications that can only be 

enabled by HTS, like high-field, compact fusion reactors. Nonetheless, the ineffectiveness of the 

quench detection system, and the consequent lack of reliability, is a major obstacle for HTS to 

have a positive impact on society. 

 

Optical Fiber Sensors 

 

Historical and technological highlights 

Optical fibers are thin, flexible silica wires that have been used for telecommunications 

for almost 50 years. The first demonstration of data transmission via an optical fiber dates back 

to 1965, when the German physicist Manfred Borner was able to show it while working at 

Telefunken Research Labs. The first optical fiber cable laid in the ground for 

telecommunications was in Turin, Italy and it was installed on September 15, 1977 by the 

Telecom Italia. NASA also used optical fibers as part of the cameras and recording devices that 

were sent to the moon. At that time, the use of optical fibers in those systems was classified 

confidential since the technology was at its early days [38]. The first time that attenuation of 

optical fibers was predicted to be less than 20 dB/km was by Charles Kao and George Hockham, 
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who advanced the idea of using high purity silica to reduce light scattering and therefore allow 

for long range communication [39]. This work earned Kao the Nobel prize in physics in 2009. 

During the late 1970s and the first years of 1980s, the attenuation was rapidly reduced to a few 

dB/km and the manufacturing speed increased to over 50 m/s, following the work of chemical 

engineer Thomas Mensah at Corning. These advancements made optical fibers definitively more 

effective and less expensive than conventional copper wires. In addition to being inexpensive, 

current optical fibers also offer a lower attenuation than copper wires and no electromagnetic 

interference [40]. 

 

Fundamentals of geometric optics 

The attenuation (A) in an optical fiber is measured in decibel (dB) and it is defined as 

follows: 

ὃ ρπÌÏÇ
Ὅ

Ὅ
 

where Iin and Iout are the intensities of the light entering and exiting the fiber, respectively 

(usually measured in W/cm2) [41]. In general, the attenuation is a function of the wavelength of 

photons; thus, a value of attenuation should always be associated with a specific wavelength, or 

wavelength range. Thus, the equation shown above should be considered valid for 

monochromatic beams only, where Iin and Iout is the intensity of photons having wavelength ɚ. 

For non-monochromatic cases, for a given Iin, the Iout will not always be the same, but it will 

depend on what wavelengths are represented in Iin; this is equivalent to saying that A is a 

function of wavelength (given a Iin, Iout can be different only if A is different). A typical 

attenuation at ɚ =1550 nm of a commercial optical fiber is nowadays less than 0.18 dB/km [42]. 

Solving the relationship that defines the attenuation for Iout, we get: 
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Ὅ Ὅρπ  

where Iout will be in the same units as Iin, typically W/cm2 [41]. This means that a kilometer of 

fiber, with an attenuation of 0.18 dB/km, will transmit 96% of the photons (or, more precisely, 

optical intensity or optical power) from one end to the other . It is worth reminding the 

definitions and expressions for optical power and optical intensity (optical power not to be 

confused with the optical power of a lens, which is an indication of the focusing power, i.e. 

degree of convergence/divergence the lens provides). Optical power is the rate of energy carried 

by a beam of photons. As for power of any other nature, it is measured in Watts, but sometimes 

an ad-hoc unit is used, the dBm. The dBm is the power referred to a reference power of 1 mW, 

but the definition is under a logarithm in base 10. Therefore, 1 dBm does not correspond to 1 

mW. The definition of the dBm is as follows: 

Ὠὄά ρπÌÏÇ
ὖ

ὖ
ρπÌÏÇ

ὖ άὡ

ρ άὡ
 

where P is the power in milliwatts [41]. Thus, for a beam of 1 mW in power, its dBm would be 

zero; whereas for a beam of 10 mW, its dBm would be 10, for a beam of 100 mW, its dBm 

would be 20. Note that, if the power is less than 1 mW, the dBm will be negative. The 

corresponding values in dBm of a few values of beam power in mW are shown in table 1.2. 

 

Table 1.2 ï examples of dBm values and corresponding power in mW 

Beam Power in different units  

mW dBm 

0.001 -30.00 

0.005 -23.01 

0.01 -20.00 
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Table 1.2 (Continued) 

0.1 -10.00 

1 0.00 

10 10.00 

20 13.01 

25 13.98 

50 16.99 

100 20 

 

 

The optical intensity is closely related to the optical power and it is simply the optical 

power per unit area, where the area is of a surface perpendicular to the direction of propagation. 

The optical intensity can be expressed in terms of electric field as follows [43]: 

Ὅ
ὠ ‐‐‘

ς
Ὁ  

The general structure that is common to any optical fiber comprises a core surrounded by 

a cladding and one or more coating layers [44]. The components that have an optical role are 

core, cladding and the optical interface they create. A schematic illustration of a typical optical 

fiber architecture is shown in figure 1.16, along with a typical spatial profile of the refractive 

index along the fiber thickness [42]. When light is injected into the optical fiber, it travels 

downstream inside the core, as illustrated in figure 1.17. Single-mode fibers only allow one 

mode to propagate, whereas multi-mode allow more than one mode to propagate along the fiber. 

In both cases, the rays of light (one for single-mode) remain confined within the core, due to a 

phenomenon that occurs at the core-cladding interface, known as total internal reflection [40], 

[41]. Schematic illustrations of light propagation in single-mode and multi-mode optical fibers 
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are shown in figure 1.17. Note that the core size is what determines the number of modes that are 

allowed to couple and propagate. The core of a single-mode fiber ranges between 5-9 µm, 

whereas that of a multimode is larger, and has been standardized to 62.5 µm. Note that in figure 

1.17b, every mode has a different shade of yellow. Only three modes are depicted for sake of 

clarity. 

From an optical point of view, an optical fiber acts as a waveguide, with very small 

attenuation along its length. Total internal reflection is what ensures that the fiber works as a 

waveguide. The interaction at the core-cladding interface can be modeled using geometric optics. 

Let us consider a ray of light that interacts with the interface formed by core and cladding, 

having refractive indices n1 and n2, respectively. In the most general case, the incident light will 

generate a reflected beam, which propagates within the same medium (n1) and a transmitted one, 

which propagates across the interface in the next medium (n2). The interaction region showing 

the three rays and the interface is illustrated in figure 1.18. The incident, reflected and 

transmitted waves can be described by the following equations in terms of electric field. 

Analogous equations are valid for the magnetic field component of the waves [45]. 

Ὁᴆὶᴆȟὸ Ὁᴆ Ὡ ᴆϽᴆ  

Ὁᴆὶᴆȟὸ Ὁᴆ Ὡ ᴆϽᴆ  

Ὁᴆὶᴆȟὸ Ὁᴆ  Ὡ ᴆϽᴆ  

Due to phase continuity at the interface, the phases of all three waves need to be equal at z=0. 

This yields 

ὯᴆϽὶᴆ ὯᴆϽὶᴆ ὯᴆϽὶᴆ  

which can be written explicitly as 

Ὧ ὼ Ὧ ώ Ὧ ὼ Ὧ ώ Ὧ ὼ Ὧ ώ 
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Since x,y are independent variables and the equality needs to be true for any value of x,y, it 

follows that the following two conditions need to be true: 

                                                             Ὧ Ὧ Ὧ                                                       ρ 

Ὧ Ὧ Ὧ  

Introducing now the dispersion relations for the wave vectors, and considering that the waves I 

and R are both in the same medium with n1, whereas the wave T is in medium with n2, we get: 

Ὧᴆ
‫ὲ

ὧ
Ὧᴆ 

Ὧᴆ
‫ὲ

ὧ
 

where c is the speed of light in vacuum. Using basic trigonometry (see figure 1.18 for the 

definition of angles and reference system), it can be written that: 

Ὧ ὯᴆÓÉÎ‮
‫ὲ

ὧ
ÓÉÎ‮ 

Ὧ ὯᴆÓÉÎ‮
‫ὲ

ὧ
ÓÉÎ‮  

Ὧ ὯᴆÓÉÎ‮
‫ὲ

ὧ
ÓÉÎ‮ 

Using equation (1), it follows that 

‫ὲ

ὧ
ÓÉÎ‮

‫ὲ

ὧ
ÓÉÎựựự ‮  ‮ ‮  

‫ὲ

ὧ
ÓÉÎ‮

‫ὲ

ὧ
ÓÉÎÎÉÓὲ  ựựự ‮‮ ὲÓÉÎ‮   

The first relation is the first law of geometric optics, also known as law of reflection; the second 

is the second law of geometric optics, or Snellôs law [45]. 

Snellôs law, which was just derived, can be rewritten as  ÓÉÎ‮ ÓÉÎswohs ylraelc hcihw ‮ 

that for ὲ ὲ, ‮ ὲ fi ,eroferehT .asreveciv dna ‮ ὲ it must exist a certain incident 
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angle that will yield a ‮ ωπЈ. This angle will  be referred to as critical angle (‮ sihT .(‮ 

limiting case corresponds to having the transmitted ray travelling exactly along the interface. For 

incident angles greater than the critical one, all the light will be confined within the medium with 

n1 (the core). This is the threshold between some transmission and pure reflection. Plugging a 

‮ ωπЈ in Snellôs law, we obtain  

ÓÉÎ‮
ὲ

ὲ
 

which is the condition for total internal reflection [41], [45]. In the context of an optical fiber, the 

medium with n1 represents the core and the medium with n2 the cladding. Thus, the condition for 

total internal reflection guarantees that the light is confined within the fiber core. As mentioned 

above, in order for the condition to be verified, the refractive index of the core needs to be 

greater than that of the cladding, and the incident angle greater than the critical one. Another 

important relationship can be derived from the equations and concepts presented so far, which is 

what is needed to define the numerical aperture (NA) of an optical fiber (or, more in general, 

waveguide). The NA is related to the problem of injecting light into an optical fiber, which 

corresponds to coupling the waves into the waveguide. There will be a range of angles that will 

allow the rays that are introduced in the core to travel under the condition of total internal 

reflection. Figure 1.19 provides an illustration of this process. Let us consider a ray of light being 

injected into the fiber core. Its first interaction will be at the interface between air and the fiber 

core (n1). The second interaction will be at the core-cladding interface, and for this ray to be 

confined within the core and travel downstream, we have derived that the angle of this second 

interaction needs to be at least the critical angle ti ,snoitaredisnoc lacirtemoeg elpmis morF .‮ 

can be found that the angle the ray will have when travelling inside the core after the reflection at 
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the air-core interface is related to ecnedicni mumixam eht dnif won su teL .‮Јπω si ti dna ,‮ 

angle a ray can have to be guided by the fiber, which we will call ‮ . 

Applying now Snellôs law at the air-core interface, we have: 

ὲ ÓÉÎ‮ ὲÓÉÎωπЈ‮  

Adding that ὲ ρ and noting that ÓÉÎωπЈ‮ ÃÏÓsa nettirwer eb nac suoiverp eht ,‮ 

ÓÉÎ‮ ὲÃÏÓ‮ 

Using now the trigonometric identity ÓÉÎ‮ ÃÏÓ‮ ρ and using the relationship for total 

internal reflection at the core-cladding interface, i.e. ÓÉÎ‮ , the previous becomes 

ÓÉÎ‮ ὲ ὲ 

This expression links the maximum angle that a ray can have to be accepted by the fiber (and 

continue to travel under total internal reflection) to the refractive indices of core and cladding.  

Note that n1 is always greater than n2, so the argument of the square root is always positive. 

Furthermore, the expression for ‮  is also the definition of numerical aperture (NA) for an 

optical fiber exposed to air (which is what it was assumed to derive it).  

ὔὃḰÓÉÎ‮ ὲ ὲ 

In addition to the extraordinary success that optical fibers have found in 

telecommunications, they can also be used as sensors.  

 

Fiber Bragg Grating Sensors 

Before discussing the fundamentals of Rayleigh backscattering interrogated optical 

fibers, it is worth briefly introducing an older type of optical fiber sensor, based on Bragg 

gratings, and usually referred to as fiber Bragg grating (FBG) sensor.  
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Although nowadays there are several types of FBG sensors, based on different grating 

structures, the basic concepts that are discussed below apply to all of them [46], [47].  

The sensing element of an FBG sensor is an optical fiber that has a grating inscribed in its 

core. The optical fiber guides the light to the grating, where part of the beam gets reflected by the 

grating and the rest is transmitted and continues to travel downstream. The light that is reflected 

by the grating will have a specific wavelength, usually referred to as Bragg wavelength (ɚB). The 

grating is a regular pattern of refractive index, which would otherwise be constant along the 

fiber. Changes in refractive index are what cause the interaction of light having a wavelength ɚB, 

where ɚB is a function of the grating period [47]. The structure of a fiber Bragg grating is shown 

in figure 1.20, along with a typical spectral response of the grating. Note that the reflected power 

(or intensity) has a well-defined peak centered at the Bragg wavelength, with a certain 

dispersion, due to the inaccuracy that affects the manufacturing of the grating (ŭ is not ideally 

constant along the grating). The measurement principle lies in the fact that the grating period and, 

thus, the Bragg wavelength, depend on the fiber temperature and strain state. As long as the 

conditions of strain and temperature are constant, the fiber will always reflect ɚB, if it is injected 

with a wavelength range that comprises ɚB. The relationship that links ɚB to the grating period 

reads 

‗ ςὲ‏ 

where ŭ is the grating period and ne the effective refractive index of the grating [47]. If the fiber 

grating is subject to a change in temperature or strain, the Bragg wavelength will change, due to 

a change in ŭ. Therefore, if light is being injected repeatedly and the reflected light detected and 

analyzed, a shift of the characteristic peak will occur upon a change in temperature or strain. 

Although valuable and mature, the main drawback of the FBG technique is that the change in 
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temperature or strain is sensed only if it occurs in the grating region. In other words, FBG is a 

point sensor. Another complication related to FBG sensors is the need to inscribe a grating. In 

fact, a telecommunication grade optical fiber would not work as a sensor with the FBG technique 

if no gratings are present. The strengths of the FBG technique are the relatively easy 

interrogation and fast measurement rate, due to a very small amount of data to process. 

 

Rayleigh backscattering interrogated optical fibers 

Another way to create a sensor of temperature and strain from an optical fiber is to take 

advantage of the naturally occurring defects rather than inscribing an artificial change of 

refractive index in the fiber core. The naturally occurring defects are what create the fluctuation 

of refractive index along the fiber. From a light-matter interaction point of view, these defects 

are scattering centers for Rayleigh scattering, hence the term Rayleigh backscattering 

interrogated optical fibers (RIOF). The immediately clear, intrinsic advantage of this technique 

over FBG lies in the uniformly distributed presence of defects along the fiber length. Unlike 

FBG, where the scattering center is unique and located at a well-defined spot along the fiber, 

Rayleigh scattering interrogation can be carried out on the whole fiber length (or any 

subsection), with a user-defined spatial resolution. This is due to the very large number and 

uniform distribution of scattering centers in the fiber material. The optical fibers used for RIOF 

are single-mode, telecommunication grade optical fibers, i.e. the most inexpensive and widely 

available optical fibers on the market. No further processing is required to make a 

telecommunication grade optical fiber into a RIOF sensor, except for a connection to inject light 

into the fiber and a termination to extract it. In fact, the defects that serve as scattering centers for 

RIOF are intrinsically and unwittingly created during fiber manufacturing. These defects are the 
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same defects that would be unwanted if an optical fiber is used for telecommunication, because 

they are responsible for the very little, yet non-zero attenuation of light over fiber length. These 

same defects are the core of the RIOF technology. 

A similar drawing to what was shown for FBG sensors is used to illustrate how the 

scattering centers for Rayleigh scattering compare to the grating in an FBG sensor and can be 

seen in figure 1.21. From a microscopic point of view, the fiber that is used for FBG already has 

the naturally occurring defects that produce Rayleigh scattering. The difference is that the 

refractive index changes at the grating region are much larger than the fluctuation of the 

refractive index along the fiber due to manufacturing imperfections. In other words, when using 

the fiber for FBG and inscribing a grating on its core, the refractive index is approximated to be 

constant everywhere outside of the grating region, whereas when using the fiber for RIOF, the 

refractive index cannot be considered constant and the backscattered signal due to the minor 

fluctuations is the base of the sensing mechanism.  

Let us now consider a beam of photons travelling down the fiber and interacting along 

the way via Raleigh backscattering. Note that some of the Rayleigh scattering interactions will 

give rise to forward scattering and only a fraction of them yields scattering angles that constitutes 

backscattering. Only the latter is what makes up the useful raw signal of the RIOF technique. As 

for FBG, the wavelength that interacts at a specific scattering center will be defined by the 

periodicity of the defect structure. For FBG the reflected wavelength is well defined, because the 

ñdefectò is a step change of refractive index with a well-defined period artificially inscribed by 

the user. In RIOF, since the defects are naturally occurring, it is still their spacing that determines 

the interacting wavelength, but this is not unique, since the type and spatial distribution of 

defects vary on a microscopic level, within certain ranges. As a result, the backscattered 
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spectrum coming from a simple telecommunication grade optical fiber will not feature a peak at 

a specific wavelength, but it will be a random fluctuation of intensity vs wavelength. A 

comparison between a typical reflected spectrum from an FBG and a typical Rayleigh 

backscattering spectrum is shown in figure 1.22. The key aspect for the success of the Raleigh 

technique is that, although the spectrum does not show a peak at a well-defined wavelength, it is 

static for a certain fiber at fixed conditions of temperature and strain. In other words, if the same 

fiber is interrogated via Rayleigh scattering, at the same condition of temperature and strain, then 

exactly the same backscattering spectrum is obtained. This is where the measurement principle 

lies: upon a change in fiber temperature or strain, the backscattered spectrum will shift in 

wavelength. The same shape is retained, but the function will be shifted towards lower or higher 

wavelengths. In this case, since there is no characteristic peak, a cross correlation is needed to 

quantify the shift in wavelength. This shift will be referred to as ñspectral shiftò and is the signal 

that is measured via RIOF and is related to the temperature or strain change of the fiber [48]ï

[51]. 

So far we have considered a beam of photons travelling down the fiber and interacting 

along the way via Raleigh backscattering. But to take advantage of the major difference between 

FBG and RIOF, the positional information needs to be retained, so that RIOF can be a distributed 

sensor of temperature and strain, rather than a point sensor (like FBG).  

 

Origin of spatial resolution in RIOF 

As mentioned above, the scattering centers are ñnaturallyò and abundantly dispersed 

along the fiber from manufacturing. This is one of the key aspects that allows RIOF to be a 

distributed sensor. To encode the spatial information, a set of numerical operations, a key 
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hardware component and a step in the operating procedure need to be part of the measurement 

technique. Let us consider the same scenario we described before, with a beam of photons 

travelling into the fiber, but with the addition of a fine control of the laser source, so that the 

laser can sweep a linear wavelength characteristic ɚ(t). By doing so, each wavelength is uniquely 

associated to the time it was sent. From the photodetector, the backscattered spectrum will also 

have a timestamp associated to each wavelength (in reality, this procedure is discretized in 

wavelength and time; thus, there will be a time range instead of a time stamp, which corresponds 

to a fiber segment instead of a zero-dimensional point). There are two additional information that 

are used to complete the position discrimination: the velocity of the photons travelling in the 

fiber, which is known and it is the group velocity, and the fact that Rayleigh scattering is elastic, 

i.e. it leaves the energy of the photon unchanged. The latter means that the wavelengths of the 

photons that undergo Rayleigh backscattering do not change, and therefore when they are 

received by the detector, the time delay will determine how far they have travelled [52].  

 

Motivation , Objectives and Impact 

Despite their extraordinary properties described in the previous sections and their 

recently achieved technical maturity, the applications of HTS materials have not penetrated 

commercial markets yet. The main reason for the difficult commercialization of HTS devices is 

technical in nature. In fact, in many cases, HTS applications are economically viable, but lack of 

reliability. A significant fraction of the first prototypes of HTS magnets built in the last two 

decades incurred into failure due to unexpected quenches. The underlying driver for more 

frequent failures is related to the lower NZPV compared to LTS. A lower NZPV causes local 

transitions to the normal state to develop into very high in magnitude but spatially localized 
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temperature excursions which are significantly more likely to irreversibly damage the material. 

When the state-of-the-art quench detection system, which was developed for LTS about half a 

century ago and is based on monitoring voltage, was applied to HTS coils it did not stop them 

from destroying themselves via totally undetected quenches. In addition to understanding that a 

voltage based quench detection puts HTS magnets at risk, an alternative, more effective quench 

detection system needs to be developed. 

The objective of this dissertation research is to develop a quench detection system for 

HTS devices that is more effective than voltage and is a scalable, practical solution that is able to 

bring about a renewed interest for commercial applications of HTS devices and conductors they 

are based upon. 

The impact of technically and economically viable HTS technologies on the society could 

be significant in many sectors, from transportation to energy production, scientific research, and 

medical devices. High power density electrical motors based on HTS have been demonstrated 

and could contribute to the reduction of the use of fossil fuel in favor of low environmental 

impact, electrical technologies. High-speed trains for mass transportation would also help reduce 

the use of carbon and energy intensive airplanes, and they would greatly benefit from a viable 

HTS technology. In fact, superconductors offer a significantly more stable levitation compared to 

conventional electromagnets or permanent magnets, while increasing the efficiency and reducing 

the weight of the propulsion system. The higher critical temperature of HTS accelerated the 

development of many power grid devices that would not be viable or practical with LTS, 

including Fault Current Limiters (FCL), power transmission cables, wind generators and 

Superconducting Magnetic Energy Storage (SMES) devices. But what could become the most 

impactful application of superconductivity since its discovery is nuclear fusion. Very recently, in 
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parallel with the development of the International Thermonuclear Experimental Reactor (ITER), 

a series of privately funded small businesses have been developing new concepts of high-field, 

compact, magnetically confined nuclear reactors (tokamak). For these types of reactors, HTS is a 

crucial enabling technology. In fact, without reliable HTS magnets, there would be no alternative 

for the development of high-field, compact fusion reactors.  

With this introduction, main concepts and background information have been presented 

to set the stage for the experimental approach and results chapters. The introduction includes the 

motivation of the research effort, fundamentals of superconductivity, with a particular focus on 

high temperature superconductors, covering both the physics and the engineering challenges, and 

fundamentals of optical fiber sensors, including both fiber Bragg gratings and Rayleigh 

backscattering interrogated optical fibers. 
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Figures 

  

Figure 1.1: Resistivity as a function of temperature for a superconducting material around the 

critical temperature. 

Figure 1.2: Comparison between resistivity of an ideally pure metal with a real metal with 

defects, at low temperature. 
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Figure 1.3: Macroscopic magnetic behavior of an ideal conductor (only zero resistivity below 

Tc) and a superconductor. 

Figure 1.4: Schematic representation of surface current flowing around the surface of a 

superconducting sample exposed to magnetic field. 
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Figure 1.5: Schematic representation of spatial distribution of magnetic field across the 

surface of a superconducting sample. The field penetrates partially and decays exponentially 

with an e-fold equal to the penetration depth ɚ. 

Figure 1.6: Dependence of the penetration depth ɚ with temperature, close to the critical 

temperature [5]. 
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Figure 1.7: Magnetic behavior of a type I superconductor. Note the sharp transition from 

diamagnetic to non-magnetic behavior. 

Figure 1.8: Sketch of the critical surface of a superconductor [5].  
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Figure 1.9: Schematic representation of the relationship between current density and 

temperature. The blue curve represent the boundary between superconducting and normal 

state. 

Figure 1.10: Origin of the surface energy from the local difference in the contributions to the 

Gibbs free energy. In the case illustrated, ɝ> ɚ generates a positive surface energy. [5] 
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Figure 1.11: Magnetic behavior of a type II superconductor. Note the sharp gradual transition 

from diamagnetic to non-magnetic behavior. The transition region is, by definition, the mixed 

state. 

Figure 1.12: Illustration of the mixed state, along with spatial distribution of density of 

superelectrons ns and magnetic flux density B. 
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Figure 1.13: Comparison between critical field of a type I superconductor (blue) with the 

upper and lower critical fields of a type II superconductors, all as a function of temperature. 

Figure 1.14: Schematic drawing of the YBCO lattice showing the position of Y and Ba 

cations as well as copper planes [20]. 
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Figure 1.15: Architecture of a YBCO conductor manufactured by SuperPower [25]. 

Figure 1.16: a) structure of an optical fiber; b) spatial profile of the refractive index across the 

fiber core [42]. 
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Figure 1.17: Single mode (a) vs multimode (b) propagation of light into optical fibers. 

Figure 1.18: representation of incidence plane with three rays of light: incident, reflected and 

transmitted. 
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Figure 1.19: schematic representation of total internal reflection in a single mode optical fiber. 

Figure 1.20: illustration of fiber Bragg grating technique; including representation of the 

grating and typical reflected spectra. 
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Figure 1.21: illustration of RIOF technique with naturally occurring fluctuation of refractive 

index. 

Figure 1.22: comparison between qualitative FBG and RIOF spectra. 
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CHAPTER 2 ï EXPERIMENTAL APPROACH  

As it was discussed in the last section of the previous chapter, the fundamental 

motivation underlying the research effort consists of providing HTS magnets and devices with a 

quench detection system that allows for their safe operation and, therefore, does not frustrate the 

use of HTS materials into real-world applications. This research work aims at developing such 

novel detection system for HTS. Integrating optical fibers into superconducting systems and 

interrogating them via Rayleigh scattering provides an in-situ monitoring system that is able to 

detect, localize and analyze normal zones in the superconducting winding. Based on this 

fundamental idea, the experimental work was set up to build prototypes of superconducting coils, 

conductors and cables that have the newly developed monitoring system embedded within, as 

well as to characterize the detection performance of Rayleigh backscattering interrogated optical 

fibers (RIOF).  

Several ways to integrate optical fibers into superconducting devices have been 

conceived and experimentally demonstrated [1]ï[3]. The part of experimental approach that is 

common to all fiber integration methods consists of fabricating the superconducting sample with 

integrated optical fibers, designing and building the experimental setup to run measurements, and 

performing experiments in various conditions. The superconducting sample to be used as a test 

bed depends on the fiber integration method that is being developed, as it will be discussed in the 

following section. Typical measurements performed on the prototypes are both electrical and 

mechanical in nature and include critical current measurements, bending measurements and 

quench measurements. Critical current measurements aim to determine the critical current of the 

superconducting sample at specific conditions (typically 77 K and self-magnetic field), and is 

equivalent to a standard 4-point probe measurement. The sample is provided with current leads 
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to inject the transport current and a voltage tap to measure the voltage over a pre-defined section 

of the sample. The current is increased linearly at a constant rate, while the voltage is being 

measured. From the acquired data, a voltage-current (VI) characteristic can be plotted and fitted 

with a power law. The VI characteristic of a superconducting wire follows a power law that 

reads 

ὠ

ὠ

Ὅ

Ὅ
 

where Vc and Ic are the critical voltage and the critical current. Since the transition from a 

zero voltage state (superconducting state) to resistive behavior (which generates voltage) is not 

sharp, but it is gradual and dependent on the specific sample and its properties, to determine the 

critical current (Ic) in a unique and comparable way, an electric field criterion is used. The 

criterion consists of a threshold value of electric field, above which the sample is considered 

nominally normal. Therefore, from the VI characteristic, the current that corresponds to the 

electric field threshold is defined as the critical current of the sample. The electric field threshold 

is 1 µV/cm. Note that the electric field generated by the sample at each current level can be 

obtained simply dividing the voltage that is measured by the voltage tap by the distance between 

the taps. A schematic representation of a typical VI curve is shown in figure 2.1, where the 

threshold electric field and critical current are identified on the same graph. 

A quench experiment consists of a family of measurements that aims at testing either or 

both the quench behavior of the superconducting sample and the ability of a detection system to 

detect disturbances and normal zones. Quench behavior usually refers to the characteristic way a 

sample transitions to the normal state, including the energy required to transition, the normal 

zone propagation velocity, and how these quantities depend on the sample temperature, current 

level and applied magnetic field. To characterize the ability of a detection system to identify, 
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locate and monitor normal zones, an artificial perturbation is introduced into the superconducting 

sample to destabilize it. The superconducting sample can be perturbed with transport current that 

exceeds the critical current, by a thermal perturbation that increases its temperature or, less 

frequently, by changes in applied magnetic field. 

A typical quench experiment consists of energizing the superconducting sample with a 

transport current, which is typically lower than its critical current, until a steady state is attained. 

With the sample in steady state and fully superconducting, a thermal perturbation is introduced 

in the form of a heat pulse. The heat dissipated in the superconducting sample destabilizes the 

superconducting material and initiates the transition to the normal state. Depending on the 

amount of heat and the operating condition of the sample (temperature, current relative to critical 

current, applied field and applied strain) the sample may transition back to the superconducting 

state (recovery) or continue to transition to the normal state, expanding the normal zone. During 

this procedure, the sample is monitored by the quench detection system. 

A variation of the quench experiment described above is based on a different way of 

initiating the transition to the normal zone, without introducing external heat with a heater, but 

increasing the transport current circulating in the coil until it exceeds the critical current. This 

type of experiment is sometimes referred to as ñovercurrentò experiment. A plot that shows 

typical transport current and heat pulse profiles during the quench and overcurrent experiments is 

shown in figure 2.2. 

The underlying idea that unifies the different types of experiments consists of putting the 

HTS coil, which includes the newly developed, integrated quench detection system, in conditions 

that recreate failure. This way, the behavior of the quench detection system can be studied and its 
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features and performance can be experimentally demonstrated and compared to the state of the 

art, which is voltage monitoring.  

 

Fibers Integration Pathways 

As mentioned above, the core part of the development of the quench detection technique 

based on Rayleigh backscattering interrogated optical fibers is the integration of optical fibers in 

the superconducting winding. Depending on the application and the specific device, the 

superconducting winding can be very different, both in terms of geometry, materials, current 

level, and operating temperature. As an example, a superconducting magnet for particle 

accelerators will be most likely operated at the lowest temperature possible (4.2 K cooled with 

liquid helium, or 1.8-1.9 K cooled by superfluid helium), will be epoxy impregnated and the 

superconducting winding will be surrounded by several supporting structure to withstand the 

high Lorentz forces [4]ï[8]. A superconducting generator for wind turbines will be more 

compact, will be operated at higher temperatures (as high as 77 K, cooled by liquid nitrogen), 

will  have a much lower Lorentz forces due to lower transport current and lower magnetic field, 

and will therefore have less supporting structure and may not be epoxy impregnated [9]ï[11]. 

Whereas magnets designed for the tokamak of fusion reactors are very large in size and they 

need to generate the highest field with the smallest inductance, so they require extraordinary high 

transport currents. The way to generate very high magnetic fields with a superconducting coil 

while keeping the inductance low is to increase the current carried by each turn. This can be 

accomplished by winding the coil using a cable structure that carries a large current and requires 

less turns than a single superconducting wire. Many cable structures have been developed and 

demonstrated during the last decade that are based on REBCO wires and therefore take 
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advantage of the extraordinary properties of HTS [12]ï[20]. However, in addition to showing 

unprecedented current densities, HTS cables also suffer from sudden failure, similarly to 

superconducting wires. 

Due to the variety of magnet designs, geometries and operating conditions, the 

integration of optical fibers into the superconducting winding cannot be unique, but it needs to be 

tailored to the specific magnet. For this reason, several optical fiber integration pathways have 

been developed and demonstrated within this dissertation research. Although different 

integration methods have been developed, the criteria used to guide the development are 

equivalent, and include ensuring an intimate contact between the optical fibers and the medium 

that generates temperature and strain changes, minimizing the reduction of winding packing 

density (i.e. minimizing the cross section of a magnet that is not used to circulate current and 

therefore does not contribute to generating field) and maintaining magnet design and winding 

process unchanged as much as possible.  

The first integration pathway consists of co-winding one or more optical fibers with the 

superconducting wire, creating a fully monitored structure [3]. Another consists of embedding 

one or two optical fibers directly into the superconducting wire architecture, giving birth to what 

will be referred to as ñSMART Conductorò [21]. The third pathway is for larger and more 

powerful magnets, requiring transport current levels that can only be provided by HTS cables, 

and consists of integrating one or more optical fibers into the HTS cable architecture, hence the 

name ñSMART Cableò. It is worth noting that these techniques are complementary in terms of 

their application space, they are not to be considered one the improvement of another. Each of 

these three approaches will be discussed in details in the following sections. 

Co-Wound Fibers Approach 
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The initial experimental demonstration of the Rayleigh scattering quench detection 

technique was carried out on small HTS test coils that were wound in different geometries and 

equipped with optical fibers. In this approach, the optical fiber is co-wound with the HTS 

conductor in several ways, including atop the conductor surface and along the conductor edge, in 

the latter case serving also as turn-to-turn insulation. Since optical fibers are made of silica and 

coated with a polymer, they are an electrically insulating composite material. In addition to the 

optical fiber, the coils were instrumented with a spot heater that was used to initiate the transition 

to the normal state and voltage taps to compare the detection performance of RIOF with the state 

of the art. The spectral shift is acquired as a function of position along the integrated fiber, and 

time. The position along the fiber can be related to the position within the HTS coil, providing 

unprecedented information on the nature and the origin of quench. The optical fiber acquisition, 

control of power supplies (both for the transport current that energizes the coil (hundreds of 

Amperes) and for the current to power the heater (a few Amperes), and the acquisition of voltage 

and temperature signals are handled by a LabVIEW® application (ñQuench Applicationò) that 

was developed as part of this doctoral dissertation research. Additionally, the Quench 

Application includes a module that triggers a stop of the power supplies when pre-defined 

criteria are met. The criteria can be both on spectral shift and voltage signals.  

Experiments with Co-Wound Fibers have been carried out in various conditions of 

transport current and heat input into the coil, with temperatures ranging 77-87 K, cooling 

provided by liquid nitrogen or nitrogen vapor. Photos of two test coils are shown in figure 3.1. 

SMART Conductor 

Another fiber integration pathway that was developed in parallel with the Co-Wound 

Fiber approach consists of integrating the optical fiber inside the superconducting wire 
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architecture. This idea was applied to the REBCO conductor, which is the most promising HTS 

wire. As it was described in the introduction, REBCO conductor is a composite material with 

many different components (most of them in the form of layers) all with different roles. With this 

invention, an additional component is added to the composite REBCO wire architecture: an 

optical fiber. The REBCO conductor manufactured by American Superconductor Corporation 

(AMSC) comprises an HTS insert which is sandwiched with two copper lamina via a solder 

lamination process. The HTS insert includes metal substrate, buffer stack, YBCO 

superconducting layer, and a silver cap layer that surrounds the previously stacked layers. The 

copper lamina serve as metal stabilizer and are bonded to the HTS insert (its silver cap) via 

solder lamination. More details about the REBCO conductor can be found in the introductory 

chapter. The key aspect of this manufacturing process and conductor architecture lies in the 

presence of the so called ñsolder filletsò. In fact, the HTS insert is narrower than the copper 

lamina that are applied to it, leaving two regions that run along both conductor edges that get 

filled with solder during the lamination process. The role of the solder fillets is twofold: it 

increases the bonding strength of copper lamina to the HTS insert, which increases the 

mechanical strength of the composite wire, and it provides an alternative path for the current in 

the event of a local transition of the YBCO layer to the normal zone. Cross sectional drawings of 

the SMART Conductor are shown in figure 4.1. Note that, due to some of the layers in the HTS 

insert being electrically insulating, without the solder fillets the current would only be able to 

flow into the top copper lamina. The solder fillets allow for the current to redistribute over both 

copper lamina, therefore reducing the effective resistance and Joule heating. This is 

schematically shown in figure 2.3. 
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The solder lamination process with the inclusion of the optical fiber was performed at 

AMSC. 

 

SMART Cable 

Many applications of superconductors require the generation of high magnetic field, in 

large volumes, with limited inductance. In these cases, the use of a single wire is not ideal 

because the number of turns would be very high, making the inductance too high. Therefore, 

superconducting cables have been developed with the goal of carrying larger currents than a 

single superconducting wire and therefore simplifying the magnet design while limiting the 

inductance. Another reason underlying the use of cables instead of single conductors is added 

mechanical support. Most cable designs comprise a certain fraction of the cross section occupied 

by structural material to support the superconducting wires in high loads due to Lorentz forces. 

The structural material in a cable, which is most of the time a good electrical conductor, also 

serves the function of providing a parallel path for the current in case of local failure of some of 

the superconducting material. Having reliable superconducting cables based on HTS is, 

therefore, a very important step towards building HTS magnets for real-world applications like 

magnetically-confined, high-field nuclear fusion reactors, and the next generation of particle 

accelerators for both high energy physics and medical purposes.  

With this motivation in mind, another fiber integration pathway has been developed, 

primarily to tackle applications like fusion reactors and particle accelerators. All superconducting 

cable architectures have some common features. The superconducting material is obviously a 

necessary part of the cable and it is usually in the form of independently manufactured 

superconducting wires. The rest of the cross section is dedicated to structural material, electrical 
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stabilizers, electrical insulation and, in some cases, cooling channels. The structural materials 

need to support the superconducting wire against Lorentz loads, which would otherwise cause 

unacceptable degradation of the superconducting performance due to wire deformation. The 

electrical stabilizers serve to lower the resistance during a normal transition of the 

superconducting wires via increasing the available cross section for the current flow. The 

electrical contact resistance between superconducting wires and electrical stabilizer is of utmost 

importance to ensure an adequate current redistribution behavior. 

One of the most promising HTS cable designs is the Conductor on Round Core (CORC®) 

cable based on REBCO conductors and developed by Advanced Conductor Technologies (ACT) 

almost a decade ago [14], [22]. In this cable design, the cooling channels are absent and there is 

only one component that serves both as structural component and electrical stabilizer, the copper 

former, or core. REBCO conductors are wound in a helical fashion around the round copper 

core, with several conductors per layers and several layers, totaling up to 50 conductors per 

cable. Note that, although the critical current of the cable will be many times that of a single 

wire, it will not be exactly n times if n is the number of wires per cable. This is primarily due to 

the fact that each wire is subject to a background field generated by all the other wires in the 

cable, which reduces its critical current and, to a lesser extent, to a slight degradation of the 

performance of a single wire due to the strain it is subject to when bent around the core. More 

information on CORC® cables are included in chapter 5. 

The SMART Cable approach consists of integrating optical fibers within the architecture 

of a superconducting cable, to monitor strain and temperature changes. The optical fibers are 

interrogated via Rayleigh backscattering to measure the spectral shift as a function of positon 

along the fiber and time. Based on the spectral shift signal, transitions to the normal state that 
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threaten the integrity and functionality of the magnet can be identified. The SMART Cable 

approach offers a series of benefits compared to externally wound optical fibers. They include 

enhanced sensitivity and response time, due to proximity and thermal and mechanical coupling 

that can be ensured between the fiber and the source of the temperature and strain changes, 

protection of the fiber that is embedded into a structure in a controlled way, utmost practicality 

and unchanged magnet design. The latter means that magnet designers and manufacturers do not 

need to take into account the presence of the fiber in the design or manufacturing of the magnetic 

system, because it is embedded into the cable structure, which is the building block for the 

magnet. Additionally, since the the critical current of the cable is not generally reduced by the 

optical fibers neither its cross section is increased, the engineering current density (critical 

current of the cable divided by the total cross section) is not changed by the addition of the 

optical fibers. Furthermore, the SMART Cable approach benefits from all of the advantages of 

the RIOF technique compared to voltage taps, including high spatial resolution and immunity to 

electromagnetic noise. 

Following this approach, optical fibers have been embedded into the copper core of the 

CORC® cable, giving birth to a SMART CORC cable concept. The optical fibers are integrated 

into the copper core via twisted grooves from the core surface, before winding of the REBCO 

tapes. A sketch of the cross section of a SMART CORC cable is shown in figure x.x. The 

concept has been demonstrated by manufacturing of a short sample of SMART CORC that 

serves as prototype. Some of the features of the SMART CORC cable have been successfully 

shown at 77 K and self-magnetic field, via the quench and overcurrent experiments previously 

described in this chapter. In addition to demonstrating the unprecedented quench detection 

capabilities of the SMART CORC approach, unique stability behaviors have been uncovered and 
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normal zone propagation velocities have been measured. More details on the SMART CORC can 

be found in chapter 5. 

Before concluding this chapter, it is important to note that the three different approaches 

to fiber integration presented herein are not intended to be one the improvement of the others, 

but they are intended to be complementary. Each of them has strengths and features that best suit 

specific applications. Therefore, having pursued the development of all of the implementation 

approaches expand the realm of application of the underlying RIOF technique. As an example of 

the complementarity of the approaches, the application of SMART Conductor best suits a 

compact, HTS wind generator or a high power density, HTS motor for ship or aircraft 

propulsion, whereas the application of a SMART cable is ideal for high-field fusion reactors or 

particle accelerators.  

All of the experiments that led to the results included in this dissertation did not aim at 

showcasing the performance of the HTS wires or cable themselves, but they were thought to best 

characterize the newly developed quench detection system. 
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Figures 

Figure 2.1: Typical V-I characteristic that is used to determine the critical current of an HTS 

sample. The red markings indicated the electrical field criterion and the resulting value of 

critical current. 

Figure 2.2: Typical transport current and heater current signals during a quench experiment. 

An overcurrent experiment would be analogous but without the heat pulse (red line). 
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Figure 2.3: Schematic illustration of how the solder fillets enable current redistribution from 

the YBCO layer into both copper lamina.  
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Abstract 

High temperature superconducting materials are the only option for the generation of 

magnetic fields exceeding 25 T and for magnets operating over a broad range of temperature and 

magnetic field for power applications. One remaining obstacle for the implementation of HTS 

magnets into systems, however, is the inability to rapidly detect a quench. In this letter we 

present a novel quench detection technique that has been investigated experimentally. Optical 

fibers are co-wound into two small Bi2Sr2Ca2Cu3O10+x superconducting coils and interrogated by 

Rayleigh-backscattering. Two different configurations are used, one with the fiber atop the 

conductor and the other with the fiber located as turn-to-turn insulation. Each coil is also 

instrumented with voltage taps and thermocouples for comparison during heater-induced 

quenches. The results show that Rayleigh-backscattering interrogated optical fibers (RIOF) have 

significant advantages over traditional techniques, including very high spatial resolution and the 

ability to detect a hotspot well before the peak local temperature exceeds the current sharing 

temperature. Thus, RIOF quench detection is intrinsically faster than voltage taps, and this 

intrinsic advantage is greater as the coil size and/or current margin increases. 
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Introduction  

After 25 years of research and development, high temperature superconductors (HTS) are 

emerging as the only candidate for superconducting applications over a broad range of operating 

temperature and magnetic fields such as energy storage, motors, maglev vehicles, generators for 

wind power applications and ultimately fusion reactors, and for the generation of magnetic fields 

above 25 T for high energy physics and nuclear magnetic resonance [1-11]. Recent progress in 

(RE)Ba2Cu3Ox conductors has shown that conductor electromagnetic properties can be tailored 

to the required combination of magnetic field and temperature [12-17], and Bi2Sr2CaCu2Oz 

round wires have improved such that their engineering critical current density, JE, is as high or 

higher than the best (RE)Ba2Cu3Ox coated conductor [18]. Regardless of the conductor, however, 

HTS magnets remain a risky endeavor due to intrinsic differences in their quench behavior 

relative to low temperature superconductor (LTS) magnets. In particular, HTS magnets have 

very slow normal zone propagation velocities, on the order of a few mm/s, as compared to a few 

m/s for LTS magnets [9, 19-27]. Furthermore, HTS conductor operating limits during a quench 

are not yet fully understood, and are likely to evolve as the conductor technologies mature [28-

33]. Thus, HTS systems require a novel approach to quench detection that provides sufficient 

spatial and temporal resolution to detect incipient quenches with sufficient time remaining to 

protect a magnet. One recent approach to high field HTS coil design that may offer a degree of 

self-protection, or at least a more robust response to thermal disturbances, consists of winding 

coils without turn-to-turn insulation; thse are referred to as no-insulation (NI) coils. NI coils have 

a large thermal stability margin and low transient temperatures during a quench, but at the 

expense of long ramping times and imprecise magnetic field spatial uniformity relative to 
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insulated coils [34-37]. Furthermore, despite the improved stability, high energy NI coils will 

still require quench detection and protection. 

In the past 10 years, optical fibers have emerged as reliable sensors for a variety of 

applications. While all optical fiber sensors are predicated upon their ability to transmit light bi-

directionally, there are a number of methods to assess the interactions of the light and the fiber to 

ascertain meaningful and reliable information. One approach is based on fiber Bragg gratings 

(FBG), in which the optical fiber is inscribed with a well-defined grating in order to control the 

refractive index at a specific location. The wavelength of light reflected by the grating, the Bragg 

wavelength, is proportional to the grating period and its effective refractive index, and so if a 

change in temperature or strain change the grating period, changes in the reflected light provide 

very precise information regarding the change in temperature and strain at location of the grating 

[38]. A single fiber can have multiple Bragg gratings inscribed, each with different periods, so a 

number of locations along the fiber can be interrogated simultaneously. Although FBGs have 

been successfully used to monitor temperature and strain in superconducting magnets, there are 

limits to the number of gratings that can be inscribed so the spatial resolution is limited [39-43].  

A second approach used to interrogate optical fibers in magnets is based on spontaneous 

 Brillouin scattering. In this case, the functional signal is a result of the interaction between the 

light and acoustic phonons that cause a temporal and spatial variation in the index of refraction 

and density of the fiber. A 5 m spatial resolution and a measurement time of about 0.5 s were 

achieved in a quench detection system developed using spontaneous Brillouin scattering for LTS 

conductor [44, 45]. 

A third approach to interrogating optical fibers is based upon Rayleigh backscattering. 

All  optical fibers have a pattern in terms of the density of spatial fluctuations and defects at the 
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microstructural scale that is a unique property of a given fiber. Every individual fiber has its own 

pattern after manufacturing which only varies due to external stimuli such as temperature and 

strain, and to a lesser extent pressure and humidity [46-48]. When light propagates along an 

optical fiber, several interactions between the photons and fiber occur, and due to the defect 

pattern, a fraction of the photons are reflected via elastic Rayleigh backscattering events. As the 

defect pattern varies primarily with temperature and strain, the backscattered spectrum also 

depends primarily on temperature and strain. Therefore one can measure the Rayleigh 

backscattering spectrum first in a reference condition and subsequently, after a change in 

temperature or strain, and compare the two spectra to quantify the spatial distribution of the 

change in temperature and/or strain.  

Sensing systems based on Rayleigh backscattering use low-cost telecommunication-grade 

optical fibers and feature distributed sensing with the potential for sub-mm spatial resolution and 

real-time sensing. The spatial and temporal resolutions depend on the fiber length and data 

acquisition (DAQ) and analysis speeds; the only intrinsic limit is the wavelength of the 

interrogating light and the computational speed of the DAQ and quench-detection logic. In 

practice, increased spatial resolution correlates to reduced temporal resolution due to the increase 

in the volume of data to be assessed. A recent study quantified this tradeoff with respect to the 

requirements of an HTS magnet system and established a procedure, based on the concept of 

minimum propagating zones (MPZ), to determine the spatial and temporal resolutions that 

minimize the data processing burden [49]. Different DAQs have also explored with respect to 

their performance when coupled to Rayleigh-backscattering interrogated optical fiber (RIOF) 

[50]. Note that ultimately quench protection can be described in terms of a ñtime budgetò. The 

time budget is determined by the amount of time available from the beginning of the thermal 
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disturbance to degradation of the coil. Within this time window, the quench must be detected and 

the protective action implemented. RIOF focuses on reducing the time required for quench 

detection, both through the elimination of ñdead timeò, when the normal zone has been initiated 

but cannot be detected, and the time required to determine that a quench will occur. In this work, 

we compare experimentally RIOF quench detection directly to that of voltage taps using two 

small HTS coils. 

Experimental Approach 

Two superconducting coils have been fabricated using Bi2Sr2Ca2Cu3Ox/Ag-alloy 

(Bi2223) superconducting conductor manufactured by American Superconductor Corporation 

(AMSC) and instrumented with optical fiber, voltage taps and thermocouples. In both coils the 

optical fiber was co-wound with the conductor, but the two coils differ in the relative position of 

optical fiber and conductor. In coil I, the optical fiber is atop the conductor and in coil II the fiber 

is along the conductor edge where it also serves as turn-to-turn insulation. The total conductor 

length is about 1 m in both coil I and II. Both coils are single layer helical coils wound on a G-10 

coil former; these are seen in Figure 3.1. The formers for coils I and II have 9.6 cm and 7.6 cm 

diameters respectively. Voltage taps (VTs) have been soldered to the conductor using a 60/40 

Sn/Pb solder with a 2-cm spacing. Thermocouples have been attached via the same solder, 

except for the on atop the heater section that was glued with GE Varnish. A heater, consisting of 

a Ni-Cr insulated wire, was shaped to cover the conductor surface between two VTs and also 

attached via GE Varnish. Lastly, after all instrumentation is attached, the coils were painted with 

GE varnish. Figure 3.2 illustrates the wiring schematics for both coils.  

Each coil was mounted on a probe equipped with current leads and inserted into a 

cryostat filled with liquid nitrogen. The temperature, voltage and spectral shift were measured as 
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a function of time at different locations along the coil. The RIOF were interrogated using a 

commercial optical distributed sensor interrogator (model ODiSI-B by from Luna Technologies 

Inc.), which measures the spectral shift as a function of time and position along the fiber. The 

optical fiber was connected to the ODiSI B and all the voltage taps and thermocouples were 

connected to Keithley® 2700 digital multi meters (DMMs). The ODiSI-B, DMMs and heater 

were controlled by LabView® software.  

The coil temperature is varied by either submersing the entire coil into the liquid nitrogen 

for 77 K experiments, or by lowering the coil close to but not within the liquid, such that the coil 

is nitrogen vapor cooled to a temperature near but above 77 K. Each quench experiment began 

with the coil at thermal equilibrium within the cryostat and in the superconducting state. A 

transport current was initiated in the coil at t=0, ramped to a set value (It) and held constant. 

About 300 ms after the transport current reached It, a normal zone is created via the heater which 

was powered by applying a constant voltage with a power supply for a certain duration. The 

spectral shift in the optical fiber as a function of position along the fiber and time was 

continuously interrogated by the ODiSI-B, as were the voltage and temperature. 

The software controlling the ODiSI-B divides the fiber into 5 mm long segments, 

defining the spatial resolution for this experiment. Each interrogation cycle requires ~30 ms, 

after which the measurement is repeated. Thus the spectral shift is measured and compared to the 

reference scan as a function of space and time, with 5 mm spatial resolution and 30 ms time 

resolution. To decrease the data processing required to compute the spectral shift, during each 

measurement cycle, the LabView® software recorded the data coming from the four positions 

along the fiber that experienced the four highest spectral shifts, as well as the ten segments 

neighboring each of them. The remaining data were discarded. This reduces dramatically the 
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measurement time, yet still enables the measurement of the normal zones size and evolution. We 

refer to these four positions, along with the 10 neighboring segments, as the hot-spot. It is worth 

noting that the position of the hot-spot along the fiber varies with time, as the locations 

experiencing the highest combination of temperature and strain evolves with time. This evolution 

is also captured by the DAQ system. 

Results and Discussion 

Figure 3.3 shows results from coil I with the fiber atop the conductor for an experimental 

run at 77 K and a transport current (It) of 150 A, as compared to the self-field Ic of 135 A. Note 

that here Ic is defined as the lowest critical current obtained monitoring all the voltage sections as 

well as end-to-end (ETE) voltage taps monitoring the entire coil as shown in Figure 3.2. Note 

also that, because of the effectiveness of liquid nitrogen cooling, the coil did not quench. Figure 

3.3(a) shows the voltage versus time; a measureable voltage appears and increases about 400 ms 

after the initiation of the heat pulse, whereas Figure 3.3(b) shows a non-zero spectral shift 

immediately after the heat pulse begins.  

The results of a quench in coil II are shown in Figure 3.4. In this case, the coil is just 

above the liquid level in the cryostat and cooled by nitrogen vapor. The highest temperature on 

the coil (furthest from the liquid) just before the experiment began was 87.2 K. The transport 

current in the coil was then increased linearly to 126 A, corresponding to 90% of Ic (self-field, 

77 K). The heat pulse duration was 400 ms and was sufficient to cause a quench. The voltage 

limit is reached after 2 s, at which time the transport current returns to zero and both the 

temperature measured by the thermocouples (Figure 3.4b) and the spectral shift (Figure 3.4c) 

begin to decrease. Similar to the previous case, a detectable voltage (Figure 3.4a) is first 
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observed 270 ms after the heat pulse begins, whereas the spectral shift signal begins 60 ms 

earlier. The time delay for the thermocouples is similar to that of the spectral. 

The spectral shifts at the 11 segments constituting and surrounding the hot-spot are 

plotted versus time in Figure 3.4c, where the hot-spot is defined as the location of the segment 

with the maximum spectral shift (segment 5) and segments 0-10 are successive 5-mm long fiber 

segments centered about the hot-spot. The spatial information is represented by the time 

evolution of the location of the hot-spot, shown in Figure 3.4d. Note that in coil II the fiber runs 

along the conductor edges (see inset of Figure 3.4d, or Figure 3.1 or 3.2) and thus two fiber 

locations are symmetric about the conductor, here defined as 0 and -20 cm. Consistently, after 

the heat pulse, the location of the hot-spot alternates between these two positions, indicating that 

the hot-spot is in the middle of the conductor, and also illustrating the sensitivity of Rayleigh 

scattering interrogation. Thus, the coil II geometry, with the optical fiber co-wound along the 

conductor edges, has the advantage of having a ñdouble checkò for finding the hot-spot location, 

as the fiber on each side of the hot-spot shows a spectral shift.  

Figure 3.5 shows the results from a run with coil I with analogous experimental 

procedure and a transport current of 93%Ic. In particular, Figure 3.5a shows the heat pulse, the 

voltage measured across the heater and the hot-spot spectral shift, and the hot-spot location as a 

function of time is plotted in Figure 3.5b. Due to the coil geometry, with the fiber atop the 

conductor, coil I only presents one location where the fiber is closest to the heater, defined here 

as segment zero. After the heat pulse, the hot-spot location is constant for 2 s and then moves by 

as much as 6 cm during the next 3 s. The spectral shift magnitude at the hot-spot confirms that 

when the hot-spot location begins to move, the thermal perturbation is nearly zero. This indicates 

that the Rayleigh interrogation approach captures the fine-scale details of both a quench and 
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during recovery. In fact, without any perturbation, the hot-spot location, i.e., the location 

indicating some changes in spectral shift, changes with time spanning the entire fiber.  

Figure 3.5a demonstrates again that, after the perturbation, the increase in spectral shift 

precedes that of a non-zero voltage. The reason for this difference is that a non-zero voltage does 

not occur until the temperature at some location between the voltage taps exceeds the current 

sharing temperature, Tcs, whereas a spectral shift results from any change in temperature or 

strain. Comparison between the voltage, temperature and spectral shift profiles are plotted in 

Figure 3.6 for a quench in coil II. The time difference between the onset of a measureable 

spectral shift and voltage is much longer than that between spectral shift and temperature, though 

even in the latter case there is a clear difference. Note again that as the voltage drops to zero 

when the transport current is zeroed, but the spectral shift and the temperature continue to 

monitor the transient. Thus, the distributed sensing of the optical fiber will clearly show when 

the coil has returned to thermal equilibrium after a protected quench.  

The time delays between the onset of the heater to the onset of measureable voltage and 

spectral shift signals above any background noise from a series of quench runs on coil I, 

characterizing the responsiveness of the detection systems to a thermal perturbation, are plotted 

in Figure 3.7. The time delays are plotted versus I/Ic, but note that other experimental conditions, 

such as the heater voltage and pulse duration and background temperature, vary somewhat from 

one test to another. Thus, for I/Ic of 48% and 74%, voltage delays are not plotted because they 

are infinite; i.e., the temperature did not rise above Tcs, whereas the spectral shift showed a 

signal after ~90 ms. As expected, when I/Ic is sufficiently large to induce a temperature rise 

above current sharing, the voltage delay becomes finite and decreases further as the current 

increases further. The spectral shift delay is always finite and does not show broad variance. In 
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the experiments here, the strong nitrogen cooling environment and the small-size of the coils 

results in coils that are difficult to quench. Thus, to observe differences in quench detection, 

large values of I/Ic were required. Yet the advantages of RIOF are clear. Furthermore, as I/Ic 

decreases to values that are more realistic for superconducting magnet applications in service, the 

difference in detection speed increases rapidly. 

Although these experiments were performed at around 77 K, the benefits of RIOF extend 

to low temperature operation (i.e. 4.2 K) as well. Relative to RIOF system response at 77 K, at 

low temperature there are competing effects. In response to a thermal disturbance, the low 

specific heat results in a larger temperature change, and the higher thermal conductivity results in 

faster thermal conduction [51]. Therefore, the spectral shifts measured by the RIOF is larger and 

occurs faster as well. But, at lower temperatures, the reduction in thermal expansion of the 

optical fiber reduces the measured spectral shift signal per unit of temperature change. 

Depending on their magnitudes, either of the two effects may dominate, resulting in a net 

attenuation or enhancement of the RIOF signal. But, it is also important to note that signal 

strength is not the key for RIOF to be effective, as there is no optical corollary to the 

electromagnetic noise that can set a minimum signal requirement for voltage measurements. 

Instead, it is the spatial recognition of an MPZ that is ultimately sought, so the time-variations of 

the spectral shifts are key, not their absolute magnitudes. 

Although the time required to compute the spectral shift depends upon the DAQ system, 

data analysis hardware and the spatial resolution chosen, the scale up of the technology to large 

coils wound with hundreds of meters of conductor is not limited by sensitivity issues. Note also 

that the spatial resolution does not need to be constant in time and, therefore, an adaptive 

approach can be adopted to allow for faster scans during steady state operation and a higher 
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spatial resolution when it is beneficial to focusing on detectable perturbations. In comparison, the 

effective spatial resolution via voltage taps decreases as the size of the coil increases (i.e., if the 

number of voltage taps per meter of conductor is held constant, then the number of voltage taps 

becomes unmanageable for large magnets), whereas the spatial resolution of RIOF is 

independent of coil size and tunable. 

Conclusion 

Two HTS coils were wound and quench to compare the efficacy of RIOF relative to the 

traditional approach using voltage taps. The results show that RIOF detect normal zones and 

their propagation more quickly and with higher spatial resolution than voltage taps. Furthermore, 

in magnets for large-scale applications, the number of voltage taps per unit length of conductor 

available for quench detection would be much smaller than in the experiments reported here, and 

hot-spot localization is intrinsic to RIOF. 

The RIOF spectral shift is shown to be a suitable signal for quench detection, as it varies 

substantially from the moment even a very small normal zone is created. The sensitivity to very 

small hot-spots results in a very small detection time delay, as compared to voltage taps, another 

intrinsic advantage of the RIOF approach. This advantage increases as I/Ic decreases, because 

the voltage delay is related to the time required for the local temperature to exceed the current 

sharing temperature. Results here illustrated that RIOF can localize normal zones with a 5 mm 

spatial resolution. 
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Figures 

   

Figure 3.1: Two instrumented Bi2223 coils used in this study: a) coil I, with the optical fiber 

co-wound atop the conductor and b) coil II, with the optical fiber co-wound between 

conductors as turn-to-turn insulation. The insets depict a portion of the coils during 

fabrication, highlighting the relative position of optical fiber and conductor. 
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Figure 3.2: Schematic instrumentation diagrams for the two coils shown in Figure 1. In both 

coils the voltage tap spacing is 2 cm. In (b) coil II has a thermocouple (TC) located in the 

middle of each voltage-tap section and numerated accordingly. The TC at the middle of the 

heater section, TC9, has been omitted from the drawing for clarity. 

Figure 3.3: Results for an experimental run with Coil I (with fiber atop the tape) during 

which the coil did not quench: a) voltage versus time, b) spectral shift versus time. In (b), 

segments 0 to 10 refers to successive 5-mm long fiber segments, centered about the segment 

with the highest spectral shift (always segment 5), the hot-spot. 
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Figure 3.4: Results for an experimental run with Coil II (with fiber next to the conductor 

edge) during which the coil quenched: a) voltage versus time, b) temperature versus time, c) 

spectral shift at the hot-spot versus time, and d) time evolution of the hot-spot location. 
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Figure 3.5: Results for an experimental run with Coil I during which the coil quenched: a) 

spectral shift at the hot-spot and voltage measured at section 2 (across the heater) as a 

function of time and b) hot-spot location as a function of time. 

Figure 3.6: Results for an experimental run with Coil II during which the coil quenched, 

showing only the first second of the experiment, illustrating the relative time delays for 

voltage, thermocouple and RIOF sensors. 
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Figure 3.7: Time delays for measureable voltage and spectral shift signals (above 

background) versus I/Ic for a series of experiments on coil I.  
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Abstract 

A self-monitoring, SMART (RE)Ba2Cu3O7-x (REBCO) conductor has been created by 

integrating optical fibers into the solder fillet of the current REBCO conductor architecture. By 

interrogating the integrated optical fiber by Raleigh backscattering, a spectral shift signal as a 

function of time and position along the conductor is obtained. Due to the direct integration into 

the solder fillet, intimate, consistent contact between fiber and conductor is obtained, while the 

optical fiber is protected and does not take up any space in the magnet winding. Therefore, the 

SMART conductor enhances the benefits of the co-wound fiber approach and provides ultimate 

sensitivity and practicality. Several samples of SMART REBCO conductor have been 

manufactured and characterized. The strain self-sensing capabilities have been demonstrated as 

well as thermal perturbation detection and localization with 2.56 mm spatial resolution. Results 

show that a key feature of the SMART conductor concerns its sensitivity to thermal perturbation; 

unlike in the case of a coil with co-wound optical fiber, the SMART REBCO sensitivity 

increases as the temperature decreases. A series of quench measurements have been performed, 

both on straight samples and on a pancake coil, at temperatures as low as 14.6 K. Using the data 
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collected by the SMART REBCO during quench experiments, the temporal evolution of the size 

of a normal zone and the instantaneous normal zone propagation velocity have been calculated. 

Introduction  

High temperature superconductors (HTS) have emerged as a viable option for a number 

of applications, including motors, generators, transformers, and superconducting magnetic 

energy storage (SMES) systems, allowing for more compact and efficient devices. HTS are also 

being considered for the magnet system of nuclear fusion devices that are being designed in 

parallel to the International Thermonuclear Experimental Reactor (ITER), such as the 

demountable compact reactor concept [1] and the spherical tokamak [2-5], both relying on 

REBCO conductors to reduce reactor size. HTS are also being investigated, as an enabling 

technology, for the High Energy version of the Large Hadron Collider (HE-LHC), since they are 

the only superconducting materials capable of generating the 20 T dipole field needed to achieve 

the unprecedented beam energy of 16.5 TeV, thus 33 TeV in the center of mass [6, 7]. The 

United States Magnet Development Program Plan (USMDPP) [8] has highlighted the need for 

(RE)Ba2Cu3O7-x (REBCO) conductors and cables as a key step towards bringing the 

aforementioned applications to fruition. Additionally, the USMDPP specifies the HTS areas 

requiring research and development: primarily enhancement of conductor performance and 

reduction of cost, and quench detection to allow for safe operation of HTS systems [8]. In fact, 

due to their lower normal zone propagation velocity (NZPV) compared to low temperature 

superconductor (LTS) magnets [9-18], HTS magnets are not safely protected by conventional 

quench detection, i.e. voltage monitoring. Additionally, regardless of the superconducting 

material, quench detection in electromagnetically noisy environment, like the one experienced by 
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the magnet system of a tokamak, is intrinsically more challenging, unless the quench signal and 

criterion are immune to electromagnetic noise.  

Novel quench detection techniques are required to bring HTS-based systems to fruition 

and a number of innovative quench detection systems are being studied. Early attempts at using 

acoustic emission for detecting quenches are described in [19, 20]. More recently, quench 

detection systems based on acoustic signals are being reconsidered. Some methods rely on the 

transient acoustic response of the magnet [21] others attempt to predict the location of a quench 

based on acoustic emission during training [22]. Other approaches are based upon optical fiber 

sensors [23-26]. Among the optical fiber sensors, the most promising technique is based on 

Rayleigh backscattering interrogated optical fibers (RIOF), which provides high spatial 

resolution distributed sensing. The initial work on RIOF quench detection showed that by co-

winding optical fibers with HTS wire, the spectral shift, which is the signal measured by the 

optical fibers, is capable of detecting and localizing normal zones within the coils with 5 mm 

spatial resolution. Also, at different conditions, the spectral shift always anticipates the voltage 

signal and the time advantage increases as the current margin increases [25]. 

Although RIOF quench detection is a viable option for quench detection in HTS, it 

presents a few challenges that need to be addressed: optical fibers need to be co-wound with the 

conductor, or otherwise integrated into the magnet, preserving their integrity; uniform contact 

between optical fibers and conductor is required for efficient and quick heat and strain transfer to 

the fiber; and magnet winding and design need to be adjusted to accommodate the optical fibers. 

Furthermore, the sensitivity of RIOF decreases with decreasing temperature. These issues are 

solved simultaneously with the SMART conductor approach. The basic idea behind the SMART 

conductor is to integrate optical fibers directly into the conductor architecture, giving birth to a 
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self-monitoring REBCO coated conductor. This way, the strengths already shown by RIOF are 

coupled to intimate contact between conductor and optical fibers, automatic integration of the 

fiber into the magnet, protection and reinforcement of the optical fibers by the conductor, and no 

required changes to the magnet design. Furthermore, while the thermal sensitivity of co-wound 

RIOF decreases with decreasing temperature, the results contained herein show that the trend is 

opposite for the SMART conductor; i.e., the thermal sensitivity increases as the temperature 

decreases.  

The optical fiber that is integrated in the conductor is interrogated by Rayleigh 

backscattering, identically to RIOF. A beam of light is injected into the optical fiber with a well-

defined spectrum that is swept as a function of time by a tunable laser source (TLS). In our 

measurements, the laser linewidth is less than 100 kHz (measured at 1550 nm with 10 mW 

output power by calculating the phase noise distribution full width at half maximum at center 

wavelength integrated over 1 ms) whereas the sweep rate is about 100254 GHz/s.  Photons 

interact with the optical fiber in a number of ways, including Rayleigh backscattering. The 

photons that have been Rayleigh-backscattered are detected by a detector at the same fiber end 

where they were injected, on different arms of an interferometer. The intensity of Rayleigh 

backscattering is initially obtained as a function of optical frequency and it is then converted, via 

a Fourier transform, into time domain and related to position on the fiber using the group index 

of the fiber and the speed of light (the group index is defined as the ratio between the speed of 

light and the group velocity; the group velocity can therefore be obtained and used to rescale the 

time domain into position along the entire fiber). The optical fiber is divided into segments that 

define the spatial resolution. The time domain data (rescaled to position) is widowed into 

segments according to the spatial resolution chosen and a Rayleigh backscattering signal is 
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associated to each segment by Fourier transforming the time domain data of that segment back to 

frequency domain. This first measurement, which consists of a set of spectra (Rayleigh 

backscattering intensity vs frequency) each associated to a fiber segment, is stored as a reference 

condition. The measurement is then repeated in a perturbed condition and the Rayleigh 

backscattering signature of each fiber segment is compared, in frequency domain, to the 

reference ones, via 32-points cross correlations. Note that the number of points in frequency 

domain used for the cross correlation determines the frequency resolution and therefore the 

resolution of the spectral shift. Gifford et al. found that the accuracy of the spectral shift is a 

function of the frequency resolution (or segment size) and it has a maximum at a segment size of 

5 mm [27].  The results of cross correlations between reference and perturbed Rayleigh 

backscattering spectra of each segment will generate a peak at a particular frequency. This 

frequency that corresponds to the maximum cross correlation, at each fiber segment, is referred 

to as spectral shift and its units, consequently, are Hz. Therefore, the process results in a spectral 

shift value associated with each fiber segment and since the measurement can be repeated, the 

spectral shift can be computed as a function of time. This opto-numerical process is referred to as 

Rayleigh-backscattering interrogation; more details on the technique and a detailed schematic of 

the optical system can be found in [27, 28].  

Although there are similarities with Fiber Bragg Grating (FBG) sensors, a significant 

difference between FBG and RIOF sensors lies in the way the interactions are generated, which 

is also the aspect that makes the former an intrinsic point sensor and the latter truly distributed. 

The interaction that causes the Bragg reflection in FBG sensors is due to artificially inscribed 

gratings [29], with a specific period that determines the wavelength that is reflected and detected. 

Therefore, the sensing capability is confined to the predetermined grating location and if a 
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change in strain or temperature occurs elsewhere, it is not detected. Although the use of FBG 

sensors for superconductor magnets monitoring has been advanced [30-35], the spatial resolution 

will always be strongly limited and, thus, the advantages over voltage measurements reduce 

drastically.  

In RIOF, the scattering centers for Rayleigh backscattering interactions are all the 

naturally occurring defects present in commercial telecommunication-grade optical fibers, like 

density fluctuations, voids, vacancies, inclusions, and impurities. Therefore, it is equivalent to 

having a very large number of naturally occurring FBGs with a randomly fluctuating period. It is 

this aspect that allows for the Rayleigh interrogation described above, and therefore makes the 

optical fiber a high spatial resolution distributed sensor [36]. Note that, due to the high linear 

density of defects along the fibers (the defect spacing can be as small as several atomic lengths), 

the spatial resolution is practically only limited by the amount of data to acquire and process and, 

ultimately, by the reduction in temporal resolution. In our tests, the spatial resolution is 2.56 mm 

and the temporal resolution ranges between 10-30 ms. As a general trend, the measurement time 

increases as the spatial resolution or fiber length increase. 

Experimental Approach 

Smart Conductor Design and Fabrication 

American Superconductor Corporation (AMSC) manufactures REBCO conductors using 

rolling-assisted biaxially textured substrates and metal organic deposition of the REBCO layer. 

The substrate, buffer layers, and REBCO layer are encapsulated in a silver cap and comprise the 

ñHTS insertò. The HTS insert is then encapsulated between two metallic lamina and the 

assembly is hermetically sealed by solder. A key aspect of AMSCôs YBCO coated conductor 

manufacturing process is the proprietary reel-to-reel lamination process that bonds a metal layer 
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to each side of the HTS insert [37, 38]. The two regions at both edges of the HTS insert are filled 

with solder and run all along the conductor. AMSCôs conductor architecture is ideally suited for 

the SMART conductor approach since it offers the possibility of embedding optical fibers 

directly in the solder fillets during the reel-to-reel lamination process. A cross section showing 

all the components of the conductor architecture is shown in Figure 4.1. The embedded optical 

fiber is a telecommunication grade, single mode optical fiber, which can be interrogated by 

Rayleigh backscattering. The SMART REBCO design was driven by the following 

requirements: optical fibers fit into the current conductor architecture, with minimal changes; 

integration of the optical fibers into the conductor architecture with a scalable technique; no 

alteration of electrical or mechanical performance of the REBCO conductor. To embed the 

optical fiber into the solder fillet during the lamination step of the manufacturing process, a static 

lamination process has been used and a set of short samples of SMART conductor up to 1 m in 

length has been manufactured. To increase the tolerance and ease fiber integration during the 

static lamination process, the width of the solder fillets has been increased to 3 mm. The solder 

used was an In-Bi alloy instead of the conventional Pb-Sn-Ag.  

Due to the constraint on the fiber size, the embedded optical fiber has a cladding diameter 

of 80 µm and comprises a 10 µm thick polyimide coating that guarantees integrity during the 

integration process. No post-processing is necessary after fiber integration, other than providing 

the optical fiber with a connector and termination for interrogation. Thus, completely functional 

samples of self-monitoring, SMART REBCO coated conductor have been fabricated and 

characterized. The position of the optical fiber within the conductor architecture ensures that the 

SMART conductor offers the same electrical performance as its conventional counterpart. 

Characterization 
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All manufactured smart REBCO samples are optically interrogated to confirm optical 

fiber integrity and optical continuity. Three mechanical tests that are commonly performed on 

conventional AMSCôs REBCO wires are performed on SMART conductor short samples: a 

double bend test, a room temperature stress tolerance test, and an Ic-strain test.  

To assess the quality of fiber integration, a series of scanning electron microscope (SEM) 

micrographs and energy dispersive x-ray spectroscopy (EDS) maps are obtained in a JEOL 

6010LA. The smart conductor samples are first mounted in epoxy and polished to a mirror finish 

to allow imaging the conductor cross-section. 

The strain sensing capability of SMART conductor is measured via a tensile-test device. 

A 30 cm long sample is mounted and loaded in tension while interrogating the embedded optical 

fiber; the spectral shift is measured throughout the experiment. 

To quantify the temperature sensing capability, a Nichrome heater is glued with stycast 

epoxy to the surface of a 30 cm long SMART conductor. Several experiments are conducted, at 

different temperatures, in which heat pulses are detected and localized by measuring the spectral 

shift as a function of position on the conductor, with 2.61 mm spatial resolution and 20 ms 

temporal resolution. Figure 4.2 illustrates the experimental setup for these measurements, where 

VT stands for voltage tap and each voltage tap is 2 cm in length. 

Another important aspect that characterizes a sensor is its sensitivity to the quantity to be 

sensed. Here, due to the sensor implementation and the type of application, the quantity to be 

sensed is defined as a local thermal perturbation. Therefore, the sensitivity is defined as the 

maximum spectral shift change upon a given thermal perturbation. The thermal perturbation is 

experimentally represented by a heat pulse of a specific power and duration. By repeating the 

sensitivity measurement at different temperatures, the sensitivity as a function of temperature is 
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obtained. This approach is applied to a SMART REBCO conductor as well as a RIOF co-wound 

in a layer wound coil as turn-to-turn insulation (similar to the coil reported in [25]). 

Quench Detection 

A setup analogous to that depicted in Figure 4.2 is used for quench experiments on 

straight samples of SMART conductor. In these experiments, the SMART conductor is 

instrumented with voltage taps and an embedded heater to create the thermal perturbation needed 

to initiate a normal zone. The embedded heater used to initiate a normal zone is attached to the 

conductor surface with epoxy, similar to the configuration in Figure 4.2. During these 

experiments, the transport current is increased to a target value and held constant while the heater 

is fired. The voltage is measured by voltage taps connected to nano-voltage sensitive Digital 

Multimeters (DMMs), each voltage tap being 2 cm in length. The SMART conductor monitors 

itself throughout the experiment via acquisition of the spectral shift as a function of position and 

time. A 30 cm straight sample of SMART conductor was initially clamped to a G-10 sample 

holder and its ends soldered to flexible, braided copper current leads. The sample holder is then 

lowered into a cryostat where it is cooled by nitrogen vapor. The conductor is inserted such that 

it is perpendicular to the surface of the liquid nitrogen. 

In subsequent experiments, a different experimental setup was used, dictated by the need 

for a homogenous temperature distribution over the conductor length when cooled by nitrogen 

vapor and removing or minimizing the Joule heating at the connections with the current leads. 

This was accomplished by a setup in which the SMART conductor is parallel to the liquid 

nitrogen surface. The sample length is about 30 cm and the SMART conductor is clamped to the 

G-10 sample holder and soldered to YBCO superconducting current leads to minimize joule 

heating from leads and connections. 
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Lastly, a pancake coil is wound with a 1 m long SMART conductor on a coil former of 

10 cm in diameter, yielding about 2.5 turns. The coil former is made of G-10 fiberglass and the 

coil is lightly impregnated (or painted) with GE varnish after fabrication. The coil is first 

characterized  at 77 K, in liquid nitrogen, and self magnetic field, and subsequently used for 

quench measurements. 

Results and Discussion 

Characterization 

All the manufactured smart conductor samples show optical fiber integrity and 

continuity, indicating the integration process allows the optical fiber to survive with complete 

functionality. 

The results of the three mechanical tests are shown in Table 4.1, which also compares 

them to the standard wire requirements.  

 

Table 4.1 ï Summary of mechanical tests on smart and conventional conductors 

Test 
SMART conductor 

result 
Standard wire requirements 

Double bend test 92% Ic retention >95% Ic retention 

RT stress tolerance 200 MPa >150 MPa with 95% Ic retention 

Ic-strain 0.404% strain 0.3% strain with 95% Ic retention 

 

Two SEM cross sectional micrographs of smart conductor samples, taken at different 

positions along the conductor, are shown in Figure 4.3. An analysis of these cross sections 

indicates that although the fiber is successfully embedded and consistently positioned in the 

solder fillet, voids are present both in the solder matrix and at the matrix-fiber interface. 

Furthermore, the cross sectional SEM micrographs indicate that the fiber integration is not 
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uniform over conductor length. These inhomogeneites are attributed to the static lamination 

process. The scale-up of fiber integration to a continuous reel-to-reel process is expected to 

reduce the void content and increase the uniformity along the conductor length. 

Tensile tests results at two different loads are shown in Figure 4.4. Note that the grips of 

the tensile cell are at about 7 and 35 cm, corresponding to the location where the spectral shift 

rises and drops. The spectral shift along the conductor is directly proportional to the elongation 

as a function of position, ȹL(x). In fact, for a uniform load and homogeneous material (constant 

Youngôs modulus) and constant cross section, the elongation is a linear function of position 

whereas the strain is constant, as described by the following relations, both derived from Hookôs 

law: 
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Therefore, a quantity proportional to strain can be obtained by dividing the spectral shift 

by the position. Non-linearities and abrupt changes in spectral shift over conductor length are 

indicative of the presence of voids. Therefore, the SMART conductor itself can be used to 

monitor its manufacturing quality and therefore tune the manufacturing process. This is a clear 

example of self-monitoring capability.  

Results of thermal sensing experiments show that the smart conductor is able to detect 

thermal disturbances effectively. The plots in Figure 4.5 summarize results at 79 K with the 

conductor cooled by nitrogen vapor. Figure 4.5a shows the spectral shift measured at the position 

of its maximum, which in this case is the center of the heater, as a function of time, along with 

the heat pulse that resembles a square wave. The inset of Figure 4.5b shows the response of the 

RIOF system to the heat pulse as a function of time. The spectral shift is plotted as a function of 
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position, at four different times: one curve before and three subsequent the heat pulse. It is seen 

that the heat is detected and localized as a spectral shift profile. 

The thermal sensitivity results from the coil with a co-wound fiber and from the SMART 

REBCO sample are plotted together in Figure 4.6. The spectral shift in the vertical axis is 

indicative of the sensitivity at the temperature shown in the horizontal axis. The trends of 

sensitivity versus temperature are opposite; the sensitivity of co-wound fibers decreases with 

decreasing temperature, whereas the SMART REBCO becomes more sensitive as the 

temperature decreases. This is likely due to the fact that in the SMART conductor the optical 

fiber is embedded into a structure that improves its sensitivity relative to a single coating layer of 

an externally wound fiber. The co-wound fiber presents a single polyimide coating layer whereas 

the solder fillet of the REBCO conductor creates a composite coating metal-polymer that results 

into higher sensitivity than the polymer alone. This result of a polymer-metal composite layer 

generating higher sensitivity than either of the coating materials alone is in agreement with the 

results of dedicated investigation of the effects of coatings on the thermal sensitivity of optical 

fibers at temperatures as low as 4.2 K [39]. In addition to the composite coating structure, the 

optical fiber integrated into the SMART conductor has a reduced cladding size of 80 m, as 

opposed to the 125 m cladding of the co-wound fiber. Note also that the silica cladding, due to 

its low coefficient of thermal expansion, is the fiber component with the smallest contribution to 

the overall sensitivity of the optical fiber. If we think of the optical fiber components in terms of 

per-unit-thickness, replacing some cladding with a coating with higher coefficient of thermal 

expansion increases the net elongation or contraction. At temperature around 60 K, both co-

wound fibers and smart conductor seem to have lower sensitivity, as evidenced by every fiber 

tested in the dedicated experiments, regardless of the coating materials [39]. 
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Quench Detection 

Straight Conductors 

One experiment was performed with the conductor perpendicular to the liquid nitrogen 

surface. Due to the resistive joints with the current leads, the resistive current leads themselves, 

and the poor cooling offered by nitrogen vapor, the conductor ends have Joule heating during the 

current ramp. The results in Figure 4.7 show the spectral shift as a function of position at 

different times during the current ramp. No voltage taps covered the region of the joints with the 

current leads and therefore the spectral shift was the only signal that detected the Joule heating. 

The experiment was terminated before the current ramp ended to prevent damage. The plots in 

Figure 4.7 indicate that the spectral shift builds up at the positions of the joints, about 3 and 26 

cm from the top end of the conductor. The asymmetry in spectral shift magnitudes between the 

two joints is due to their different distance from the surface of liquid nitrogen. The joint at 25 cm 

is much closer to the liquid which provides better cooling, mitigating the heating relative to the 

joint at position 3 cm. 

Another experiment was performed with a 30 cm straight sample of smart conducor 

parallel to the surface of the liquid nitrogen with an initial temperature of 82 K achieved via 

nitrogen vapor cooling. The spectral shift map measured by the SMART conductor as a function 

of position and time is plotted in Figure 4.8; the timing of the heater pulse is indicated by the 

white dashed lines. Note that the first perturbation begins long before the heat pulse and at a 

different location than the heater; this is most clear in figure 4.8b. About 2 seconds before the 

heat pulse, the spectral shift increases at positon 0.07 m, whereas the center of the heater is 

located at about 0.165 m and the heater is 1 cm wide. The initial perturbation that anticipates the 

heater is due to a bad spot on the conductor that was present before the experiment and was 
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confirmed by a critical current (Ic) measurement that showed a lower Ic of the section monitored 

by voltage tap 8. At 82 K, the Ic of section 8 was 135 A whereas at that current no other section 

had a measureable voltage. Figure 4.8b shows that the heat pulse initiates a second normal zone 

at the location of the heater which subsequently spreads and merges with the initial perturbation 

initiated by the low Ic region. Figure 4.8a illustrates the entire perturbation in space and time. 

After the initial perturbation, a full recovery of the spectral shift values measured in the steady 

state preceding either disturbance is attained.  

During the same experiment, in addition to monitoring the spectral shift, voltage and 

temperature were measured via voltage taps and thermocouples, respectively; these are plotted in 

Figures 4.9 and 4.10, where Figure 4.10 shows the same data as Figure 4.9 but focuses on the 

first 1.5 seconds. Considering this data, the first voltage signal to increase above the noise is not 

section 10 across the heater, but section 8, across the ñbad spotò, confirming the spectral shift 

results. The magnitude of the section 8 voltage is in the microvolt range when the heat pulse 

begins.  

Based on the thermocouple signals, the temperature measured at the ñbad spotò (TC8) is 

not the first signal to rise above the noise. Instead, the first is the thermocouple attached on the 

heater. Although TC8 is not the first to increase above the other signals, during the 1 s heat pulse 

TC8 is above the other thermocouple signals except for TC10, by as much as 2 K. For a more 

quantitative comparison, the thermocouple and spectral shift signals at the location of the ñbad 

spotò are normalized by their unperturbed value (the average of the values they assumed in 

steady state, before any noticeable perturbation) and compared as a function of time. These are 

compared in Figure 4.11. The zero of the time axis is conventionally defined 300 ms before the 

heat pulse and has no additional meaning. These results show that the spectral shift varies 
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significantly more than the temperature measured with thermocouples on the conductor surface 

as a consequence of the same perturbation. Furthermore, the onset of the perturbation (a signal 

greater than 1) is detected by the spectral shift several seconds earlier than the thermocouple. 

These two aspects are clear indicators that the spectral shift is more sensitive to normal zones 

than temperature measured by thermocouple on the conductor surface. In addition to the different 

measurement principle between RIOF and thermocouple, another difference lies in the fact that 

they measure their signals at different locations: the optical fiber is embedded into the solder 

fillet while the thermocouple is attached to the conductor surface with solder. Since the thermal 

perturbation originates in the normal materials of the conductor and vapor cooling occurs at the 

conductor surface, the temperature at the surface will always be lower than the temperature in the 

solder fillet. 

Quench Behavior of the Pancake Coil 

The quench behavior of the smart conductor pancake coil was studied at several 

temperatures. A schematic of the coil is shown in figure 4.12, where the position of the heater, 

voltage taps and optical fibers are indicated. A multi-section Ic measurement at 77 K, self-field, 

showed that the coil had a critical current of 335 A, where the coil Ic is defined as that of the 

lowest performing section. An experiment at 70% Ic  (235 A), 77 K, and self-field was performed 

with the coil fully submerged in liquid nitrogen. The only section that developed a voltage signal 

was that across the heater, section 32. Figure 4.13 shows the voltage of section 32 and spectral 

shift at the position of its maximum, which corresponds to position 0.28 m on the fiber, at about 

the middle of the heater. The plots in Figure 4.13a include the entire recovery, whereas Figure 

4.13b shows only the one second interval during the perturbation. These plots show that the 

spectral shift anticipates the voltage signal by more than 200 ms. To better represent the amount 
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of information contained in the spectral shift data, a map of spectral shift as a function of 

position and time acquired during the same experiment is shown in Figure 4.14. Unlike the 

results in Figure 4.8, here the spectral shift does not propagate, since the perturbation was 

insufficient to induce a quench. The perturbation transferred to the inner turn weakened 

significantly; this is reflected by a slight spectral shift change at about 0.6 m on the map of 

Figure 4.14.  

Also illustrated in the spectral shift map is that the measurement of the spectral shift at 

one point does not affect the measurement at any other location along the conductor. If the 

spectral shift increases locally because of a thermal perturbation, the measurement on any other 

unperturbed region remains unaffected and therefore the SMART conductor is able to identify 

any other perturbation elsewhere and at the same time. For a more quantitative analysis, the 

distribution of spectral shifts over the range -1 to 1 GHz has been calculated, along with its 

average and standard deviation, using three different sets of experimental data: 1) using the 

entire spectral shift data set with respect to the time domain but removing the regions of space 

affected by the perturbation (as illustrated in Figure 4.15a); 2) using the spectral shift data on the 

same regions of space but time domain limited to before the thermal perturbation, and 3) using 

the data from the same unperturbed regions of space but time domain limited to after the 

perturbation. Thus, the spatial regions are the same in all three cases but the time domain is 

either whole or limited to before or after the perturbation. The results of these calculations are 

shown in Figure 4.15 and Table 4.2. The first aspect to note is that the distribution always 

resembles a Gaussian, typical of a function with a random variation about its average. In fact, 

this should be the case since the unperturbed regions are in steady state at any time throughout 

the experiment. A comparison of the distributions calculated on the time domain before, during, 
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and after the perturbation shows that the perturbation does not distort the shape of the 

distribution or its average and standard deviation. Therefore, the spectral shift measurement 

remains meaningful after a local perturbation and the local perturbation does not alter the 

measurement on either upstream or downstream of the unperturbed regions. Worth noting is also 

the very small standard deviation, always much less than 1 GHz, indicative of the low 

measurement noise. Lastly, an analogous analysis has been performed with the data from the 

experimental run at 14.6 K. These results are also shown in table 4.2 and the same conclusions 

are drawn.  

The conclusion that the measurement on unperturbed regions is completely unaffected by 

a thermal perturbation has been obtained in a relatively small coil. We believe that this is the 

worst case scenario for this study, and therefore the result will be applicable to larger systems as 

well, where this aspect is more important as a large part of the magnet needs to be monitored 

even while a local perturbation is being monitored elsewhere. 

 

Table 4.2: Average and standard deviation of the spectral shift distributions calculated 

from the experimental data at 77 K and 14.6 K for three different time domains 

 

 Average (GHz) 
Standard deviation 

(GHz) 

77 K 

Entire time domain 0.014230 0.206022 

Before perturbation 0.001237 0.205639 

During & after 

perturbation  
0.044448 0.189042 

14.6 K 

Entire time domain -0.367973 0.454735 

Before perturbation -0.359699 0.367826 

During & after 

perturbation  
-0.376247 0.527391 
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The same pancake coil was subsequently cooled via helium vapor and another set of 

measurements performed at temperatures ranging from 12 K -70 K. The results of a quench 

experiment are shown in Figures 4.16 and 4.17. The initial steady-state temperature preceding 

the heater pulse was 14.6 K, the coil was in self-field, and the transport current was constant at 

500 A.  

The spectral shift acquired during the transient is plotted as a function of position along 

the SMART conductor. According to the spectral shift, the perturbation originates at about 0.28 

m, which is the heater location (section 32 in the coil schematic), and 0.6 m, which is the next 

inner turn. For a more detailed analysis of the temporal evolution of the transient, the spectral 

shifts at those two positions (0.28 and 0.6 m) are plotted with voltage signals measured by all the 

voltage taps embedded in the coil. The spectral shift responds immediately to the heat pulse, 

within one time cycle (30 ms), at both locations, as seen in Figure 4.17. The first voltage signal 

to rise is at section 32, the heater position, but this occurs about 450 ms after the beginning of the 

perturbation and the increase in spectral shift. 

As an alternative analysis of the spectral shift data, the size of the normal zone created in 

the SMART REBCO at 14.6 K is plotted in Figure 4.18, along with the instantaneous normal 

zone propagation velocity (NZPV), as a function of time. The size of the normal zone was 

determined using a spectral shift criterion of 5 GHz: i.e., the region of space with a spectral shift 

of 5 GHz or higher is considered normal. The experimental data have been fitted with a 4th grade 

polynomial and the instantaneous NZPV is obtained as the derivative of the function that fits the 

normal zone size as a function of time. The normal zone begins to grow at a very high rate and 

progressively slows down until it stops. Accordingly, the NZPV starts at around 90 mm/s and 

decreases towards zero with a cubic decay. The moment in time when the normal zone stops 
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growing corresponds to the shut off of the current (at about 1.75 s), which is also when the 

maximum spectral shift is recorded. The integral average of the NZPV(t), from the beginning of 

the heat pulse to t=3 s, has been calculated via the trapezoidal method and found to be 28.8 

mm/s, consistent with the NZPV measured on YBCO conductors via voltage measurements [14, 

17]. Note that the experimental data for the normal zone size have been fitted on the time domain 

that extends from the beginning of the heat pulse to time = 3 s, since the NZ size is zero before 

the heat pulse. Also, the fact that the experimental data show a zero NZ size even about 150 ms 

into the heat pulse is due to the fact that a 5 GHz threshold is being used to define the NZ. 

Therefore, since the time interval between the beginning of the heat pulse and the first non-zero 

NZ size is affected by the threshold value, the fitting curve has been extended to cover this initial 

region.  

In the past the NZPV has been measured with a spatial resolution of 1-2 cm and the 

results here are the first measurement with a spatial resolution of 2.56 mm and only the second 

that does not rely on voltage signals [40]. Additionally, determining the normal zone size as a 

function of time, in an analogous way as the results in Figure 4.18, is needed to use a minimum 

propagating zone (MPZ) criterion for quench detection. In an MPZ-based approach, the normal 

zone would be considered unstable, and therefore flagged as quench, if its size becomes greater 

than the MPZ.  

Lastly, it is worth noting that the SMART REBCO conductor successfully survived 

several cooling and warming cycles from room temperature to 12 K, where survival is intended 

as retained optical continuity and functionality of the embedded optical fiber. 
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Conclusion 

A self-monitoring, ñSMARTò REBCO conductor has been designed and manufactured 

by embedding a telecommunication-grade, single-mode optical fiber in the solder fillet of the 

REBCO conductor architecture. A series of experiments have shown the self-monitoring and 

quench detection capabilities of the SMART conductor. The direct proportionality of the spectral 

shift to the strain, at constant temperature, has been shown by loading a SMART REBCO sample 

in tension. Straight samples and pancake coils have been quenched to compare the quench 

detection capability of the spectral shift measured in the SMART conductor to voltage measured 

by a set of voltage taps for temperatures ranging from 12 K -82 K. The spectral shift measured in 

the SMART conductor is also shown to be more responsive and sensitive to temperature changes 

than a thermocouple attached to the conductor surface. It has also been shown experimentally 

that the distribution of spectral shifts approximates a Gaussian and that the spectral shift 

measurement continues to be meaningful and reliable everywhere along the conductor length 

even during a thermal perturbation in the conductor.  

The thermal sensitivity of the SMART conductor has been estimated at temperatures 

ranging from 12K to 65 K and compared to that of a coil with a co-wound optical fiber, showing 

that the trends with temperature are opposite in the two cases: the sensitivity of the SMART 

REBCO increases with decreasing temperature. 

Lastly, the temporal evolution of the size of a normal zone has been calculated using the 

experimental data at 14.6 K. Deriving the curve that fits the temporal evolution of the normal 

zone size, an instantaneous normal zone propagation velocity is obtained and its integral average 

over the entire transient is 28.8 mm/s. 
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Figures 

Figure 4.1:  Cross-sectional drawing of the SMART REBCO conductor.  

Figure 4.2: Photograph of the experimental setup used for straight samples measurements 

along with a schematic illustration of the conductor with a heater and voltage taps. The black 

region on the photograph is stycast epoxy that encapsulates the heater. Note that the oxidation 

of the copper is due to exposure of moisture that condenses on the conductor surface after a 

cooling and warming cycle. The photo was taken after a series of experimental runs.  
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Figure 4.3: Cross-sectional SEM micrographs of the SMART REBCO conductor. 

 

Figure 4.4: Spectral shift measured during a tensile test on a 30 cm sample of SMART 

REBCO conductor. 
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Figure 4.5: a) Spectral shift at the position of its maximum plotted as a function of time. The 

dashed square wave represent the heat pulse. b) Spectral shift generated during the same 

experiment as a function of position, at four different times. The inset shows the heat pulse 

versus time. 

Figure 4.6: Temperature-dependent sensitivity to a thermal perturbation for both a coil with a 

co-wound fiber and a coil wound with a SMART REBCO conductor. The spectral shift is 

indicative of the sensitivity. Note the opposite trends of the two datasets. 

 



   

114 

 

 

 

Figure 4.7: Spectral shift versus location, showing the detection of joule heating at the current 

leads. In this experiment the conductor is mechanically clamped to the current leads. The plot 

shows the spatial profile of the spectral shift at four times. The position of the spectral shift 

peaks is precisely the clamp locations. 

Figure 4.8: Spectral shift maps showing the spatial and temporal evolution of spectral shift. 

The map in b) is a magnified view of the data illustrated in a, but focused on the early onset 

of the perturbation (time scale reduced by about a factor of 5). Note that the color bar has 

been limited to 30 GHz to enhance the color difference of low spectral shift values (0-10 

GHz) and therefore appropriately show the early increase in spectral shift. 
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Figure 4.9: (a) Temperature and (b) voltage signals acquired by thermocouples and voltage 

taps during the experiment that generated the spectral shift maps in Figure 8.  

Figure 4.10: (a) Temperature and (b) voltage of the same data as in Figure 9 but with the time 

axis limited to the first 1.5 seconds. 
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Figure 4.11: Temperature measured by a thermocouple and spectral shift signal from the 

SMART REBCO, normalized by their unperturbed value. Time equals zero is defined to be 

consistent with previous plots.  

Figure 4.12: Schematic of the pancake coil. The red segment on section 32 represents the 

heater. 

Figure 4.13: Voltage at section 32 and spectral shift at position 0.28 m plotted as a function of 

time during a 77 K experiment. The square wave is the heat pulse.  a) The entire duration of 

the transient and b) only the first second to show the relative temporal evolution of the two 

signals. 
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Figure 4.14: Space-time-spectral shift map. The dashed black lines represent the onset and 

end of the heat pulse. Note that the color bar has been limited to 15 GHz and the region of the 

color bar about 0 GHz has been set to white to enhance the color difference of low spectral 

shift values (0-5 GHz) and therefore appropriately show the early spectral shift rise.  
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Figure 4.15: a) Illustration of the spectral shift data used to compute the distribution 

functions; b) comparison of the computed distribution of spectral shift with a Gaussian 

having the same average and standard deviation. Both curves have been normalized by their 

maximum; c) comparison of spectral shift distributions before and after the thermal 

perturbation; d) comparison of the distribution before the perturbation with a Gaussian 

distribution with same average and standard deviation; both curves are normalized by their 

maximum; e) analogous comparison between the calculated distribution and a Gaussian with 

the data after the perturbation. 
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Figure 4.16: Spectral shift as a function of location for four different times. The black curve is 

before the heat pulse and the remaining three are after the heat pulse. Note that the heater 

position is about 0.28 m and position 0.6 m corresponds to the adjacent inner turn. 

Figure 4.17: Spectral shift as a function of time at positions 0.28 and 0.6 m along with the 

voltage signal of all the sections. Note that sections 31, 34 and 35 are also plotted but are hard 

to see since because they are on the order of 10-6 V and 10-5 V. 
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Figure 4.18: Normal zone size and normal zone propagation velocity as a function of 

time. 
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Introduction  

 Since their discovery, high temperature superconductors (HTS) caused a strong interest 

in the scientific community, mostly because of their high critical temperature and large current 

densities at high background fields. The materials that have survived the R&D phase, becoming 

a viable conductor option for magnets, are only a handful. They include multifilamentary 

Bi2Sr2CaCu2Ox/Ag (Bi2212) round wires [1]ï[4], Bi2Sr2Ca2Cu3Ox/Ag (Bi2223) flat wires (or 

tapes) [5]ï[8] and (RE)Ba2Cu3O7-x (REBCO) conductors [9]ï[15]. Among all HTS, 

(RE)Ba2Cu3O7-x (REBCO) based conductors have reached a technical maturity and performance 

homogeneity over conductor lengths greater than 100 m that enable industrial applications [9], 

[16]ï[23]. In addition to conductor development, the last decade has seen a rapid advancement in 

cable technology, especially based on REBCO [12], [24]ï[38]. Although some magnets can be 

successfully wound out of a single REBCO conductor [13], [39], [40], like high field inserts for 

users magnets, or superconducting motors and generators, some applications require higher 

operating current [24], [27], [30], [41], [42]. Particularly with REBCO conductor, because of its 

aspect ratio and in-field performance anisotropy, building a large magnet may be challenging. 

Other issues related to using a single conductor are high inductance, which means very slow 
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charging and discharging, and low flexibility within the plane of the REBCO conductor. To 

solve or mitigate these challenges, cables based on REBCO have been developed, aiming at 

having higher transport current to lower the inductance at a given field, increasing flexibility in 

any bending direction, mechanical robustness, and isotropic in-field performance. One of the 

most promising REBCO cable technologies is the Conductor On Round Core (CORC®) 

developed by Advanced Conductor Technologies LLC. Other cable technologies that use 

REBCO conductors are the Roebel [28], [29], [43]ï[46] and twisted-stacked designs [25]ï[27], 

[36], [38], [47]. Advantages of CORC cables, when compared to Roebel and twisted-stacked 

approaches, include superior flexibility and isotropic in-field performance [37]. 

CORC® Cables 

Advanced Conductor Technologies (ACT) has advanced the CORC® cable concept 

continuously since 2010. The cable is manufactured starting from a relatively small, normal 

conducting former, or core, and winding REBCO tapes on it in an helical fashion. As many as 50 

REBCO conductors can be employed, distributed in many layers, wound with a twist pitch 

ranging 5-30 mm. The core is typically made of copper, with a diameter ranging between 2.5 to 7 

mm or more, depending on the application which the cable is designed. CORC® cable 

performance has been characterized over the last few years, including the demonstration of 

transport of more than 10 kA at 4.2 K in background fields as high as 20 T [33], [35], [48]. For 

example, in December 2017, a CORC cable showed an engineering current density (defined as 

transport current divided by the total cross section of the cable, including both superconducting 

and normal material within the cable cross section) of 400 A/mm2 at 4.2 K, in a background 

magnetic field of 20 T. More recently, the focus of the cable development is on winding thinner 

and more flexible cables, while retaining or increasing the large current densities shown so far. 
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The key towards making higher current density, more flexible cables lies in being able to use 

REBCO conductor with thinner substrates. In fact, a thinner substrate allows a smaller bending 

radius without causing degradation of the REBCO conductors. This means that a thinner copper 

core can be used, leading to a smaller cross section carrying the same amount of current. To 

achieve higher flexibility, which, in this context, means that the cables can be bent to small 

diameters without incurring into performance degradation, the use of narrower REBCO 

conductors is being investigated; a narrower conductor would allow for more space between 

conductors of the same layer, allowing conductors to accommodate bending without cutting into 

each other. A photo of two CORC® cables can be seen in figure 5.1, where one cable is 3.2 mm 

in diameter and the other is 7 mm. 

The main strengths of the CORC® technology are unprecedented current densities under 

very high magnetic fields, superior flexibility compared to other cabling techniques, and 

isotropic in-field performance. All these characteristics make it one of the most promising cable 

solution to build HTS magnets for future particle accelerators, magnetically confined, high-field, 

compact nuclear fusion reactors, as well as power transmission cables. 

Quench Challenge 

Advanced magnet systems, like those used in magnetically confined fusion reactors, 

would greatly benefit from the use of HTS. To safely operate a large superconducting magnet, 

which can store GJs in magnetic energy, a thorough understanding of the quench behavior of 

both conductor and magnet is required. Although the quench behavior of low temperature 

superconductor (LTS) magnets is well understood, HTS magnets show distinctly different 

quantitative behavior. Regardless of what HTS material is considered, its normal zone 

propagation velocity (NZPV) is 2-3 orders of magnitude lower than that of LTS materials [49]ï
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[59]. Thus, although the underlying physics is the same for HTS and LTS stability behavior, 

from a practical perspective the quantitative different leads to challenges. The goal of any 

quench protection system is to prevent irreversible material degradation in the event of a fault 

condition. Quench protection comprises three key steps: 1) detection of disturbances, 2) 

assessment of the disturbance to determine whether it is going to lead to materials degradation, 

3) protective action to prevent degradation if the magnet is at risk. The first step is historically 

accomplished via monitoring voltage. Voltage taps are typically connected to measure the 

voltage across the whole magnet, or a few large sub-sections. In magnets wound with LTS, this 

is typically enough to detect a normal zone within the time budget that allows to apply a 

protective action before the magnet gets damaged. Due to a much lower NZPV, however, simply 

monitoring the voltage in a HTS magnet may put the magnet at risk of degradation [57]. Voltage 

is simply the line integral of the electric field between the voltage taps. The electric field profile 

is directly correlated with the temperature profile, so a short normal zone with a highly peaked 

temperature profile produces the same voltage as a long normal zone with a relatively low peak 

temperature. The highly peaked temperature profile, which is what results from a slow NZPV, is 

more likely to cause degradation. Thus, either significantly enhanced quench propagation is 

required, or quench detection requires significantly higher spatial resolution. 

Rayleigh backscattering Interrogated Optical Fibers 

Some optical fiber sensors are a mature technologies that have penetrated several 

commercial markets. One example is Fiber Bragg Grating (FBG) sensors used in the oil and gas 

industry [60]ï[63]. A variety of interrogation techniques have been developed, all using optical 

fibers as the sensing element of the sensing system [64], [65]. In general, all interrogation 

techniques are based upon changes in the interaction of light with the fiber material, and these 
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changes are read either in transmission or reflection. The oldest and most mature optical fiber 

sensing approach uses fiber Bragg gratings, which takes advantage of periodic refractive index 

changes inscribed over a small segment of the fiber core [66]. When the light travels down the 

fiber core, the interaction with the grating causes a specific wavelength to be reflected and 

guided back towards the same end of the fiber. The wavelength that is reflected depends on the 

grating period and is referred to as Bragg wavelength. Thus, a change in the grating period would 

cause a change in the reflected wavelength. This is the measurement principle that is at the core 

of the FBG technique. In fact, a change in temperature or strain at the location of the grating will 

cause the reflected wavelength to shift.  

Although this is a reliable and fast technique, it cannot be used for quench detection 

because FBG is a point sensor. Monitoring strain and temperature changes at one point in the 

magnet clearly does not provide enough information. Although multiple gratings can be 

inscribed on a single fiber, to obtain a spatial resolution of 1 cm would requires inscribing 

hundreds of thousands of gratings. This would be cost prohibitive if the interrogation was viable. 

But there are limits to the number of gratings that can be multiplexed on one single fiber as well.  

A newer optical fiber sensing technique is based on Rayleigh-scattering interactions in 

the fiber [14], [67]ï[71]. The measurement principle of Rayleigh backscattering is analogous to 

that of FBG, with the main difference being the scattering centers for photons. In FBG, the 

scattering center is the Bragg grating, artificially introduced into the fiber. In Raleigh-scattering, 

the scattering centers are the naturally occurring defects within the fiber material. This difference 

sets the two techniques apart and makes Rayleigh-scattering interrogated optical fibers (RIOF) a 

truly distributed sensor of temperature and strain. In RIOF, when the optical fiber is subject to a 

change in strain or temperature anywhere along its length, the spatial distribution of defects is 
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altered, causing a change in the reflected signal. The interrogation consists of sending a light 

beam with a certain wavelength range, acquiring the backscattering signature in reference 

conditions and, subsequently, in perturbed conditions. Comparing the reference spectrum with 

each subsequent spectra via cross correlations, a wavelength shift can be identified and will be 

proportional to the strain and temperature change. This wavelength (or frequency) shift will be 

referred to as ñspectral shiftò, and it is a function of location along the fiber, and time. With the 

RIOF approach, the spectral shift as a function of position along the fiber and time is the 

measured signal.  

The strengths of the RIOF quench detection technique include unprecedented spatial 

resolution (of the order of the millimeter), immunity to electromagnetic noise, use of 

inexpensive, widely available telecommunication grade optical fibers (which, unlike FBG, donôt 

require any pre-processing). It is important to note that, unlike voltage, RIOF is able to identify a 

temperature increase well below the current sharing temperature Tcs, leaving more time for 

quench protection. Additionally, because RIOF is based on the comparison between the last 

measurement scan with a references scan, the signal can be ñre-taredò at any time simply by 

updating the reference scan with a scan taken at different conditions. 

Experimental Approach 

Optical Fiber Integration 

Advanced Conductor Technologies (ACT) manufactures CORC cables and wires 

winding multiple layers of REBCO conductors on top of a copper round core. The size of the 

round copper core, number of REBCO conductor layers and number of REBCO conductors per 

layer may vary depending on the application for which the cable is designed. Additionally, the 

cable is twisted along its length, with a twist pitch that also depends on the application. The 
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manufacturing is then completed by encapsulating the core-conductors assembly with a 30 µm 

thick, polyester heat shrink tube that holds the conductors in place and serves as electrical 

insulation.  

Commercial off the shelf (COTS) single-mode telecommunication grade optical fibers 

have been integrated into the copper core of CORC cable samples, before winding the REBCO 

conductors. Three grooves were machined on the surface of the copper core, which allow the 

fibers to fit without experiencing any compressive stresses due to misfit. The embedded optical 

fibers can be interrogated by Rayleigh backscattering. Their cladding is 125 µm in diameter and 

they are protected by an acrylate coating. A photograph of the copper core with integrated fibers 

is shown in figure 5.2. Note that optical fiber integration and SMART cable design were driven 

by the following requirements: the optical fibers fit into the cable architecture without major 

changes to commercial CORC cables, optical fibers do not alter electrical and mechanical 

performance of conventional CORC cables, the manufacturing of SMART cable is scalable to 

long length. A schematic sketch of the cross section of a SMART CORC cable is shown in figure 

5.3. The SMART Cable sample we manufactured comprises four layers of SuperPower YBCO 

tapes, with two, two millimeter-wide tapes per layer. More information about the conductor 

specifications are included in table I.  

In addition to the cable region, where the REBCO tapes are wound on the copper core, 

any CORC cable also needs to be equipped with current terminations to inject and extract the 

transport current from all REBCO tapes. These terminations consist of a copper cylinder that has 

a larger diameter than the cable, filled with indium, which has a melting point of 156 °C. More 

details on how the cables are terminated can be found in [72]. Thus, given the need for cable 

terminations, the optical fibers can be either extracted from the copper core before the cable 
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terminations, or they need to be embedded into the terminations and survive their soldering and 

installation. The latter approach has been preferred, both because it results into a more practical 

SMART Cable (no fibers extending out of the cable region), and because the optical fibers can 

also monitor the current terminations. A schematic drawing of the mutual positions of cable 

region, terminations and optical fibers is shown in figure 5.4. Table I summarizes the 

specifications of the SMART CORC cable sample. 

Table 5.1 ï Summary of SMART CORC cable sample specifications 

 Item Value Unit  

REBCO Conductors 

Conductor width 2 mm 

Substrate thickness 30 µm 

Cu Stabilizer thickness 5 µm 

Average Ic (77 K) 56 A 

SMART CORC® 

Cu core diameter 2.6 mm 

Polyester insulation thickness 30 µm 

Cable outer diameter 3 mm 

Nominal cable Ic (77 K) 448 A 

Termination length 10 cm 

Cable region length 24 cm 

Total cable length 46 cm 

 

Quench Experiments 

The purpose of these experiments is to evaluate the detection capabilities of SMART 

CORC samples to different types of perturbations and normal zone initiation modes. A 
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photograph of the experimental setup used for these experiments is shown in figure 5.5, along 

with a schematic drawing. The cable sample is connected to the power supply via current 

terminations and power leads. Both sample and terminations are anchored to a wooden board, 

and all together are submerged in a liquid nitrogen bath. During these experiments, the cable 

sample is straight and has never been bent since its manufacturing. Two different sets of current 

terminations have been used, and they are shown in figure 5.6. The bigger set, shown in figure 

5.6b is what is typically used with CORC cables; they are made of high purity, oxygen-free 

copper, whereas the ones shown in figure 5.6a are smaller, made of aluminum, and have a 

rougher machining, all leading to higher contact and overall resistance between power leads and 

cable sample. 

In these experiments, the SMART cable sample is instrumented with voltage taps and a 

custom made, nichrome spot heater to create the thermal perturbation that is needed to initiate a 

normal zone. The heater is made of nichrome wire and it is wound around the CORC cable 

surface, on top of the external insulation. The wire is then covered by Kapton tape to keep it in 

place. No epoxy or other coupling medium have been used.  Here two main different 

experimental procedures have been used: in one the transport current is increased from zero to a 

set-point value, and then it is held constant for a time interval (plateau), before decreasing it back 

to zero. We will refer to this type of experiment as ñovercurrentò, although the target, plateau 

current may or may not be above the critical current of the sample (Ic). Another experiment 

procedure that has been used is analogous to the former, with the addition of the heater firing 

during the current plateau, to destabilize the superconductor that would otherwise be in steady 

state. This type of experiment will be referred to as ñquenchò. In both cases, the voltage is 

measured by voltage taps connected to Digital Multimeters (DMM), while the SMART cable 
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monitors itself via interrogation of the embedded optical fiber. This leads to a Spectral Shift 

signal acquired as a function of position along the cable sample and time. During the 

experiments we report here, the spatial resolution was 2.61 mm and the temporal resolution 

about 20 ms. Typical experimental procedures of ñovercurrentò and ñquenchò experiments are 

further illustrated in figure 5.7, where the time evolution of current and heater signals are shown 

as they would evolve during the experiments. 

Bending Experiments 

The aim of the bending experiments was to determine whether the functionality of the 

integrated fibers is retained upon bending. A SMART cable sample was bent around 

successively smaller formers while checking for fiber functionality. One of the two optical fibers 

lost functionality at a radius of curvature of 55 mm, whereas the other integrated fiber remained 

functional at 55 mm. Bending experiments were stopped at 55 mm to allow for more quench 

experiments to be performed with the cable bent at a 55 mm bending radius. 

Results and Discussion 

All optical fibers have been tested for integrity and functionality at room temperature 

after being embedded into the cable. The optical tests have also been repeated after cooling the 

cable to 77 K and indicate that the cool-down does not affect the fibers in terms of integrity and 

functionality. Note that the embedded fibers did not only undergo mechanical solicitations 

during the deposition into the grooves and the winding of REBCO tapes, but they also underwent 

thermal solicitations during the soldering of the current terminations at the cable ends. As 

mentioned in the Experimental Approach section, the fibers pass through the terminations while 

they are filled with tin solder. Since the fibers have survived the integration and cable 
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manufacturing process unaffected, the fiber integration method is considered successful. A photo 

of the cable termination and optical fibers exiting the cable core is shown in figure 5.8.  

The voltage-current characteristic of the SMART CORC sample was measured at 77 K in 

liquid nitrogen, with the cable in a straight position and having never undergone any bending 

since manufacturing. Based on the V-I curve shown in figure 5.9, and using the typical fitting 

equation Ὁ Ὁ Ὁ and a 1 µV/cm electric field criterion (Ec), the Ic was calculated 

to be 340 A.   

The results of an ñovercurrentò experiment in self magnetic field and liquid nitrogen 

temperature are shown in figure 5.10. In this experiment, the transport current is increased 

linearly and plateaus at 430 A. Note that the ñovercurrentò type of experiment does not comprise 

a heat pulse or any other external perturbation. The Spectral Shift data is presented as a map of 

spectral shift in time and position. The position axis corresponds to the location on one of the 

embedded fibers, and the spectral shift signal is continuously acquired with a 2.6 mm spatial 

resolution and 20 ms temporal resolution. During this run, the cable is straight inside a liquid 

nitrogen cryostat and the smaller set, aluminum current connections were used (shown in figure 

5.6a). The regions between 0 ï 0.05 m and 0.35-0.41 m show a significant spectral shift signal 

compared to the rest. This is due to Joule heating at the current connections. Note that the spatial 

distribution of spectral shift within these terminal regions is not uniform, consistent with the low 

quality of the surface finish and machining of the aluminum connections. Figure 5.11 includes 

detailed plots of the spectral shift as a function of position, during the current plateau at time 

t=50 s, at the termination regions. From the plots in figure 5.11, the expected non-uniformity as 

well as the spatial resolution of the RIOF technique can be appreciated. The spectral shift as a 

function of time is plotted from positions within the current connections regions and shown in 
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figure 5.12 along with the time evolution of the transport current. The spectral shift at these 

locations scales with the time profile of the transport current, as expected. In addition to spectral 

shift build ups at the current connection regions, which are resistive by definition, there are 

several, weaker build ups of spectral shift along the cable length. These are symptoms of current 

sharing within the cable, which is expected given the high transport current relative to the critical 

current, but they show in particular positions along the cable, rather than a diffuse, uniform heat 

generation. These non-uniformities are likely due to a combination of inhomogeneity of 

conductor performance that was used to wind the CORC cable and the un-even current 

distribution between REBCO tapes due to the small current connections. A spectral shift map 

that highlights the presence of the hot spots along the cable length is shown in figure 5.13. A plot 

of the spectral shift as a function of time at one of these hot spot locations within the cable is 

shown in figure 5.14, along with voltage tap and current signals. Note that the spectral shift starts 

to increase approximately when the transport current exceeds the critical current. Results from a 

quench experiment are shown in figures 5.15-5.21. In this case, as described in the experimental 

approach section, the procedure includes a heat pulse during the current plateau. For this run, the 

current is increased linearly at 10 A/s and plateaus at 430 A; a heat pulse is released by the 

external heater during the current plateau, having a gross power of 16 W for 2 s. Note that the 

heater is attached to the surface of the CORC cable, and it is therefore directly exposed to liquid 

nitrogen cooling; thus only a fraction of the thermal power released by the heater will be 

dissipated into the cable, with the rest absorbed by the coolant. The spectral shift map for this 

experiment is shown in figure 5.15, along with a schematic drawing illustrating the cable and 

current leads setup and approximate locations on the position axis. Similar to the ñovercurrentò 

experiment, the connection regions are undergoing Joule heating, as evidenced by the spectral 
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shift build up at the extremities of the position axis. In addition to the current termination 

regions, the spectral shift clearly shows that a normal zone is initiated by the heater, and it then 

spreads throughout the cable sample. The heater is located at 0.2 m on the position axis. Note 

that in this case the colorbar is limited to 20 GHz to enhance the color contrast; this means that 

spectral shift values of 20 GHz or greater are shown in dark red, and not that 20 GHz is the 

maximum spectral shift measured throughout the experiment. The same dataset is shown in a 

slightly different way, with a higher colorbar limit (30 GHz) and with the time axis focused on 

the transient only, excluding the initial steady state. Additionally, the current profile that was run 

during the experiment is shown next to the spectral shift map. From this plot it is easier to 

appreciate that the normal zone development is not symmetric. Some regions generate more 

spectral shift than others, and the time to recovery also differs for different regions. On the left of 

the normal zone initiation spot, the spectral shift appears stronger and, thus, recovers more 

slowly after the current is brought to zero. Moreover, even within this left region, or within the 

right region from the heater, the spatial distribution of spectral shift is not uniformly and 

gradually diffusing out of the heater region. A more detailed view of these results is seen in 

figure 5.17, where the spectral shift is plotted as a function of position, at different instant of 

times before, during and after the heat pulse. The inset shows transport current and heat pulse 

during the same experiment, as a function of time. The spectral shift in the current leads regions 

(0-0.05 m and 0.35-0.4 m) is constant during the time 45-49 s, consistent with the transport 

current being constant in this time period. The initiation by the heater is also clearly seen, 

centered at 0.2 m. What is not as apparent, but can be seen through close observation, is that the 

spatial distribution of spectral shift does not resemble that of a transient that has a heat source at 

0.2 m, with heat diffusing outward, and the source expanding outward as well. As an example, 
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this scenario does not justify the higher spectral shifts at 0.09-0.1 m and 0.31-0.33 m. Combining 

the information obtained from the results of this quench experiment with that from the 

measurements during a current ramp shown in figure 5.13, the origin of the peculiar behavior can 

be explained noting that the two regions 0.09-0.1 m and 0.31-0.33 m were already showing hot 

spots (figure 5.13). Thus, in these regions at least some of the tapes were already in the current 

sharing regime. During the quench (figure 5.16-5.17), those regions will have to increase the 

number of tapes in current sharing compared to neighboring regions that did not show hot spots, 

therefore becoming more resistive, earlier. Figure 5.18 illustrates the phenomenon of 

independent hot-spots with a more detailed plot where the different spots are labeled.  

The time evolution of the different signals is better seen in figure 5.19, where the spectral 

shift is plotted as a function of time, at three positions: within the left current lead region, at 

0.033 m, at the center of the heater region (0.2 m), and within the right current lead region, at 

0.373 m. Along with the spectral shift, the plot includes the transport current and heater signals. 

Note that the transport current is the actual current flowing into the cable, measured with a shunt 

resistor, and it is plotted to scale, whereas the heater signal, although it is also a measured signal, 

it is not to scale. All signals are synchronized in time because they are acquired against the same 

clock with a dedicated LabVIEW application. The spectral shift at locations 0.033 m and 0.373 

m follow the time profile of the transport current very closely, consistent with being generated by 

joule heating at the resistive connections. They plateau when the current is constant and decay 

slowly when the current is brought to zero. A slower decay than the current signal is an 

additional confirmation of the nature of the signal; when the source is turned off (transport 

current in this case) the temperature (spectral shift) will decay gradually because of the time 

constant for heat transfer away from the source.  
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Another interesting aspect highlighted by these results is illustrated in figure 5.20. The 

spectral shift tends to flatten out during the current plateau, indicating a local equilibrium is 

being attained between heat source (scales with transport current) and cooling; however, as soon 

as the transport current is reduced, beginning at t=54 s, the slope of the spectral shift vs time 

increases again. The comparison with the voltage signal measured by the end-to-end voltage tap 

is shown, on a shorter time scale, in figure 5.21.  

Another interesting phenomenon can be noted from the same dataset, by observing the 

data from a different point of view. A spectral shift map with axes limits that focus on the 

transient and with colorbar limits that highlight the different regions more clearly is shown in 

figure 5.22. From this plot, it can be easily noted that the two regions between the central cable 

section and each current terminal (approximately 0.05-0.07 m and 0.34-0.36 m) are ñcoldò and 

show almost no variation of spectral shift, acting as shields for further propagation of the normal 

zone. The underlying reason for this mechanism is an increased copper cross section. 

Another set of experiments has been carried out using a slightly different setup: a straight 

cable (same as what has been shown so far) equipped with two different terminations: the left 

side has the round, aluminum clamp whereas the right clamp has been replaced with a larger, 

cylindrical copper clamp, with a smoother surface finish and larger contact area. In this setup, the 

right current connection offers a lower overall resistance than the left. Also, due to a larger 

contact area, it can be assumed that all REBCO tapes within the CORC cable termination can be 

interfacing with the copper current lead with an equivalent resistive path. A schematic of this 

approach is illustrated in figure 5.23. The first experiment with the new connections setup is of 

the type ñovercurrentò, so no heat is introduced with the heater and the transport current is 

linearly increased up to a plateau and then quickly brought to zero. Results of this experiment are 
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shown, in the form of a spectral shift map, in figure 5.24. It can be clearly noticed that the 

spectral shift build-up at the left current connection (where the small clamp is used) is still 

present, although lower in magnitude compared to the previous setup with small current 

connections at both sides. The right current connection no longer displays spectral shift build 

ups, indicating that this larger clamp is generating virtually no heat. The cable section is still 

generating hot spots, but their locations are now different, indicating that the hot-spots are related 

to the ability of the current to redistribute between tapes within the cable structure. In fact, the 

ability for the current to redistribute is strongly affected by contact resistances along the cable, as 

well as at the connections.  

It is important to note that these results are repeatable. For example, a run with a higher 

current plateau of 460 A showed the same pattern of hotspots, but higher in magnitude. A quench 

experiment analogous to the one performed with small current connections at both sides has been 

carried out with this new setup. All the experimental conditions are the same, i.e. 77 K, self-field, 

including the detailed procedure, with a ramp rate of 10 A/s, a current plateau of 430 A and a 

ñgrossò heat input of 16 W for 2 s. The results of this run are shown as a spectral shift map in 

figure 5.25. Note that the normal zone is indeed initiated at the heater location, but there is 

another spot (around 0.125 m) that clearly initiates a normal zone independently from the normal 

zone initiated by the heater. 

This phenomenon is seen even more clearly from plots of spectral shift vs time at 0.125 

m and 0.2 m as well as spectral shift vs position at several time steps before and during the 

transient. These plots are shown in figures 5.26 and 5.27. The spectral shift at location 0.125 m, 

which is where the ñsecondaryò hot-spot appears, starts to increase virtually at the same time as 

the spectral shift at the heater region (locations 0.19 m, 0.20 m, 0.21 m, also shown on the same 
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graph). Also, location 0.125 m shows a small but noticeable spectral shift build up prior to the 

heat pulse. Looking at the map in figure 5.24, it can be immediately noticed that this is in fact 

one of the hot spots shown during the current ramp. Thus, this mechanism of generation of 

ñsecondaryò hot spots is analogous to what was described with the results of the previous setup, 

with the difference that now the hot spots are at different locations, due to a change in current 

connections.  

Another important result that is illustrated very well by the plots in figure 5.27 is the 

following: all the hot-spots that we have identified with the current ramp experiment and the 

quench experiment (marked with red arrows in figure 5.27), are stable, i.e. they donôt propagate 

or increase in magnitude, before the heat pulse. Once the heat is introduced, although at a 

different location, these hot-spots get destabilizes and start to grow, mostly in magnitude, and 

very little spatially. Additionally, the plots in figure 5.27 show that after the heat pulse ends, the 

hottest and, therefore, most at-risk spot, is one of the ñsecondaryò hot-spots, at 0.125 m, not the 

spot where the heater is attached. In other words, if an external perturbation hits the cable (here 

simulated with the heat pulse), the regions that are most affected can be different from the 

location where the perturbation hits. These results suggest that these locations that generate hot-

spots depend not only on the cable itself (i.e. Ic of single wires, manufacturing history of the 

particular batch, etc.), but also on the resistive connections and, ultimately, on the ability to 

redistribute current between tapes. 

A similar experimental run to the one that generated the results of figures 5.25-5.27 has 

been carried out, with the only difference being a lower heat input: 14 W for 2 s compared to 16 

W for 2 s. Every other experimental condition is unchanged. The results are analogous to what 

was generated with the higher heater power, confirming the repeatability of the results. 
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Moreover, by comparing the results of these two runs differing only in heater power, another 

important phenomenon is noticed: although the peak spectral shift at the heater spot (0.2 m) 

scales with the heater power, the maximum spectral shift measured at the strongest secondary 

hotspot, centered at 0.125 m, is independent of the heater power, at least within this energy 

range.  

Note that these hot-spots are referred to as secondary because they are not the predicted, 

primary hot-spot generated directly by the heater, but are relatively independent of the 

perturbation and they may pose greater risk to the cable. 

With the same setup, which is shown in figure 5.23, an ñovercurrentò experiment is 

carried out, with a current plateau at 520 A. Results from this experiment can be seen in figure 

5.29 as a spectral shift map. In this case, in absence of an external heat input, the quench 

initiation spot is no longer the heater spot, as expected, but is located at about 0.25 m. Note that 

this location is also different from the location of the hotspots developed during the current ramp, 

at lower current levels (marked with red arrows in figure 5.27). Figure 5.27 does not fully answer 

all questions, however, and a detailed analysis of the results is needed to shed light on the quench 

behavior and normal zone initiation. In addition to the clear initiation spot at about 0.25 m, the 

ñsecondaryò hot spots are still evident in the propagation front in the spectral shift map. It is 

important to understand how these spots are related, and how they start and evolve temporally. 

For this reason, the spectral shift at locations 0.13 m, 0.24 m and 0.25 m are plotted as a function 

of time in figure 5.30, along with current and voltage signals. The spectral shift at location 0.13 

m shows a slight but clear increase before runaway (during the current ramp, see especially the 

time window from 23 s ï 28 s). This is consistent with what previous experiments have shown. 

The unexpected part, however, is that a different spot, at about 0.25 m, shows a much faster 
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increase in spectral shift upon runaway, although it was ñhealthierò during the current ramp. This 

suggests that it is ambiguous to define a unique quench initiation spot, since each spot seems to 

have a distinct evolution.  

A spectral shift map of the same experiment with different time limits and colorbar limits 

is shown in figure 5.31. This particular map shows that the hotspots that were stable during the 

current ramp (e.g 0.125 m) indeed contribute to the normal zone, but another, independent 

initiation point can be identified. To further clarify the behavior, a set of spectral shift maps is 

shown in figure 5.32, where a spectral shift threshold is used to divide the space-time into 

regions of spectral shift higher and lower than the threshold. The contour represents the points, in 

space and time coordinates, that crossed the threshold, i.e. the boundary between the regions. 

These plots clearly show that if we consider weak normal zones, for example those that create a 

spectral shift of 2 GHz, then it would appear that the ñstableò hot spot at 0.125 m is the initiation 

spot. If we consider stronger normal zones, however, for example 6 or 7 GHz, it is also clear that 

the initiation point would be at 0.25 m. In other words, the ñstableò hot spots evidenced during 

the current ramp (e.g. 0.125 m) run away at a lower rate, and only after the spot at 0.25, which is 

colder during the ramp, runs away at a much faster rate. The maps in figure 5.32 provide another 

point of view of the same finding that can be appreciated from the functions of time in figure 

5.30.  

Another experimental setup has been used for experiments consisting of the same cable 

bent at a radius of 55 mm, after undergoing bend tests. In this case, the larger, cylindrical, copper 

clamps are used for current connections at both ends. A photo of the setup and the clamps is 

shown in figure 5.33.  
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The same experiments that were shown so far have been performed again with the new 

setup. Figure 5.34 shows the spectral shift map of the current ramp. The limits on the colorbar 

are kept the same as the colormap shown previously. With this new setup, the ñstableò hotspots 

that were generated previously are now absent. This can be clearly seen in figure 5.34. However, 

a small spectral shift build up remains around the 0.25-0.27 m region. These results indicate that 

the hotspots were primarily related to the use of small current leads.  

A quench run with the same conditions and procedure parameters as shown in figure 5.16 

was carried out with the new setup; the results are included in figure 5.35 as a spectral shift map. 

Note that in the absence of ñstableò hotspots initiated during the ramp made the propagation 

front smoother compared to the equivalent run with the previous setup (figure 5.16), with the 

exception of a relatively small ñsecondaryò hot spot at about 0.125 m. Let us now consider the 

following ideal case: if the only hot spot to be initiated was by the heater, and if the cooling and 

cable properties were ideally uniform along the cable (uniform critical current of each tape, 

uniform contact resistances), then the propagation front in the spectral shift map would have 

smooth fronts propagating outward from the heater location. Also, they would be straight if the 

propagation velocity is constant. Note that the heater is made out of a wire wrapped around the 

cable, so it approximates fairly well a cylindrical symmetry. In addition, as described in the 

experimental approach section, the optical fiber follows a spiral path at the copper core surface, 

with a twist pitch of 40 mm. Putting these two pieces of information together, it is understood 

that if the normal zone propagates as a 1-D approximation along the cable (i.e. with uniform 

cross sections), then the fact that the fiber follows a spiral will not affect the shape of the 

propagation front seen by the fiber, because it does not matter where the fiber is in the cross 

section if the temperature within the cross section is uniform. Additionally, another scenario that 
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would also leave the propagation seen by the fiber unaffected by the spiral path is a scenario 

where the perturbation has cylindrical symmetry, i.e. the iso-temperature lines within a cross 

section would be circular. In this case, the spiral path of the fiber would always lie on an iso-

temperature line within the cross section. A very different case would be if the perturbation did 

not start with a uniform cross section or a cylindrical symmetry. In this case, in addition to the 

gradient due to the propagation (in the space-time diagram), there would be a somewhat 

sinusoidal shape superimposed to the line of constant propagation speed. The exact shape of the 

function would depend on the temperature gradient within the cross section. Schematic drawings 

of these scenarios and the corresponding propagation front in the space-time diagram are shown 

in figure 5.36 and 5.37. All of these conclusions can easily be drawn from basic geometric and 

kinematic considerations.  

Knowing the effect of uniform or non-uniform cross sections during propagation, results 

can now be analyzed to see what case they resemble and approximate. The results of an 

ñovercurrentò with setup comprising bent cable and large current leads are shown in figure 5.38. 

With this setup, as evidenced already by the quench experiment, the ñstableò hotspots are almost 

completely absent, and therefore the only initiation point remains at about 0.255 m. Additionally, 

the propagation front shows ñfringesò superimposed to a smooth, straight line (constant speed) 

propagation. This is a strong indication, as explained before with the aid of figure 5.36 and 5.37, 

that the normal zone is initiated and propagates in a non-cylindrical symmetry. A closer look at 

these results can be obtained if a threshold is used to distinguish the normal region from the rest 

(always in the space-time diagram). This was done for both the quench experiment (induced by 

the heater) and the overcurrent experiment (no heat input), and is shown in figure 5.39. From 

these plots the boundary of the normal region can be seen easily, and the shape is indicative of 
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the nature of the propagation, as explained above. The propagation initiated by the heater (top 

graph) shows the normal zone propagating in cylindrical symmetry, consistent with the fact that 

the heater is practically a cylinder that surrounds the cable, 1 cm in length. The propagation 

initiated by the overcurrent (bottom graph) shows the fringes in the propagation front, 

superimposed to straight lines. As demonstrated previously, the periodic, quasi-sinusoidal fringe 

associated with the propagation front suggests that the normal zone does not initiate in 

cylindrical symmetry, consistent with the fact that, without the aid of a heater, the initiation will 

be from a spot on the cable (likely a conductor within the cable) that will not have cylindrical 

symmetry. A sketch of possible normal zone initiation spots that are consistent with results are 

provided in figure 5.40. Furthermore, given the CORC cable geometry, if the quench initiation 

was a tape section at least as long as one turn around the core, this would approximate a 

cylindrical symmetry, yielding a straight propagation front. Thus, it is very likely that the 

initiation spot was a fraction of a turn length, only covering one side of the round cable, without 

surrounding it. One turn length of YBCO tape around the copper core, given the core diameter 

and the tape twist pitch, is about 9 mm. 

Estimation of Normal Zone Propagation Velocity 

Additional key information that can be extracted from the results of quench and 

overcurrent measurements is the normal zone propagation velocity (NZPV). Due to the very high 

spatial resolution of the RIOF technique, the calculation of the NZPV can be more accurate, and 

can be done as a function of time during propagation. A different approach is followed than the 

only approach that would be possible with voltage taps (but in this case of a CORC® cable it 

would be challenging). Based on the spectral shift data as a function of position and time, a 

propagation front is defined, using a spectral shift criterion of 5 GHz. Thus, the position of the 
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boundary of the normal region is mapped as a function of time. The derivative of the boundary 

position with respect to time is the normal zone propagation velocity which, in turn, will be a 

function of time. In fact, if we define the boundary position as a function of time ὢὸ, then its 

time derivative  may still be, in general, a function of time. 

Let us analyze two cases and estimate the NZPV(t) in both: a quench measurement, with 

a normal zone initiated by the heat pulse, and an overcurrent experiment, where no heat is 

inputted to initiated the normal zone. The position of the propagation front vs time for the 

quench case is shown in figure 5.41. The position has been determined and plotted with 200 ms 

time steps, although smaller time steps can be used to get more points on the X(t) plot, down to 

the time resolution of the measurement, which is about 20 ms. Note that the experimental data 

points are not well fitted with a linear function over the entire time interval. Initially, the slope is 

lower to then increase and settle to a fairly constant speed. Recognizing that the NZPV is not 

constant throughout the propagation, two regions are identified and fitted separately. The slope 

of the first time region, from 47.4 s to 47.8 s, is calculated to be 2.5 cm/s. The second region is 

fitted with a linear function, which is shown in figure 5.42. Note that the position of the front 

moves to smaller values with time because we are following the front expanding from the middle 

of the position axis (heater location) towards the left, i.e. towards smaller position values. For 

this reason, the slope of the linear fit is negative, which simply means that the normal zone is 

moving at that speed, towards the left. As it can be seen from the equation of the line shown in 

figure 5.42, the NZPV is about 7.1 cm/s, fairly constant over this time window given the good 

linear fit. A weighted average of the two time regions with their own constant NZPV yields an 

average NZPV of 5.6 cm/s. 
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Using the same approach, the position of the propagation front for the overcurrent case is 

plotted as a function of time and can be seen in figure 5.43, from the beginning of the 

propagation. In this case, the propagation velocity is fairly constant throughout and does not 

show two different time windows with different speeds. The graph in figure 5.43 includes a 

linear fit of the experimental points and shows that the NZPV is about 6.1 cm/s.  

The two regimes with two different NZPV showed by the quench initiated by the heater, 

compared to the unique regime showed by the overcurrent case, suggest that the mechanism that 

initiates the transition is responsible for the propagation behavior. In fact, in the first case, the 

material transitions because of an increase in temperature, as opposed to an increase in current 

density. An increase in temperature will have to exceed the current sharing temperature of each 

tape to cause the maximum resistive heating that drives the propagation. This could explain the 

slow initial propagation of the quench induced by the heater.  

It is important to note that the optical fiber follows a helical path along the cable and not 

a straight one along the cable axis. Therefore, the results are simply to be interpreted as the 

position on the curvilinear abscissa that follows the fiber path. Thus, if one wants to estimate the 

NZPV along the cable length, parametrized on a straight abscissa along the cable axis, then the 

following scaling needs to be applied. Let us define a scaling factor to convert the position on the 

curvilinear abscissa into the position along the cable length. Using basic geometrical concepts, 

the length of the curvilinear abscissa following the fiber path over one twist pitch can be 

calculated as ‎ ὒ ς“Ὑ, where ɔ is the length of the fiber path, L is the length of the 

cable section and R is the radius of the helix (approximatively the radius of the copper core). In 

our case, L=40 mm, R=2.6 mm yielding a ɔ=40.82 mm. We can now define the scaling factor as 

ὑ πȢωψ. A drawing of the definition of the parameters and the rational for the formula can 
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be seen in figure 5.44, along with the dependence of the scaling factor with the twist pitch. The 

scaling factor reduces the length of the position axis of our plots (fiber path) into the linear, cable 

length. Due to a very small radius compared to twist pitch, the scaling factor is almost 1 and, 

therefore, it does not affect the calculations of NZPV significantly. As an example, scaling them 

according to ὔὤὖὠ ὑϽὔὤὖὠ  we obtain a 6.96 cm/s instead of 7.1 cm/s for the 

quench case, and 5.98 cm/s instead of 6.1 cm/s for the overcurrent case. 

Conclusion 

A self-monitoring, SMART CORC® cable has been designed and manufacturing by 

integrating single-mode, telecommunication grade optical fibers into the copper core of the 

CORC® cable architecture. The integrated optical fibers are interrogated by Rayleigh scattering 

to provide a spectral shift signal as a function of position and time with 2.6 mm spatial resolution 

and 20 ms temporal resolution. The SMART cable has been experimentally characterized to 

show its ability to detect and locate quench initiation. Experimental results indicate that the cable 

responds to perturbations with different quench initiation mechanisms and propagation modes. 

The importance of cable terminations in preventing hot spots has been highlighted via the use of 

two different connections. 

Lastly, the normal zone propagation velocity has been calculated using experimental 

spectral shift data for two cases: quench initiated by a heat pulse and quench initiated by 

overcurrent, without any external heat input. The resulting NZPV are about 7 cm/s for the heat-

pulse induced quench and about 6 cm/s when the quench is initiated by an overcurrent. 
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Figures 

 

 

 

 

Figure 5.1: Image of two conventional CORC cabel samples with two different outer 

diameters. 

Figure 5.2: Optical image of copper core with two integrated optical fibers and a copper wire. 
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Figure 5.3: Schematic cross section of SMART CORC cable showing copper core (orange), 

REBCO tapes (black) and optical fibers (light blue and yellows). 

Figure 5.4: Schematic drawing of SMART CORC sample with small aluminum current 

connections. 
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Figure 5.5: Photos of experimental setup including SMART CORC cable sample with small, 

aluminum current connections. 

a) b) 

Figure 5.6: Photos of current connections; a) small, aluminum current connections, b) large 

copper current connections. 
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Figure 5.7: Schematic plots of transport current and heater signal time evolution for 

overcurrent (left) and quench (right) procedures. 

Figure 5.8: Close-up photo of optical fibers exiting SMART cable. 

Figure 5.9: Voltage-current characteristic of SMART cable. 
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Figure 5.10: Spectral Shift map for an ñovercurrentò experiment with a current plateau at 430 

A. 

Figure 5.11: Spatial profile of Spectral Shift within the connection regions 
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Figure 5.12: Spectral Shift as a function of time at two locations within the left current lead 

region, along with measured the transport current signal plotted as a function of time. The 

right graph is a detail of the end of the current ramp and the plateau.  

Figure 5.13: Spectral Shift map highlighting the presence of hotspots. 
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Figure 5.14: Spectral Shift as a function of time along with transport current signal. 

Figure 5.15: Spectral Shift map for a quench experiment with transport current plateauing at 

430 A and a heat input of 16 W for 2 s. The position of the Al current leads is also 

schematically indicated. 



   

159 

 

 

  

Figure 5.16: Spectral Shift map highlighting the seconds after the quench initiation, from the 

dataset shown in figure 5.15. 

Figure 5.17: Evolution of Spectral Shift spatial profiles during the instability. 
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Figure 5.18: Evolution of Spectral Shift spatial profiles during the instability every 0.5 s, 

highlighting the heater initiation spots as well as additional hot spots. 

Figure 5.19: Time evolution of Spectral Shift throughout the experiment, at different locations 

including current leads and heater regions, along with transport current and heater signals. 

. 
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Figure 5.20: Same dataset as figure 5.19, here plotted to highlight the change in slope of the 

spectral shift that follows the current reduction. 

Figure 5.21: Comparison of the functions of time of signals from end-to-end voltage tap (right 

axis) and optical fiber (left axis). 

. 
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Figure 5.22: Shielding effect of current terminations due to larger cross section of normal 

material. 

 

. 

Figure 5.23: Cable connection setup comprising different current connections. 

 

 

. 


