ABSTRACT

SCURTI FEDERICAQ In-Situ Distributed Sensing for High Tem@ture Superconductor
Magnets Bised on Rayleigbackscattering Interrogated Optical Fibétdnder the directioof
Dr. Justin Schwar)z

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 higlkarrent 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 HTSIhe most technically mature HTS material is currently (REIBeO7.x
(REBCO) During the last decad®EBCOconductor performance in high background field has
been optimized and performance homogeneity over conductor lengths greater than a hundred
meters habeen achieved. BefoldTS can be used to build realorld devices, one major
technical challenge still needs to be addzdssvhich isdetection and preventiasf magnet
failure.

This research work aims at develogia failure detection systetimat is moe reliable
than the state of the art and is readily applicable tewedHd 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 toSH3oils it fails to keep the
magnet safeThefailure 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 cewinding with HTS conductorjntegration into the REBCO conductor
architectureand into conductor on round core (COREables. All fiber integration pathways

have been experimentally demonstrated via prototypes and their failure detection capabilities



shown via expriments at various temperatsendcurrent densitieswith the failure induced by

different types of perturbations.
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CHAPTER 17 INTRODUCTION

Superconductivity: historical highlights

Superconductivity was discovered in 1911 by the Dutch physicist K. Onnes. The
discovery was ungectedand almost accidentak dccurredrelativelysoonafter Onnes was
able to liquefy helium for the first tim&hanks to theew liquefaction apparatus he was able to
cool sampés to temperatures as low ak.1He thenstarted measuring electrical propesta
several elements at the unprecedented cryogenic conditiomsluling one of these
measurements that he first observed and defined the phenomenon that we now refer to as
superconductivity. A sample of mercuitg) had been cooled to cryogenic temrgiares 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]7]3].

In the following table, several key facts that shaped the development of superconductivity
are listed, from the discovery to nowadays. Note tthatable is not meant to be comprehensive

and it is a selection of some oftheleyact s, from t he author6s per sy

Tablel.17 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 Dlscovery of pathr!dependent
diamagnetism

1934 C. J. Gorfer, H. B. G. Casimi Develop twefluid model




Table 1.1 (continued)

1935 E and H. London Macroscopic description of electrodynam
of superconductors
1950 V. L. Ginzburg, L.D. Landau Phenomenological theory of
superconductivity based on phase transiti
1957 J. Bardeen, L. N. Cooper, J. Formulation of microscopic theory of
Schrieffer superconductivity (BCS)
1962 B. D. Josephson Discovery of Josephsqn effect (weak
superconductivity)
1972 J. Bardeen, L'.N' Cooper, J. | Nobel Prize winners
Schrieffer
1973 l. Giaever, B. D. Josephson Noble Prize winners
Discovery of superconductivity in EBa-
1986 A. Muller, J. G. Bednorz CL-O above 30 K
1987 A. Muller, J. G. Bednorz Nobel Prize winners
1987 P. Chu Synthesis of YBgCwOrx with a =92 K
1987 H. Maeda Discovers the BEr-Ca-Cu-O family
J. Nagamatsu, N. Nakagawe , L
2001 T. Muranakay. Zenitani, J. Discovery of s_uperc_onductlwty in MgB2
AKimitsu 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, untibpiaig at a finite value, but it abruptly
drops to zero at a wellefined temperature, typically referred to as critical temperatyje (T
Figure 1.1 isa schematic illustration of the drop in resistivity atBefore this finding by the
Dutch physicist,tiwas thought that all materials behdwadike 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 temperhisiis.due to the

decreased therrhaibrations of the ions that form the lattice, sih&ice vibrations are



scattering centers for the electr@m contribute tohe electrical resistivity. Although the

resistivity of normal conductors decreases wibrdasing temperature fliattens out at very low
temperatures and tends to a remnant value for temperatures approaching the absolute zero. This
remant resistivity is due tlattice defectssince they alsact as scattering centers for electrons.

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

rule, which reads

where the total resistivity is given by the sum of two contributibngs the remnant
resistivity due to defects, arid is the contribution to the resistivity dié lattice vibrations
(phonons). The lattes temperature dependefftwe consider an ideal case of a perfect metal
that has no defects, this ideal material would have zero electrical resistivity at theeabsaut
whereas a real metal, with a finite concentration of defects, would have éxaatly = 0 K.
Figure 1.2 illustratethese two casess implications of the Matthiessen r{d, [5]. It is now
worth noting that the trait®n that occursat Tc in superconductor$som afinite to zero
resistivity, occurs regardlesd their defects content. Howevexs it will be discussed in the next
sections, defects play a key role in some superconducting materials.

Although the zerelectrical resistivity below dis a property unique to supercondustor
it is not the only material property that sets them aparfact, there is another property that
distinguishes superconductors from a simple ideal electrical conductor with ZstigitesThis
additional featurés unique to superconductors and is relatethéar magnetic beavior: it is the
so-calledperfect diamagnetisniet usconceptuallydefine 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.



Ohmés |l aw in di Of ebrwheretEiisaHeeldcor s f ealdd, | i s
material 6s resistivity and J trhaeithzeraetedricdl dens

resistivity and a finite current density, the electric field needs to bekzerao m Ma x wel | 6 s

equation® QO —where B ishe magnetic induction, it follows that, if the electric field is

zero, the magnetic induction needs to be constant in time,—Di.leP. Note thatonly the

hypothesis of zero resistivity has been ugedraw the former conclusioithus, the constancy
of B in timeis certainlyvalid for what we definedsideal conductof6].

Let us now carry out the following thought experimenélucidate the magnetic Hoavior
of an ideal conductor: a sampleidéal conductor is placed in an external magnetic field while it
i s above its critical t e mgsieelyeobledbalow (tsicritical wi t h
temperature (inducing a }=0), while in magnet
process yields a sample that is magnetized with B. However, starting from a different initial
condition, the result will be tferent. In fact, if the sample is initially at zero field and cooled
below its T while there is no magnetic field applied, applying an external magnetic field only
once the sample is already below itswill not alter themagnetic fieldnside the samp) which
will remain zero These two procedures, broken down into steps, are illustrated in fi§ure
Although this is what follows from classical electromagnetism, isdme described what is
foundempirically when thgrocedure is repeated widhlsuperconductor. 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 s{&le]7]. Therefore, the relationship that defines

the magnetic behavior of a superconductor is-pot ®, but it is the more stringe® ®. To

express in words what the formulae state, the superconduxgtels the magnetic field from its



interior, regardless of the initial condition aredjardless athe path it follows in terms of
temperature and applied magnetic field. This is why this diamagnetic propaisgisferred to
as pathindependent diamagtism, or perfect diamagnetisin.other words, a superconductor is
not simply an ideal conductor that offers zelectricalresistivity, but it is also a perfect
diamagnet that always expels magnetic fi€lishce this propertgf expulsion of magnetiadid
was discovered by W. Meissener and R. Ochsenfeldyudually referred to as Meissener effect
[8]7[10]. The magnetic behavior of a superconducalustrated in figure 1.3 and comparied
that ofthe conceptugberfect conductor.

To model the perfect diamagnetism of a superconductor, let us imaginay@ap
external magnetic field Hwith a corresponding magnetic flux density in air ® a
superconducting sample shaped as a bar d@hanfijeld direction. Inside the sample, the magnetic
flux densitywillbe6 * * O * 6 6 O where' isthe relative permeability and B
the magnetic flux density generated by the internal magnetization of the superconductor. Since
the manetic flux density needs to be zero in the superconductor, it needs to be thatand
0 0 . The magnetic induction in a material exposed to an external magnetic field can
always be writtenag8 * O 0 . Ifthisis applied to a supercondactfor which B=0, we
get that) "O. In words, this result means that the magnetization in a superconductor is
eqgual and opposite to the applied field, which is what leads to the expulsion of magnetic
induction[5], [6], [11]. From the definitiomitcafeasiydbognet i ¢ su
derivedthatfoa super ciockRlduct or 6

From a more physical perspective, the perfect diamagnetic behavior can be explained by
the presence of superficial currents that fleithin the surface of the superconductor and not

within its interior volumeln fact, since the magnetic flux density inside the superconductor is



zero, the current needs to be flowing on the surface of the sfshlEl]. A schematic
illustration of superficial currents established in presence of a magneticsfedwn in figure

1.4. However,although they areeferred to as superficial currenits,actualitytheycannot flow
solelyin the surface of the samplBince the sample surface is a fdimensional material, the
current density would be infite. Inreality, the superficeurrents flow witlin 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 exponentialtgradgito zero in the
bulk. The extent of penetration depends on the supercondumtiteyial and is described by the
penetrat i on isdiempytthe gold®fthemalgretc feld as a function of dep®i(x)
[5], [11]. Figurel.5includes a schematic drawifjthe spatial distribution an external
magnetic field across the surface of a supercoondast well ashe definition of the penetration
depth. & ranges b e thnand,in addition toWweing maleriads ddpendedtyite d
is also a functin of temperature and microstructure (particularly defects content). An empiric

relationship links the penetration depth to the temperature, as f¢8o\W3]:

As an examplejdurel.6i ncl udes a pl ot [B]fThetTthse a( T) f or
highlighted in the plot, about 4.2K. At temperatures well below,] & i s al most con:¢
temperature, but it rapidly increasdoser (but below) d whereast tends to infinity as the
temperature approaches This physically means that thgternal field starts to penatemore
and more as the temperature gets closeg,ttully penetratinghe sample at T=I{which also

corresponds to the sample transitioning from superconducting to normal state



In addition to a critical temperature, there are other critical parastée define the
boundaries of the superconducting state. They include magnetic flux density, current density
strainand frequencyif the superconductor is energized with AC curyent

Because there is not a unique critical paramétertransitiorfrom 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 temperatbedow its T, i.e. in the superconducting stages 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 therslymoro
is always zeroHowever,this mechanism is limited by maximum external field that, if applied,
causes the material to transition to the normal state. Figtude4cribes this phenomenon with
plots of magnetization and magnetic flux densitgide a superconductors applied magnetic
field. As the external field increases from zdfe superconductor responds creating a
magnetization that is equal in magnitude and opposite in sign to the external field, until the
applied field reaches the catéil field. At this applied field value, the magnetipatdrops to zero
(figure 1.7b) andthe magnetic fieldully penetrates the sample (figur&d), corresponding to
the sample transitioning from superconducting to normal giftteough it is a weldefined
material property, the critical magnetic field is not a constant fiwven superconductor biitis
a function of temperature and current density. Thus, there is ardagendence of each critical
parameter on the others. This makes up a creizdhce in a three dimensional domafn
temperaturdT), current densityJd), andmagnetidield (H). Figurel.8is an example of critical
surface of a superconduct{®i. The critical surface in the T,J,H doma&eparates the

superconducting state from the normal state: any point below the surface represents a condition



of T,J,H that allows for superconductivity, whereas anytaibove the surface describes the
material in the normal statAs can be clearlyeen starting from a point below the surface, with
the materialn 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.
typical transition from superconducting to normal state can be caused by a temperature increase.
Let us consider a sample in superconducting state {i€Td, h < J, Hi <Hc), and imagine to
introduce heat into the system so that the temperature of theesenglaseb y o@T, as show
figure 1.9. At temperatur@ >=T1+ @ T thecritical current density ig, with b>X. This means
that, although the current that the sample was caydich not change, at the néemperature,
thatoriginalamount 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 sbeocssds normal,
because the current now flows on a registnaterial (i.e. the current generaa@selectric 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 fieldibg generated by the sample in its normal state while a
current J is flowing.

Let us now consider the @xistence of both superconducting and normal phases in a
sample. As it was discussed before, this happens, for example, at the suaface of
superconduing sample but it can also happen in the bulk when the applied field locally exceeds
the critical field and, as will be discussed in the next paragraghsrthermorethis ce
existence is always present in a specific class of superconducting matieeidjge I
superconductorsThe magnetic field will decrease exponentially into the superconducting phase,

according to the penetratigdeptheas. The densi t ys wilfhave to phangefiore ct r on



zero inside the normal region to the value thgiports superconductivity in the superconducting
phase. However soannot change ahptly with position, but igrows gradually in the
superconducting region. The parameter that describes the spatial growth of superelectron density
is referred to as cohee n ¢ e | [E2h Assotbiatefl with the interface between the two phases
is a surface energysEhat depends on the relative values of penetration depth and coherence
length. This is what will define the two different classes of superconducting materialsatype
type Il. 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, theatizafion of the superconducting
phase ¢reatedo 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 formulaghwihe following equation:

g‘ O M Q
where His the critical field, gthe specific Gibbs free energy of the normal region aldag of
the superconducting regi¢h]. The key aspect that will distinguisiva different behaviors is the
spatial growth of the two Gibbs free energy contributions from the interface into the
superconducting phase. The negative contribut
whereas the positiveontribution given bythengan et i zati on grows with a&.
contributions and the total free energy are showninfigit@l, f or t.hetuso@mvse 3> @&
approximate the gradual increases in magnitude of the two contributions (positive and negative)

with step functios, as shown in figure.01b. With this approximationthe surfae energy can

easily be quantifiedsO -* 'O v 1 .Itis now clear that, depending on the difference

bet ween 3 and &, the surf ac [b]. Mateeals gith a positivé r e s u
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sufa@ ener gy, i . e. -calediypel superzonduetqars, véhereas makegals svith

a negative surface en&,y glyel otypall sipercondiicore Sheond s
sign of the surface energy halsoimplications related to the mebscopicmagneticdbehavior of

the two different classes of superconductbms.type I, while they are in superconducting state,
withH<H;, t he formation of nor mal regions i s not
energy of the systeniue to the positive surface energy of the interfaces. Thus, the material

simply transitions to the normal state at H=Hhis is not the case for type Il superconductors.
Because of a negative surface energy of the interfaces, even below the critictdiereation

of normal regions is thermodynamically favorable. In particular, since the decrease in total free
energy depends on the total area of the interfacgs ffer unit area), then the number of normal
regions will be maximized and their sizénimized. This typical behavior of type I

distinguishes them from type | superconductors, and it is especially reflected in the magnetic
behavior. In fact, thenagnetic behavior of type Il superconductors distinguishes them from
superconductors of the $irtype. 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 nomnal lcegi

us consider a sample of type Il superconductor, shaped as a thin bar, exposed to a magnetic field
directed along its lengtitndhomogeneous within the sample volurAealogously with what

discussed above for a sample of type | superconductors letagine to start with a zero applied

field, the sample in auperconducting state (TgT<4, H=0) and gradually increase the applied
magnetic field. In this case, as shown in figure 1tid magnetic flux density inside the
superconductor is zerodi.the superconductor is behavior as a perfect diamagnet), until a certain

magnitude of applied fieldeferred to asower critical field (H1). Continuing to increase the
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field above Hi causes a partial penetration of the magnetic field within the samplch 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 uppetical field (Hc2). At this field value, the penetration of the

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

Upon the transition to the normal state, the magnetization of the sample becomesazero, if

assume that the normal phase of the type Il superconductor-mmagmetid5], [7]. Note that

the magnetizatiomxternal field relationshis not linear betweenddand H, but it approaches

linearity, becoming M=pHa upon transition to the normal states(blthe applied field)The

range of magnetic field froc: and H> definesa new state thas unique to type II
superconductetand i s referred to as fimixed stateo. T\
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 médggidtimes. Hence

the term Amixed stateo, indicating a -eristxtur e
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 homogsous superconducting sample and it is not to be
confused with what is typically referred to a
superconductors that are exposed to aumaform distribution of magnetic fieldn the latter

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

critical field. The regions remain large and limitednamber because of they are

thermodynamically unfavorable due to a positive surface enErgyte 112 illustrates a type |l
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 corestdrit is equal to a quantum of
magnetic flux (fluxon), and that only the number of these regions varies with the applied
magnetic fieldjncreasing thenagnetization as the external field increaésxons are also
referred to as Abrikosov vortices, basa it was Abrikosov to theoretically predict thEi]. As
discussed earlier for type | superconductors, surface currents need to be established in the
material to screen the superconducting regions from magnetic fieddodously, fluxons create
surface currents #t loops around each of theatreeing theremainingsuperconducting
regions of the sample. Therefore, normal cores can be considered cylindrical, with the magnetic
field along the axis and a radius of abowt toherence length. Since fluxons repel themselves,
they will be distributed in a regular way, at theticesof hexagons. Additionally, as tlexternal
field increases, more energy is introduced into the system, which allows for closer spacing of
fluxons (and higher number) until the external fielguas Hco, whichis whenthe highest
density ofclosely packed fluxonis reached. At this point, the a spacing between fluxons
corresponds to the coherence lengthalogously to the critical field of typesuperconductors,
both H1 and H2 are a function of temperature. A schematic representatiom@f)rand Ha(T)
is shown in figure 1.13 ancbmpared to a typical £I') of a type | superconductor. From an
applicatiors perspective, it is important to note that k¢ very small which means that a type Il
superconductor is typically operated abowg, ih the mixed state, and:.#Hs much higher than
the critical fiet of type | superconductors. Thisthe main differece between type | and type |l
that enablebigher fieldapplications.

When a transport current flows into a type Il superconductor in mixed state, an additional
dissipation mechanism can be activated, if the fluxons are free to move within the

microstructwe. Let us consider a current density J flowing in the material, perpendydolaine
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applied magnetic field. Let us also suppose that the magnetic field is gheatene lower

critical field, putting the sample in the mixed state. The interactiomdegt 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 isviling. The motion of the fluxons is a dissipation mechanism,

since they create an electric field accordin@to ®@ &, where V is the velocity of motion of
fluxons. Thus, the power dissipated by the motion of fluxons will be FRie¥enting fluxon
motionis a crucial mechanism to increase the critical current of a type Il superconductor. To
prevent fluxons from moving driven liie Lorentz force, an opposing pinning force needs to be
provided, that is greater or equal to the Lorentz force. The most cometbind to provide the
pinning force is via microstructural defects. Defects will create energetically favorable positions
for the fluxors to assume and maintain as long as the Lorentz force is equal or lower than the
pinning forcel5]. If we think ofanincreasing théransportcurrent in a type Il superconductor

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

® @is equal to the pinning force. Whén ®increases above the pinning force, the sample
starts to generate voltagnd 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 founfbjn[7], whereas the original manuscript

published by Bardeen, Cooper and Shriffer can be foufidtin
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High Temperature Superconductors

As it was mentioned in the historical highlights section, the BCSyiveas developed at
the end of the 195]14]. The theory included a general expression for the critical temperature
of a superconducting material. If manized, thisexpressiomwould yield a maximum critical
temperature obout 28K [14]. The prediction of an upper limit to the critical temperature of
any potentially undiscovered superconducting material strongly diminished the enthnsihem
search fonew superconducting mategsaHowever, about aedade latera discovery that was
completely unpredicted by the BCS theory took place. Although superconducting prdpeetties
already beemound in oxides in 1975, with the discovery of LiDi by D. Johnston (with aclof
13.7 K), in 1986, Bednorz and Mer discovered superconductivity in the-BaCu-O system
while working at IBM in Zuric15]. The unpredictable aspect svtaat the critical temperature
of thenewly discovered superconducting oxidali®ut 36 K, whichs higher than the maximum
critical temperature predicted by the BCS thed&rfew monthdater, C. W. Chu, by replacing
lanthanum with yttrium, synthesized what is now the most known high temperature
superconductor, which art ofthe Y-Ba-Cu-O system. e stoichiometryhat yields best
performance i¥ Ba2CwO7.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.Q7]. As any other nomelemental material, YBCO is a
type Il 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 usuabefinition of high tempeature superconduct@HTS) is a superconducting
material with a critical temperatureghier than 30 K. The rationale behitnis definition lies in

the fact that the upper limit given by the BCS thaergbout 30 K, and thall materials
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discovered bef® the ones belonging to the coppearde family (often referred to as
Acuprateso), had critical temperatures | ower
superconductivity began with the discovery of the cuprateshe conventional

superconductorwith a Tc lower than 30 K are consequently referred to as low temperature
superconductors (LTS).

Soon after the discovery of theBa-Cu-O system, a number of other compounds were
discovered, all sharing with YBCO one common aspect: the presence opfiex ozide planes
within a unit cell.The most important cuprate material system that was discovered after YBCO
was the Be&Sr-CaCu-O (BSCCO). The BSCCO family was discovered on Christmas Eve, 1987,
by Hiroshi MaedaAfter about 30 years from their discayethe most important high
temperature superconductors for applications are€&8®7.x andBaSrCaCwOs+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 propertiémsicd
of a typical manufacturing process.

As mentionegreviously the criticaltemperature of YB#& uzO7.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 anotbarthare
obtaining similamproperties. For this reason, the family of materials that was initially represented
by YBCO, is sometimes referred to as (BBECuwsOr7x ((RE)BCO, or simply REBCOREBCO
crystallizes into amxygen deficient perovskite crystal structure. A schendrawng of the
REBCO lattices shown in figure 1.14Highlighted 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 isviaelv
established and allows fooninuous production obver 500meterspiece length®f REBCO
wire with fairly homogeneous properties along the wire lefigii [19]. In fact, the number of
REBCO manufacturer on tlgtobal market has beemcreasing rapidlpver 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 tmapdses 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 tapeSince the objective is to continuously manufacture hundreds of meters (or
kilometers) of wire, every manufacturing step needs to be implemented withirte:-reel
manufacturing setu@.he mamifacturing process begins with the selection fié¢xble and
strong substratelhis is typically 36100 pum thick and can be HastelloyXZ6, Stainless Steel,
or Ni-W. A series of buffer layers is then deposited on the substrate, with the goal of serving as
diffusion barrierandtexture templataninimizing thelattice mismatch to grow the
superconducting REBCO phase. The lower buffer layers are typically alumina and yttria, with
MgO deposited on topf them for texturing. The final buffer layer is typicayTiOs, which
ensures a lowatticemismatch with the REBC@hase. Th&@REBCOIlayeris thendeposited as a
thin film via Metal Organic ChemicMapor Deposition (MOCVD) onto th&tack of buffer
layers.The thickness of the REBCO layer is aboyi. Increasing the thickness of the REBCO
layer would proportionally icrease 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 capabilidr more details about the influenakthe
thickness of the REBCO layer on the wire performance, see appkentite REBCO layer is
then capped with a silver layg-2 um thick) which servesnostly to enhance thedectrical
contact between the REBCO layer and the next outer elandrasa diffusion barrierThe
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 anbitielly electrically conductingnetal,
either via electroplating or via lsler lamination, to provide an additional parallel path for the
current in case of failure of the superconducting, REBCO |ayer metallic layer that is added
to encapsulate the HTS insert is typically referred to as metal stabilizer, because ottticalelec
stabilization it providesThe thickness of the metal stabilizer can range frommi%o 100 um or
more, depending on the applicatidie typical architecture of a REBCO wire is shown in figure
1.15[20]. More detailson the REBCO coated conductor manufactueng most recent
developmentsan be found if21]i [26].

In addition to the critical temperature bemmgich higher than that of ahyf'S, 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 properfiee.way a superconducting
coil wound with HTS reacts to instabilities is verjfelient 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 &ully commercial technology.
Quench Challenge

Any superconducting material, regardless of the,tggécal temperature and specific
properties, can transitipnnpredictablyfrom the supeconducting 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 causeewersible degradation of the superconducting material and,
thus, catastrophic failure of the system they are pa&roftreversible transition to the normal
state of an otherwise super co[24. Thelocahtrgnsitoy st e m
of a region of superconducting material to it
guench can, and almost always does, start locally, from a small normal zone that propagates
throughout the magné€the normal zone size can be in the millimeter ranigejvever, 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, correspondingiftedent forms of perturbations of a
superconductingunperturbed state. Perturbations can be thermal, mechanical, magnetic or
electrical in nature. Different perturbations correspond to different paths for the superconducting
material to cross and exisitritical surfaceTypical 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 magneticallyeddufion
reactor. Common mechanical perturbations are cracking of the impregnation material, conductor
movements due to Lorentz forces, failure of magtretctural materials.

Once a normal zone is trdted, it can eithespread 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 normalne propagates is referred to as normal zone propagation
velocity (NZPV) and it is another distinguishing feature betwee8 Hid LTS. While the
physics thatlrives and describes the propagation is the same, due to a higher critical

temperature, higher hieeapacity and lower thermal conductivity, HTS exhib 8rders of
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magnitude lower NZPV relative to LT[&7]i [37]. This apparently minor difference creates a
major technical challenge thiads been hindering applications of HTS materials toweald,
commercial devices.

HTS have shown extraordinary properties and magehedechnical maturity, including
a fine control of the manufacturing process over conductor length. The latteriaspactal 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, onductor cost is often not a problem, esalégin those applications that can only be
enabled by HTS, like highield, compacfusion reactoraNonethelesghe ineffectiveness of the
guench detection system, and the consequent lack of reliability, is a major obstacle for HTS to

have a positive ipact on society.

Optical Fiber Sensors

Historical and technological highlights

Optical fibers are thin, flexible silica wires that have been {meglecommunications
for almost50 years. The first demonstration of data transmission via an optical fiber dates back
to 1965, when the German physicist Manfred Borner was able to skhdweatworking at
Telefunken Research LabEhe first optical fiber cable laid in the ground for
telecommunications was in Turin, Italy and it was installed on September 15by%7&
Telecom ItaliaNASA 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 tlyesEss was classified
confidential since the technology was at its early §a8k The first time that attenuation of

optical fibers was predicted to be less than 20 dB/km was bye&Sh&alo and George Hockham,
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who advanced the idea of using high purity silica to reduce ligittexing and therefore allow

for long range communicatidB9]. This work earned Kathe Nobel prize in physics in 2009.
During the late 1970s and the first years of 1980s, the attenuation was rapidly tedu éed
dB/km and the manufacturing speed increased to over 50 m/s, following the work of chemical
engineer Thomas Mensah at Comnihese advancements made optical fibers definitively more
effective and less expensive than conventional copper Wiragldition to being inexpensive,
currentoptical fibersalso offer a lower attenuation than copper wires and no electromagnetic

interferencq40].

Fundamentals of geometric optics

The attenuatin (A) in an optical fiber is measureddecibel(dB) and it is defined as

follows:

6 pul c;,,"i

(@]

where h and byt are the intensities of the light entering and exiting the fiber, respectively
(usuallymeasured in W/cA) [41]. In general, the attenuation is a function of the wavelength of
photons; thus, aalue of attenuatio should always be associated vatbpecific wavelength, or
wavelength rangd& hus, the equation shown above should be considered valid for
monochromatic beams only, wherednd biti s t he i ntensity of photons
Fornonmonochromatic casefr a given ik, thelout Will not always be the same, but it will
depend on what wavelengths are representagl thik is equivalent to saying that A is a
function of wavelength (given &l lout can be different only if A iglifferent).A typical

attenuatiorata- 1550 nmof a commercial optical fiber is nowadays less than 0.18 dBfin

Solvingthe relationship that defines the attenuafmmlou, we get:
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where byt Will be in the same units ag,Itypically W/cnt[41]. This meanshat a kilometer of

fiber, with an attenuation of 0.18 dB/km, will transmit 96% of the photonsnore precisely,
optical intensity or optical powgfrom one end to the ogh. It is worth reminding the

definitions and expressiaTor optical pwer andoptical intensity gptical power not to be
confused with the optical power of a lens, which is an indication of the focusing power, i.e.
degree of convergenkkvergencehe lens provides). Optical power is the rate of energy carried
by a beam of photonés for power of any other nature, it is measured in Watts, but sometimes
an adhoc unit is used, the dBrithe dBm isthe power referred to a reference power of 1 mW,
but the definition is under a logarithm in base 10. Therefore, 1 dBm does not corresfiond t

mW. The definition of the dBm is as follows:

T i .. DA
QoathIC;G— thIC;pd(b

where Rs the power in milliwatt$41]. Thus, for a beam of 1 mW in power, its dBm would be
zero; whereas for a beam d inW, 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,ni\& dBm will be negative. The

corresponding values in dBm of a few values of beam power in mW are shown ih.2able

Table 1.20 examples ofIBm values and corresponding power in mwW

Beam Powerin different units
mwW 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 13.8
50 16.99

100 20

The opticalintensity is closely relateth 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 fqU@ls
0 —0

The general structure that is common to apfycal fiber comprises a core surrounded by
a cladding and one or more coating layjdr§. The componestthat have an optical role are
core, cladding and the optical interface they creatchematic illustration of a typical optical
fiber architecture is showin figure 1.16, along with a typicapatial profile of theefractive
index along the fiber thickne$§42]. When light is injected into the optical fiber, it travels
downstream inside the core, as illustrated in figure 1.17. Singtie fibers only allow one
mode to propagate, whereas mutibde allow more than one modaegdropagate along the fiber.
In both cases, the rays of ligline for singlemode) remairconfined within the core, due to a

phenomenon that occurs at the eoladding interface, known as total internal reflec{iy,

[41]. Schematic illustrations of light propagation in singlede and multmode optical fibers
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are shown in figure 1.1 Note that theore size is whaletermines the number of modes that are
allowed to couple and propagate. The core of a simglde fiber ranges betweerd5um,

whereas that of a multimode is larger, and has been standardized to 62.5 um. Note that in figure
1.17b, every mode has a diffateshade of yellowOnly 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 lengtfotal internal reflectioms whatensures that the fiber works as a
waveguideThe interaction at the coadding interface can be modeled using geometric optics.
Let us consider a ray of light that interawsith the interface formed by core and cladding
havingrefractive indicesi and nz, respectively In the most general case, the incident light will
generate a reflected beam, which propagates within the same megiamd(a transmittedne,
which propagates across the interface in the next medig)nT fre interaction region shomg
the three rays and the interfacdlisstrated in figure 11.8. Theincident, 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 ofahes[45].
QD O Q™
QB O Q ™
0D Q@ Q ™
Due to phase continuity at the interface, phases of all three waves need to be equal at z=0.

This yields
®p §o2le > fo2le >
which can be written explicitly as

Qo Qo Qo Qw Qo Qo
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Since x,y are independent variables and the equality neeédtioe for any valuef x,y, it
follows that the followingwo conditions need to be true:

0 o 0 0

0 0 0
Introducing nowthedispersion relatiosmfor the wave vectorandconsidering that the waves |

and R are both in the same medium withwhereas the wave T is in medium withwe get:

where c is the speed of light in vacuddsingbasic trigonometrysee figure 1.8 for the

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

i/ 7 AE T -|é AE T
Q ®OFEI —&)—OEI
Q POEI 1—~OEI
- L. ¢ R
Q POEI —5)—oE|

Using equatiorgl), it follows that
1€ 1€

. OET ——OEI
—OEl —OEl

WOET Té(’)ET w [& OBET ¢ OEI
- - W |

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

is the second law of geometricopt s, or [Snel |l 6s | aw

Snell ds | aw, which was QHRis t—GiEl which elehrly shovassn be r

that for& I i and viceversaTherefore, if ¢ it must exist a certain incident
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angle that will yield & w Tt This anglewill bereferedto ascritical angle( T ). This

limiting case corresponds to having the transmitted ray travelling exactly along the intéoface.
incident angles greater than the critical one, all the light will be confined within the medium with
ny (the core) This is the threshold bseen some transmission and pure reflectringging a

T wmiJn Snell 6s | aw, we obtain

0BT °
£

whichis the condition for total internal reflecti¢al], [45]. In the context of an optical fiber, the
medium with i represents the core and the medium wittha cladding. Thus, the condition for
total internal reflectiomguaranteeshiat thelight is confined within the fiber corédas 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 opticalfihenore in general,
waveguide) The NAis relatedo the problem of injecting light o an optical fiber, which
corresponds to coupling the waves into the waveguide. There will be a rangéesftahagwill

allow the rays that are introduced in the core to travel under the condition of total internal
reflection.Figurel.19providesan illustration of this process. Let us consider a ray of light being
injected into the fiber cordts first interaction will be at the interface between air and the fiber
core (n). The second interaction will be at the cotadding interface, and for thiay 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 ahglé-rom simple geometrical consideraspit

can be found that the angle the ray will have when travelling inside the core after the reflection at
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the aircore interface is related o, and it isw 1t J7 . Let us now find the maximum incidence

angle a ray can have to be guided by the fivbich we will callf

ApplyingnowSnel | 6 s I-carwintexface, twbleavea i r
¢ ORIl ¢ OEdmJ7
Adding that¢ p and noting tha® Ed 1t J{ A 17  the previous can be rewritten as
OEIl ¢ AlTO

Using nowthe trigonometric identit E1 A 17 O p and using the relationship for total

internal reflection at the cordadding interface, i, ET —, the previous becomes

OEIl >
This expression links the maximum angle that a ray eae ko be accepted by the filfand
continue to travel under total internal reflecdiom the refractive indices of core and cladding.
Note that nis always greater than,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).

06K OEI £ ¢
In addition to the extraordinary success that optibar$ 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 fisensor, 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 ath¢A@), [47].

The sensing element of an FBG sensor is an optical fiber thatdrasing inscribechiits
core The optical fiber guides the light to the grating, where part of tha lges reflected by the
grating and the ress transmitted and continues to travel downstream. The light that is reflected
by the grating wil/ have a specific wdheel engt
grating is a regular pattern of refravet index, which would otherwise be constant along the
fiber. Changes in refractive index are whatcaudee i nt eracti on of gl i ght |
w h e is afumction of the grating perio@l7]. The structure of a fiber Bragg gratingslsown
in figure 1.2Q along with a typical spectral resportgehe gratingNote that the reflected power
(or intensity) has a welllefined peak centered at the Bragg wavelength, with a certain
di spersion, due to the inaccuracy that affect
constant along the graty). The measurement principle lies in the fact that the grating period and,
thus, the Bragg wavelength, depend on the fiber temperature and straiAstatey aghe
conditions of strain and temper adifitisejecked e cons
with a wavel engt hsTrhaen gee ltah ato rtedna goatingpessd & i nk s

reads

_  G&]

where U i s t heecthg efiedive refyactipeeindex ofdhe gratifey]. i the fiber

grating is subject to a change in temperature or strain, the Bragtengtvewill change, due to

a change in U. Therefore, if light is being I
analyzed, a shift of the characteristic peak will occur upon a change in temperature or strain.

Although valuable and mature gtimain 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 rdgiother words, FBG is a

point sensorAnother complication related to FBG sensors is the need to inscribe a grating. In
fadt, a telecommunication grade optical fiber would not work as a sensor with the FBG technique
if no gratings are presenfthe strengths of thEBG techniqueare the relatively easy

interrogation and fast measurement rate, due to a very small amount tof plateess.

Rayleigh backscattering irterrogated 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 lighatter interaction point of view, these defects

are scattering centers for Rayleigh scattering, hendetireRayleigh backscattering

interrogated optical fibef®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 centerusique and located at a weléfined spot along the fiber,
Rayleigh scattering interrogation can be carried out on the whole fiber length (or any
subsection), with a uselefined spatial resolutiofthis is due to the very large number and
uniform distribdion of scattering centers in tifiber material. The optical fibers used for RIOF

are singlemode, telecommunication grade optical fibers, i.e. the most inexpensive and widely
available optical fibers on the markhio further processing is required to keaa

telecommunication grade optical fiber into a RIOF sensor, except for a connection to inject light
into the fiber and a termination to extréctin fact, the defects that serve as scattering centers for

RIOF are intrinsically and unwittingly creatddring 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 rmmro attenuation of light over fiber length. These
same defes are the core of tHeRIOF techrology.

A similar drawing to what was shown for FBG semssssed to illustrate how the
scattering centers for Rayleigh scattering compare to the grating in an FBGas®hsan be
seen irfigure 1.21 Froma microscopigoint 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 regiomauehlarger than the fluctuation of the
refractive inaéx along the fiber due to manufacturing imperfectiemsther 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 usiigetiferf RIOF, the
refractive index cannot be considered constant and thedsttéred 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 wgy 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 whatkes up the useful rasignal of theRIOF techniqueAs
for FBG, the wavelength that interacts at a specific scattering center will be defined by the
periodicity of the defect structure. For FBG teflectedwavelength is well defined, because the
Adef ect 0 i s efractve imdpx withhaaveltigfimed pdriod rrtificially inscribed by
the user. In RIOF, since the defects are naturally occurring, it is still their spacing that determines
theinteractingwavelength, but this is not unique, since the type and spatidabdtgin of

defectsvaryon 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 fluctuattbimtensity vs wavelength. A
comparison between a typical reflected spectrum from an FBG and a typical Rayleigh
backscattering spectrumsbiown in figure 1.2. The keyaspect for the success of the Raleigh
technique is that, although the spectrum dagshow a peak at a walefined 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. Thiseee tle measurement principle
lies: upon a change in fiber temperaturetoain, the backscattered spectrum will shift in
wavelength. The same shape is retained, but the function will beddioftards lower or higher
wavelengths. In this case, since there is no characteristic peak, a cross correlation is needed to
guantify the shift in wavelength. This shift
that is measured via RIOF @is related to the temperature or strain change of the[fiBgr
[51].

So far we have considered a beam of photons travelling down the fiber and interacting
along the way via Raleigh backscatteriBgt 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).

Oriqgin of spatial resolutiom RIOF

As mentioned above, the scattering centers
along the fiber from manufacturing. Thisase of the key aspects that alloREOF to be a

distributed sensor. To encode the spatial information, a set of nuhwgrezations, a key
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hardware component and a step in the operating procedure need to be part of the measurement
techniquelet us consider the same scenario we described before, with a beam of photons
travelling into the fiber, but with the addition ofiad control of the laser source, so that the

|l aser can sweep a |linear wavelength character
associated to the time it was sent. From the photodetector, the backscattered spectrum will also
have aimestampassociatetio eachwavelength (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 segmenhstead of a zerdimensional point There are two addition@formation that

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

fiber, which isknown and it ighe group velocity, anthe fact thaRayleigh scattering is elastic,

i.e. it leaves the energy of the photorchhlangedThe latter means that the wavelersgihthe

photons that undgo Rayleigh backscattering dot change, and therefore when they are

received by the detector, the time delay will determine how far they have trdé]ed

Motivation , Objectivesand Impact

Despite their extraordinary properties described in the previous sections and their
recently acheved technical maturity, the applications of HTS matehalse not penetrated
commercial marketget The main reason for the difficult commercialization of HTS devices is
technical in nature. In fact, in many cases, HTS applications are economicaly kistdack of
reliability. A significant fraction othe 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 comgdeeLTS. 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 statef-the-art quench detection system, which was developed for LTS about half a
century ago and is based on monitoring voltagges applied to HTS coils it did nstopthem
from destroying themselves via totally undetected quendhesldition 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 dissation research is to develapguench detection systdor
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 economlgaliable 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 contribat to the reduction of the use of fossil fuel in favor of low environmental
impact electrical technologies. Higbpeed trains for mass transportation would also help reduce
the use of carbon and energy intensive airplanes, and they would greatly bemeéitviable
HTS technology. In fact, superconductors ofesignificantly more stable levitation compared to
conventional electromagnets or permanent magnets, while increasing the efficiency and reducing
the weight of the propulsion system. The higheicai 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 Stora8®ES) 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 priately funded small businesses have been developing new concepts-iéldigh
compact, magnetically confined nuclear reactors (tokamak). For these types of reactors, HTS is a
crucial enabling technology. In fact, without reliable HTS magnets, there Wweuld alternative
for the development dfigh-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 introducties thelud
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 bdikrfiBragg gratings and Rayleigh

backscattering interrogated optical fibers.
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Figure 1.3: Macroscopic magnebehavior of an ideal conductor (only zero resistivity belc
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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 tistion of magnetic field across the

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

withanef ol d equal to the penetration depth @o.
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Figure 1. 6: Dependence of the penetrati
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Figure 1.13: Comparison between criticaldi of a type | superconductor (blue) with the

upper and lower critical fields of a type Il superconductors, all as a function of temperature.
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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].
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Figure 1.16: a) structurd an optical fiber; b) spatial profile of the refractive index across

fiber core [42].
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Figure 1.17: Single mode (a) vs multimode glpagation of light into optical fibers.
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CHAPTER 27 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
guench detection system that allows for their safe operation and, therefaraeptifreistrate the
use of HTS materials into realorld 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 progi@a insitu monitoring system that is able to
detect, localize and analyze normal zones in the superconducting wiBdsegl on this
fundamental idea, the experimental work was set up to build prototypes of superconducting coils,
conductors and cablesathhave the newly developed monitoring system embedded within, as
well asto characterizéhe detection performance Rayleigh backscattering interrogated optical
fibers (RIOF).

Several ways to integrate optical fibers into superconducting devices éave b
conceived and experimentally demonstrdfidd[3]. The part of experimental approach that is
common to all fiber integration methods consists of fabricatinguperconducting 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 integratimethod 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
guench measements. Critical current measurements aim to determine the critical current of the
superconducting sample at specific conditions (typically 77 K andrssdhetic field), and is

equivalent to a standardpbint probe measurement. The sample is providddaurrent leads
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to inject the transport current and a voltage tap to measure the voltage oveefinge section

of the sample. The current is increased linearly at a constant rate, while the voltage is being
measured. From the acquired data, a velagrent (VI) characteristic can be plotted and fitted
with a power law. The VI characteristic of a superconducting wire follows a power law that

reads
W O
W O

where \t and t are the critical voltage and the critical current. Since the trangiboma
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 (§) in a unique and comparable yyan 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 threshdl is defined as the critical current of the sample. The electric field threshold
is 1 pV/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 hgtdmecd between
the taps. A schematic representation of a typical VI curgkasvn in figure 2.1, wherthe
threshold electric field and critical current are identified on the same graph.

A quench experiment consists of a family of measurements thatatesting 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 statejuding 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 andnonitor 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 incriéasesmperature 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 stdtaimsed.

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 transiioiine 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) orantinue 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 transitin 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 someti mes rhatfssowsr ed t o a
typical transport current and heat pulse profiles during the quench and overcurrent experiments is
shownin figure 2.2.

The underlying idea that unifies the different types of experiments consists of putting the
HTS coil, which includes the ndéyvdeveloped, 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 magaeidta p
accelerators will be most likely operated at the lowest temperature possible (4.2 K cooled with
liquid helium, or 1.81.9 K cooled by superfluid helium), will be epoxy impregnated and the
superconducting winding will be surrounded by several suipgostructure to withstand the
high Lorentz force$4]i[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 imprdgfigdter.
Whereas magnets designed for the tokamak of fusion reactors are gerinlaize 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 coill
while keeping the inductance low is toiease 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

demonstrateduring the last decade that are based on REBCO wires and therefore take
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advantage of the extraordinary properties of HITZi [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 magnetslgns, 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 develped 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 tihma medi
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 maingamagnet design and winding
process unchanged as much as possible.

The first integration pathway consists ofwnding one or more optical fibers with the
superconducting wire, creating a fully monitored strucf8feAnother consists of embedding
one or two optical fibers directly into the superconducting wire architecture, giving birth to what
wi || be referred t[2l]. Bhe thiil Bathdey iE folQargercandanbre r 0
powerful magnets, requiring transport current levels that can only be provided by HTS cables,
and consists of integraty one or more optical fibers into the HTS cable architecture, hence the
name ASMART Cabl eo. It is worth noting that
their application space, they are not to be considered one the improvement of anothefr. Each
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 woutifferent geometries and
equipped with optical fibers. In this approach, the optical fiber-swaeond with the HTS
conductor in several ways, including atop the conductor surface and along the conductor edge, in
the latter case serving also as ttwrturn 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 thiertrans
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 relatetihéoposition 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 #hcurrent to power the heater (a few Amperes), and the acquisition of voltage
and temperature signals are handled by a LabViEWW p | i cQuénchd\pplicatibd) t ha't
was developed as part of this doctoral dissertation research. Additionally, the Quench
Application includes a module that triggers a stop of the power supplies whéefinex!
criteria are met. The criteria can be both on spectral shift and voltage signals.

Experiments with CWound Fibers have been carried out in various conditions of
trarsport current and heat input into the coil, with temperatures rangi8g K7 cooling
provided by liquid nitrogen or nitrogen vapor. Photos of two test coilshenen in figure 3L.

SMART Conductor
Another fiber integration pathway that was developeghirallel with the CeNound

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 introductiorEBRCO 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 REBC@onductor 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, ardsilver 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 Asolder filletso.
lamina that are applied to it, leaving two regions that run alotigdmmductor 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 wirej @rprovides 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 showmfigure4.1. 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
copperlamina, therefore reducing the effective resistance and Joule heating. This is

schematicallyshown in figure 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 superconductoegjuire 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 cag$ 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 igeod 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 stepatards building HTS magnets for reabrld applications like
magneticallyconfined, higHkfield nuclear fusion reactors, and the next generation of particle
accelerators for both high energy physics and medical purposes.

With this motivation in mind, anoér 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 padf 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. Therastmaterials

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 darimgrmal 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 cunredistribution behavior.

One of the most promising HTS cable designs is the Conductor on Round Core§ICORC
cable based on REBCO conductors and developed by Advanced Conductor Technologies (ACT)
almost a decade a@p4], [22]. In this cable design, the cooling channels are absent and there is
only one component that serves baghstructural 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. No¢ 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 genenatatithe 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 CORE cables arericluded 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 measwepectral 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 ses®f 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 thgndesmanufacturing 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 oss section is increased, the engineering current density (critical
current of the cable divided by the total cross section) is nhot 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 cept. 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 shownrimx.x. The
concept has been demonstrated by rfenturing 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 sefthagnetic field, via the quench and overcurrent experiments previously
described in this chaptdn 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 n 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 banstrengths 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 thapproaches, 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 forfreghfusion reactors or
particle accedrators.

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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Figure 2.2: Typical transport current and heater current signals during a quench experi

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 fi

the YBCO laye into both copper lamina.
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CHAPTER 3
Quench detection for high temperature superconductomagnets: a novel technique based
on Rayleigh-backscattering interrogated optical fibers (RIOF)
F. Scurtt, S. Ishmaél G. Flanagah and J. Schwartz
Department of Materials Science and Engineering, North Carolina State University, Raleigh,
27695, USA

2Muons Inc., 552 Batavia Avenue, 60510, Batavia, USA

Abstract

High temperature superconducting materials are the only option for the generation of
magnetidields exceeding 25 T and for magnets operating over a broad range of temperature and
magnetidield for power applications. One remaining obstacle for the implementation of HTS
magnetsnto systems, however, is the inability to rapidly detect a quench. In this letter we
present a novejuench detection technique that has been investigated experimeDyaityl
fibers are cavoundinto two small BiSrCaCusO10+x SUperconducting coils and interrogated by
RayleighbackscatteringTwo different configurations are used, one with the fiber atop the
conductor andhe other with the fiber located asn-to-turn insulation. Each coil is also
instrumented witlvoltage taps and thermocouples for comparison during hiealeced
guenches. The resukbow that Rayleigibackscattering interrogated optical fibers (RIOF) have
significant advantagesver tralitional techniques, including very high spatial resolution and the
ability to detect a hotspetell before the peak local temperature exceeds the current sharing
temperature. Thus, RIGkuench detection is intrinsically faster than voltage taps, and this

intrinsic advantage is greaterthg 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 overdarénga 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 andlear magnetic resonanceJ1]. Recent progress in
(RE)BaCusO« conductors has shown that conductor electromagnetic properties can be tailored
to the required combination of magnetic field and temperatur&T],2and BiS»CaCuO;
round wires have impr@d such that their engineering critical current density, JE, is as high or
higher than the best (RE)BausOyx coated conductor [18]. Regardless of the condubtwever,
HTS magnets remain a risky endeavor due to intrinsierdiffces in their quench belav
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, 187]. Furthermore, HTS conductor opergtiimits during a quench
are not yet fully understood, and are likely to evolve as thduwaior technologies mature 28
33]. Thus, HTS systems require a novel approach to quench detection that provides sufficient
spatial and temporal resolution to detiecipient 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 withaut turnto-turn insulation; thse are referred to asimeulation (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 spatiatraitifoelative to
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insulated coils [3487]. 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
applicatons.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
ascertairmeaningful and reliable information. One approachased on fiber Bragg gratings
(FBG), inwhich the optical fiber is inscribed with a welkfined grating in order to control the
refractiveindex at a specific location. The wavelength of light reflected by the grating, the Bragg
wavelength, igroportional 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 sti@atain 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 tempeeatind strain in superconducting magnets, there are
limits to the number of gratings that can be inscribed so the spatial resolution is limi#g].[39

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 measur¢imendf 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 lthgpon Rayleigh backscattering.

All optical fibers have a p@rn 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 asrédunp and

strain, and to a lesser extent pressure and humidit36/Nhen 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 vistiel&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 irreference 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 backscatteringwsmbt teleommunicatiorgrade
opticalfibers and feature distributed sensing with the potential fomsmbspatial resolution and
reattime sensingThe spatial and temporal resolutions depend on the fiber length and data
acquisition (DAQ) and analysis speeds; thly amtrinsic limit is the wavelength of the
interrogating light and the computational speed of the DAQ and gtdatehtion logic. In
practice, increased spatial resolution correlates to reduced temporal resolution due to the increase
in the volume of datto 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 Rayleliitkscattering interrogated optical fiber (RIOF)

[50]. Note that ultimately quench protection can be described intersnsdit i me budget 0.

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 foesi®n reducing the time required for quench
detection, both through the elimination of #fAd
but cannot be detected, and the time required to determine that a quench will occur. In this work,
we compare experientally RIOF quench detection directly to that of voltage taps using two
small HTS caoils.
Experimental Approach

Two superconducting coils have been fabricated WBipgrCaCusOx/Ag-alloy
(Bi2223)superconducting conductor manufactured by Acaer Superconductor Corporation
(AMSC) and instrumented with optical fiber, voltage taps dr@rhocouples. In both coils the
opticalfiber was cewound with the conductor, but the two coilsféifin the relative position of
opticalfiber and conductornicoil I, the optical fiber is atop the cordar and in coil 1l the fiber
is alongthe conductor edge where it also serves asttdtarninsulation. The total conductor
length is about 1 m in both coil | and II. Both coils are single layer helicalwoilsd on a GLO
coil former; these are seen in Fig@&. The formers for coils | and Il 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-2m spacing. Thermocoupleave 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. Lthg after all instrumentation is attached, the coils were painted with
GE varnish. Figur8.2 illustrates the wiring schematics for both coils.

Each coil was mounted on a probe equipped witheatiteads and inserted into a

cryostat filledwith liquid nitrogen. The temperature, voltage apectral shift were measured as
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a function oftime at different locations along the coil. TREOF were interrogated using a
commercial opticatlistributed sensor interrogator (model OBESby from Luna Technologies
Inc.), whichmeasures the spectral shift as a function of time and position along the fiber. The
optical fiberwas connected to the ODiSI B and all the voltage taps and thermocouples were
connected tieithley® 2700 digital multi meters (DMMs). The ODi8| DMMs and heater

were controllecdby LabView® software.

The coil temperature is varied by either submersing the entire coil into the liquid nitrogen
for 77K experiments, or by lowering the coil close to but not within the liquid, such that the coill
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
transporicurrent was initiated in the coil at t=0, ramped to a set valpar(it held constant.

About 300 msafter the transport current reached It, a normal zone is created via the heater which
was poweredby applying a constant voltage with a power supply for a certain duration. The
spectral shift irthe optical fiber as a fution of position along the fiber and time was

continuously interrogatelly the ODISIB, as were the voltage and temperature.

The software controlling the ODidd divides the fiber into 5 mm long segments,
defining thespatial resolution for this experimeiitach interogation cycle requires ~30 ms,
after which thaneasurement is repeated. Thus the spectralismifeasured and compared to the
reference scaas a function of space and time, with 5 mrati resolution and 30 ms time
resolution Todecreaséhe data processing required to compute the spectral shift, during each
measuremerntycle, the LabView® software recorded the data coming from the four positions
along the fibethat experienced the four highest spectral shifts, as well as the ten segment

neighboring each dhem. The remaining data were discarded. This reduces dramatically the
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measurement time, ystill enables the measurement of the normal zones size and evolution. We
refer to these foypositions, along with the 10 neighboring segraeas the hespot. It is worth
noting that theosition of the hespot along the fiber varies with time, as the locations
experiencing the highesbmbination of temperature and strain evolves with time. This evolution
is also captured by tH2AQ system.
Results and Discussion

Figure 3.3 shows results from coil | with the fiber atop the conductor for an experimental
run at 77 K and a transport curren} @f 150 A, as compared to the skéld Ic of 135 A. Note
that heredis defined ashe lowest crital current obtained monitoring all the voltage sections as
well asendto-end (ETE) voltage taps monitoring the entire coil as shown in FRjr&lote
also thatpbecause 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
afterthe initiation of the heat pulse, whereas FigRiB£b) shows a nozero spectral shift
immediatelyafter the heat pulse begins.

The results of a quench aoil Il are shown in Figur8.4. In this case, the coil is just
above thdiquid 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 inthe coil was then increased linearly to 126 A, corresponding to 90% of Ifi¢be|f
77 K). Theheat 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 currémtnieto zero and both the
temperatureneasured by the thermocouples (FigBidb) and the spectral shift (Figuelc)

begin to decreas&imilar to the previous case, a detectable voltage (FRydeg is first
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observed 270 ms after theat pulse beginsvhereas the spectral shift signal begins 60 ms
earlier. The time delay for thBermocouples is similar to that of the spectral.

The spectral shifts at the 11 segments constitutidgsarrounding the hetpot are
plottedversus time in Figurd.4c, whee the hotspot is defined ahe location of the segment
with the maximum spectral shift (segment 5) and segmeii8 @re successiverim long fiber
segmentgentered about the hepot. The spatial information is represented by the time
evolution of thedocation of the hespot, shown in Figurd.4d. Note that in coil 1l the fiber runs
along theconductor edges (see inset of FigBe&d, or Figure3.1 or3.2) and thus two fiber
locations aresymmetric about the conductor, here defined as 02hdm. Cosistently, after
the heat pulséhe location of the hegpot alternates between these two positions, indicating that
the hotspot isin the middle of the conductor, and also illustrating the sensitivity of Rayleigh
scatteringnterrogation. Thus, the cdil geometry, with the optical fiber ewound along the
conductoe dges, has the advantage of h-apotiocation,a @ dou
as thefiber on each side of the hepot shows a spectral shift.

Figure3.5 shows the results fromran with coil | with analogous experimental
procedure and ansport current of 93%lc. In particular, Fig@Ba shows the heat pulse, the
voltage measuredcross the heater and the-Bpbt spectral shift, and the kot location as a
function of timeis plotted in Figure8.5b. Due to the coil geometry, with the fiber atop the
conductor, coil | onlypresents one location where the fiber is closest to the heater, defined here
as segment zero. Aftdre heat pulse, the hepot location is constant for2and then moves by
as much as 6 cituring the next 3 s. The spectral shift magnitude at thepmttconfirms that
when the haespotlocation begins to move, the thermal perturbation is nearly zero. This indicates

that the Rayleigimterrogation approactaptures the fingcale details of both a quench and
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during recovery. Idact, without any perturbation, the kgpot location, i.e., the location
indicating some changes spectral shift, changes with time spanning the entire fiber.

Figure3.5a demonsates again that, after the perturbation, the increase in spectral shift
precedeshat of a norzero voltage. The reason for this difference is that azeoa voltage does
notoccur until the temperature at some location between the voltage taps ekeemdsant
sharingtemperature, 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
Figure3.6 for a quench in coil Il. The time differencetiveen the onset of a measureable
spectral shift andoltage is much longer than that between spectral shift and temperature, though
even in the lattecase there is a clear difference. Note again that asttage drops to zero
when thetransportcurrert is zeroed, but the spectral shift and the terapre continue to
monitor thetransient.Thus, the distributed sensing of the optical fiber aldlarly show when
the coil hageturned tahermal equilibrium after a protected quench.

The time delaybetween the onset of the heater to the onset of measureable voltage and
spectrakhift signals above any background noise from a series of quench runs on coil |,
characterizinghe responsiveness of the detection systems to a thermal perturbation,tade plot
in Figure3.7. Thetime delays are plotted versus I/lc, but note that other experimental conditions,
such as the heateoltage and pulse duration and background temperature, vary somewhat from
one test to anothefhus, for I/lc of 48% and 74%pltage delays are not plotted because they
are infinite; i.e., theemperature did not rise above Tcs, whereas the spectral shift showed a
signal after ~90 ms. Asxpected, when I/Ic is sufficiently large to induce a temperature rise
above current sharinghevoltage delay becomes finite and decreases further as the current

increases further. The spectsaift delay is always finite and does not show broad variance. In
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the experiments here, the strarnitogen cooling environment and the srrsfe of tke coils

results in coils that are difficult tguench. Thus, to observe differences in quench detection,
large values of I/lc were required. tee advantages of RIOF are clear. Furthermore, as l/Ic
decreases to values that are more reafistisupercoducting magnet applications in service, the
difference in detection speed increassgsdly.

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 systgmomee at 77 K, at
low temperature there are competing effects. In response to a thermal disturbance, the low
specificheat results in a larger temperature change, and the higher thermal conductivity results in
fasterthermal conduction [51]. Therefore gtipectral shifts measured by the RIOF is larger and
occursfaster as well. But, at lower temperatures, the reduction in thermal expansion of the
optical fiberreduces the measured spectral shift signal per unit of temperature change.
Depending on theimagnitudes, either of the two effects may dominate, resulting in a net
attenuation oenhancement of the RIOF signal. But, it is also important to note that signal
strength is not thieey for RIOF to be effective, as there is no optical corollary to the
eledromagnetic noise that caet a minimum signal requirement for voltage measurements.
Instead, it is the spatial recognitiohan MPZ that is ultimately sought, so the tiwaiations of
the spectral shifts are key, not thelrsolute magnitudes.

Althoughthe time required to compute the spectral shift depends upon the DAQ system,
dataanalysis hardware and the spatial resolution chosen, the scale up of the technology to large
coilswound with hundreds of meters of conductor is not limited by sensitssties. Note also
thatthe spatial resolution does not need to be constant in time and, therefore, an adaptive

approaclcan be adopted to allow for faster scans during steady state operation and a higher
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spatialresolution when it is beneficial to focusing 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
becomesinmanageable for large magnets), whereas the spatial resolution of RIOF is
independent of colil 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. Thellteshow that RIOF detect normal zones and
their propagation more quickly and with higher spatial resolution than voltage taps. Furthermore,
in magnets for largecale applications, the number of voltage taps per unit length of conductor
available for quech 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 detexdiit varies
substantially from the moment even a venyall normal zone is created. The sensitivity to very
small hotspots results in a very small detection time delay, as compared to voltage taps, another
intrinsic advantage of the RIOF approach. This advantage increasesdesidases, because
thevoltage 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 f
co-wound atop the conductor and b) coil I, with the optida¢ficowound between
conductors as turto-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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middle ofeach voltageap section and numerated accordingly. The TC at the middle of the

heater sectiorilfC9, has beenomitted from the drawing for clarity.
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Figure 3.3Results for an experimental run with Coil lifwfiber atop the tape) during
which thecolil did not quench: a) voltage versus time, b) spéshift versus time. In (b),
segments 0 to I&fers to sucessive 5mm long fiber segments, centered about the segment

with the highesspectral shift (always segment 5), the-&pot.

79



a)

Voltage [V]

spectral shift [GHz]

0.06

0.04

0.02

0.00

1 heater voltage

(not to scale)

100 ~

80

heater voltage
(not to scale)
LTI

—a— segment 0
—e—segment 1
—a&— segment 2
—y—segment 3
—&—segment 4
—<&—segment 5
—»—segment 6
—eo—segment 7
—*—segment 8
—e—segment 9
—a—segment 10

time [s]

b)

temperature [K]

d)

location of HS [cm]

] heater voltage
260 (not to scale)

240
220
200
180 :
160
140
120

100 +

20+
15
10
5

O e RS © S

104
15
20

2] Ve
304
-35
40
-45

time [s]
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function of timeand b) hotspot location as a function of time.

160 heater voltage (not to scale)
-------------------------------- L40  }0.04
150 spectral shift
! H at hot-spot
140 e | gy
N 0.
o 1 =30 92
< 130 O —
o ] = b
2 | : temperature 3= o
g 120 : TCo @ 002
2 1 F20 © =
g 110+ 5 g
[} 4 [
o Q
100 4 -] 0.01
90 4 10
+ —— . ; ; i T . r -0.00
0.0 0.2 0.4 0.6 0.8 1.0

time (s)
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CHAPTER 4
Selfmoni t ori ng 0 SHUs®-Toadndfctertvip iBtagrated optical fibers
F. Scurtit, S. Sathyamurthy?, M. Rupich?, and J. Schwartz
! Department of Materials Science and Engineering, North Carolina State University, Raleigh,
NC 27695, USA

2American Superconductor Corporation, 64 Jackson Road, Devens, MA 01434, USA

Abstract

A self-monitoring, SMART (RE)BsCwO7.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 gsition 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 witngirejore, the
SMART conductor enhances the benefits of th@voand fiber approach and provides ultimate
sensitivity and practicality. Several samples of SMART REBCO conductor have been
manufactured and characterized. The strainssaiing capabilitiesave 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 esound 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 th6& MART 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 optiarufaber
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 dethiaeare being designed in
parallel to the International Thermonuclear Experimental Reactor (ITER), such as the
demountable compact reactor condéjptand the spherical tokam§&-5], both relying on
REBCO conductors to reduce reactor size. HTS are also being investagasedenabling
technology, for the High Energy version of the Large Hadron Colliderl(HE), 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, thde¥3n the center of ma$§, 7]. The
United States Magnet Development Program Plan (USMI8Pas hghlighted the need for
(RE)BaCuwO7.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 enhancemepndictor performance and
reduction of cost, and quench detection to allow for safe operation of HTS sy8lemdact,
due to their lower normh@one propagation velocity (NZPV) compared to low temperature
superconductor (LTS) magnd818], HTS magnets are not safely protected by conventional
guench 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 stem 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 bringlb4#E8d systems to fruition
and a number of innovative quench datetsystems are being studied. Early attempts at using
acoustic emission for detecting quenches are descrij&@,i20] More recently, quench
detection systems bad on acoustic signals are being reconsidered. Some methods rely on the
transient acoustic response of the maf@Etothers attempt to predict the location of a quench
based on acoustic emission during trairf22j. Other approaches are based upon optical fiber
sensor$23-26]. Among the optical fiber sensors, the most promising technique is twased
Rayleigh backscattering interrogated optical fibers (RIOF), which provides high spatial
resolution distributed sensing. The initial work on RIOF quench detection showed that by co
winding optical fibers with HTS wire, the spectral shift, which is tigaai measured by the
optical fibers, is capable of detecting and localizing normal zones within the coils with 5 mm
spatial resolution. Also, at different conditions, the spectral shift always anticipates the voltage
signal and the time advantage increasethe current margin increa$as].

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 needwmbedwith the
conductor, ootherwise 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 accatartiedoptical 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 diredtl{o the conductor architecture, giving birth to a
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selfmonitoring 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 magre protection and reinforcement of the optical fibers by the conductor, and no
required changes to the magnet design. Furthermore, while the thermal sensitiitycafmcb

RIOF decreases with decreasing temperature, the results contained herein stiwntitbiadl 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 lighinigcted 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 thEhase 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 &ive been Rayleighackscattered 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 andhénsconverted, 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 groupleeity 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

segmentsccording 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 qjRatleigh

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 comparigdquency domain, to the

reference ones, via 3dints 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. Giffoed 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 aguaftazplency. This

frequency that corresponds to the maximum cross correlation, at each fiber segment, is referred
to asspectral shiftand its units, consequently, are Hz. Therefore, the process results in a spectral
shift value associated with each filsegment and since the measurement can be repeated, the
spectral shift can be computed as a function of time. Thisryotwerical process is referred to as
Rayleighbackscattering interrogatigmrmore details on the technique and a detailed schematic of
theoptical system can be found|[@7, 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 sensars te 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 detectedighltine use of FBG
sensors for superconductor magnets monitoring has been adyadx&&], 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 telecommuniegtamte optical fibers, like
density fluctuations, voids, vacancies, inclusions, and impurities. Theréfar 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 resolutialistributed sensdB6]. 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 ardpeoa,
ultimately, by the reduction in temporal resolution. In our tests, the spatial resolution is 2.56 mm
and the temporal resolution ranges betweedns. As a general trend, the measurement time
increases as the spatial resolution or fiber lengtiease.
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 substte, buffer layers, and REBCO layer are encapsulated in a silver cap and comprise the
AHTS insertodo. The HTS insert is then encapsul
assembly is hermetically sealed by saFder. A

manufacturing process is the proprietarytealeel lamination process that bonds a metal layer
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to each side of the HTS ins¢87, 38] The two regions at both edges of the HTS insert are filled
with solder and run all al ong the csoitedfarct or .
the SMART conductor approach since it offers the possibility of embedding optical fibers
directly in the solder fillets during the retekreel lamination process. A cross section showing

all the components of the conductor architecture is ahioWrigure4.1. 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 curreonductor 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 sdler 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 upto 1 m in
length has been manufactured. To increase the tolerance and ease fiber integraticheluri

static lamination process, the width of the solder fillets has been increased to 3 mm. The solder
used was an HBi alloy instead of the conventional f83mn-Ag.

Due to the constraint on the fiber size, the embedded optical fiber has a claddirtgrdiame
of 80 um and comprises a 10 um thick polyimide coating that guarantees integrity during the
integration process. No pegtocessing is necessary after fiber integration, other than providing
the optical fiber with a connector and termination for irtgation. Thus, completely functional
samples of selimonitoring, 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 elkezdl 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
conventionh  AMSCo6s REBCO wires are performed on SM,.
double bend test, a room temperature stress tolerance test, grstraim test.

To assess the quality of fiber integration, a series of scanning electron microscope (SEM)
micrograpls and energy dispersiveray 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 cressection.

The strain sensing capability of SMAR®nductor is measured via a tenddst 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 capabiditilichrome 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 mition on the conductor, with 2.61 mm spatial resolution and 20 ms
temporal resolution. Figu#?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 aspedtat 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 defireed as t
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 sensas/dyfunction of temperature is
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obtained. This approach is applied to a SMART REBCO conductor as well as a RV@iknd
in a layer wound coil as twto-turn insulation (similar to the coil reported[2b]).
Quench Detection

A setup analogous to that depicted in Figdiis 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 neede
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 FigiteDuring these
experiments, the transport current is increased to a target valbeldrabnstant while the heater
is fired. The voltage is measured by voltage taps connected tevoliage sensitive Digital
Multimeters (DMMs), each voltage tap being 2 cm in length. The SMART conductor monitors
itself throughout the experiment via acdtiis of the spectral shift as a function of position and
time. A 30 cm straight sample of SMART conductor was initially clamped td.@ &ample
holder and its ends soldered to flexible, braided copper current leads. The sample holder is then
lowered intoa 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 temgaure 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 leang SMART conductor on a coil former of
10 cm in diameter, yielding about 2.5 turns. The coil former is madeldf fberglass and the
coil is lightly impregnated (or painted) with GE varnish after fabrication. The coil is first
characterized at 77 Kn iliquid nitrogen, and self magnetic field, and subsequently used for
guench measurements.
Results and Discussion
Characterization

All the manufactured smart conductor samples show optical fiber integrity and
continuity, indicating the integration proceskws the optical fiber to survive with complete
functionality.

The results of the three mechanical tests are shown in Zablhich also compares

them to the standard wire requirements.

Table4.17 Summary of mechanical tests on smart and conventional conductors

Test SHRIRT EoieleTr Standard wire requirements
result
Double bend test 92% L retention >95% L retention
RT stress tolerance 200 MPa >150 MPa with 95%clretention
l-strain 0.404%strain 0.3% strain with 95%clretention

Two SEM cross sectional micrographs of smart conductor samples, taken at different
positions along the conductor, are shown in Figu8e An analysis of these cross sections
indicates that although the fiber isceessfully embedded and consistently positioned in the
solder fillet, voids are present both in the solder matrix and at the fibaninterface.

Furthermore, the cross sectional SEM micrographs indicate that the fiber integration is not
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uniform over onductor length. These inhomogeneites are attributed to the static lamination
process. The scalgp of fiber integration to a continuous réelreel process is expected to
reduce the void content and increase the uniformity along the conductor length.
Tersile tests results at two different loads are shown in FidreéNote 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 dipgophprtional to the elongation
as a function of position, oL(x). I n fact, fo

Youngbés modulus) and constant cross section,

whereas the strainis constantdas s cr i bed by the foll owing relat
law:
0 ¢ w0 Yoo Yoo 0
UV W — - T N —
Oo U W W Oo

Therefore, a quantity proportional to strain can be obtained by dividing the spectral shift
by the position. Nottinearities 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. Thisais a cle
example of selmonitoring capability.

Results of thermal sensing experiments show that the smart conductor is able to detect
thermal disturbances effectively. The plots in FigliEesummarize results at 79 K with the
conductor cooled by nitrogen vap&igure4.5a 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 £jushows the response bkt

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 spshifaprofile.

The thermal sensitivity results from the coil with awound fiber and from the SMART
REBCO sample are plotted together in Fighi& 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-aocmd fibers decreases with
decreasing temperatynghereas 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
anexternally wound fiber. The eawound fiber presents a single polyimide coating layer whereas
the solder fillet of the REBCO conductor creates a composite coatingmogtaier that results
into higher sensitivity than the polymer alone. This result oflgnper-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 las 4.2 K[39]. In addition to the composite coating structure, the
optical fiber integrated into the SMART conductor hasdaiced cladding size of 80m, as
opposed to the 125m cladding of the covound 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 othe optical fiber. If we think of the optical fiber components in terms of
perunit-thickness, replacing some cladding with a coating with higher coefficient of thermal
expansion increases the net elongation or contraction. At temperature around 60c&; both
wound fibers and smart conductor seem to have lower sensitivity, as evidenced by every fiber

tested in the dedicated experiments, regardless of the coating mfB&jials
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Quench Detection

Straight Conducter

One experiment was performed with the conductor perpendicular to the liquid nitrogen
surface. Due to the resistive joints with the current leads, the resistive deadnthemselves,
and the poor cooling offered by nitrogen vapor, the conductor ends have Joule heating during the
current ramp. The results in Figut& show the spectral shift as a function of position at
different times during the current ramp. No agi¢ 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
Figure4.7 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 liqaidgen. 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 @iie 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 FigudeB; the timing of the heater pulse is indicatedhry
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 figi8k. About 2 seconds before the
heat pulse, the spectral shift increases at positomnd,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 urrent (k) measurement that showed a lowasflthe section monitored

by voltage tap 8. At 82 K, the of section 8 was 135 A whereas at that current no other section
had a measureable voltage. Figdi&b shows that the heat pulse initiates a secondai@one

at the location of the heater which subsequently spreads and merges with the initial perturbation
initiated by the lowdregion. Figuret.8a illustrates the entire perturbation in space and time.

After the initial perturbation, a full recovery 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, vebpabtese are plotted in
Figures4.9 and4.10, where Figurd.10 shows the same data as Figufebut 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, bt ct i on 8, across the fibad spoto
results. The magnitude of the section 8 voltage is in the microvolt range when the heat pulse
begins.

Based on the thermocouple signals, the tem
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 otiralsj 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
guantitative comparison, the thermocouple and
spot o ar e nor maubedayvaud (the sveragk ef the values they assumed in
steady state, before any noticeable perturbation) and compared as a function of time. These are
compared in Figurd.11. The zero of the time axis is conventionally defined 300 ms before the

heat pule 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 thatmertalsignal

greater than 1) is detected by the spectral shiferal secondsarlier than the thermocouple.

These two aspects are clear indicators that the spectral shift is more sensitive to normal zones
than temperature measured by thermocoupléerdnductor 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 loweh¢hi@mperature 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 figut@, where the position of the heater,
voltage taps and optical fibers are indicated. A rsstition § measurement at 77 K, sdiéld,
showed that the coil had a critical current of 335 A, where theasitlefined as that of the
lowest performing section. An experiment at 70%235 A), 77K, and selffield 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. Figi& shows the voltage of section 32 and spectral
shift at the position of itemaximum, which corresponds to position 0.28 m on the fiber, at about
the middle of the heater. The plots in FigdrE3a include the entire recovery, whereas Figure
4.13b shows only the one second interval during the perturbation. These plots shoe that th

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 simokigure4.14. Unlike the
results in Figuré.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 slighpectral shift change at about 0.6 m on the map of
Figure4.14.

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
spectrashift 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 tjuaraitalysis, the
distribution of spectral shifts over the randeto 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 respechttime domain but removing the regions of space
affected by the perturbation (as illustrated in Figuléa); 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 datdrom 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 ofdhlkesdations are
shown in Figuret.15 and Tablel.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

theexperiment. 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 spbdirateasurement
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 muchtlegs 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 iMtalzled the same conclusions
are drawn.

The conclusion that thmeasurement 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 larges sste
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

Standard deviation
Average (GHz) (GHz)
Entire time domain 0.014230 0.206022
77 K Before perturbation 0.001237 0.205639
DU & Efiter 0.044448 0.189042
perturbation
Entire time domain -0.367973 0.454735
14.6 K Before perturbation -0.359699 0.367826
DU & elirer -0.376247 0527391
perturbation
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The same pancake coil was subsequently cooled via helium vapor and another set of
measurements performed at temperatures ranging from-7@ K. The results of a quench
experiment are shown in Figuréd6 and4.17. The initial steadgtate temperature greding
the heater pulse was 14.6 K, the coil was infeld, 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 spectraftsthe 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 thos 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 FiglireTte 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 norraalreated in
the SMART REBCO at 14.6 K is plotted in Figutd8, 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.,¢hg@®n of space with a spectral shift
of 5 GHz or higher is considered normal. The experimental data have been fitted Wisradet
polynomial and the instantaneous NZPV is obtained as the derivative of the function that fits the
normal zone size as arfction 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 methimiind to be 28.8
mm/s, consistent with the NZPV measured on YBCO conductors via voltage measuféents
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 befo
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 dfahtpulse and the first naero
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 resolutied @hland the
results here are the firsteasurement with a spatial resolution of 2.56 mm and only the second
that does not rely on voltage signpd8]. Additionally, determining the normal zone size as a
function of time, in an analogous way as tbsults in Figure.18, is needed to use a minimum
propagating zone (MPZ) criterion for quench detection. In an{d&&d 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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Condusion

Aselfmoni t ori ng, ASMARTO REBCO conductor has

by embedding a telecommunicatigrade, singlanode optical fiber in the solder fillet of the
REBCO conductor architecture. A series of experiments have shown tineosgtiring and
guench 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 haa® dpgenched 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 82K. The spectral shift measured in
the SMART conductor is alstnewn 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
measuement 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 compadrto that of a coil with a cavound 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 Zmsebeen 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 38dnm/s.
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Figure4.1: Crosssectional drawing of the SMART REBCO conductor
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Figure4.2: Photograph of the experimental setup used for straight samples measureme
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. Nbéedkigtation
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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Figure4.3: Crosssectional SEM micrographs of tiMART REBCO conductor.
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Figure4.4:. Spectral shift measured during a tensile test on a 30 cm sample of SMART

REBCO conductor.
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Figure4.5: a) Spectral shift at the position of its maximum plotted as a function of time.
dashed square wavepresent 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.
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Figure4.6: Temperaturelependent sensitivity to a thermal perturbatiorbfmh 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.
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Figure4.7: Spectral shift versus location, showing the detectionudé joeating at the curren

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 locaiso

a) Spectral shift (GHz) b) Spectral shift (GHz)
30

25

{20

Time (s)

10 10

15
Position (cm)

Position (em)
Figure4.8: Spectral shift maps showing the spatial and temporal evolution of spectral st
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 fat®y. dlote that the color bar has

been limited to 30 GHz to enhance the color difference of low spectral shift vali@s (0

GHz) and therefore appropriately show the early increase in spectral shift.
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Figure4.12: Schematic of the pancake coil. The red segment on section 32 represents i
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CHAPTER 5
SMART Conductor On Round Core (CORC®) Cable via integrated Optical Fibers
IF. Scurti, 2J. Weiss,?D. van der Laan, andJ. Schwartz
! Department of Materials Science and Engineering, North Carolina State University, Raleigh,
NC 27695, USA

2Advanced Conductor Techlogies, Boulder, CO 80301, USA

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 backgnad fields. The materials that have survived the R&D phase, becoming
a viable conductor option for magnets, are only a handful. They include multifilamentary
Bi-SrCaCuOx/Ag (Bi2212) round wire$l]i[4], Bi2SrCaCuwOx/Ag (Bi2223) flat wires (or
tapes)5]i[8] and (RE)BaCusO7.x (REBCO) conductorf]i[15]. Among all HTS,
(RE)BaCuwsO7.x (REBCO) based conductors have reached a technical maturity and performance
homogeneity over conductor Igths greater than 100 m that enable industrial applicai@dns
[16]1[23]. In addition to conductor development, the lastadechas seen a rapid advancement in
cable technology, especially based on REHCZ), [24]i [38]. Although some magnets can be
successfully wound out of a single REBCO condufd8t, [39], [40], like high field inserts for
users magnets, or superconducting motors and generators, some applications require higher
operating curren24], [27], [30], [41], [42] Particularly with REBCO conductor, because of its
aspect ratio and tfield performance anisotropy, building a large magnet may be challenging.

Other issues related to using a singd@ductor 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 transpodurrent to lower the inductance at a given field, increasing flexibility in
any bending direction, mechanical robustness, and isotrofieldnperformance. One of the
most promising REBCO cable technologies is the Conductor On Round Core {TORC
develomd by Advanced Conductor Technologies LLC. Other cable technologies that use
REBCO conductors are the Roe[#8], [29], [43]i [46] and twisteestacked design&5]i [27],
[36], [38], [47]. Advantages of CORC cables, when compared to Roebel and tafatied
approabes, include superior flexibility and isotropicfield performancg37].
CORC® Cables

Advanced Conductor Technologies (ACTshalvanced the COR@able 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 employdustributed in many layers, wound with a twist pitch
ranging 530 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.G@aBIE
performance has been cheterized over the last few years, including the demonstration of
transport of more than 10 kA at 4.2 K in background fields as high a§33],135], [48]. For
example, in December 2017, a CORC cable showed an engineering current density (defined as
transport current dividely the total cross section of the cable, including both superconducting
and normal material within the cable cross section) of 400 A/atrh.2 K, in a background
magnetic field of 20 T. More recently, the focus of the cable development is on windingrthin

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 thisnbstrate 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, whichin 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 santayer, allowing conductors to accommodate bending without cutting into
each other. A photo of two CORCcables can be seen in figurd 5where one cable is 3.2 mm

in diameter and the other is 7 mm.

The main strengths of the COR&chnology are unpreceuted current densities under
very high magnetic fields, superior flexibility compared to other cabling techniques, and
isotropic infield performance. All these characteristics make it one of the most promising cable
solution to build HTS magnets for fuuparticle accelerators, magnetically confined, Highl,
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 fnm 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
supercondctor (LTS) magnets is well understood, HTS magnets show distinctly different
guantitative behavior. Regardless of what HTS material is considered, its normal zone

propagation velocity (NZPV) is-2 orders of magnitude lower than that of LTS matefi8§i
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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
guench protection system is to prevent irreversible material degradation in the event of a fault
condition. Quench protection comprises three key steps: 1) detectdisturbances, 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 voltag€oltage taps are typically connected to measure the
voltage across the whole magnet, or a few largessghions. In magnets wound with LTS, this
is typically enough to detect a normal zone within the time budget that allows to apply a
protective actiorbefore 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 degrd@aliovioltage
is simply the linantegral 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 zoneeldtivaly 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 signifilgamigher 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]i [63]. A variety of interrogation techniques have been developed, all using optical
fibers as the sensing element of the sensing sy{§4Jn65]. In general, all interrogation

techniques are based upon changes in the interaction of light with thenéibetal, 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 effither cord66]. 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 dnathgegrating 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 sir¢tie location of the gratingill

cause the reflected waveléhdo 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. Althoughipte 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 ahgngs that can be multiplexed on one single fiber as well.

A newer optical fiber sensing technique is based on Rayksgtiering interactions in
the fiber[14], [67]i [71]. The measurement principle of Weigh 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 Radeatering,
the scattering centease the naturally occurring defects within the fiber material. This difference
sets the two techniques apart and makes Raykagtiering interrogated optical fibers (RIOF) a
truly distributed sensor of temperature and strain. In RIOF, when the ogtigaidfisubject 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,wing 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 tohe strain and temperature change. This wavelength (or frequency) shift will be
referrspdctradlshibas amd it i s a function of |l ocatio
RIOF approach, the spectral shift as a function of position along theafiddgrme 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 telecommunicationdgea opt i cal fi bers (whi ch
require any prgrocessing). It is important to note that, unlike voltage, RIOF is able to identify a
temperature increase well below the current sharing temperatuteaVing more time for
guench protectiorAdditionally, because RIOF is based on the comparison between the last
measurement scan with a r etfaerreednoc east sacnayn ,t itnhee s
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 numB&REZ O 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 encapgsulgthe coreconductors assembly with a 30 um
thick, polyester heat shrink tube that holds the conductors in place and serves as electrical
insulation.

Commercial off the shelf (COTS) singheode telecommunication grade optical fibers
have been integralanto 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 embeddéd optica
fibers can be interrogated by Rayleigh backscattering. Their cladding is 125 pum in diameter and
they are protected by an acrylate coating. A photograph of the copper core withtaudipers
is shown in figure 5.2Note that optical fiber integratiand 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 ted) the manufacturing of SMART cable is scalable to
long length. A schematic sketch of the cross section of a SMBBRC cable is shown in figure
5.3 The SMART Cable sample we manufactured comprises four layers of SuperPower YBCO
tapes, with two, two mlimeterwide 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 teromsadi 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 arentémated can be found [@2]. Thus, given the need for cable

terminations, the optical fibers can be eitbetracted 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 Cabe (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 apal fibers is shown in figure 5.&able | summarigs the

specifications of the SMART CORC cable sample.

Table 5.1 Summary of SMART CORC cable sample specifications

Item Value Unit
Conductor width 2 mm

Substrate thickness 30 pm

REBCO Conductors

Cu Stabilizer thickness 5 pm

Average ¢ (77 K) 56 A
Cu core diameter 2.6 mm

Polyester insulation thickness 30 pHm
Cable outer diameter 3 mm

SMART CORC® Nominal cabled (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 theperiments is shown in figure 5&ong

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. DuringéiRpsements, the cable

sample is straight and has never been bent since its manufacturing. Two different sets of current
terminations have been useohd they are shown in figure 5Thebigger set, shown in figure

5.6b is what is typically used with CARcables; they are made of high purity, oxydee

copper, whezas the ones shown in figure & &e 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 th& 20l
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 umerdased from zero to a
setpoint value, and then it is held constant for a time interval (plateau), before decreasing it back
to zero. We wil!/| refer to this type of experi
current may or may not béave the critical current of the samplg.(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 wild/| be referr

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. Thislead 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 eXx pentimeartda | A puUueorcelda rexp ¢
further illustrated in figure 5, here 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 whdtik 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 & Bim, 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 lave 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 cdolwn does not affect the fibers in terms of initygaind
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 itgaitrons 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, theefiintegration method is considered successful. A photo
of the cable termination and optical fibers exiting¢hble core is shown in figure 5.8

The voltagecurrent characteristic of the SMART CORC sample was measured at 77 K in
liquid nitrogen, with lhe cable in a straight position and having never undergone any bending

since manufacturing. Based tive V-1 curve shown in figure 5,%nd using the typical fitting
equation0O — O - 'O and a 1 pV/cm electric field criterion {E the t was calculated

to be 340 A.

The results of an fAovercurrento experi ment
temperature are shown in figure 5.10 this experiment, the transport current is increased
' inearly and pl ateaws caitr rehd 0A.t yMet eo ft heaxtp etrh ar
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 fibes, 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 cooneatiere use(shown in figure
5.6a). The regions betweeri .05 m and 0.39.41 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 theserminal regions is not uniform, consistent with the low
quality of the surface finish and machining of gleminum connections. Figure 5.iikcludes
detailed plots of the spectral shift as a function of position, during the current plateau at time
t=50s, at the termination remns. From the plots in figure 5.1the expected neaniformity 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 ations regions and shown in
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figure 5.12along 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 currégonnection 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 relatigectitial

current, but they show in particular positions along the cable, rather than a diffuse, uniform heat
generation. These namiformities are likely due to a combination of inhomogeneity of

conductor performance that was used to wind the CORC anbléhe ureven current

distribution between REBCO tapes due to the small current connections. A spectral shift map
that highlights the presence of the hot spots alongahle ¢ength is shown in figure 5.18 plot

of the spectral shift as a functiontohe at one of these hot spot locations witthia cable is

shown in figure 5.14along with voltage tap and current signals. Note that the spectral shift starts
to increase approximately when the transport current exceeds the critical current. Resudts fr
guench expriment are shown in figures 5-B221 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 platead8@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;lus 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 5.1&long with a schematic drawing illustrating théleaand
current | eads setup and approximate | ocations

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 axisatidition 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 theplorbar 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 isgshown i
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 spectiétl svap. 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 initiéon 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 notronhyfand

gradually diffusing out of the heater region. A more detailed view of thesésresaéen 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. mbetishows 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 0.39.4 m) is constant during the time-48 s, consistent with the transport

current being constd 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 transiehathatheat 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@Dén and 0.30.33 m. Combining
the information obtained from the resulfghlis quench experiment with that from the
measurements during a current ramp showmguré 5.13the origin of the peculiar behavior can
be explained noting that the two regions 6009 m and 0.3D.33 m were akady showing hot
spots (figure 5.18 Thus, in these regions at least some of the tapes were already in the current
sharing regimeDuring the quench (figure 5.1%17), those regions will have to increase the
number of tapes in current sharing compared to neighboring regions that did ndtoslspets,
therefore becoming ame resistive, earlier. Figure1® illustrates the phenomenon of
independent hespots with a more detailed plot where the different spots are labeled.

The time evolution of the different signals is better seen in fig@ 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 spectralifththe 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 alsarednsigseal,
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 curtarery 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 confirmaon 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 highligliak by these results is illustrated in fig&.2Q 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 thetransport 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-tbecadd/oltage tap
is shown, on ahorter time scale, in figure 5.21

Another interestig 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
figure5.22 From this plot, it can be easily noted that the two regions between the central cable
section and each current terminal (approximately-0.03 mand0.39 . 36 m) are HAcol ¢
show almost no variation of spectral shift, acting as shieldufther 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 $@tuipped 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 curent 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 pdatthematic of this
appoach is illustrated in figure 5.23he first experiment with the new connections setup is of
the type Aovercurrento, so no heat is introdu

linearly increased up to a plateau and theitkly brought to zero. Results of this experiment are
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shown, in the form of a spectral dhifiap, in figure 5.24lt can be clearly noticed that the

spectral shift builelp at the left current connection (where the small clamp is used) is still
presentalthough 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. Theszattien is still
generating hot spots, but their locations are now different, indicating that tepdistare related

to the ability of the current to redistribute between tapes within the cable structure. In fact, the
ability for the current to redistyute 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 hotspotsghat 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. 7#i€]delf
including the detailed prodere, with a ramp rate of 10 A/s, a current plateau of 430 A and a
Agrosso heat input of 16 W f oarspelralshiftmaphre r es ul
figure 5.25 Note that the normal zone is indeed initiated at the heater location, busthere
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 shiftposition at several time steps before and during the
transient. These plots are showrigures 5.26 and 5.27The spectral shift at location 0.125 m,
whi ch i s wher e -spdtappeérs, startoto idceeasyg \drtudilyoat 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. boking at the map in figure 5.24 can be immeaditely noticed that this is in fact
one of the hot spots shown during the current ramp. Thus, this mechanism of generation of
Asecondaryo hot spots is analogous to what wa
with the difference that now thetspots are at different locations, due to a change in current
connections.

Another important result that is illustratedyevell by the plots in figure 5.2i8 the
following: all the hotspots that we have identified with the current ramp experimehthen
guench experiment (mar#tevith red arrows in figure 5.27, ar e stable, i.e. th
or increase in magnitude, before the heat pulse. Once the heat is introduced, although at a
different location, these hapots get destabilizes and stargrow, mostly in magnitude, and
very little spatially. Additionally, the plots in figuf27show that after the heat pulse ends, the
hottest and, therefore, mostrat s k s pot, i s onsgotndt0.12hm ndithee conda
spot where the lager 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 Idbatigenerate hot
spots depend not only on the cable itself (£ ef kingle 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 gewed the results of figures 5:B27 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 rasaltéalogous 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 ppaktral 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 hetpots are referred to as secondary because they are not the predicted,
primary hotspot generated directly by the heater, but are relatively independent of the
perturbation and they may pose greater risk to the cable.

With the sameetup, which is showmifigure 523 an fAovercurrento exp
carried out, with a current plateau at 520 A. Results from tigisrarent 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 o 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 figb2/). Figure5.27 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
Asecondar y o hewdentis theoptopagatian &ontdantthie bplectral 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 plottatttsra fu
of time in figure5.3Q, 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 § 28 s). This is consistent Wwitvhat 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 wupon runaway, alth
suggests that it is anthious 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 figuré.31 This particular map shows that thedpaits 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 spsbifamaps is
shown in figure 5.32where a gectral shift threshold is used to divide the spane 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
spot. If we consider stronger normal zones, howeveexXample 6 or 7 GHz, it is also clear that
the initiation point would be at 0.25 m. Il n o
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 te ramp, runs away at a much faster rate. The maps in bgR2erovide another
point of view of the same finding that can be appreciated frenfiunctions of time in figure
5.30

Another experimental setup has been used for experiments consistiegsafrth 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 figures.33
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The same experiments thaere shown so far have been performed agdtimthe new
setup. Figure 5.3ghows the spectral shift map of the current ramp. The limits on the colorbar
are kept the same as the colormap shown previ
that wee generated previously are now absent. €aisbe clearly seen in figure 5.34owever,
a small spectral shift build up remains around the-0.23 m region. These results indicate that
the hotspots were primarily related to the use of small curresfg.lea

A quench run with the same conditions and procedarameters as shown in figure 5.16
was carried out with the new setup; theutessare included in figure 5.3% a spectral shift map.
Note that in the absence thefampinsateahs prepagatomt spot s
front smoother compared to the equivalent run with the previous fegure 5.16, with the
exception of a relatively smal.l Afsecondaryo h
following ideal case: if the only h@pot 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
smodh 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. Inittaty 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 propagatesa 1D 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

secton 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. thedsgerature 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 crosgetion or a cylindrical symmetry. In this case, in addition to the
gradient due to the propagation (in the sp@oe 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 thetispadégram are shown
in figure 5.36 and 5.37All of these conclusions can easily be dravamfrbasic geometric and
kinematic considerations.

Knowing the effect of uniform or neaniform cross sections during propagation, results
can now be analyzed to see what case they resemble and approximate. The results of an
Aovercurrent 0 ingbentltcabls and large curtdeads are shown in figure 5.38
With this setup, as evidenced already by the
completely absent, and therefore the only initiation point remains at about 0.255 m. Atgjtiona
t he propagation front shows Afringesodo superim
propagation. This is a strong indication, as explainédréeavith the aid of figure 5.36 and 5,37
that the normal zone is initiated and propagates imecglindrical 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 spaettme diagram). This was done for both the quench experiment (induced by
the heater) and the excurrent experiment (no heat input), and is shown in fi§i8® 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 byehébga
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 timgés in the propagation front,
superimposed to straight lines. As demonstrated previously, the periodicsmuasidal fringe
associated with the propagation front suggests that the normal zone does not initiate in
cylindrical symmetry, consistent withe 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 it ares
provided in figure 5.40Furthermore, 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,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 &m
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 RIOE¢hnique, 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®*QARE 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 timed&iinative 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 ofdirae 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 normabne. The position of the propagation front vs time for the
guench case is shown in figure 5.4lhe 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
thetime 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 sgastgnizing 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 funtton, which is shown in figur6.42 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 posilias vFor
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
figure5.42 the NZPV is about 7.1 cm/s, fairly cstant 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 dime and can be seen in figure 5.#8m the beginning of the
propagation. In this case, the propagation velocity is fairly constant throughout and does not
show two different time windows with diffenespeeds. The graph in figuset3includes 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, suggtst thechanism 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 temperatuvél 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 agdl 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 tefdging basic geometrical concepts,

the length of the curvilinear abscissa following the fiber path over one twist pitch can be

calculated as 0 ¢*Y, where o2 is the I ength of the
cable section and R is the rasliof the helix (approximatively the radius of the copper core). In

our <case, L=40 mm, R=2.6 mm yielding a 2=40.

0 - T8 YA drawing of the definition of the parameters and the rational fdioth&ula can
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be seen in figure 5.44long 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 twishpihe scaling factor is almost 1 and,
therefore, it does not affect the calculations of NZPV significantly. As an example, scaling them
accordingta) @0 w0 0 ) OO @ we obtain a 6.96 cm/s instead of 7.1 cm/s for the
guench casegnd 5.98 cm/s instead of 6.1 cm/s for the overcurrent case.
Conclusion

A self-monitoring, SMART CORE cable has been designed and manufacturing by
integrating singlenode, telecommunication grade optical fibers into the copper core of the
CORC® cable archiecture. 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 experimentallgtehizaea 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 preventiot 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
overairrent, 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

Figure5.1:Image of two conventional CORC cabel samples with two diffevaeter

diameters

Optical Fibers /

Figure5.2: Opticalimage of copper core with two integrated optical fibers and a copper \
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Figure5.3: Schematic cross section of SMART CORC cable showing copper core (oran

REBCO tapegblack) and optical fibers (light blue and yellows).

Current Lead Current Lead
Optical section Cable section section
Fibers - _7/\7_ o o /,_,,/\ o - - 7,_,,//\.,,,_,7
// "/// -V\"/} - )

/
| 4

0 0.1 0.32 042  x[m]

Figure5.4: Schematic drawing of SMART CORC sample with small aluminum current

connections.
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LY C—

Figure5.5: Photos of experimental setup including SMART CORC cable sample with sn

aluminum current connections.

Figure5.6: Photos of current connections; a) small, aluminum current connectidasyd)

copper current connections.
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Figure5.7: Schematic plots of transport current and heater signal time evolution for
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Figure5.8: Closeup photo of opical fibers exiting SMART cable.
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Figure5.9: Voltagecurrent characteristic of SMART cable.
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Figure5. 10: Spectr al Shift map f amrentplatead ai 436
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Figure5.11: Spatial profile of Spectral Shift within the connection regions
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Figure5.12: Spectral Shift as a function of time at thecations within the left current lead
region, along with measured the transport current signal plotted as a function of time. T

right graph is a detail of the end of the current ramp and the plateau.
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Figure5.13: Spectral Shifimap highlighting the presence of hotspots.
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Figure5.14: Spectral Shifas a function of time along with transport current signal.
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Figure5.15: Spectral Shiftnap for a quenchx@eriment with transport current plateauing a
430 A and a heat input of 16 W for 2 s. The position of the Al current leads is also

schematically indicated.
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Figure5.16: Spectral Shift map highlighting the seconds after the quench initiation, from

dataset shown in figure 5.15.

50 1 ‘ ' — 500 ' ! [ ‘

sl il el 00 ~ During current plateau,
~ 40 ool 300 g * after heat pulse
0T i 200 ©

0.4/ s
S 30
= i EE R SRR RN RS RRRRRRRRER SRRRN U8 °
(—‘,:) 20t % 10 20 3 40 50 e During current plateau, i
e Time (s} during heat pulse
©
=
o 10
[}
o
? 0

During current ramp, before heat pulse
| | | | | |

N
o

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Position (m)

Figure5.17: Evolution ofSpectral Shift spatial profiles during the instability.
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Figure5.18: Evolution ofSpectral Shift spatial profiles during the instability every 0.5 s,

highlighting the heater initiation spots as well as additional hot spots.
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Figure5.20: Same dataset as figure 5Hére plotted to highlight the change in slope of the

spectral shifthat followsthe current reduction

20 ‘ - T 0.06
—0.19m PECEEE B
--02m 0.05
15 [==0.21m
N —Heater Signal
E igl 0.04
S =
E10 10.03 P
2 g
T 0.02 5
5 >
3
wn -10.01
0
Il Il 1 1 | 1 1 _001
44 45 46 47 48 49 50 51 52

Time (s)
Figure5.21:Comparison of the functions of time of signals from-eménd voltage tap (right

axis) and optical fiber (left axis)
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Figure5.22:Shielding effect of current terminations due to larger cross section of norma

material

Figure5.23:Cable connectiosetup comprising differenucrent connections.
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