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In this study, we demonstrated superconductivity in a fiber with a lead core and fused silica

cladding. The fibers were fabricated via a melt-draw technique and maintained overall diameters

ranging from 200–900 lm and core diameters of 100–800 lm. Superconductivity of this fiber

design was validated via the traditional four probe test method in a bath of liquid helium at

temperatures on the order of 4 K. The superconducting fiber paves the way for applications in

power transmission, magnetic sensing, and fundamental studies in the fields of electromagnetism.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819074]

Since its discovery by Dutch physicist Heike

Kamerlingh Onnes in 1911, superconductivity has fascinated

the scientific community.1 Significant effort has been

directed on the fundamental understanding of the phenom-

ena, as well as the applied research in the power transmission

and sensing applications.2–5 More recently, progress has

been made in the development of high quality, long length,

high current coated high temperature superconductors.6–9

The cable structures, though, are often very exotic and

require complicated manufacturing processes.10–12 Simple

and cost effective superconductor cable designs and fabrica-

tion processes are required to enable wide implementation.

However, not much attention has been paid to processing

schemes or possible adaptations to more mature processes

that can be readily scalable.

The fiber optic revolution in telecommunication and

sensing applications was, in part, facilitated by economically

robust and standardized designs.13 In parallel, optical fiber

manufacturing techniques evolved to a level of worldwide

acceptance with the increased demand.14 These synthesis

routes and designs can be readily adapted to other materials

such as metals, semiconductors, and ceramics.15–20 To date,

superconductivity has yet to be demonstrated in a fiber

structure.

The basic optical fiber designs are excellent templates

for the development of superconductors. For example, the

superconducting core can be surrounded by an insulating

material such as fused silica to allow for efficient cooling.

The holes in random and ordered hole fibers allow for cryo-

genic cooling with liquid nitrogen and/or helium.21–23 The

supporting methodologies, such as splicing and cable

designs, in place for optical fibers can also be readily adapted

to superconductor core fiber designs. Furthermore, the inte-

gration of superconductivity and optical waveguides has

been of large interest for ultrasensitive, ultra-fast, and ultra-

low noise light detectors, but to date has only been evaluated

experimentally.24,25 The development of a superconducting

fiber will not only provide the impetus for scientific discov-

ery but will also provide for the potential to cost effectively

integrate various technologies in one simple component.

In this letter, we demonstrate a Type I superconducting

fiber, as seen in Figure 1. The lead core of these types of

fibers exhibited zero resistance at temperatures of approxi-

mately 7.2 K.

The superconducting core fibers were prepared by the

melt-draw technique on a traditional glass working lathe, as

seen in Figure 2.26 First, a fused silica substrate tube

(GE214, O.D.¼ 8 mm, I.D.¼ 3 mm) was fused to a process-

ing tube (GE214, O.D.¼ 12.75 mm, I.D.¼ 10.5 mm). Lead

wire (Alfa Aesar, approximately 99.9% (metals basis) with a

diameter of 2 mm was placed in the processing tube and

melted via an oxy-hydrogen flame at a temperature of

approximately 300 �C). A smaller diameter fused silica rod

(GE214, 8 mm) was used to push the lead melt into the sub-

strate tube forming a preform with a lead core. Finally, the

preform was drawn into a fiber via a technique similar to the

Taylor process.27,28

To date, all the fibers were fabricated on a glass working

lathe, Litton Model HSJ143. Subsequently, the maximum

achievable fiber lengths were limited by the working dis-

tance, approximately 120 cm, between the chuck faces, as

well as the preform length, and drawing rod at the tailstock

end, as seen in Figure 2. Fiber diameters in the range of

100–900 lm were routinely fabricated to maximum lengths

of 120 cm. Fiberization via the glass working lathe allows

FIG. 1. SEM image of a superconducting fiber endface with a 165 lm lead

core and overall fused silica cladding diameter of 430 lm.
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for “real-time” qualitative and visual analysis of the basic

material interactions and compatibilities, as well preliminary

determination of process feasibility. The fundamental tech-

nique is based on the Taylor and Taylor-Ulitovsky methods

which are typically performed on a more traditional draw

tower structure, and have been thoroughly studied and imple-

mented commercially to manufacture fiber lengths on the

order of kilometers.29–31

Polished fiber cross sections were characterized with a

scanning electron microscope (SEM, LEO 1550). The micro-

structure of a selected superconducting fiber cross section

can be seen, again, in Figure 1. The fused silica cladding

maintained a clad diameter of approximately 430 lm and

lead core diameter of 165 lm.

Energy dispersive spectroscopy (EDS) chemical compo-

sition and mapping were performed with an attached IXRF

System, Inc., Iridium Microanalysis System at an accelerat-

ing voltage of 20.0 kV. The EDS mapping images at the

core-cladding interface can be seen in Figure 3. A distinct

transition between the cladding, SiO2, and the core, Pb,

exists at the interface; no apparent cross-diffusion at the

boundary is apparent. Pb and Si show no diffusion behavior

across the interface line, which is also confirmed by EDS

chemical composition spectra. Minimal levels of PbO were

noted in the core, but further analysis is required to verify

the source of oxygen, i.e., environmental sources during syn-

thesis, diffusion from the cladding, and/or measurement

artifact.

The superconductivity of the lead core fibers was veri-

fied via the four-probe test method.32 In order to connect the

probes to the lead core, the fused silica cladding was

removed mechanically or by etching in a hydrofluoric acid

solution for a pre-determined period of time. Liquid helium

was used for the lead core fiber, because the critical tempera-

ture is approximately 7.2 K, and the boiling point of liquid

helium is 4 K.

The four point probe test method was performed to accu-

rately measure the voltage drop across the lead core. The

effects of contact resistance are eliminated via the four probe

test method. As seen in Figure 4, the two outer probes pro-

vide a constant electrical current, while the inner probes are

used to monitor the voltage. Resistance to the flow of electri-

cal current will produce a voltage drop measured between the

two voltage probes. Conversely, a superconductor will exhibit

no voltage drop below the critical temperature.

A HP Hewlett Packard Agilent, 6633A System was uti-

lized as the direct current supply and ammeter. An Agilent,

34405A, 5 1/2 Digit Multi-meter was connected to the

“voltage probes” to accurately measure the voltage drop. The

current test set-up utilized in these experiments did not allow

for precise temperature measurements due to the inherent

temperature measurement errors of the Type T and E thermo-

couples at liquid helium temperatures. Furthermore, the use

of a low form shallow glass dewar flask, FisherbrandVR

350 ml (ID¼ 80 mm), limited the maximum testable fiber

length and wire lengths to approximately 50 mm.

A baseline measurement was performed with the com-

mercially available lead wire (diameter¼ 2 mm) in a liquid

helium bath to confirm the validity of the test setup.

Superconducting fibers with core diameters of approximately

FIG. 2. The custom fiber drawing system utilized to fabricate the lead core

superconducting fibers. The glass working lathe (Litton Lathe Model

HSJ143) consists of traversing hand torch and tailstock chuck, as well as a

headstock chuck for holding the preform. The ends of the preform are held

in the rotating chucks, and heated to the softening point via the hydrogen/

oxygen torch. The preform is then pulled into a fiber by rapidly traversing

the tailstock downstream. The approximate maximum fiber length of 120 cm

is limited by working distance between the chuck faces.

FIG. 3. X-ray dot mapping of oxygen, lead, and silicon at the lead core-

fused silica cladding interface. There is limited to no diffusion of the lead,

Pb, into the cladding. Conversely, there is limited to no diffusion of the sili-

con, Si, into the core. Limited oxygen diffusion from the cladding into the

core can be seen in the top right dot map image.

FIG. 4. Schematic of the Four Point Probe test setup. Three samples were

tested: (1) “as received” commercial lead wire, (2) lead core superconduct-

ing fiber with a fused silica clad, and (3) lead superconducting core fiber

with the clad removed. The sample length of 5 mm was limited by the inner

diameter of FisherbrandVR low form shallow glass dewar flask (80 mm

� 75 mm). A voltage drop of approximately 1.1 mV at 25 �C was set for

each sample by adjusting the current.
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800 lm were tested with and without the fused silica clad-

ding. As seen in Figure 5, the resistance of the commercial

lead wire disappeared at temperatures on the order of 7.2 K.

The superconducting lead core fibers appeared to demon-

strate a slightly lower Tc on the order of 4–6 K. The slight

decrease in the critical temperature could be attributed to

impurities and/or defects incorporated during fiber process-

ing, both of which can be reduced or eliminated with

commercially available process control systems and meth-

odologies. Measurement errors were also possible due to

thermal electromotive forces, external electromagnetic

radiation, Faraday currents, and the degradation of the elec-

trical contacts, as well as basic errors in the experimental

set-up.33,34 In an effort to isolate any possible temperature

measurement artifacts, the resistance of all the samples was

also evaluated as a function of time upon natural warming

to room temperature. As seen in Figure 6, the lead core

fibers and commercial lead wire exhibit similar transitions

to superconductivity and resistance-time profiles. The criti-

cal temperature has been verified and extensively studied in

the literature and is generally accepted as approximately

7.2 K, which is in good agreement with the measurements in

this study.1

In all tests, the voltage drop across the voltage probes

was held constant at approximately 1.1 mV at room tempera-

ture. The following equation is utilized to determine the

required current:

R ¼ V

I
¼ q

I

A
; (1)

where R is the resistance, V is the voltage, I is the current, q
is the conductivity, and A is area of sample cross section.

Since the lead core had a smaller cross sectional area than

the lead wire, the resistance was larger. Thus, a smaller cur-

rent was required for the lead core to produce the same room

temperature voltage drop of approximately 1.1 mV. It is

evident that both samples demonstrate superconductivity at

liquid helium temperatures of approximately 4 K.

The demonstration of a superconducting fiber is the first

step in the development of truly efficient and cost effective

superconducting cables. These results are only a prelude to

the development of high temperature superconducting fibers

with core materials such as YBa2Cu3O7 and efficient cryo-

genic cooling schemes based on ordered hole and random

hole fiber structures. Furthermore, these results are very

promising for the potential realization of compact and

extremely sensitive fiber optic magnetic sensors.
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