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On the Cover

Superconducting technology has
applications in electric power systems.
Shown are artists’ concepts of a
magnetic energy storage device
(upper left), electric power
transmission cable (upper right),
and electric generator (bottom).

“The breakthroughs in
superconductivity bring us to.the
threshold of a new age. It’s

our task to herald in that

new age with a rush.”

— President Reagan




Few laboratory breakthroughs have captured the imagination of
scientists, policy makers, and the public as quickly as
high-temperature sugerconductivity — the ability of a material to conduct
electricity with no resistance at relatively high temperatures. Startling
advances in the first half of 1987 plunged the scientific world into a frenzy.
With a media blitz that included the front cover of Time magazine,
high-temperature superconductivity has been touted as the successor to
the light bulb and the transistor in the annals of technological progress
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technologies are incredible. Estimates of
the potential size of the market range

from $1.4 billion three
years from now
to $12 billion
ten years

from
NOW.



As one government official stated, “The
race to commercialize superconductivity
is on and the economic prizes await the
nation which first discovers a viable,
marketable technology.”

Japan and the United States are taking
the lead. In Fiscal Year (FY) 1988, the
United States put about $145 million into
all superconductivity research and
development (R&D) — the Japanese,
about $135 million.

Japan has formed a consortium of more
than 80 Japanese companies, three U.S.-
based companies, and others. The consor-
tium is headed by Shoji Tanaka, the
R&D chief who led Japan’s charge into
semiconductor development in the 1970s.
The United States also has several
smaller consortia. Advisors have recom-
mended that the U.S. government spon-
sor a series of broad-based consortia. The
Department of Energy’s pilot center con-
cept (see p. 7) is the beginning of this
type of effort.

Gearing Up Around the World

FY 1988 Funding
($ millions)
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“When you think of something that
conducts electricity with no resistance

at all, the first idea that comes to mind is
electrical power transmission.”

= David Goodstein, Caltech

The Department of Energy has been involved
in superconductivity research for 15 years. At
Brookhaven National Laboratory, scientists
have developed a superconducting cable.
Transmission systems using new high-
temperature superconductors can reduce
electricity losses and transmit more power
economically over long distances and existing
rights of way.

Superconducting technology is available today for medical diagnostics. This insirument detects
the magnetic fields created within the brain and can locate the center of the fields in three dimensions.
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“Our goals are clear...to develop a
tical high-temperature superconductor
and to develop innovative designs for
lectrical devices.” — Kenneth Klein, Director,
Office of Energy Storage and Distribution
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A Three—Dimensional
Critical Surface

‘When electrons pass through a conductor

such as copper wire, they collide with
imperfections in the lattice-like structure

of the metal and lose energy as heat. This
loss of energy is called resistance. A
superconducting material is different:
electrons can pass through without losing
energy.

Maintaining this remarkable state is
tricky, however. Three factors must be
kept within a tight envelope to keep a
material superconducting: the tempera-
ture of the material, the strength of the
magnetic field present, and the amount of
current passing through the material. If
any one of these factors is too high rela-
tive to the others, the material will revert
to a normal conductor (or “go normal”).

The higher the temperature at a given
magnetic field and current density, the
fewer the number of electrons that will
be superconducting. When no electrons
are  superconducting, the material has
reached its critical temperature, or T.
Until 1986, the highest critical tempera-
ture known was for a niobium alloy at 23
K (-418°F). The highest critical tempera-
ture for the new ceramic superconduc-
tors in early 1989 was 125 K (-234°F).

One of the most important applications of
superconductors is to make strong mag-
nets. A current, run through supercon-
ducting wire wound into a coil, generates
magnetic fields far more powerful than
those generated using conventional
materials. For a given temperature, there
is an “‘upper critical field,” H_, at which
the material goes normal. The rew
ceramics generally have very high critical
fields, on the order of 100 teslas(about 50
times the strength of an iron magnet) at
the temperature of liquid nitrogen.

The amount of current a material can
carry through a given cross-sectional area
also affects its superconductivity. Trying
to carry too much current forces the
material to go normal. The point at which
this happens is the “‘critical current den-
sity,” Je. Although critical temperature
and critical field are basic properties of
the materials used, the critical current
density can be improved by processing
techniques. Bulk samples of the new
ceramic superconductors tend to have very
low critical currents (10-1000 amperes per
square centimeter, A/cm?), whereas thin-
film values tend to be much higher
(100,000 to 1,000,000 A/cm?).

Different applications require different
characteristics from high-temperature
superconductors. Conventional superconductors
(niobium alloys) meet the requirements for many
applications. The Sumitomo thin film and the
AT&T bulk material represent typical
high-temperature superconductor characteristics
at 77 K as of early 1989 technology.
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Three factors control superconductivity — temperature, current density, and magnetic field.
Superconductivity disappears outside a three—dimensional surface unique to each material. The
critical surfaces for bulk (A) and thin—film (B) yttrium barrium copper oxide extend beyond the
liquid nitrogen temperature (77 K). The critical surfaces of conventional niobium superconductors
(C, D) are small, forcing them to operate at the liquid helium temperature (4 K).
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“Pilot centers are unique. Intellectual
rights and simple contracting are
changing the way we do business.”

— Robert San Martin, Deputy Assistant Secretary,
Renewable Energy, U.S. Department of Energy-

Pilot Centers:
New Opportunities
for Industry

The key to commercializing the new
superconductors rapidly is the col-
laboration of American industry, univer-
sities, and national laboratories. Our
program is designed to include industries
and universities right from the start.

The benefits of this synergism are far-
reaching. Industries and universities will
be able to obtain funding for research
and will benefit from the expert staff
and state-of-the-art facilities at the
national laboratories. Conversely, the
national laboratories will benefit from
the interaction with university and
industry scientists, as well as the insight
industry can give on the best directions
for research. Industry’s early participa-
tion will help focus research on the
most promising technologies for
commercialization — a benefit for the
entire nation.

To streamline the cooperative process,
we have set up three pilot centers that
will make the resources of the national
laboratories available to American com-
panies. These pilot centers are Oak
Ridge National Laboratory, Argonne
National Laboratory, and Los Alamos
National Laboratory. The centers use
simplified and expedited contracting
procedures and can make flexible
arrangements for patents and other
property rights. They also have out-
reach programs to seek corporate
partners. Private sector interest in col-
laborative agreements with DOE has
increased enormously since the pilot
centers were formed.

“Our collaborations with industry play
across the spectrum — from the very
difficult that will take us five to ten years,
to the things we can do right now.”

— Rod Quinn, Director, Superconductivity Pilot
Center, Los Alamos National Laboratory

Selected Partnerships in Superconductivity R&D*

Laboratory
Ames Laboratory

Argonne National
Laboratory

Brookhaven National
Laboratory

Lawrence Berkeley
Laboratory

Los Alamos National
Laboratory

Sandia National
Laboratories

Partner(s)

Babcock & Wilcox

Beldencooper Industries

Grumman Corp.
CBI Research

American Superconductor

State University of New York
Massachusetts Institute

of Technology

University of California

at Berkeley
Quantum Optics

Rockwell International
University of Missouri,

University of Nevada,
Reno

Area of Research
Filament formation technique

Shielding measurements
Radio frequency cavities
Superconducting magnetic

energy storage coils
Wire fabrication

Tape fabrication
Model of magnet performance

Thin-film properties

Sol gel processing

Thallium-based developments

Rolla Melt processing

Fluidized bed calcination

* The number of partnerships is growing rapidly. These are just a few examples to show
the breadth of work under way.

The old concept of the government
always holding proprietary rights to
research at its laboratories is no longer
true. Since 1986, companies have been
able to obtain title to patents emanating
from cooperative work and can license
other rights that might be needed to
commercialize the technology. The pilot
centers are able to protect information
produced under cooperative agreements.

How does a partnership begin? Simply
with a technical problenr of mutual
interest to a DOE laboratory and an
industrial or university partner. The work-
ing arrangements are negotiated on a
case-by-case basis and may include
cooperative R&D, contract R&D, staff
exchanges, consortia, or joint ventures.



“The discovery of high-temperature
superconductors will force us to change our
way of thinking about superconductivity in
solids.” — Victor Emery, Brookhaven National
Laboratory

Electron Pairs
Encounter
No Resistance

Normal state

Normally. an electric current 1s composed of
single electrons. and resistance occurs as
these electrons collide with small impurities
and cracks In the latticelike architecture of
the metal F

Atoms
of the
lattice

They can also collide electrons
with the metal s vibrating
atoms themselves. Each collision

spends energy. which 1s given off as heat

The Inner Workings

In 1957, the Nobel Prize was awarded to
three researchers from the University of
Illinois (John Bardeen, Leon Cooper, and
Robert Schrieffer) for their explanation of
superconductivity. According to their
“BCS” theory, superconductivity arises
when electrons become paired. The pairs,
unlike single electrons, can travel through
the lattice without resistance.

A negatively charged electron moving
through a metal’s lattice structure attracts
positive ions very slightly, and this
causes them to vibrate. In a few
materials, a small unit of this vibrational
energy attracts another electron with
opposite magnetic spin and mementum.
The two electrons thereby become in-
directly linked and move together as a
pair (called a Cooper pair). Even the
pairs become linked, and the electrons
flow effortlessly through the lattice.

Superconductive state

With superconductivity. as a negatively charged
electron passes between the metal s positively
charged atoms in the lattice. the atoms are
attracted inward. which Area of net
causes the structure to bend.  positive charge

Positively charged atom

Electron passes through &
causing inward distortion

; I .
-——n’+ = ‘
Simplified architecture
of the metal lattice

This distortion of
the lattice creates a
region of enhanced positive

charge that attracts a second

negatively charged electron to that area

However, the links between the electrons
are so fragile that a slight rise in tempera-
ture gives them enough energy to break
the linkage (the critical temperature). The
BCS theory predicts that the highest criti-
cal temperature possible in any material
is 30 to 40 K.

Already, the new ceramic superconduc-
tors are reaching a critical temperature of
125 K. So, many modified theories have
been put forth, involving other types of
interactions. In searching for explana-
tions, researchers have focused attention
on the crystal structures of the new
materials. They all share the common
feature of parallel planes of copper and
oxygen atoms. Electrons moving in these
planes appear to be affected so that
superconductivity results.

il travel ir
a current exists

Area of distortion

Second electron is indirectly
bound to the first



STEPS:
Superconducting
Technology for
=" FElectric Power
et Systems

Argonne National Laboratory developed the

first working motor using high-temperature

superconducting materials. Our high-temperature superconductivity
research program began in the second
half of FY 1988. Its goals are twofold: to
advance the knowledge of supercon-
ducting technology, and to apply that
knowledge to large-scale applications in
the U.S. electric power industry. To in-
corporate the talents of a broad
spectrum of researchers, we funded ten
major DOE laboratories with more than
$2.7 million in FY 1988. An additional $7
million was awarded in FY 1989.
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Superconductivity was discovered, long

before its recent resurgence, by a Dutch
physicist in 1911. But not until the 1960s
and 1970s did researchers develop the

first practical low-temperature supercon-
ducting technologies.

High-temperature superconductors will
also take some time to develop because
they present substantial material
problems. Unlike the metallic low-
temperature superconductors, the new
high-temperature superconductors are
ceramic. And like most ceramics, they
are not able to carry large amounts of
current in some forms, are brittle, and
do not bond easily to metals. Also, they
can be damaged by water and other
common materials. Before we can apply
high-temperature superconductors in
the electric power industry, we must
overcome these problems and form the
new materials into useful shapes (wires,
tapes, filaments, and castings).

IB oml amss

Working with Ames Laboratory,
Babcock & Wilcox is developing
bismuth-based superconducting fila-
ments by blowing molten material into
strings that are typically 0.1mm in
diamter and 10mm long. These fila-
ments are combined with a normal
conducting metal to create a flexible
superconducting wire.

mni
HHELE

W.R. Grace has made flexible
composite films and polymers of yttrium
barium copper oxide. After being fired
to become superconducting, the
composites become brittle.

Superconductors come in a variety of forms.
The wire on the spool, manufactured by CPS
Superconductor, will become brittle after the
sintering necessary to make it superconducting.
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he pilot centers were first established at the close of FY 1988. The first

emphasis will be on outreach programs to seek corporate partners and
acquaint industry with national laboratory capablities and resources.
Already, we have 17 contracts with private industry either signed or in final
negotiations. DOE funding for FY 1989 is $2 million for each pilot center.
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S ince we began the STEPS program
in the middle of FY 1988, research
is forging ahead in two major areas:
bulk superconductors and thin films.
Bulk superconductors are devices
(wires, pellets, etc.) made totally of
superconducting material. Thin-film
superconductors have a thin film of a
superconducting material (about one-
tenth the thickness of a human hair)
deposited on an inert substrate.

The material properties and processing
of these two types of superconductors
are quite different. The major drawback
to bulk superconductors is that they
have a very poor ability to carry current.
To be used in electric utility systems,
their current density needs to be 10 to
100 times greater than today’s technol-
ogy. Areas of non-superconducting
material between the grains of super-
conducting material makes it difficult for
the current to move from one crystal
grain to another in the bulk material.

Researchers are working on ways to
align crystals (and therefore, the planes
of copper and oxygen atoms) to im-
prove current density. By eliminating
microstructural flaws and by adding
dopants (small amounts of impurities,
such as silver), they are beginning to in-
crease the flexibility and toughness of
the materials. At least seven different
processing methods are currently
under investigation.

Thin-film superconductors, in contrast
to bulk, can carry much more current.
Because of the way they are fabricated,
the crystal structure in thin films is
easier to control than that in bulk
materials. In fact, the current density in
thin films is already adequate for most
applications. Researchers have already
reported current densities of 1,000,000
Alcm®, the level needed for practical
conductor applications.

»

Unlike their bulk counterparts, thin-film supeg:
conductors (bismuth strontium calcium copper
oxide) tend to have longer, thinner crystals that
have some degree of orientation.




(A) At the Solar Energy Research Institute
(SERI), various shapes can be continuously
coated with a thin film of bismuth supercon-
ducting material, using a molten mixture of the
oxides. (B) Inductive heating coils raise the
reaction temperature to 1100°C as a filament
is pulled through the crucible. (C) Filaments
and tapes are just some of the shapes

that can be coated.

Thin films can be deposited on sub-
strates of different shapes to make
superconductors in a variety of con-
figurations. For example, thin films
deposited on long narrow ribbdn sub-
strates could form a conductor suitable
for making magnets or power lines. Re-
searchers are currently developing sput-
tering and other fabrication techniques.

As scientists make new samples of bulk
and thin-film superconductors, they must
have fast, accurate ways to measure the
electrical and magnetic properties of the
material. Several laboratories are
developing automated electrical charac-
terization systems and have found
various solutions to the problem of how
to make fast, low-resistance electrical
contacts to the samples. For future ap-
plications, researchers have also made
permanent copper-to-ceramic contacts
that have withstood tearing forces in ex-
cess of 100 pounds per square inch.

The emphasis of the STEPS program will
gradually shift from its current focus on
practical conductor development toward
device technology and prototype
development. But researchers have
already begun to develop computer
models to help them identify the critical
electrical characteristics needed for
superconducting transformers, magnetic
coils, and other devices. They have also
developed equipment to measure the
mechanical and thermal properties of
superconductors, as well as computer

programs to model costing methodologies.

As part of our continuing effort to work
hand-in-hand with industry, in 1988 we
organized a successful forum on high-
temperature superconductivity applica-
tions and the first-ever conference on
the science and technology of thin-film
superconductors.

Argonne National Laboratory has
successfully bonded superconduct-
ing materials to copper contacts,
to withstand tearing forces in
excess of 100 pounds per square
inch. Connecting superconductors
and normal conductors

is crucial for future

applications.

SERI and other laboratories have developed
state-of-the-art facilities for electrical and mag-
netic characterization of materials. Here, a sample
is loaded for resistance measurements.



Technical
H l ghlz ghts

,Defrnmons

YBCO. i yitrium- “barium- -copper-oxide: superconductor

. .BSCCO bismuth-strontium- -calcium-copper-oxide. superoonductor S
.~ TCBCO thallium-calcium- banum -copper- oxrde superconductor o -

K Kelvin, a measure of temperature , , e

B crmcal temperature beyond which the matenal no longer superconducts
ki cntrcal current density, beyond whsch the matenal no Ionger superconduots
B critical magnetrc field, beyond whroh the matenat o longer superconducts :
Alom? amperes per square centrmeter a measure of current densrty

Practical Conductor

Development '

Bulk Processing Fabrication

-Developed a processmg techmque 1o fabncate a ﬂexrbte sintered composrte tape
- of YBCO that can wrthstand a mechamca! strarn ten trmes that of other YBCO :

materials. (ANL )

Evaluated the mechamcal properttes of YBCO and composrtes doped wrth
various amounts of silver powder. Showed that the average strength, elastic
modulus, hardness and J, rmproved whﬂe stru mamtarmng T m the range of
88 K. (ANL) r ,

- Determined from vrscosrty measurements that it rs easrer to blow frbers from

- BSCCO than from YBCO. (Ames/Baboock & Wr/oox)

Fabncated BSCCO mrcrofnlaments with extremety smelt dlameters typxcaily O 1

“mm in diameter and 10 mm long. These fitaments will be combined with a nor-

mal conducting metal such as copper to oreate a,ﬂexrble superconductmg

- wire, (AMES/Babcock & eroox) : :
,Coated carbon steel substrates w;th unrform coatmgs (about 0.1-0. 3 mm thrck)

of YBCO overlayer by solution-plasma spraying methods, and measured T,

_ values of 88-92 K. (BNL/State University of New. York, Stony Brook)

Devised thaﬂrum operating procedures and set up laboratories with the proper ~
safety equrpmen{ to process bulk thamum-based superconductors (LANL)

Fabricated a 200-ft length of continuous YBCO wire (0.1 mm drameter) from the
melt using the drawn-glass-tube Taylor wire approach (LANLﬂvaersrry of Mis-
souri, Rolla)

!mproved the current—oarryrng capacity in bulk YBCO superoonductmg matenal
by hrgh pressure oxygen and high anneahng temperatures. (ORNL)

Found that the YBCO compound is unstabte at low annealing temperatures;

e transformation rate depends mostly on oxygen pressure; high-temperature,

hrgh—pressure oxygen anneals yrelded the best samples. (ORNL)

Developed a chemical precipitation process (patent filed) to produce powders
superior to those prepared with ball mills and mrxed oxides. (SNL)




~Thin Films

Oak Ridge National Laboratory has developed

an aerosol flow system for

producing mixed
 oxide powders.

Fabricating a superconducting coil is made
easier with Argonne National Laboratory’s new
extrusion process, shown here producing a
3-cm-diameter coil of “1-2-3” wire.

Developed a “flash” calcination process to produce bulk YBCO superconduct-
ing ceramics with the highest known critical densities (1450 A/cm? at 76 K) —
higher than those prepared by conventional sintering. (SNL)

Fabricated research-size specimens using a gas gun and dynamic explosive
compaction of oxide powders in a metal matrix (patented). The process is
ready for development to fabricate long superconductors. (LLNL)

Conducted decomposition studies of superconducting ceramic oxides under
high-temperature, high-oxygen pressure to fabricate superconducting wires.
(LLNL)

Fabricated disk-type bonds of high-T_ ceramics to copper metal structures by
a pressure-bonding method, and successfully produced bonds that have
withstood tearing forces in excess of 100 psi. (ANL)

Discovered an oxide-melt process to make dense specimens and coat wires
and sheets with the BSCCO superconductor; demonstrated that removing the
sheet coatings produced free-standing sheets. (SERI)

Developed a technigue to make reliable low-resistance contacts to BSCCO and
TCBCO thin films by depositing gold before annealing. (ANL)

Prepared superconducting YBCO films by sputtering from a single mixed-
oxide target. Determined that magnesium oxide buffer-layer films are highly
oriented and independent of the type of substrate used. This allows films to be
grown under practical conditions. (LBL)

Developed a laser ablation system using a high-energy excimer laser, and suc-
cessfully produced superconducting films of YBCO strontium titanate
substrate. (LBL/LLNL)

Prepared suitable starting compounds to produce mixed oxides of YBCO com-
position by hydrolysis. The resulting solutions will be coated onto substrates to
produce superconducting films. (LBL)

Sputtered a high-quality YBCO superconductor by in situ vapor deposition
onto Pt films and onto single-crystal substrates of strontium titanate. (LANL)

Deposited in situ superconducting thin films of BSCCO by magnetron sputter-
ing, and analyzed their composition and structure. Uncovered a relationship
that lattice constants of high T, phases are two times larger than those of
lower T, phases. (SERI)

Built a new physical vapor deposition system that is capable of simultaneously
controlling the deposition rate of up to five different elements. (SERI)
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A plume rises from a sample of mixed oxides
being struck by a laser. Lawrence Berkeley
Laboratory has developed a laser ablation
process to produce films of yttrium barium
copper oxide on a strontium substrate.

Property Measurement

Device Technology

Component/Device Design

System Studies/Modeling

Technical and Economic Evaluation

Completed preliminary work on identifying the most suitable measurement
techniques for the rapid turn-around characterization of materials up to 9 teslas
and from 4.2 to 300 K. (SNL)

Developed a plasma-arc spray process that produces silver contacts with
about 10 ohm-cm? resistivities to facilitate transport measurements of bulk
samples. (LANL)

Developed an ion-etching, gold-film, low-resistance contacting procedure to
solve poor electrical contacts. (LANL)

Completed extensive Auger compositional depth profiling of gold, silver, and
indium contacts on YBCO materials for fabricating extremely low-resistance
contacts. (SERI/National Institute for Standards and Technology)

Adapted a computer model to compare several designs of conventional
and superconducting step-up transformers. (PNL)

Modified a computer code to model the stability of high-T. superconducting
magnetic coils cooled by liquid nitrogen. (ANL)

Performed preliminary tests to determine 60-Hz AC properties of composite
specimens of cylindrical YBCO for power transmission
studies. (BNL)

Developed a computer program for flux penetration into superconducting tapes
to allow computations of AC loss in non-ideal geometries. (BNL/Massachusetts
Institute of Technology)

Modified an existing computer program to study epoxy-impregnated magnets
operating between 4.2 and 300 K for use in studying YBCO materials.
(BNL/Massachusetts Institute of Technology) *

Constructed an apparatus with a complete computer data acquisition system to
measure thermal contraction and mechanical properties of YBCO disks between
77 and 300 K. (BNL/Massachusetts Institute of Technology)

Completed the report, "Advances in Applied Superconductivity: Preliminary
Evaluation of Goals and Impact." (ANL)

Selected computer programs to analyze life-cycle costing of
superconducting power equipment for electric utilities. (PNL)

Formed an effective Study Advisory Group (SAG) to provide a
mechanism for evaluating new research and technological
information. (PNL)

Held an international conference on the science and
technology of thin-film superconductors, attracting -
over 200 researchers from ten countries. (SER!)




