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ABSTRACT
This report reviews the status of electronic applications of superconducting materials in Japan, with particular
focus on comparisons with relevant activities in the United States. It is complementary to a report published
by WTEC in 1997 covering high power (e.g., electric utility) applications of superconducting materials. The
particular focus of this study was on R&D activities related to radio frequency (rf) and microwave
applications of passive devices. Both low temperature superconductivity (LTS) and high temperature
superconductivity (HTS) materials are covered. Specific topics include HTS materials and thin films; rf and
microwave applications; digital applications; superconducting quantum interference device (SQUID)
applications; refrigeration and packaging; collaborative superconducting electronics projects in Japan; and
Japan’s International Superconductivity Technology Center (ISTEC). The report includes site reports for
visits conducted by the panel members to leading research laboratories and systems developers in Japan. The
panel’s conclusions include the following: (1) Japan is leading in the science of thin films, in both LT and
HTSQUID systems, in LTS digital memory, in development of commercial refrigerators, and in
cryopackaging of SQUID systems; (2) the United States is ahead in all aspects of rf and microwave
applications; (3) Japan is now more innovative than the United States in its development of SQUID systems;
(4) the United States has advanced more rapidly than Japan in LTS circuit fabrication (U.S. fabrication
capability is now comparable to that in Japan); (5) in the critical technology of refrigeration, the United States
is judged to be leading in the development of miniature refrigerators, in the engineering of the Dewar package
for rf and microwave systems, and in advanced concepts of refrigeration, however, refrigerator companies in
Japan are well ahead of their U.S. counterparts in the development and sale of pulse-tube refrigerators, and
many of the compressors used in U.S. commercial cryocoolers are manufactured in Japan; (6) the two
countries are at parity in the areas of LTSQUID sensors, LTS digital processing, and LTS digital switching
circuits. These and other conclusions are reviewed in detail in the panel’s executive summary.
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FOREWORD
The National Science Foundation (NSF) has been involved in funding technology assessments comparing the
United States and foreign countries since 1983. A sizable proportion of this activity has been in the Japanese
Technology Evaluation Center (JTEC) and World Technology Evaluation Center (WTEC) programs. NSF
has supported more than 40 JTEC and WTEC studies over a wide range of technical topics. Both programs
are now subsumed under the single name, WTEC, although the JTEC name has remained until recently on
reports that cover only Japan.
As U.S. scientific and technological leadership is challenged in areas of previous dominance such as
aeronautics, space, and nuclear power, many governmental and private organizations seek to set policies that
will help maintain U.S. strengths. To do this effectively requires an understanding of the relative position of
the United States and other countries. The purpose of the WTEC program is to assess research and
development efforts in other countries in specific areas of technology, to compare these efforts and their
results to U.S. research in the same areas, and to identify opportunities for international collaboration in
precompetitive research.
Many U.S. organizations support substantial data gathering and analysis efforts directed at nations such as
Japan. But often the results of these studies are not widely available. At the same time, government and
privately sponsored studies that are in the public domain tend to be “input” studies; that is, they provide
enumeration of inputs to the research and development process, such as monetary expenditures, personnel
data, and facilities, but do not provide an assessment of the quality or quantity of the outputs obtained.
Studies of the outputs of the research and development process are more difficult to perform because they
require a subjective analysis performed by individuals who are experts in the relevant technical fields. The
NSF staff includes professionals with expertise in a wide range of disciplines. These individuals provide the
technical expertise needed to assemble panels of experts who can perform competent, unbiased, technical
reviews of research and development activities.
Specific technologies, such as telecommunications, biotechnology, or microelectromechanical systems, are
selected for study by government agencies that have an interest in obtaining the results of an assessment and
are able to contribute to its funding. A typical assessment is sponsored by two to four agencies. In the first
few years, most of the studies focused on Japan, reflecting concern over Japan’s growing economic prowess.
Beginning in 1990, we began to broaden the geographic focus of the studies. As interest in the European
Community (now the European Union) grew, we added Europe as an area of study. With the breakup of the
former Soviet Union, we began organizing visits to previously restricted research sites opening up there.
These WTEC studies have focused on identifying opportunities for cooperation with researchers and institutes
in Russia, the Ukraine, and Belarus, rather than on assessing them from a competitive viewpoint.
In the past several years, we also have begun to substantially expand our efforts to disseminate information.
Attendance at WTEC workshops (in which panels present preliminary findings) has increased, especially
industry participation. Representatives of U.S. industry now routinely number 50% or more of the total
attendance, with a broad cross-section of government and academic representatives making up the remainder.
Publications by WTEC panel members based on our studies have increased, as have the number of
presentations by panelists at professional society meetings.
The WTEC program will continue to evolve in response to changing conditions in the years to come. We are
now implementing initiatives aimed at the following objectives:
•

Disseminating the results of WTEC studies via the Internet. Nineteen of the most recent WTEC final
reports are now available on the World Wide Web (http://itri.loyola.edu) or via anonymous FTP
(ftp.wtec.loyola.edu/pub/). Viewgraphs from recent workshops are also on the Web server.
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•
•

Expanding opportunities for the larger science and technology community to help define and organize
studies
Increasing industry sponsorship of WTEC studies

The latter two objectives are now being served under the WTEC Community-Initiated State-of-the-Art
Reviews (CISAR) initiative. CISAR provides an opportunity for the U.S. R&D community to suggest and
carry out studies that might not otherwise be funded solely at the initiative of the government. For example,
WTEC has formed partnerships with university/industry teams, with partial funding from industry, to carry
out three CISAR studies, covering the Korean semiconductor industry, electronics final assembly
technologies in Pacific Rim countries, and civil infrastructure technologies in Pacific Rim countries,
respectively. Several other topics are under consideration. Further information on the CISAR initiative is
available on the WTEC Web server (http://itri.loyola.edu/cisar.htm) or by contacting the WTEC office.
In the end, all government-funded programs must answer the question, How has this investment benefited the
nation? A few of the benefits of the WTEC program follow:
•

•

•

•

JTEC studies have contributed significantly to U.S. benchmarking of the growing prowess of Japan’s
technological enterprise. Some have estimated that JTEC has been responsible for over half the major
Japanese technology benchmarking studies conducted in the United States in the past decade. JTEC and
WTEC reports have also been widely cited in various competitiveness studies.
These studies have provided important input to policymakers in federal mission agencies. JTEC and
WTEC panel chairs have given special briefings to senior officials of the Department of Energy and
Commerce, to the National Aeronautics and Space Administration (NASA) administrator, and to the
President’s science advisor. Two recent studies on electronic packaging and related electronics
manufacturing issues have had a particularly significant impact in this regard. The 1995 JTEC report on
electronic manufacturing and packaging in Japan was cited by the Defense Secretary and the Commerce
Secretary in a joint announcement of a $30-40 million government initiative to improve U.S.
competitiveness in electronic packaging. The President’s Office of Science and Technology Policy and
two senior officials at the Department of Commerce have received briefings on a follow-on WTEC study
covering electronic manufacturing in other Pacific Rim countries.
Studies have been of keen interest to U.S. industry, providing managers with a sense of the competitive
environment internationally. The director for external technology at a major U.S. high-technology firm
recently told us that that he always looks for a relevant WTEC report first when beginning to investigate
a technology for his company, because these reports provide a comprehensive understanding that
includes R&D, process technology, and some information on commercial developments. The list of
corporate users of the WTEC Web server includes virtually all of the nation’s high-technology sector.
Not the least important is the educational benefit of the studies. Since 1983 over 200 scientists and
engineers have participated as panelists in the studies. As a result of their experiences, many have
changed their viewpoints on the significance and originality of foreign research. Some have also
developed lasting relationships and ongoing exchanges of information with their foreign hosts as a result
of their participation in these studies.

As we seek to refine the WTEC program in the coming years, improving the methodology and enhancing the
impact, program organizers and participants will continue to operate from the same basic premise that has
been behind the program from its inception: the United States can benefit from a better understanding of
cutting-edge research that is being conducted outside its borders. Improved awareness of international
developments can significantly enhance the scope and effectiveness of international collaboration and thus
benefit all of the United States’ international partners in collaborative research and development efforts.
Paul J. Herer
National Science Foundation
Arlington, VA
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EXECUTIVE SUMMARY
INTRODUCTION
In the fall of 1996, the U.S. Department of Defense Advanced Research Projects Agency (DARPA) and the
National Science Foundation asked the World Technology Evaluation Center (WTEC) to assemble a panel to
assess, relative to the United States, the advances Japan has made in the field of superconducting electronics
in the decade or so since a previous report on superconductivity was conducted by WTEC, then known as the
1
Japanese Technology Evaluation Center (JTEC). A separate WTEC panel was commissioned earlier in 1996
2
to investigate power applications of superconductivity in Japan and Europe. The panel on electronic
applications of superconductivity was asked to focus on Japan’s R&D activities in the areas of radio
frequency (rf) and microwave applications of passive devices; however, the panel also attempted to review
the entire range of Japan’s work in the field of superconducting electronics.
This study was carried out by a small panel of U.S. experts in the field: Prof. Malcolm R. Beasley of Stanford
University, Dr. Richard Ralston of the MIT Lincoln Laboratory (who was also a member of the earlier JTEC
panel on high-temperature superconductivity R&D in Japan), and panel chairman Dr. John M. Rowell, who is
a consultant to the superconductor industry (John Rowell, Inc.). The panel made a one-week trip to Japan to
visit sites where work in this field is underway. Accompanying the panel on its site visits in Japan were Dr.
George Gamota of WTEC, Dr. Martin Nisenoff of the U.S. Naval Research Laboratory, and Dr. Frank Patten
of DARPA. Much of the input to this report, in areas of SCE other than rf and microwave applications, came
from the panelists’ general knowledge of R&D activities in Japan, rather than from the week of visits. The
panel also broadened the scope of the report to include activities in low temperature superconductivity (LTS)
and high temperature superconductivity (HTS) that it considered relevant.
Chapter 1 reviews the mechanical details of the visits and this report. Subsequent chapters review the
Japanese view of superconductivity (Chapter 2); work on HTS materials and thin films (Chapter 3); rf and
microwave applications (Chapter 4); digital applications (Chapter 5); superconducting quantum interference
device (SQUID) applications (Chapter 6); refrigeration and packaging (Chapter 7); collaborative
superconducting electronics projects in Japan (Chapter 8); and the work of Japan’s International
Superconductivity Technology Center (ISTEC) (Chapter 9). Appendix A contains the biographies of
panelists and other participants in this study, Appendix B contains the complete set of site reports, and Appendix
C contains a list of acronyms.
The panel presented preliminary findings at a workshop in Washington, DC, on April 10, 1997. This written
final report, based on the panel’s findings and on feedback from workshop participants, was reviewed by
Japanese hosts as well as by sponsors prior to publication. An electronic copy of the report is available on the
Web (http://itri.loyola.edu) or in CD-ROM format from WTEC in Baltimore.
BACKGROUND
Superconducting electronics (SCE)  indeed, the field of superconductivity as a whole  was reinvigorated
by the discovery in 1986 of high-temperature oxide superconductors. While this was an event that changed

1

This report was published in 1989: Dresselhaus, M., ed. High temperature superconductivity in Japan. Baltimore, MD:
Loyola College, JTEC. NTIS # PB90-123126.
2

Larbalestier, D., R. Blaugher, R. Schwall, R. Sokolowski, M. Suenaga, and J. Willis. 1997 Power Applications of
Superconductivity in Japan and Germany. Baltimore, MD: Loyola College, WTEC. NTIS #PB98-103161.
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the field globally, the strategies followed in Japan and the United States to understand the science of these
materials and to develop applications based on them were, and still are, remarkably different. Thus, the
findings of the WTEC panel, based largely on visits to laboratories in Japan during the last week of January
1997, deal with both style and substance. Style is the way human resources, instrumentation, laboratory
facilities, and funding have been deployed to take advantage of this momentous discovery. Substance implies
the technical advances that have been achieved, ranging from fundamental to applied science and to the
manufacture of products.
In particular, this report addresses progress in superconducting electronics made in Japan in the 8 years since
the JTEC panel visit in June 1989, shortly after the discovery of HTS. However, it would be too limiting if
the scope of this panel were confined only to HTS activities, as almost all of today’s HTS electronics
applications were first developed with the more conventional low-temperature superconducting materials
cooled by liquid helium. Hence, this report attempts to view as a continuum both LTS and HTS activities in
Japan, and also in the United States for comparison.
MAJOR FINDINGS
The conclusions of the panel and of this report are summarized in Table ES.1, in which the R&D and
commercialization activities of Japan and the United States are compared. Briefly,
•

Japan is leading in the science of the thin films that enable the technology: in its recent development of
both LT and HTSQUID systems, in LTS digital memory, in development of commercial refrigerators,
and in cryopackaging of SQUID systems.

•

In the application area of particular interest to the sponsors of this report, rf and microwave, the United
States is ahead in all aspects, from the manufacture of large numbers of films of increasing area (at least
5 cm in diameter) to the sale of commercial (wireless) systems.

•

In 1989, Japan had little SQUID activity, but clearly dominated in LTS digital technology; in 1997, these
roles are largely reversed. Japan is now more innovative than the United States in its development of
SQUID systems.

•

The United States has advanced more rapidly than Japan in the process of LTS circuit fabrication (so that
the U.S. fabrication capability is now comparable to that in Japan); in improving the performance of
HTSQUID sensors; in investigating cryo-CMOS memory and the new LTS logic based on single flux
quantum gates; and in improving the uniformity of HTS junctions.

•

In the critical technology of refrigeration, the United States is judged to be leading in the development of
miniature refrigerators, in the engineering of the Dewar package for rf and microwave systems, and in
advanced concepts of refrigeration. The refrigerator companies in Japan are well ahead of their U.S.
counterparts in the development and sale of pulse-tube refrigerators, and many of the compressors used
in U.S. commercial cryocoolers are manufactured in Japan.

•

In the areas of LTSQUID sensors, LTS digital processing, and LTS digital switching circuits, the two
countries are at a comparable level of capability.

•

As already noted, the panel observed that in the 8 years since the publication of the earlier JTEC report
on superconductivity in Japan, the relative capabilities of the United States and Japan have changed, not
only at the R&D level, but also in the commercialization of products. Examples of product
commercialization include the sale of SQUID systems in Japan and the use of HTS filter subsystems in
wireless base stations in the United States.

Neither country’s leadership in any of these capabilities is at present commanding except, perhaps, in the area
of rf and microwave applications, where the panel members feel the United States is at least 2 years ahead in
its push toward commercial products. While the United States enjoys this 2-year advantage in one application
area, it is offset by the comparable lead Japan has established in providing vision for the field and in
establishing plans and long-term funding for the next phase of research and technology development.
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Table ES.1
Electronic Applications of Superconducting Materials:
Japan Compared to the United States
Technology

Japan

United States
Status

Trend

+

⇑

− device design

+

⇑

− device performance

+

⇑

− systems

+

Materials Science of Thin HTS Films

Status

Trend

+

⇑

Film “manufacture,” large areas and numbers
RF and Microwave

Digital

− LTS process

Ο

− LTS JJ memory

+

Ο

⇑

− cryo CMOS memory

+

⇑

− LTS logic

+

⇑

Ο

⇒

+

⇑

Ο

⇒

+

⇑

− miniature

+

⇑

− Dewar package (rf)

+

⇑

+

⇑

− LTS switches

Ο

⇑

⇒

− HTS junctions
− LTS sensors

SQUIDs

Ο

⇒

− HTS sensors

Refrigeration

− LTS systems

+

⇑

− HTS systems

+

⇑

− commercial

+

⇑

− Dewar package (SQUIDs)

+

⇑

− advanced concepts

Key
+

ahead of other country

⇑

gaining ground in comparison

Ο

two countries even

⇒

no change in trend

DIFFERENCES IN STYLE
The differences between Japan and the United States begin at the highest level, with the vision of the future
importance of superconductivity. There is no doubt that the Japanese have a long-term, expansive vision of
st
the future of superconductivity. They see it as a key technology of the 21 century. Moreover, the Japanese
government is making investments in the technology commensurate with this vision. It is not clear if the
United States now has any collective high-level vision of, or plan for, the future of superconductivity. Indeed,
it has not been the style of the United States to have one activity, person, or organization responsible for such
a single high-level view. Instead, the United States has a number of companies, university groups, and
individual scientists (including those in funding agencies), each of which has its own strategic vision, and
which in many cases compete with each other for decreasing federal funding. In total, they represent a
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creative ferment of activity that drives the field forward in individual and only loosely correlated steps. This
is in sharp contrast to the collective action of the community in Japan. As a result, in the United States
neither the government as a whole nor any specific funding agency has current plans for investments in the
technology comparable to those being made in Japan. This does not imply that such investments will not be
made in the United States, but the style is likely to be through individuals, small groups, competing
companies, and perhaps, some joint ventures.
Funding of SCE in Japan
The contrast between the collective vision of Japan and the disparate strategies of the individual groups in the
United States is reflected in the styles of funding apparent in the two countries, both in the past and in plans
for the future. To a large extent, superconducting electronics in Japan has been advanced through welldefined projects with stable funding extending typically from 5 to 10 years. Many of these projects have
involved the formation of some type of consortium. In two organizations, the International Superconductivity
Technology Center (ISTEC) and the Superconducting Sensor Laboratory (SSL), new central laboratories
were built specifically for the R&D activity of the consortium, which in the case of SSL lasted for six years
(SSL was dissolved in 1996). No such centralized and industry-based consortium has been created in the
United States in the superconductivity fields, although examples for the semiconductor field are Sematech and
the Microelectronics and Computer Consortium, MCC. Instead, in the United States a large number of small
independent groups and a much smaller number of joint activities, in which the scientists continued to work in
their own laboratories, have been funded in the past 10 years.
ISTEC is the largest of the consortia in Japan, indeed, in the world, that is focused on superconductivity. In
1997 it was funded for 5 more years (likely to be extended to 10 years). The budget will be approximately ¥4
3
billion per year, or over $33 million per year, excluding the salaries of the scientists sent by industry. In its
second phase, the interest of ISTEC will be on the applications of HTS bulk materials, films, and wires. This
represents a much more applied emphasis than was evident in its first phase, which dealt primarily with
materials research. ISTEC clearly has the opportunity to be a dominant force in the worldwide development
of SCE technology.
In addition to ISTEC, another joint activity has been approved in Japan in the area of digital switching using
both LTS and HTS single flux quantum devices. For the first time in a Japanese collaborative SCE project,
scientists from both industry and universities will be included. Japan’s Science and Technology Agency
(STA) will fund a 5-year collaboration at ~$1.5 million/year (personnel costs covered elsewhere), with a 3year interim evaluation. The participants will include ETL, Fujitsu, Hitachi, ISTEC/SRL, and NEC, with
university participation by Nagoya University, Japan Women’s University, and the University of Tokyo
Research Center for Advanced Science and Technology (RCAST).
Thus in Japan, funding is in place for projects well into the next decade. Again, there are no such plans in the
United States, but neither has such long-term planning been characteristic of the U.S. style in the past. The
planning process for these new projects in Japan was extensive and involved many Japanese scientists across
the field of superconductivity in discussions of the needs and opportunities of both the science and the
technology. There has not been any equivalent in-depth discussion in the SCE research community of the
United States, although a small workshop was held in 1997 on this issue, and a roadmap of the SCE industry
is planned. Progress in formulating this roadmap has been slow, perhaps an indication that the U.S. SCE
industry does not recognize collective action as a high priority or is uncomfortable with such action in a field
that some in industry already see as competitive.

3

The exchange rate used throughout this report is U.S.$1 = ¥120, an approximate average of the rates in effect at the time
of the site visits and at the time of the writing of this report.
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Another significant difference the WTEC panel observed between Japan and the United States is the level of
SCE research activity in Japanese industry. A good number (certainly more than 10) of medium- and largesized companies in Japan still maintain research groups in SCE. In the United States, except for TRW and
Northrop Grumman, which are largely supported by Department of Defense (DOD) funds, only DuPont has a
comparable program. On the other hand, the four small U.S. SCE companies (Conductus, ISC, SCT, and
STI) created with venture capital now employ roughly 300 people (probably more than 200 technical
employees). Thus, the total number of technical staff at these four companies is greater than that at ISTEC
(130-140). The federal funding of these four companies has perhaps been about one-third to one-half the
funding level of ISTEC, but the R&D activities of the four companies are declining as they emphasize
engineering and manufacturing of wireless subsystem products.
Funding of SCE in the United States
Viewed from a distance, the progress in SCE in the United States has been jokingly compared by panel chair
John Rowell to Brownian motion! Many small groups, nudged by small amounts of funding on an almost
annual basis, move in apparently random directions. Yet, a drift in a forward direction has been
superimposed on these seemingly independent groups. It appears that this drift has a number of stimuli.
Among others, these include DARPA’s interest in rf and microwave applications, the High Temperature
Superconducting Space Experiment (HTSSE), and the encouragement of Conductus, Northrop Grumman, and
TRW to collaborate in HTS junction development. For example, HTSSE demanded, in the early days of
HTS, that groups deliver, by specific dates, operating and packaged devices (HTSSE I) or subsystems
(HTSSE II). The effect in the United States of specific goals and deadlines, set even when the state of the
HTS field was represented by films of marginal quality, should not be underestimated. Although much of the
material and device development was funded by other programs (particularly through DARPA), the additional
HTSSE funds with imposed deadlines spurred an impressive response. Most of the devices and subsystems
were targeted at rf and microwave applications, so this area received substantial early encouragement in the
United States.
The second reason for a collective motion of the apparently independent groups in the United States is that, in
addition to formal joint activities, many informal collaborations occur at the individual scientist level, even if
not specifically demanded by the funding structure itself. Such collaborations are now intrinsic to the U.S.
research culture and have probably been strengthened in recent years by the migration of scientists into
universities from the laboratories of large industry, where collaborative interdisciplinary research was the
norm. Funding agencies are also inducing teaming (both formal and informal) within U.S. R&D.
In contrast, the WTEC panel noted many opportunities for collaborative research between the groups visited
in Japan, but these had not occurred. Even when collaborative activities or consortia are funded, the panel
noted that they become “vertically integrated,” that is, they do not later expand informally to include skills
and capabilities in other laboratories that are easily identified as relevant and valuable to the project. There is
some evidence that this might be changing, for example in the STA project mentioned above, but the research
cultures of the two countries are clearly still very different in this regard.
A third reason for U.S. progress in SCE is the interests of the defense agencies, such as DARPA, the Office of
Naval Research, and the Air Force Office of Scientific Research, which have funded programs at a large
number of laboratories, but overall have encouraged certain applications directions. These have been
predominantly in the areas of HTS rf and microwave passive components and systems, lower cost
refrigerators, and HTS digital junctions and circuits. Also, through the University Research Initiative (URI),
the National Security Agency (NSA) crossbar switch project, and the Advanced Technology Program (ATP)
hybrid system project, the United States made considerable progress in LTS digital technology. It is clear in
Table ES.1 that it is in these areas, which are of interest (largely) to DOD agencies, that the panel judged the
United States to be in a leadership position. A corollary is that commercial interests in SCE have, as yet, had
little impact on the state of the technology in the United States. Or perhaps it is more accurate to say that in
the rf/microwave/wireless applications, the interests of DOD and industry have converged. The defense
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agencies have supported the development of LTS circuits for a crossbar switch, analog-digital conversion, and
single flux quantum circuits, with the latter two areas potentially migrating to HTS in the far term.
A fourth stimulus to SCE in the United States, which has no equivalent in Japan, is the interest of the venture
capital and investor community. The four small companies mentioned earlier, formed shortly after the
discovery of HTS, have been at the forefront of the development of SCE technology and are now under
intense pressure to deliver wireless products to the cellular and personal communication system (PCS)
market. The panel did not identify any similar intense need to enter the marketplace in Japan. Indeed, the
long-term vision and funding that is so apparent in Japan seems to bring an immunity to such pressure.
Educational Function of Consortia in Japan
The panel noted with interest an educational function of consortia such as ISTEC and SSL in Japan. In the
United States, collaborations and consortia occur between groups that are already expert in the science and
technology. In Japan a number of people from the laboratories of the industrial partners have received
education and training in SQUID technology and cryogenics at SSL and returned to their companies with this
knowledge. In the case of ISTEC, over 250 scientists have been informally trained in the field of
superconducting materials and characterization and have returned to their companies. Although the U.S.
Consortium for Superconducting Electronics (CSE) did train many students (at MIT, Boston University,
Cornell, and SUNY Stony Brook), the dominant focus of CSE was on applications, and the training was not
primarily of the industrial participants. Overall, there is no educational function equivalent to that of ISTEC
achieved by any consortium, in any technical field, in the United States.
SUMMARY OF SCE CAPABILITIES IN JAPAN AND THE UNITED STATES
Turning now to substance and the achievements of the 1990s, the panel’s findings summarized in Table ES.1
are described below in more detail. Despite the “randomness” of the U.S. funding process, the panel’s
conclusion, as reflected in the table, is that the United States has advanced the state of the art more rapidly in
a majority of subfields, particularly those encouraged by DOD, namely rf and microwave applications and
digital applications.
Materials and Thin Films
In the areas of materials and thin films, the panel found that Japan is more active and stronger in identification
and synthesis of known classes of materials with structures and chemistries of particular scientific interest in
the context of high temperature superconductivity. On the other hand, the search for entirely new classes of
materials is probably still stronger in the United States and in Europe. There is more emphasis at the basic
level in Japan on systematic physical property determination of interesting materials, mainly on bulk single
crystals, whereas in the United States there is greater emphasis on theory and experiment focused on critical
fundamental issues, such as efforts to determine the pairing symmetry of the cuprate superconductors. The
United States is stronger in the fundamental study and modeling of the microwave properties of the HTS
materials and on the transport and coupling mechanisms in HTS Josephson junctions.
Only in Japan do single organizations (ISTEC and ETL) have the full range of characterization capabilities
necessary to carry out thorough structure/property relation studies of bulk and thin film HTS materials. In
Japan, there are also many more molecular beam epitaxy (MBE)-type systems for thin film growth, equipped
with a full range of in-situ characterization tools. More of the first steps have been taken in the United States
towards a multilayer integrated circuit HTS process, the growth of crossovers, vias, and circuits on ground
planes, but the Japanese are exploring the various materials combinations, interface properties, and
deposition/processing approaches more systematically and in more depth.
Because of the lack of market pressure, Japan has not yet focused on manufacturing scale-up issues of thin
films. The United States is clearly way ahead in this area for passive microwave applications (film area and
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numbers of wafers), at the expense, however, of broad-based exploratory work on alternative materials. The
United States appears also to be unique in its efforts to develop new and advanced process control, deposition
process modeling, and related instrumentation for HTS film growth. The panel notes, however, that in the
commercial sale of coated wafers (e.g., a 5 cm substrate with YBCO film deposited on one or both sides), two
companies that were created from the R&D activities at the Technical University of Munich, Garching, are
now offering their products (e.g., double-sided, 2-inch-diameter wafers) at low prices.
RF and Microwave Applications
In contrast to the nearly total absence of HTS microwave effort in Japan at the time of the 1989 JTEC HTS
report, there is today significant activity, including two multi-company team projects aimed at development of
commercially viable HTS microwave filter system technology and its ultimate insertion into the rapidly
expanding wireless communications market. These teams are Advanced Mobile Telecommunication
Technology, Inc. (AMTEL), and the “Western Alliance” within ISTEC. Despite this growth, the microwave
activity in Japan is still not the dominant commercial focus of the corporate HTS activity, as it is in the United
States. U.S. achievements in rf and microwave HTS technology are still substantially beyond those of Japan.
A more diverse set of rf and microwave devices have been addressed in the United States than in Japan.
Underlying this device development in the United States is a substantially more robust technology
infrastructure for design, manufacturing, and cryopackaging than exists in Japan today.
U.S. researchers have driven much more aggressively to extract from the wireless hardware community the
specifications for competitive HTS filter subsystems, and in response, have identified the need for both very
low distortion and precise frequency setting/tuning. In these critical areas, the panel estimated that the United
States has approximately a 2-year lead.
In Japan, NTT still sets, de facto, the standard and pace for wireless services, despite the existence of several
other new common carriers. NTT’s view, that cryocooled technology is impractical for the wireless market,
has dampened interest in this application. On the other hand, a wider variety of microwave applications are
being investigated in Japan, and there is a greater interest in satellite communications.
Although the results achieved by the wireless teams in Japan currently lag those of the leading U.S.
companies by up to two years, the Japanese efforts appear to have a greater reserve of patient investment.
The Japanese teams will likely persevere even if the size of the wireless market for HTS subsystems is
insufficient for the four small U.S. companies to achieve profitability.
Digital Applications — LTS
The differences between the relative levels of digital electronics activity in both Japan and the United States
now, compared to the time of the last JTEC report in 1989, are remarkable. At that time, the Japanese
Josephson Computer Project had clearly established Japan’s leadership in latching digital ICs. The emphasis
swung to HTS soon after the discovery of the new materials, and little additional effort was expended on LTS
ICs after the end of that project (1990) in Japan. In contrast, despite the fact that the U.S. community had
equally high expectations of HTS digital circuits, there was a trend in the United States to formulate candidate
circuit architectures and test them for viability first in LTS form. This validation approach, coupled with the
natural diversity of U.S. government funding sources, led to substantial innovation in nonlatching single flux
quantum (SFQ) logic. This quite quickly became the dominant technology in the United States but was
largely ignored in Japan, where circuit innovations were not properly stimulated in the 1990s.
In the view of this panel, the United States has established parity and is now moving ahead in LTS fabrication
technology. One aspect of this ascendance is represented by Hypres, a readily accessible commercial foundry
available to supply rapid prototypes of LTS circuits at moderate cost. No such foundry exists in Japan,
although we understand that NEC will take on this role in the new STA project, at least for members of that
project. Another aspect is that three laboratories in the United States (MIT Lincoln Laboratory, the National
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Institute of Standards and Technology, and SUNY Stony Brook) are now making circuits with planarized
wiring layers implemented with a chemical-mechanical polish identical to that used in state-of-the-art silicon
foundries. A third aspect of note is the development at TRW of an NbN circuit technology that allows
operation of digital circuits in refrigerators at 10 K. (The extensively used cryopump operates at this
temperature.) At TRW this NbN process, as well as its Nb process, is now located in very high-quality
cleanrooms. There is less NbN circuit capability in Japan, although NbN circuits have been fabricated at the
MITI Electrotechnical Laboratory, and there is interesting research at Nagoya University and the MPT Kansai
Applied Research Center (KARC) on using NbN at the junction level.
Should HTS junction technology soon be made controllable, or a compelling market for LTS digital emerge,
the United States is well positioned to capitalize on the opportunities. The Japanese funding agencies have
made commitments to rebuild a portion of the LTS activities there, and the current strong U.S. position could
dissipate more rapidly than the market opportunities will likely appear, given the current uncertainty about the
future of U.S. funding of both LTS and HTS digital activities.
Digital Applications — HTS
Although SFQ circuits using HTS materials (predominantly YBCO) are now the focus of most of the funded
research activities in both Japan and the United States, there is no evidence that there has been in either
country, or elsewhere in the world, a thorough examination of the tradeoffs between bit error rate, operating
temperature, choice of superconducting materials, and cryocooler technology. Remarkably, a system-level
analysis of the likely operating temperature of SCE digital systems is simply lacking, although it seems to be
agreed, or assumed, that this temperature will be below 50 K.
In keeping with the systematic long-term point of view prevalent in Japan, the Japanese have not tried yet to
select a favored HTS junction technology. In the United States, there has been a strong recent focus on
YBCO ramp-type SNS (superconductor-normal metal-superconductor) junctions using Co-doped YBCO as
the barrier. This focus might change, given the results announced by Conductus on YBCO surface-modified
junctions that eliminate the need for deposition of a barrier.
The Japanese are presently driven by materials growth considerations and are not yet maximizing device
figures of merit. They therefore have wider spreads of junction critical currents than achieved in the United
States, both with the Co-doped and the surface-modified barrier junctions. This is likely to change, given the
announced goals of projects at ETL and ISTEC. (The panel heard later in 1997 reports of HTS junction
uniformity — one sigma about 10% — at NEC, comparable to the best reported in the United States.)
The panel concludes that the United States is ahead in HTS circuit fabrication, although the state-of-the-art in
both countries is primitive compared to their LTS capabilities.
SQUID Applications
Japan had essentially no SQUID technology until MITI funded the Superconducting Sensor Laboratory from
1990 to 1996. Now, prototype or product LT and HTSQUID systems are being made by at least 5 Japanese
companies. While it is not clear the extent to which the SSL influenced the technology of these companies, the
increase in Japan’s SQUID capabilities over the past decade has been dramatic.
The United States had small SQUID companies selling products for over 20 years with no competition
anywhere in the world. While SQUID technology in the United States is advanced at the component sensor
level compared to Japan, U.S. activity to develop new systems and applications seems to be stagnant. In fact,
the desire to innovate at the system level seems to have been lost. In contrast, Japan entered SQUID R&D
very late, but in the 1990s, not only has Japan created competitive sensor technology in both LTS and HTS,
but at the system level, Japan has moved ahead. A 256-channel magnetoencephalography (MEG) system
prototype has been demonstrated, both MEG and magnetocardiography (MCG) systems have been integrated
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with refrigerators, an HTS nondestructive evaluation (NDE) prototype system is in routine use, and a
64-channel HTS MCG system has been developed. No such systems have been built in the United States.
The SQUID technology from SSL has been further developed at the private university Kanazawa Institute of
Technology (KIT), at SEI and Daikin, and at other companies. The panel noted with interest the formation of
the only small company in Japan involved with SCE. KIT formed the company Eagle Technologies to
facilitate collaboration with and technology transfer to larger companies such as Yokogawa.
The panel members believe that if large SQUID markets develop, both Japan and Europe are in a position to
compete vigorously. The United States still has sensor-level technology that could be used in competitive
system products if funds were available from federal or private sources for system development.
Refrigeration and Cryopackaging
The performance, price, and reliability of refrigerators are critical issues in the market acceptance of almost
all SCE products. The panel had only limited time to survey the refrigerator industry in Japan but did reach
the following somewhat tentative conclusions.
There is a much higher level of industry R&D activity on pulse-tube refrigerators in Japan than in the United
States. One company is already selling a pulse-tube cooler and another plans to do so very soon. Thus, Japan
appears to be well positioned to supply pulse-tube coolers for both HTS applications and also to the cryopump
market. Already, Japanese industry supplies many of the compressors for the civilian U.S. cooler
manufacturers. However, the cost of refrigerators presently manufactured and sold in Japan is about 50%
higher than that of similar machines made and sold in the United States.
At the system level, the panel did not see in Japan advanced cryopackages for wireless applications of the
type already advertised by the four small U.S. SCE companies and currently in operation in base stations.
However, Daikin has developed SQUID systems for both MEG and MCG that use 4 K refrigerators rather
than liquid helium, as is universal in the United States. Daikin appeared to the panelists to have no equivalent
in the United States, in that it is a refrigerator company carrying out R&D in a number of technologies that
would benefit from the use of cooling. A number of U.S. laboratories completed hybrid systems in 1997 that
use 4 K refrigerators to cool LTS digital chips and semiconductor devices. There appears to have been little
progress in this direction in Japan since the end of the Josephson Computer project in 1990.
A LOOK AHEAD
It is much easier to predict the future of SCE in Japan, say at the time of the next JTEC report 8 years hence
in 2006, than it is to predict for the United States. It is clear, however, that the fundamentally different styles
employed by the SCE communities in the two countries will continue. In Japan, long-term funded projects
are already announced that are likely to cover most of the 8-year time period. If the projects are successful,
the technology will be well advanced in Japan in the middle of the next decade. The more difficult prediction
is when SCE products will appear from Japanese companies. Will the dominance of ISTEC as an R&D
institute in fact delay commercialization of the technology? This appears to be a possibility, except in the
area of SQUIDS, where commercial activity seems to be imminent in Japan.
In the United States, commercial HTS products are available from a number of small companies in the form
of HTSQUID sensors, NMR probes, and multifilter wireless systems. These small companies represent a
large fraction of the U.S. applications activity in SCE. The concern of many, including the members of this
panel, is that their future is fragile and uncertain. If those companies now focused on the wireless markets do
not succeed in selling a substantial volume of products in the next year or two, some or all of them are likely
to fail. With them would go much of the technology investment of the United States in SCE. That scenario,
plus the uncertainty of continued funding for SCE projects in the United States, is unsettling to many in the
field. Indeed, SCT announced on March 9, 1998 that it was ceasing commercial operations.
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To use a U.S. football analogy, Japan is playing a conservative game, gaining about three or four yards on the
ground with each play. The United States has thrown long passes and made some spectacular plays. In the
view of many, however, the game is still in the first or second quarter. Japan has a game plan that seems
unlikely to change, while it is not clear that the United States will still have coaches (funding agencies) on the
field after halftime!
The challenge to the two countries is to build on the strengths of their different styles. In Japan, the large and
long-term government support must, at some time in the future, be translated into businesses with economic
impact. In the United States, creative individualism must be stabilized with sufficient continuity of funding
so that R&D talent does not become discouraged by the burden of maintaining financial support, to the extent
that it migrates from the field. Also, as U.S. companies become more product-focused, advances must
continue elsewhere in materials understanding and device innovation.
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CHAPTER 1

INTRODUCTION
John M. Rowell

GOALS OF THE STUDY
This study of superconducting electronics (SCE) in Japan grew out of continuing U.S. interest in
understanding Japan’s strengths and progress in this field since a 1989 study of superconductivity
(Dresselhaus 1989) was conducted by the Japanese (now the World) Technology Evaluation Center
(JTEC/WTEC). WTEC assembled the present SCE panel in late 1996 under the sponsorship of the U.S.
Department of Defense Advanced Research Projects Agency (DARPA) and the National Science Foundation
(NSF). The primary objectives of this panel were to study R&D activities in Japan in the areas of radio
frequency (rf) and microwave applications of passive devices, although an attempt was made to examine the
full spectrum of superconducting electronics activity.
In addition, the SCE panel wished to gauge Japan’s response to an almost frenetic U.S. push towards
commercialization of rf applications. Four small U.S. companies (Conductus, ISC, SCT, and STI) have
staked their future on the wireless communications market, and DARPA has emphasized this application by
funding relevant research at some of those companies and at other laboratories. Progress in the two years
prior to this study was dramatic: complete hybrid systems with HTS filters and low noise semiconductor
amplifiers, integrated with a compact refrigerator, are now being used to carry cellular telephone calls in a
number of base stations. However, markets have not fully materialized, and U.S. funding sources have
limited time horizons, so Japan’s relative ability to compete in these markets is of great consequence.
Finally, this panel has taken a particular interest in the styles and impacts of the various R&D consortia in
Japan and the degree of collaboration between them, as they represent a large fraction of the activity in
superconducting electronics.
TIMING OF THE PANEL VISIT TO JAPAN
This WTEC study was timed to coincide roughly with a number of important events in the field of
superconductivity. Perhaps most significant was the tenth-year anniversary of the discovery in 1986-87 of the
high temperature superconducting (HTS) oxide materials. This implied that a number of 10-year research
projects in HTS in Japan, which began in 1988, would soon reach the end of their funding. The most notable
of these, in size and international impact, is the International Superconductivity Technology Center (ISTEC).
The panelists hoped that during our visit to Japan we would be able to determine the future plans for these
large programs. In hindsight, the timing was close to perfect, in that the funding of a number of programs
was being decided at the time of the panel’s visit in January 1997.
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In addition to collaborative projects in HTS materials and devices, Japan has had a number of other
superconductivity projects that have ended since the 1989 JTEC report on superconductivity. Since then, the
low temperature superconductor (LTS) Josephson Computer Project ended its 10 years of funding, and the
6-year Superconducting Sensor Laboratory (SSL) began and completed its program (1990-96).
Another event that made this panel’s 1997 visits timely was the introduction in Japan of the Science and
Technology Basic Law, which became effective in November 1995. (Table 1.1 presents an outline of the
basic principles of this law.) This law is not a funding vehicle in itself, but rather is a set of guidelines and
recommendations promulgated at the highest government levels to increase Japan’s investment in science and
technology. It was of great interest to this panel to try to discern in which directions, and in which
institutions, this law was having an impact in early 1997.
In hindsight, a number of events made our visit particularly timely. We will not claim that we anticipated all
these events!
Table 1.1
Outline of Principles, Japan’s Science and Technology Basic Law
Law No. 130, Effective November 15, 1995
Guidelines for S&T Promotion
Development of researchers’ creativity
Harmonious development of basic, applied, and developmental research
Promotion of S&T in harmony with human life, society, and nature
Responsibilities of [both] national and local governments in promoting S&T
Formulation of S&T Basic Plan by the government through consulting the Council for
Science and Technology, in order to promote S&T policies comprehensively and
systematically
Taking necessary measures to secure necessary funds for implementation of the Basic Plan
Measures taken by the nation
Balanced promotion of diversified R&D
Securing and training [of] researchers and technicians
Improvement of research facilities
Promotion of information-intensive research
Promotion of R&D exchanges

THE PANEL MEMBERS
This panel was relatively small compared to most WTEC panels. Its members were Prof. Malcolm R.
Beasley of Stanford University, Dr. Richard Ralston of the MIT Lincoln Laboratory (who was also a member
of the 1989 panel), and Dr. John M. Rowell, who is a consultant to the superconductor industry (John Rowell,
Inc.) and was chairman of the panel. The panelists were accompanied on their trip to Japan by Dr. George
Gamota of WTEC, Dr. Martin Nisenoff of the Naval Research Laboratory (NRL), and Dr. Frank Patten of
DARPA. NSF and DARPA funded the work of the panel.
PLANNING THE VISITS AND REPORT
The panel met with representatives of WTEC on October 15, 1996, at NSF in Washington. At this meeting,
sponsors and panelists agreed on the topics to be covered in this report, and this then led to a rough division of
labor among the panel members, for writing the site visit reports while traveling in Japan and for writing the
chapters of this report. The week of January 27, 1997 was chosen for the visits. Deciding which universities,
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federal laboratories, and companies to visit in Japan was not as easy. It was clear that in a week only about 10
visits could be made, and the list of locations quickly grew too long. The site visit planning, in which the
panel was most ably assisted by Cecil H. Uyehara of Uyehara International Associates and by Hiroshi
Morishita of HMI Corporation in Japan, continued for some months after the October meeting, while contacts
were made with a large number of scientists active in superconductivity in Japan. Eventually, at a meeting
between this author and Hiroshi Morishita in Tokyo on December 12, 1996, we agreed on 12 visits to
laboratories in Japan. This schedule would involve splitting the panel into two groups for two mornings (with
the risk of losing half the panel in the train and subway system) and also traveling from Tokyo to Nagoya and
from Nagoya to Osaka at lunch times. But such is the precision of Japanese trains that, with the excellent
leadership of Morishita through the transit system, all was accomplished without a hitch. In fact, the only
delay was caused by a snow storm in the pass between Nagoya and Kyoto.
THE PANEL VISIT TO JAPAN
Members of the panel arrived in Tokyo late in the afternoon of Saturday, January 25, 1997. A planning
meeting with Mr. Morishita was held on the afternoon of Sunday the 26th. The visits of the week are listed in
Table 1.2. By Friday evening, January 31, we were in Osaka, and on Saturday morning a debriefing meeting
was held to collect our thoughts and impressions before most of the panel members left for the airport — John
Rowell remained in Japan to attend a review meeting of the Research and Development Association for
Future Electron Devices. A report on this meeting is also included in the site visit reports in Appendix B.
Table 1.2
Sites Visited in Japan
Date

Sites Visited

Monday, 1/27/97

Saitama University, Dept. of Electrical and Electronic
Systems (NTT)*; ISTEC

Tuesday, 1/28/97

Daikin/ETL; NEC

Wednesday, 1/29/97

University of Tokyo, RCAST and Dept. of Chemistry;
Nagoya University, Dept. of Quantum Engineering (Aisin
Seiki)*

Thursday, 1/30/97

AMTEL; Matsushita

Friday, 1/31/97

Sumitomo; Central Research Labs of MPT (KARC)

Monday, Tuesday, 2/3/97 and 2/4/97

J.M. Rowell attended the review meeting of the HTS devices
project of FED

* A scientist from NTT met with the panel at Saitama University, and 2 members of the Aisin Seiki R&D
Laboratory met with the panel at Nagoya University

THE WTEC WORKSHOP
It is WTEC’s practice to hold workshops in the Washington DC area to present the findings of its panels
before these are available in the final reports. Our panel met on April 9, 1997, to rehearse the presentations
and to prepare a book of viewgraphs to be used in the workshop of April 10. These viewgraphs were
immediately made available on the WTEC Web site (http://itri.loyola.edu) on the Internet. In addition to
attendees from across the United States, the workshop was also attended by Mr. Masatoshi Toriihara, Senior
Executive Director of ISTEC. Before dinner with the panel on the 9th, and in discussion periods on the 10th,
he offered many valuable insights into the funding of superconductivity in Japan and worldwide. In
particular, he clarified some of the impact of the “Science and Technology Basic Law” and presented the
tentative budget for the Phase II continuation of ISTEC. Many of his viewgraphs have been incorporated into
this report. The electronic copy of this final report is available on the World Wide Web at
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http://itri.loyola.edu/scel96/. This written report, based on the panel’s findings and on feedback from
workshop participants, was reviewed by Japanese hosts as well as by sponsors prior to publication.
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CHAPTER 2

THE PROMISE OF SUPERCONDUCTIVITY AS VIEWED IN JAPAN
Malcolm R. Beasley

INTRODUCTION
There is no doubt that the Japanese have a long-term, expansive vision of the future of superconductivity.
They see it as a key technology of the 21st century. Moreover, the government is making investments in the
technology commensurate with this vision. This chapter examines this vision, the anticipated time scale for
its realization, and the projected economic impact. It also examines which institutions are most heavily
involved, as a means of providing more detail on how Japanese government and industry perceive the promise
of superconductivity.
THE VISION
Figure 2.1 illustrates the vision for superconductivity of Japan’s International Superconductivity Technology
Center, ISTEC, which is Japan’s large high temperature superconductivity (HTS) research center funded by
the Ministry of International Trade and Industry (MITI). In addition to its research responsibilities, ISTEC is
charged with projecting the impact of superconducting technology. In its ultimate flowering, the Japanese
expect superconductivity to impact human needs broadly: transportation, energy, information, and health
technologies are all anticipated to benefit. Also embodied in ISTEC’s picture is the sense of building on
strong roots. The vision places more weight on large-scale applications of superconductivity than on
superconducting electronics. It is also exclusively a commercial vision, with no evident counterpart of the
defense emphasis present in the United States. Interestingly, there are no radically new applications shown.
Moreover, most of the applications envisaged were initially conceived for low temperature superconducting
(LTS) materials either in the United States or in Europe, although Japan’s emphasis (for example, on
transportation) clearly reflects the special nature of this country and its needs.
The vision is also not expected to play out fully until well into the next century. ISTEC has assembled panels
of experts to project both the time scale on which specific products will become technically feasible and the
aggregate projected market value of these products (Fig. 2.2). Figure 2.3 includes projections from the U.S.
Council on Superconductivity for American Competitiveness (CSAC) and Connectus as well as ISTEC. Both
figures include both LTS and HTS products. The greater importance of large-scale applications is once again
evident. There are many more large-scale applications indicated than applications in superconducting
electronics. In the long run (note the time scale extending to 2040 in Fig. 2.2), HTS products are expected to
dominate. In particular, the number of HTS products is projected to exceed those of LTS by the year 2003.
The market value of superconducting technologies projected by ISTEC and others is impressive. The total
market in the year 2010 is projected to be around $40 billion, of which about $16 billion is in superconducting
electronics. In the year 2020, these numbers are projected to rise to about $122 billion and $70 billion,
respectively (Fig. 2.3).
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Fig. 2.1. Application tree of high-Tc superconductivity (ISTEC).

Malcolm R. Beasley

Fig. 2.2. ISTEC timeline of technical product feasibility.
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* This forecast includes the expected expansion of sales by 100% into countries outside
the United States, European Union, and Japan, as predicted by the World Bank.

Fig. 2.3. Forecast of superconductivity sales opportunities (ISTEC).
How realistic are these projections? This panel was not well constituted to evaluate projections of market
size; we sense, however, that the market will not develop nearly as fast as Figure 2.3 projects, if only because
a manufacturing technology sufficient to sustain an $8 billion industry in the year 2000 does not exist and
would be hard to build up in only two years. On the other hand, the panel judges that the projections of
superconducting electronic product technical feasibility (Fig. 2.2) are plausible, given sufficient investment.
THE PLAYERS
Who are the major players in superconducting electronics in Japan and how do they contrast with those in the
United States? Tables 2.1 and 2.2 contrast the major institutions involved in superconducting electronic
research and development in Japan and the United States. The institutions are grouped according to the
nature of the organization: national laboratories, large corporations, small (start-up) companies, and
universities. In the case of Japan, two refrigerator companies are also shown. It should be noted that these
tables (indeed, the whole of this report) were assembled during the first 6 months of 1997, and although
efforts have been made to update information presented, changes certainly have taken place since that time.

Table 2.1
WTEC Survey of Superconducting Electronic Activities in Japan

HTS
Micro
wave

•

Digital
Signal
Proc.

Switch

Sensors

Refrig./
Packaging

ISTEC

NEC

AMTEL
KIT/ET

•

•

Daikin

•

•

Universities

Nat’l Labs

•
•
•

High
Freq.
Mixers

Large Corporations

Sensors

Small Co’s.

JJ

GENERAL

Refrg. Co’s.

•

LTS

1

ETL
KARC/CRL

•

•

JJ
CMOS
Hybrid



Basic
Advanced
Materials/
Dev./Ckts.
Phys.

•
•

1

•

•

•

•
•

NTT



NTT DoCoMo

2

Matsushita

•

Sumitomo

3

•

•
•

•

•
•

•

Aisin-Seiki

4

Saitama U.

1
1

•
•

Nagoya U.
RCAST

•

U. Tokyo
Planned activity;

•
•

2

Test of purchased components, only;

3

Materials work only;

4

Dielectric resonators

Table 2.2
WTEC Survey of Superconducting Electronic Activities in the United States

HTS

National Labs

U. of Ill. STC

Large Corp.’s

Micro
wave

TRW

JJ

LTS
Sensors

High
Freq.
Mixers

•

JPL

•

NIST

Northrop Grum.
DuPont
Lucent

•
•
•

•
•
•

Small Companies

Refrig./
Packaging

Cold
CMOS

•
•
•
•

STI
ISC
SCT

•

•/2

2

•
•
•

•
•

Basic
Advanced
Materials
Dev./Ckts.
/Phys.

Berkeley

•
•

U. of Md.
Stanford
2

•
•

1

•

2/3

•

•
•

•

•
•
•

Rochester
SUNY



•

•

Conductus

Universities

Sensors

Analog

Hypres

Planned activity;

Switch

•

Lincoln Lab

1

Digital
Signal
Proc.

GENERAL

•
•
•
•

•
•

Voltage standard and high precision DAC;

•
•

•

•
•
•
•
•

•
•

4
3

Basic engineering research;

4

Advanced memory concepts

•
•
•

•

•
•

•

•

•
•
•
•
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Some caution is in order regarding these tables. The Japanese institutions listed are only those for which the
panel explicitly acquired information during its visit to Japan. Since this visit was focused primarily on the
passive rf applications of HTS, the list is necessarily somewhat skewed. For example, neither Hitachi nor
Fujitsu is shown among the large industries, nor are Tokyo Institute of Technology or Sendai shown among
the universities. Also, the list of U.S. institutions was constructed using the best judgment of the panel on
institutions that provide the most appropriate contrast with those listed from Japan. The goal was to draw
valid comparative conclusions in the best way we could, not to be comprehensive.
With these caveats in mind, the following general findings are evident. In Japan, industrial interest is greatest
in large, vertically integrated companies that view superconductivity as a means of achieving higher value
added products. By contrast, U.S. efforts are centered predominantly in large defense firms and in small
commercial original equipment manufacturing (OEM) companies, sometimes in partnership with large
systems-oriented companies. In Japan, there are refrigerator companies with in-house efforts to develop
superconducting applications, whereas in the United States, such efforts occur typically through industrial
alliances. Finally, U.S. universities are presently active across a wider range of basic and applied research
than are their counterparts in Japan. This situation may change, however, in light of the new Science and
Technology Basic Law in Japan and the declining research budgets in superconductivity in the United States.
Also the U.S. multi-institution NSF Science and Technology Center on High Temperature Superconductivity
is scheduled to end in 1999.
While there is a wide range of industrial programs in Japan presently, no well-defined “market pulls” are
evident. This is consistent with the long-term point of view in Japan. The stronger market orientation in the
United States is a consequence of the strong focus on systems insertions expected toward the end of major
Defense Advanced Research Projects Agency (DARPA) programs, combined with the expectations of
venture capitalists regarding startup companies.
Some more specific findings are also evident from Tables 2.1 and 2.2, along with the various site reports
contained in Appendix B. There clearly has been less emphasis on microwave applications in Japan than in
the United States, but at the same time the Japanese are examining a wider range of such applications (e.g.,
satellite as well as terrestrial wireless). They are not, however, working on passive rf technologies for radar
or avionics, consistent with their commercial orientation. Similarly, high speed data network switching is
favored for digital applications, and there is no apparent interest in Josephson junction (JJ) analog-to-digital
converters or digital signal processors. In addition, we note that NTT in Japan has recently greatly reduced its
effort in superconductivity largely to one focused on basic research, while NEC continues a program in
applications. This is similar to the situation in the United States, where only telecommunication hardware
companies (e.g., Lucent) but not service providers (e.g., AT&T) have activities in superconducting
electronics.
Finally, the panel saw no evidence in Japan of work on JJ/CMOS hybrids or cryogenic CMOS for its own
sake, although one JJ/CMOS (memory) project has been proposed by the Electrotechnical Laboratory of
Japan’s Ministry of International Trade and Industry. The sense present in the United States that
cryoelectronics should be thought of as an overall field, as opposed to isolated technologies, is not evident in
Japan. On the other hand, there very clearly is a growing interest in Japan (at Sumitomo, Daikin, and other
firms) in both HTS and LTS superconducting quantum interference device (SQUID) sensors for medical and
nondestructive evaluation applications, just as such interest appears to be waning in the United States. There
also is some interest in SQUIDs for earthquake detection.
COMPARISON WITH THE UNITED STATES
In the United States there is no overall national vision of superconductivity, although an industry-determined
technology roadmap is in preparation. At best, there is a collection of smaller independent visions, perhaps in
keeping with our more decentralized philosophy and our dependence on small start-up companies for
innovation. We have no equivalent of ISTEC. Also, Japan has so far been less affected by the massive
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restructuring so evident in the U.S. electronics industry that has brought with it a very short-range point of
view for research, even in large corporations. Research and development on advanced electronics in the
United States is also impacted by the decline of defense budgets as a result of the end of the Cold War. The
U.S. Department of Defense has traditionally been the principal federal supporter of electronics research in
the United States, and therefore this area is being particularly strained. As a result of these factors, at a
minimum, the United States is behind in deciding which long-term visions to follow and what level of
investment to make in superconducting electronics in the decade ahead. Some argue that superconducting
electronics research in the United States has become fragile and is in jeopardy unless new programs are
initiated very soon. The WTEC panelists share this concern.

13

CHAPTER 3

STATUS OF RESEARCH ON HTS MATERIALS AND THIN FILMS
M. Beasley

INTRODUCTION
High temperature superconductors are arguably the most complicated materials under technological
development today. They contain up to 5 chemical elements; have large, complex unit cells; and must be
properly doped. They must be well ordered crystallographically in order to exhibit good superconducting
properties, and yet they must contain suitable nanoscale defects in order to provide the vortex pinning
necessary to carry large critical currents. It is a tribute to the worldwide effort of the international high T c
superconductivity (HTS) community over the last decade that these materials are currently being included in
products offered for sale commercially. Indeed, the success of the superconducting materials community in
developing techniques and tools capable of fabricating these materials into useful thin film devices and
circuits has revolutionized the science and technology of thin films of complex oxides generally.
Ferroelectric, piezoelectric, colossal magnetoresistive, and nonlinear optical thin film technologies have all
benefited enormously. Despite this success, the materials problems associated with the high temperature
superconductors remain formidable and are likely the largest purely technical problem blocking the promise
of high temperature superconductivity. Table 3.1 gives a partial listing of these problems in the area of
superconducting electronics.
With this background in mind, the WTEC panel examined HTS materials research in Japan from relevant
basic research to manufacturing and scale-up. In this chapter we report our findings and compare the current
situation in Japan and the United States.
RELEVANT BASIC RESEARCH
Traditionally in Japan there has been a greater dependence on industry for long-term research motivated by
applications than in the United States, where universities have been more deeply involved. Also, Japan
historically has tended to emphasize the materials aspects of advanced electronics, whereas the United States
has tended to emphasize the relevant device physics. These cultural differences are reflected clearly in the
relative strengths of Japan and the United States in HTS materials research today.
The panel found that Japan is more active and stronger in the identification and synthesis of known classes of
materials with structures and chemistries of particular scientific interest in the context of high temperature
superconductivity. The proliferation of interesting ladder compounds from Japan is a good example. On the
other hand, the search for entirely new classes of superconducting materials is probably still stronger in the
United States and in Europe.

3. Status of Research on HTS Materials and Thin Films
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Table 3.1
Critical Materials Research Needs for HTS Superconducting Electronics
I. Focus of Current Industrial Materials Research
•

Identification and development of deposition techniques that will allow economical manufacture of large area
films (e.g., 2”, 4” diameter)

•

Increased reproducibility of film properties and device performance

•

Improvement in rf and microwave power handling capability and reduction of high-power rf non-linearities

•

Improvement in barrier uniformity of current SNS junctions

•

Increased IcRn and RnA products of SNS junctions

•

Search for more satisfactory normal barrier materials for SNS junctions

•

Development of a multilayer fabrication process, including ground planes, compatible dielectric layers, and
growth over steps

II. Electrical Characteristics of Importance to Industry for Passive RF Applications
•

Ultimate physical limits of the materials

•

Rs(T) in small J limit

•

Rs(T) vs. J in dc magnetic field (0 to 20 T in parallel and perpendicular directions)

•

Nonlinearities in the surface impedance

•

Mechanism and dynamics of vortex entry at film edges

•

Understanding of electrical design vs. materials tradeoff

III. Key Materials Research Issues for Passive RF Applications
•

•

•

Substrates
−

better substrates (non-twinned, cheaper, larger)

−

surface preparation

−

surface characterization

Initial growth
−

mechanism of nucleation and initial growth

−

effect of buffer layers

−

effect of vicinal substrates

Factors governing microstructure during growth
−

growth mechanisms (macroscopic holes and boulders)

−

effects of composition and temperature

−

second phases

−

cation disorder

•

Oxygen content and disorder

•

Nanometer-scale defects

•

Grain boundaries

•

Role of pinning centers and weak links (vortex motion) on rf properties

•

Mechanical properties of the film (e.g., effects of stress, microcracks)

•

Process damage on surfaces and edges

•

Passivation and normal metal contacts

•

Aging (oxygen stability, passivation)

Malcolm R. Beasley
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Table 3.1 (continued)
IV. Electrical Characteristics of Importance to Industry for Active (Josephson Junction) Applications
•

1/f noise in films, junctions, multilayers, and fully processed devices

•

Predictability and uniformity of Ic and Rn in junctions, initially bicrystals and large IcRn-product SNS

•

Inductance of films over ground planes

•

Temperature dependence of Ic

•

Jc in non-planar films, e.g., over steps and in vias

V. Materials Research for Active Devices  Josephson Junction and Multilayer Circuits
•

•

•

•

•

•

Doped YBCO thin films
−

less oxygen diffusivity

−

better chemistry

−

modified structure and electronic properties

Interfaces
−

processed surface

−

cation diffusion

−

oxygen disorder

−

nanometer-scale inhomogeneity

−

thermal boundary resistances and electrical interface resistances

Growth on steps (slopes)
−

nucleation

−

Jc and 1/f noise

Dielectric materials
−

pinhole-free epitaxial growth

−

oxygen diffusion

Barrier materials
−

transport mechanisms, physical models

−

initial nucleation mechanisms

−

interfaces with superconductors

Ferroelectric thin films
−

•

dielectric constant (real and imaginary) vs. microstructure

Magnetic oxide thin films

Source: Beasley, Char, and Rowell n.d.

In keeping with historical and cultural differences between Japan and the United States, there is in Japan more
emphasis at the basic level on systematic physical property determination of interesting high Tc and related
superconducting materials, mainly on bulk single crystals. In the United States, on the other hand, there is
greater emphasis on theory and experiment focused on critical fundamental physical issues, such as efforts to
determine the pairing symmetry of the cuprate superconductors. In addition, as a consequence of its emphasis
on device physics, the United States is stronger in the fundamental study and modeling of the microwave
properties (linear and nonlinear) of the HTS materials, and of the transport and coupling mechanisms in HTS
Josephson junctions relevant to applications.
Looking ahead, these historical differences may even out somewhat. The Science and Technology Basic Law
in Japan is likely to lead to a substantial increase in university research, while industry shows some signs of
contracting its long-term research. There is increasing emphasis in the United States on the growth and
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systematic physical study of HTS single crystals, and there are signs of more device physics studies in Japan.
In any event, as discussed in more detail below, Japan appears destined to continue to lead in the materials
science (both bulk and thin film) of HTS materials.
HTS MATERIALS SCIENCE AND THIN FILM RESEARCH
The WTEC panel made a particular effort to examine the status of thin film materials research in Japan in the
context of superconducting electronic applications. Japan has traditionally made major investments in the
materials science of important technological materials. This has been a key element in the country’s
technological strength, particularly in manufacturing. HTS materials appear to be a case in point. For
example, the vast majority of the very substantial resources of ISTEC (~$30 million/year in the next few
years) are focused on basic materials science studies, with a growing emphasis on thin film work. Figure 3.1
shows ISTEC’s research goals as it starts its second decade for the bulk, wire, and electronics device
applications. The same importance given to materials work is evident in industry as well. Every group the
WTEC panel visited had serious materials studies underway. However, only two organizations, ISTEC and
the Electrotechnical Laboratory (ETL) of Japan’s Ministry of International Trade and Industry, have under
one roof the full range of characterization capabilities necessary to carry out the thorough structure/property
relation studies of these exceedingly complex materials that are needed to advance the field. Indeed, by virtue
of these characterization capabilities (and the assured funding levels of ISTEC and ETL for the foreseeable
future), Japan is well positioned to meet the materials challenges of superconducting electronics in the next
decade. On the other hand, in the judgment of the panel there are some structural weaknesses evident.
Among all the organizations we visited, only ETL had good coupling of its materials science work to high
quality device physics efforts.

Fig. 3.1. Japan’s targets and developmental subjects for high Tc superconductors, 1988-2008 (ISTEC).

Malcolm R. Beasley
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In contrast, the United States does not have a single organization with characterization facilities and financial
resources comparable to ISTEC (or even ETL), although there is typically in the United States better (if not
ideal) coupling between the materials scientists and device physicists. Also, for cultural and political reasons
it seems extremely unlikely that resources aimed at meeting the recognized materials problems would ever be
concentrated in the United States to the extent that they are in Japan. For the United States the challenge is to
mount an effort that can be competitive with that in Japan based on its distributed resources, perhaps linking
them in new, imaginative ways. For Japan, the challenge will be to maintain the overall vitality of the field
given its strong centralization of HTS materials research.
SPECIFIC TRENDS IN JAPAN AND THE UNITED STATES
The dominant position of YBCO as the material of choice for electronic applications is evident in Japan, as in
the United States. This is no doubt due to it having being the first HTS material with a T c above liquid
nitrogen temperature that could be made into thin films with good electrical properties. It cannot be argued
that this choice resulted from a thorough examination of its pros and cons as a superconducting electronic
material. The race so far is going to the first horse out of the starting gate. On the other hand, Japan and the
United States appear to have different favored candidates for practical materials with higher transition
temperatures. In Japan, the Hg compounds are favored; in the United States, the Tl compounds are preferred.
However, whereas the efforts in Japan with the Hg compounds are largely exploratory, DuPont and STI in the
United States have put considerable effort into the development of practical thin films of the Tl compounds.
In Japan as in the United States, the most common approaches to thin film deposition for applications are
sputtering and pulsed laser deposition (PLD). Here again, this is due to the success of these techniques early
in the development of the technology. Among other approaches, reactive co-evaporation and metallorganic
chemical vapor deposition (MOCVD) are both represented in Japan and the United States.
Indeed, reactive co-evaporation and MOCVD appear to be growing in importance because of their greater
suitability for manufacturing and in particular for composition control. On the other hand, concerted efforts at
liquid phase epitaxy (LPE) are only currently underway at ISTEC in Japan. Also, there is much more
evidence in Japan than in the United States of molecular beam epitaxy (MBE)-grade research systems with
elaborate surface characterization capabilities.
In the more complex thin film structures, there is steady systematic progress in Japan in the growth and study
of multilayers, both in the form of periodic multilayers and in the context of circuit crossovers. Elementary
HTS circuits are also now appearing. Not surprisingly, multilayer growth is a stated goal of ISTEC as it looks
to the second decade of its existence (Fig. 3.1). While more complicated crossovers and circuits have been
fabricated in the United States than in Japan, the Japanese are more systematically exploring the various
materials combinations, interface properties, and deposition/processing approaches.
Because of the lack of a clear market pull, Japan has not yet focused on manufacturing scale-up issues. Nor
has it identified a favored thin film deposition approach for manufacturing, although the challenge of
depositing over large areas while maintaining good composition control is now recognized by leading groups.
The United States is two or more years ahead in this area for passive microwave applications (both film area
and numbers of wafers), at the expense, however, of broad-based exploratory work on alternative materials.
The United States also appears to be unique in its efforts to develop new and advanced process control,
deposition process modeling, and related instrumentation for HTS thin films, thanks largely to the HTMA
program of the Defense Advanced Research Projects Agency (DARPA). Interestingly, building on the
DARPA HTMA program, the United States also appears to be ahead in tackling the scale-up issues associated
with manufacturing high-H, high-Jc YBCO tapes using vapor deposition techniques.
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OTHER MATERIALS OF INTEREST
In addition to thin films, HTS superconducting electronic technology requires other materials. These include
substrates, insulators, and passivation layers. Based on the site visits in Japan (see Appendix B), the WTEC
panel notes the following points and trends.
Among more conventional substrates (MgO, Al2O3, LaAlO3), no clear favorite has so far appeared in Japan
for microwave applications.
ISTEC is unique in the world in championing the use of HTS single crystals as a substrate (and ground plane)
for the epitaxial deposition of electronic circuits. Ultimately, these single crystal substrates might themselves
be processed to achieve functionality, in analogy to silicon processing. Toward this end, ISTEC is developing
growth techniques for large single crystals of various HTS materials. It should be noted that Japanese
companies provide all the bicrystal substrates currently used for commercial SQUID products and for
research.
Also unique is the effort at Saitama University in the optimization of ceramic dielectrics for bulk HTS
dielectric resonators. On the other hand, there is no Japanese equivalent of the recent efforts in the United
States to develop magnetic/dielectric materials suitable for active tuning of thin film HTS resonators and
filters, even though Japan is traditionally strong in these types of materials.
Finally, the panel notes that Japan is only beginning to address the passivation issue, as is the United States.
REFERENCE
Beasley, M.R., K. Char, and J.M. Rowell. N.d. A materials research agenda in support of the high temperature
superconducting electronics industry. Unpublished working paper.
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CHAPTER 4

RF AND MICROWAVE APPLICATIONS
Richard W. Ralston

INTRODUCTION
Within the Japanese R&D community today there is significant activity, primarily in the two multicompany
team programs listed below, aimed at development of commercially viable high temperature superconductor
(HTS) microwave filter technology and its ultimate insertion into the rapidly expanding wireless
communication market. In addition to technology for terrestrial base station applications, the Japanese are
also investigating filters for satellite communications. The existence of these activities is in marked contrast
to the nearly total absence of HTS microwave effort in Japan at the time of the original JTEC HTS report
(Dresselhaus 1989).
The bulk of this chapter treats technology for terrestrial wireless applications. Launching of these teamed
development programs in Japan appears to have been a delayed response to the substantial activity in the
United States and Europe (primarily Germany). Although microwave activity in Japan has grown
substantially and represents a commercial focus, it is still not the dominant focus of the corporate HTS
activity there as it is in the United States. U.S. achievements in radio frequency (rf) and microwave HTS
technology are substantially beyond those of Japan. Because of differences in investment strategy, however,
that technical lead may disappear quickly should the insertion of HTS in the U.S. wireless market stall for
whatever reason.
R&D ACTIVITIES IN RF/MICROWAVE SUPERCONDUCTIVITY
Tables 4.1 and 4.2 list the superconductive rf/microwave device development activities in Japan and the
United States, including both LTS and HTS technologies. Clearly the number of participants and the
diversity of devices is greater in the United States. In Japan, the firms performing the most focused wireless
applications work are in two formal alliances:
1.

Advanced Mobile Telecommunication Technology, Inc. (AMTEL), formed under the aegis of the Japan
Key Technology Centers program, joins ALPS Electric and Denso.

2.

The “Western Alliance,” formed through interactions with Prof. Tanaka, Vice President of the
International Superconductivity Technology Center (ISTEC) and Director General of the
Superconductivity Research Laboratory, joins Kyocera, Matsushita, and Sumitomo.

4. RF and Microwave Applications
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Table 4.1
Microwave Device Development in Japan
Developer

Device Type(s)

NEC

Microstrip filters, resonatoroscillators, delay line memory

AMTEL:

Microstrip filters
ALPS Electric
Denso

Thin-Film
Devices

Bulk Devices

Western Alliance:
Matsushita
Sumitomo
Kyocera

Microstrip and disk filters

ISTEC

JJ mixer in antenna

KARC

LTS resonator-oscillator and
LTS mixer in antennas

Saitama University

Cylindrical filters

Table 4.2
Microwave Device Development in the United States
Developer

Thin-Film
Devices

Thick-Film
Devices

Device Type(s)

Conductus*
Lucent Technologies

Microstrip and lumped filters

STI

Microstrip, lumped, and
switchable filters

SCT (ceased operations, 1998)

Microstrip, tunable filters

DuPont†
Com Dev

Microstrip and dual-disk filters

MIT/LL

Microstrip and disk filters, delay
lines, and phase shifters

Northrop Grumman

Microstrip circuits

University of Maryland

Tunable filters and high power
effects

NIST

Detectors and voltage standards

JPL

Detectors

MIT
AFRL

High power effects

Stanford

High power effects

NRL

Microstrip filters, phase shifters

SUNY at Stony Brook

Oscillators

ISC

Cylindrical filters

* Conductus does much of its work independently of Lucent.
† DuPont does work both together with and independently of Com Dev.
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The nature of the alliances is described more fully in the relevant site reports (Appendix B) and in Chapter 8
on collaborative superconducting electronics projects in Japan. The Japanese collaborations very much
resemble the vertically integrated corporations that are the dominant corporate model in Japan. In contrast,
the U.S. community has several small and aggressive entrepreneurial firms (plus DuPont) pushing thin-film
technology, and there is substantial participation in device development and underlying phenomenology by
government laboratories and universities. While it is the norm in Japan that these R&D activities are
concentrated among the large companies, it is noteworthy that only one university (Saitama University) has
substantial rf/microwave filter activity, and that effort is not addressing thin-film technology. In Japan, much
of the training for microwave work occurs in industry, while in the United States (and Europe) a substantial
number of researchers are trained in universities.
PROTOTYPE DEVICES AND ENGINEERING INFRASTRUCTURE
Researchers have now demonstrated a variety of superconductive microwave devices. A survey of the
published work in the United States and Japan indicates that a substantially more diverse set of prototype
devices have been addressed in the United States. Table 4.3 shows a representative listing.
Table 4.3
Prototype Microwave Devices Successfully Demonstrated
Device Prototypes

U.S.

Japan

Filters with low loss

√

√

Filters for high power

√

√

Tunable filter prototypes

√

Resonator-stabilized oscillators

√

Compact delay lines

√

Electrically small antennas with
matching elements

√

Patch antenna arrays

√

Integrated JJ mixer/antennas

√

√

√

The first three entries in Table 4.3 relate to filters with properties that are particularly relevant to wireless
applications. The earlier and more competitive drive toward wireless in the United States is evidenced by the
range of types of filter structures investigated, including aspects of tunability. The wider diversity of nonfilter
devices in the United States is a reflection of the Department of Defense support beyond telecommunications
applications.
More important than the diversity of device types is the fact that underlying the device development in the
United States is a substantially more robust technology infrastructure for design, manufacturing, and
packaging than exists today in Japan. Table 4.4 summarizes the substantial differences that exist. The
disparity is most notable in the two areas of high-power/low-distortion and tuning. U.S. researchers have
driven much more aggressively to extract from the wireless hardware community the specifications for
competitive HTS filter subsystems, and these researchers have consequently identified the need for both very
low distortion and precise frequency setting. In these critical areas, plus that of cryopackaging, this WTEC
panel judged that the United States has approximately a 2-year lead.
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Table 4.4
Microwave Filter Technology Capabilities
Technology

U.S.

Japan

HTS films with low loss

√

√

High power and low distortion
phenomenology

√

Large-area HTS films and low-defect,
low-loss substrates

√

Dry-etch patterning

√

Filter topology variants (lumped,
transmission line, disk, etc.)

√

Filter CAD

√

Structures and algorithms for tuning

√

Cryopackaging and thermal
management

√

√

THE WIRELESS MARKET ENVIRONMENT AND INVESTMENT STRATEGIES
The next few years will be a critical period, both for the Japanese efforts to pull closer to technical parity with
the United States in HTS microwave components, and for market acceptance (in the United States or
elsewhere) of HTS for wireless. The roll-out of wireless services is proceeding at a hectic pace, and the
hardware providers are being challenged by the service companies to rapidly exploit successive cycles of an
increasingly broad range of “conventional” (that is, room temperature) technologies. Many major new
services will be offered in the international wireless market well before the year 2000. For terrestrial
services, the well publicized personal communication system (PCS) allocations licensed by the U.S.
government require initial services before the year 2000. Within the United States the number of wireless
subscribers is growing at an approximate annual rate of 40% and is projected to reach 63 million by the year
2000. According to ISTEC, in Japan the number of wireless phones was 20 million at the end of 1996, was
expected to reach 40 million at the end of 1997, and in 1998 the number of wireless phones was expected to
exceed the 60 million wired phones. In addition to the ground-based systems, the space-based Iridium system
has many satellites already in orbit and will see initial operation in this century. It is not clear that HTS
technology can compete in any sector of the demanding wireless market, nor was it the task of this WTEC
panel to assess the viability issue — the market will be the real test of performance and cost.
The telecommunications market, of course, has been “deregulated” and opened to competition in both the
United States and Japan. Still, there are differences in these two microwave markets. In Japan, NTT still
sets, de facto, the standard and pace for wireless services, despite the existence of several other new common
carriers. NTT officials currently consider cryocooled technology impractical for the wireless market. (See
the Saitama site report in Appendix B.) In the United States there are stronger competitive forces at play.
Lucent Technologies and Motorola are the largest domestic hardware competitors, and many others, including
Ericsson and Northern Telecom, are also important participants. There are also stronger competitive forces
among service providers, which range from very small (100 base stations) to very large. This competition
currently provides more opportunities for HTS ventures in the United States and has resulted in a dominant
focus on wireless in the small entrepreneurial U.S. firms. In essence, the smaller providers seek to achieve
market penetration via advanced technology such as HTS, and the larger providers will consider HTS to avoid
“technological surprise” at the hands of their competitors.
In the United States, unlike Japan, there is also a second potential customer base for HTS rf/microwave
technology: the Department of Defense (DOD). DOD has provided substantial funding for the development
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of a wide range of preprototype devices, both LTS and HTS, and in the microwave arena, it is this customer
that has enriched the diversity of device types listed in the tables above. This is a high-performance market
segment and is well matched to the performance attributes of superconductive electronics. It is probably not,
however, of sufficient volume to sustain the approximately 300 persons currently working in small firms
developing HTS electronics technology in the United States. In addition, both Japan and the United States
have similar activities exploring submillimeter-wave mixer/antenna structures, but of course, the needs of the
small international radio astronomy community cannot sustain the superconductive R&D community.
At this time, the wireless market is the only one with potential for high-volume requirements for HTS filters
and subsystems. The satellite environment and the U.S. DOD requirements are substantially more
demanding, and quantities of identical devices are much smaller. HTS filters must therefore achieve
commercial viability in wireless applications if high volume sales are to amortize the very substantial cost of
the HTS microwave technology development.
It is important to emphasize that this amortization of costs is a far more urgent issue in the U.S. arena than it
appears to be in Japan. In the United States, the penetration of the wireless market by HTS subsystems is
crucial to the business strategies of the several small commercial firms. The venture capitalists and public
shareholders of these firms have high expectations of impending volume orders for HTS wireless subsystems.
Delay beyond 1998 or 1999 could very well mean the inability to raise further investment dollars by these
firms. This anticipated impact of delays has already had one casualty. SCT, a privately held developmentstage company specializing in cryoelectronic receivers for the wireless base station market, announced
cessation of commercial operations in March 1998, as it was unable to raise further venture investment funds.
Because these same firms have performed much of the R&D on HTS microwave components with costshared government and private funds, the technological investment in the United States also depends critically
on this market success. The Defense Advanced Research Projects Agency (DARPA), the principal U.S.
government funding agency for superconductive microwave technology, has an exit strategy for its
investment that relies on the commercial success of HTS for wireless to sustain the technology.
In Japan, the two teams developing HTS wireless technology, AMTEL and “Western Alliance,” are funded
primarily by the government. Although their development schedules are not as aggressive as those in the
United States, they certainly are capable of exploiting the wireless marketplace should viability be established
by the efforts of the small firms in the United States. Furthermore, although the technical maturity of the
wireless teams in Japan currently lags that of the leading U.S. companies by up to two years, the Japanese
efforts appear to have a greater reserve of “patient” investment capital. The Japanese efforts would likely
persevere even should the investors in the United States lose faith in the HTS wireless market. (Witness the
continuation in Japan of the Josephson Computer Project for 7 years beyond the termination at IBM of the
major U.S. digital superconductive effort.)
THE HTS AUGMENTATION CONCEPT FOR WIRELESS SYSTEMS
HTS materials support the flow of dc current without resistive loss. At radio or microwave frequencies, f,
2
resistive losses increase at approximately f , but are still much smaller than those found in even cold normal
conditions. The basic HTS device concept is to exploit this advantage of low loss for microwave signals to
form high-performance and complex filters in more compact, more easily integrated structures than can be
accomplished with normal technology. The rf spectrum is in global short supply for the various
communications services offered and proposed. Recent license auctions in the United States underscore the
commercial value of the radio spectrum. Obviously, the more customers connected and the broader variety of
services that a provider can support within a licensed band, the greater the return on investment. This places a
premium on bandwidth efficiency, and thus sharp frequency skirts are important in order to mitigate
interference from adjacent licensed bands. The sharper the skirt, the less “guard band” is wasted within the
licensed spectrum. The notion is captured for both satellite and ground links in Figure 4.1, provided by
AMTEL.
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Fig. 4.1. HTS application in wireless system (AMTEL).
In addition to the improved utilization of spectrum through improved selectivity, it is highly desirable to
reduce the size of the base station. This is particularly relevant as the “smarter,” less visually obtrusive, and
more power-efficient base stations are deployed, because these will site additional transmitter and receiver
assets on the antenna mast as a means to improve transmit efficiency and receive sensitivity. Optimally, these
improvements can be obtained by installing the amplifiers and filters right behind the antenna(s). The base
stations targeted for such enhancements would be those supporting large numbers of customers, as these sites
could more readily accommodate the cryoelectronics and amortize the increased cost.
WIRELESS PERFORMANCE DEMANDS FOR HTS DEVICES
For filters in receivers, the high-quality factors achievable in compact HTS structures can translate to the
following:
1.

Lower insertion loss (and resultant lower noise floor) for increased channel sensitivity. The lower noise
is greatly aided by use of cooled low-noise semiconductor amplifiers. This sensitivity improvement is
particularly useful in range extension for sparsely populated rural cells or for satellite links. HTS
upgrades have already been accomplished in several rural, large-area cells in the United States.

2.

Sharper frequency rejection skirts for increased channel selectivity. The crowded urban cells will benefit
substantially by improved ability to reject close-range interference from adjacent bands. The interfering
signal can emanate either from mobile or base-station transmitters, and rejections of more than 100 dB
are often required. Fractional bandwidths of only a few tenths of a percent and very precise filter
specifications place a premium on both the quality factor and accuracy of implementation, with many
(10-20) poles being required to achieve the proper shape factor.

For filters in transmitters, the lower insertion loss and sharper skirts achievable in HTS structures could
provide improved channelization of the radiated power to the desired band with suppression of spurious
signals generated in adjacent bands by final-stage amplifier nonlinearities. This application area is
particularly challenging, as it requires the handling of high circulating powers (many kW) within the
resonators, and can lead to both intermodulation distortion and thermal degradation.
HTS technology has the obvious barrier to use of requiring proper thermal packaging and cooling. U.S. firms
have demonstrated that the multiple filters required in a base station (for multipath diversity and subdivision
of cells into sectors) can be packed compactly in a cold space. The cooler must be reliable, with infrequent
(or no) preventative maintenance required for more than 5 years. As will be described in Chapter 7, a variety
of machines are being developed for this purpose both in the United States and Japan.
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There appear to be no first-order market differences for wireless between Japan, the United States, and
Europe. All have a large installed base of wired lines and a rapidly expanding wireless infrastructure. And in
all cases, the wireless market is being penetrated by a variety of competing systems and providers. This
global marketplace is both highly competitive and being propelled by large investments and corporate
alliances. It is a hotbed of competing technologies, standards, and protocols. As the costs rise and roll out of
new networks approaches, the time window contracts for insertion of any new technology. The second-order
differences that exist within the developed countries, such as spectral allocations, customer density, and
signaling protocols make no significant difference in mitigating the barriers for insertion of HTS technology.
RECENT WIRELESS TECHNOLOGY DEMONSTRATIONS IN JAPAN
Two separate teams of corporate researchers are engaged in programs to develop and demonstrate HTS
technology for wireless applications in Japan. One team, AMTEL, has 21 researchers at work on system,
filter, cryogenic refrigerator, and interface topics. The technical talent has been drawn from ALPS Electric
and Denso, the two collaborating firms. Full details of the formation, funding, and business strategy for the
venture are given in the AMTEL site report in Appendix B. A different group, known by the name “Western
Alliance” is a collaboration between Matsushita, Sumitomo, and Kyocera. Unlike the AMTEL operation,
which is principally located in a central site, the Western Alliance is conducted in a distributed fashion, with
the microwave device work being the responsibility of the Matsushita researchers (see that site report in
Appendix B). Sumitomo, which in the late 1980s had the leading program in Japan on thin-film microwave
filters, withdrew from the device work in the early 1990s and is committed to the alliance only for film
supply, not for device development. In addition to these two corporate teams, there is an ISTEC effort that is
relatively broad and comprises not only the development of microwave filters, but the exploration of
integrated mixer antenna structures at frequencies well above the commercial wireless bands.
The three groups developing microwave devices have internal team resources for production of HTS thin
films on LaAlO3 and/or MgO substrates. As a representative example of the maturity of the device efforts in
Japan, the 1996 filter results from AMTEL are reproduced in Fig. 4.2.

Fig. 4.2. Frequency response of the 9-pole band pass filter (AMTEL).
AMTEL is focused on bent (or hair-pin) microstrip resonator structures for creating receive filters. The
9-pole, 2.6 GHz filter in the above figure had a 34 MHz 3 dB bandwidth with 0.25 dB insertion loss. The
40 dB bandwidth was a relatively broad 68 MHz with a virtual zero in the low-frequency skirt and a slower
than ideal roll-down in the high-frequency skirt. These distortions are indicative of the typical difficulty of
implementing a filter response uncorrupted by cross-talk between nonadjacent resonators.
The most complex filter described by any group in Japan is the 9-pole result displayed in Fig. 4.2. This
9-pole response is a respectable initial demonstration and is correctly categorized as such by the AMTEL
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group as the end result of the 3-year “fundamental study” phase of its development of filters. Many additional
details must be addressed during the scheduled 2-year phase (1997-98) in which a filter subsystem is to be
created. Note that the measured response is shifted from the design response, and this problem will be
exacerbated by the need to further reduce the fractional bandwidth so that the pass band is only 1-15 MHz
wide, depending on the specific application. In-band ripples, too, must be reduced. Finally, more poles are
required for a practical filter in order to achieve the sharp skirts required in the crowded wireless bands.
At Matsushita, within the Western Alliance, the early focus was on stripline structures, but that has shifted to
disc-like planar configurations with the intention of reducing current crowding and thereby achieving higher
power handling. Single resonator structures implemented in double-side-coated substrates have achieved
Q values to 8,000, and based on measurements with up to 15 W of applied power, Matsushita researchers
project a third-order intermodulation distortion (IMD) intercept of about 300 W for frequencies up to 5 GHz.
These values fall short of results for similar structures reported in the international community. For example,
the University of Wuppertal and Bosch reported at the ISEC 97 meeting in Berlin measurements on a 2-pole
disc filter at 77 K with up to 100 W transmitted power. This was equivalent to 10 kW of circulating power,
and the resonators degraded in unloaded Q from 50,000 to only 8,000 with a concomitant increase in insertion
loss for the filter of 0.1 dB. Similar impressive results have been achieved by MIT Lincoln Lab and Lucent
Technologies. In the area of power handling, then, the work in Japan is less mature. In addition, the
extension of these disc resonator configurations to a complex multipole filter is extremely difficult to model,
and the plan for such extension by Matsushita was not clearly described during the WTEC visit.
Among the Japanese researchers there appears to be a general optimism that standard modeling tools and
precise manufacturing techniques will permit the reproducible fabrication of complex filters with accurate
frequency response. This has not been the experience of U.S. researchers. Japanese optimism will likely
dissipate rapidly as the next level of filter performance is attempted by the Japanese groups. This same
optimism pervaded the U.S. activities about 2 years prior to this study; subsequent efforts to demonstrate
practical subsystems for the wireless community resulted in the need to mechanically trim filter response,
even after successive iterations of the design were done with empirical “tweaks” made to the computer
algorithms in efforts to account for the special nature of HTS films and substrates. This difficulty is one of
the motivations for a new DARPA-sponsored initiative: Frequency Agile Materials for Microelectronics.
SUBSYTEM DEMONSTRATIONS AND “APPLICATIONS PULL”
Despite careful work in both compact cryocoolers and microwave filters, no true “fieldable” subsystem
demonstration has been reported in Japan. However, individual filters and coolers have been integrated for
in-laboratory tests. One such test was described at AMTEL (Fig. 4.3).

Fig. 4.3. HTS filter system (AMTEL).
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Such laboratory milestones were reached by the small U.S. firms in about 1995. These companies have today
reached the stage where multiple filters packaged with ancillary electronics in a single system have been
tower-mounted for a myriad of “drive-around” demonstrations of improved link margin for reception of the
mobile signals. Such tests were reported in the technical and business press, and HTS subsystems are now
functioning in several operational base stations handling real customer calls. Although unsubstantiated, tests
may also be underway in Japan using subsystems obtained from the U.S. commercial sector.
It is important to note that what is typically demonstrated in field tests is an approximately 1 dB lower noise
figure and hence range extension capability. These improvements result from the reduced noise floor
achievable with cold preamplifiers and low-loss filters. While reducing the number of dropped calls near a
cell boundary, this benefit of range extension may be of only limited interest in the commercial marketplace.
Of course, the greatest value will obtain for the dense channelization, in transmit and receive, of the link
signals. The market is being fueled by the expectation of myriad services to be offered to a large and dense
customer base. During initial roll-out, cells may have a small subscriber base, but in Japan and Europe and in
the most lucrative U.S. markets, dense-packed subscribers will be the target group of the service providers.
Hence, the greatest market opportunity exists for tightest use and reuse of the frequency spectrum through
sharp-skirted receive and transmit filters, rather than through extended range. The interlacing of the two (A
and B) provider band allocations for the conventional cellular Advanced Mobile Phone System (AMPS) in the
United States is an extreme example of the adjacent channel interference that is a worldwide concern of
service providers.
The U.S. R&D effort, while not yet experiencing a true wireless “market pull,” is certainly driving toward
technical requirements set by the advanced development segment of the wireless community. While not yet a
real market pull, this setting of requirements for the filter subsystem performance has served to focus and
accelerate the pace of HTS microwave development in the United States in much the same way as the High
Temperature Superconducting Space Experiment (HTSSE) program did earlier. This pull in the United States
has resulted in not only well packaged and ruggedized cryoassemblies, but a diversity of designs in which
complex filter responses are synthesized by both lumped- and distributed-component techniques. There is
also a heightened appreciation for the power-handling issues related to distortion products created by out-ofband and edge-of-band interferers. Finally, the market pull has given U.S. HTS researchers a calibration on
the pace and diversity of conventional technology with which engineers are seeking to solve the system
problems.
TECHNOLOGY FOR OTHER “MICROWAVE” APPLICATIONS
The HTS microwave effort at Saitama University is developing cavity filters with conventional screw tuning
mechanisms. The HTS elements are cylindrical cavity walls; internal to each cavity is a dielectric puck.
While both conventional wireless and satellite communication links currently use similar nonsuperconducting filters, and these cavity devices have the potential of handling higher powers than the
compact planar structures, this particular approach is currently limited to unloaded Q values of 40,000 at
77 K, a performance no better than that achievable with cold copper cavities. The bulk HTS material used
has a surface resistance Rs (10 GHz, 77 K) of 20 mΩ, which must be improved substantially in order to create
new capabilities. For comparison, it is noted that the thick-film HTS resonators reported by Illinois
Superconductor Corp. have Rs (10 GHz, 77 K) of 2.7 mΩ, and hence unloaded Qs approaching 300,000.
A wireless-related application area for insertion of HTS microwave technology is satellites for “bent pipe”
transponder relays. The same performance advantages and issues apply here as for the terrestrial wireless,
except that the longer distance link and power/weight constraints of the platform accentuate the dual benefits
of increased sensitivity and selectivity, but they also simultaneously place higher demands on power handling
for transmit. Furthermore, the remote platform demands long-life ultra-reliable cryocoolers. The AMTEL
team has conducted a paper study of a variant of satellite communication in which a shipborne receiver would
exploit HTS for improved filtering in order to reject an adjacent band interference created by a transmit
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source much closer than the satellite providing the link to the ship. Although this application assessment did
consider IMD arising in the receiver preamplifier, it did not consider the effect of HTS nonlinearities on filter
distortion.
There is also a delay-line memory activity at NEC in which relatively short (2.26 ns) coplanar HTS lines have
been characterized as buffer memories for asynchronous transfer mode (ATM) data switches. At a
temperature of 65 K and below, these lines provide below 1 dB loss for signals of up to 10 GHz. The notion
is to pack a number of parallel lines with semiconductor switches into a crossbar configuration and provide
thereby a 1.6 Tb/s 16 x 16 switch. The application seems less than compelling, as the semiconductor switches
will likely limit the switching times to those achievable by standard semiconductor architectures.
Finally, there are oscillator/mixer/antenna combinations in LTS and HTS being explored at both ISTEC and
the Kansai Applied Research Center (KARC) of the Ministry of Posts and Telecommunication. These efforts
are parallel to university activities in the United States: they stress the submillimeter wavelength regime and
appear motivated more by science than application issues.
SUMMARY
The WTEC panel’s overall assessment is that U.S. firms are approximately 2 years ahead of the Japanese
teams in developing HTS subsystems for wireless markets. Many elements must be combined to successfully
insert a new technology, especially in a highly competitive international market such as wireless
communication. Figure 4.4 attempts to capture the relative strengths of the superconductive wireless efforts
in the United States and Japan.
microwave system applications (U.S.+)

cryoelectronic subsystems (U.S.+)

“U.S.+” = U.S. ahead
“J+”
= Japan ahead

packaging (U.S.+)

coolers (U.S.+)
CAD (U.S.+)

microwave ICs (J=U.S.)

superconductor ICs (U.S.+)

scale-up (U.S.+)

synthesis (J+)

materials science (J+)

Fig. 4.4. Schematic representation of critical elements required for practical, high-performance,
cryoelectronic microwave systems.
The WTEC panel consistently found the Japanese to be deliberate and diligent in the underlying materials
science, characterization, and synthesis of HTS films. Their laboratory facilities are very well equipped with
diagnostic tools. U.S. firms, however, have concentrated on scaling up the film deposition to larger areas and
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higher volumes and on preparing films with high power-handling capability. The two countries are equivalent
in the availability of microwave semiconductor circuits with which to combine the HTS components. In all
other areas, the United States appears to lead. This is consistent with the findings of the 1989 JTEC
assessment. There was, at that time, no coordinated activity in superconductive microwave electronics in
Japan, whereas the United States was already demonstrating a variety of analog circuits. The HTSSE
program, especially, spurred the early development of microwave components and subsystems in the United
States. Much of that expertise is now focused on the development of HTS for wireless applications.
Today it is still difficult to identify an overriding application theme for HTS electronics research in Japan. It
appeared in 1989, as it does now, that many Japanese laboratories are willing to make long-term
commitments to thin film research, and are tolerant of a long development cycle, even without tight coupling
to potential explicit applications. The most distinguishing feature of the Japanese efforts relative to U.S.
efforts in HTS electronics at the time of the first JTEC study was a strong commitment to materials synthesis
projects even in the absence of short-term device or application goals. ISTEC and the wireless teams are now
responding to, but are not driven by, application goals. The horizon of 5 or more years in Japan is a very long
view. It is not typical of the U.S. R&D environment today and certainly is not the vision in the venturebacked U.S. firms, which need volume market penetration within 1-2 years.
REFERENCE
Dresselhaus, M., ed. 1989. High temperature superconductivity in Japan. Baltimore, MD: Loyola College, Japanese
Technology Evaluation Center. NTIS # PB90-123126.
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CHAPTER 5

DIGITAL APPLICATIONS
Richard W. Ralston and Malcolm R. Beasley

INTRODUCTION
Although not its primary charge, in the course of its site visits the WTEC panel tried to acquire a picture of
digital superconducting electronics in Japan. In particular, the panel tried to assess the situation in historical
perspective, beginning with the evolution of low temperature superconducting (LTS) digital electronics and
concluding with the prospects for high temperature superconducting (HTS) digital electronics. While
necessarily less well documented than for radio frequency (rf) applications, panelists feel the assessment of
digital superconducting applications in Japan is generally accurate.
LTS DIGITAL ELECTRONICS: A 20-YEAR PERSPECTIVE
The differences between the digital electronics activity in Japan now and in 1989 during the original JTEC
panel visit are remarkable. Eight years ago LTS digital was predominant; the emphasis decidedly swung to
HTS soon after the discovery of the new materials, with one of the several ramifications being that little
additional effort has been expended on LTS digital integrated circuits since the end, in 1990, of the 10-year
Josephson Computer Project funded by Japan’s Ministry of International Trade and Industry (MITI).
Impressive Josephson Computer Results (1980-90) — A Japanese Domain
The Japanese Josephson Computer Project was a substantial, sustained, and highly productive effort with
participation by the Electrotechnical Laboratory (ETL) and the Central Research Laboratories of Fujitsu,
Hitachi, and NEC. The accomplishments included
•

reduction to practice and exploitation of the trilayer Josephson junction process

•

GHz clock speed 8-bit DSP chip with 23,000 junctions

•

380 ps 1 kbit and 4 kbit memories (some defects)

The efforts were only loosely coordinated but resulted in variants of the Nb/Al-Al2O3/Nb tunnel junction, first
demonstrated at AT&T Bell Laboratories, being harnessed for complex digital circuits. This MITI project
clearly established Japan’s leadership in latching digital integrated circuits (ICs). Indeed, a review of the
tables within the electronics chapter of the 1989 JTEC report shows several impressive circuit accomplishments.
One that was particularly noteworthy was the Fujitsu effort that produced 3000-gate (24,000-junction)
microprocessor circuits with 1.5 µm diameter junctions and demonstrated functionality at a 1.1 GHz clock
speed. Other examples were somewhat less complex microprocessors at Hitachi and ETL, as well as random
access memory (RAM) of 1-4 kbit at ETL, Fujitsu, and NEC. Memories were not fully functional, and
typically had several bad cells attributed to photolithographic defects, but access times were as fast as 590 ps.
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Late in the project, work was initiated at ETL to combine multiple chips into a high-speed package, and at
Fujitsu an innovative through-the-Dewar-wall packaging scheme was demonstrated for high-speed operation.
Diminished Digital Innovation in Japan (1990-Present)
Despite the impressive technical results, MITI sponsors were ultimately disappointed that no operational
systems resulted from the Josephson Computer Project. Because of this and the enthusiasm associated with
the discovery of HTS, the LTS activities in Japan were abruptly scaled back at the conclusion of the project.
Instead, for much of the 1990s, the Future Electron Device (FED) program in Japan emphasized development
of novel three-terminal device structures (mostly HTS), with little practical accomplishment of significance
for integrated circuit use. (See the FED site visit report in Appendix B.) No structure has yet been invented
that can compete with the transistor for general logic and memory use. After initiation of the FED program,
NEC and Hitachi later joined the mix of efforts with an emphasis on developing an LTS hybrid Josephson
junction (JJ)/CMOS data switch. This particular FED project is described in more detail later in this chapter.
The evolution of the original LTS computer activities is discernible at three laboratories, with some continued
effort on NbN junctions at ETL, data switch development at Hitachi and NEC, and refinements in RAM at
NEC. Table 5.1 summarizes the status of the NEC memory work. Use of moats to control flux trapping has
reduced the defects, and careful attention to the fabrication process has enabled the increase in size to 4 kbit
organization and a reduction in critical path access time to below 400 ps. The full memory based on 55 x 55 µm
vortex transition cells has not been exercised at high speed, but NEC researchers have proposed a hybrid
technology tester for that purpose and hope to be funded to complete the demonstration of the memory.
Certainly, even without the tests, no better superconducting memory exists anywhere. But it is also true that
such a memory is inadequate in size for most applications. Using a shrink of design rules to submicron
2
features, NEC recently demonstrated an 8.5 x 11.5 µm cell which the researchers project to 1 Mb/cm density
(IEEE 1997). Still, much effort remains to solve the memory deficiency of superconductive technology.
Table 5.1
Josephson 4 kbit RAM Characteristics
Organization

4,096 word x 1 bit

Access time

380 ps

Power dissipation

9.5 mW

Bit yield

99.8% (with moat structures)

Josephson junctions

Nb/Al-AlOx/Nb

Number of junctions

~ 21,000

Critical current density

3,250 A/cm

Minimum junction size

2 µm x 2 µm

Minimum line width

1.5 µm

Cell size

55 µm x 55 µm

RAM size

4.5 mm x 4.5 mm

2

Nonlatching Circuit Innovations (1990-present) — A U.S. Domain
In contrast to the lack of circuit development in Japan and despite the fact that the U.S. community had
equally high expectations for HTS digital circuits, there was a trend within many U.S. laboratories to
formulate candidate circuit architectures and test them for viability first in LTS form. Interest was especially
strong in the potential for much higher speeds in single flux quantum (SFQ) circuits, which also seemed more
compatible with the non-latching HTS junction technology.
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Substantial innovation in SFQ logic non-latching was a natural outcome of the diversity of U.S. government
funding sources. Programs that drove such innovations were (1) the Department of Defense (DOD)
University Research Initiative (URI), which fostered circuit innovation at SUNY Stony Brook, the University
of Rochester, the University of California at Berkeley, and Stanford University; (2) the Department of
Commerce Advanced Technology Program, which united Conductus, the National Institute of Standards and
Technology, TRW, U.C. Berkeley, and Stanford in a 10 GHz hybrid data switch development; and (3) DOD,
which has funded a variety of analog-to-digital (A/D) converter and data switch efforts in industrial and
government laboratories.
In Japan, novel concepts in latching gates are being explored at Nagoya University. Also at Nagoya, Prof.
Hayakawa is advancing the view that HTS has many years to mature, and thus LTS (either Nb or NbN) must
be exploited for complex circuit demonstrations.
LTS Process Innovations (1990-present)  A U.S. Domain
The demands placed on LTS fabrication engineers in the United States, through a combination of the need to
validate new non-latching circuits (often with high junction current densities) and the continued drive to
engineer and demonstrate signal-processing and data-routing circuits of substantial complexity in latching
logic, have resulted in the United States regaining the lead in fabrication technology. This lead is reflected in
two important dimensions:
1.

A readily accessible commercial foundry at HYPRES is available to supply any IC designer with a rapid
prototype of a circuit in Nb-trilayer technology at modest cost. This service has played an important role
in the URI initiatives developing rapid single-flux quantum (RSFQ) logic. A broader range of foundry
services is provided by TRW, which supports both Nb and NbN technologies. The recent TRW
experience has seen the number of NbN chips fabricated increase to approximately equal that for Nb.

2.

Custom/captive fabrication facilities in at least three locations (MIT Lincoln Laboratory, NIST Boulder,
and SUNY Stony Brook) are yielding circuits with planarized wiring layers implemented with a chemmechanical polish identical to that employed in state-of-art silicon foundries. This planarization provides
better control of inductances, junction sizes, and contact parasitics, thereby increasing operating margins
in the high speed circuits. The process at MIT is, in fact, run in a submicron silicon tool set and thus
leverages at modest additional cost the full investment in equipment, which is only made affordable by
“excess” capacity within the semiconductor IC market.

No such accessibility for testing circuit innovations or sharing fabrication assets exists in Japan today. This
situation may be changing, however, with new collaborations (as distinct from consortia) being planned.
As an aside within the process technology arena, it is worth noting that there are interesting junction
explorations in NbN ongoing at ETL, Kansai Applied Research Center (KARC), and Nagoya University. The
capabilities of the two countries are similar, but in neither Japan nor in the United States is it clear to what
level of circuit complexity can NbN yield fully functional circuits.
New LTS Digital Collaborations in Japan
The U.S. community previously identified data switches as an appropriate application target for LTS (and
ultimately HTS) circuits. The Japanese have now selected switching for a collaborative STA-funded project.
Non-latching, single-flux-quantum circuits are likely to be the central focus of the activity, with industrial
participation by ETL, Fujitsu, Hitachi, ISTEC/SRL, and NEC, and university participation by Japan Women’s
University, Nagoya University, and the University of Tokyo (RCAST). A possible ingredient in this
collaboration could be that NEC provides foundry services, and that would be a significant improvement over
the situation at the time of the WTEC team’s visit in which university researchers in particular had little
access to fabrication facilities.
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Another promising collaborative effort is the Ministry of Education’s Vortex Electronics Project, part of
MOE’s program for Scientific Research in Priority Areas. The 3-year, $1.5 million/year project was
scheduled to get underway in April 1998 and cover HTS SQUID, HTS Digital and HTS Photonics with the
primary emphasis on investigation of vortex dynamics in the junction region. Professor Takeshi Kobayashi of
Osaka University’s Faculty of Engineering Science leads the group of approximately 30 university and
industry scientists.
Ongoing, with a review scheduled for 1998, is the project in Hybrid Systems funded by MITI through FED.
The contextual system vision for this program is illustrated in Fig. 5.1.

Fig. 5.1. Josephson hybrid system (FED).
With regard to LTS digital circuits, the switching networks being explored at Hitachi and NEC are
particularly relevant. The NEC group has published the low-speed operation of the major building blocks of
the ring network as implemented in Nb trilayer technology. Hitachi is pursuing a variant of a crossbar switch,
also in trilayer technology. Either would communicate through an ETL-developed (possibly NbN) interface
to cold (77 K) CMOS memory. Although no cryo-CMOS activity was described in Japan, ETL
conservatively projects that 0.1-micron-gate CMOS would operate at above 1 GHz clock speed.
The U.S. activity in cold CMOS does appear better attuned to these needs. At least one of the small U.S.
venture firms, STI, is a partner in a major initiative in accelerating workstations with cold CMOS.
Furthermore, the Defense Advanced Research Projects Agency initiative in low-power electronics, which
features 0.25 µm CMOS on SOI (silicon on insulator) substrates has demonstrated 1.1 GHz clock rates at
2.5 V bias and is an excellent candidate for insertion into hybridized cryoelectronic subsystems.
HTS DIGITAL ELECTRONICS: LOOKING AT THE LONG TERM
Circuit Architecture, Operating Temperature, and Materials of Choice
In Japan, as in the rest of the world, SFQ circuit technology is the leading candidate for HTS applications.
This is a natural choice, given the superior speed and power characteristics of SFQ logic; it is also dictated by
the availability of only nonhysteretic HTS Josephson junctions. It seems unlikely that HTS voltage state logic
would be used, even if a suitable HTS tunnel junction were successfully fabricated.
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Given the choice of SFQ logic, the projected operating temperature is dictated by the need to lower thermal
noise to a level consistent with the required bit error rate. This constraint is fully appreciated in Japan, as it is
elsewhere in the world. It is now generally agreed that the operating temperature is unlikely to exceed 50 K;
hence, there is no driving force to use the highest Tc materials, and all digital HTS work in Japan is focused
on YBCO (and to a lesser extent, BSCCO). On the other hand, there is no evidence that there has been in
Japan (or elsewhere in the world) a thorough examination of the tradeoffs between bit error rate, operating
1
temperature, superconducting material, and cryocooler technology.
Junction Technology
In keeping with the systematic, long-term point of view prevalent in Japan already noted several times in this
report, the Japanese have not tried to select a favored HTS junction technology. All HTS junction approaches
familiar in the United States are under study in Japan. There are in addition some approaches being
investigated in Japan that are not currently being pursued in the United States. For example, at the
2
International Superconductivity Technology Center (ISTEC) there is work on an in-plane “a/c/a” junction
and on focused ion beam junctions.
In Japan there is also considerable emphasis on vertical, sandwich-type junctions, as opposed to the in-plane
types most common in the United States. This emphasis is motivated by the feeling that in the long run such
junctions will permit better interface control and hence better spreads.
For superconducting-normal-superconducting (SNS) junctions, PBCO is the favored barrier material by a
wide margin, due to its favorable epitaxial relationship with YBCO. Unlike their U.S. counterparts, Japanese
workers have not been discouraged by the disappointing device figures of merit (specifically, low IcRn
products) exhibited by YBCO/PBCO/YBCO SNS junctions to date. At the same time, there has been some
outstanding work on the physics of PBCO barriers at Toshiba under the FED program, which may eventually
make it possible to assess whether or not the performance of current PBCO barriers is intrinsic.
Unquestionably, the Japanese are presently driven by material growth considerations and not by maximizing
device figures of merit; therefore, it is not surprising that they have not tried to systematically decrease
spreads for specific junction approaches. Correspondingly, they are well behind the narrower spreads
achieved by the so-called “Big Three” (TRW, Northrop Grumman, and Conductus) in the United States.
Typical spreads (1 sigma) in Japan are 25%, as opposed to 10-12% and continuously decreasing in the United
States. Figure 5.2 shows this progress in junction parameter spread and the implication for anticipated circuit
3
size. On the other hand, looking ahead, ETL has a stated goal of an HTS digital integration level of 10
junctions (1 sigma of 8%), and ISTEC has recently announced a goal of 5%. Indeed, as reported by
M. Toriihara at the Arlington, VA workshop for this WTEC study, ISTEC is greatly increasing its effort on
superconducting electronic materials and devices and has also announced a goal of developing a 5-layer,
1,000-junction circuit technology in the next 5 years (Fig. 3.1, p. 16). These goals set by ETL and ISTEC are
aggressive, and if achieved, would open up a much higher (and potentially useful) level of circuit complexity.
The ingredients necessary for Japan to make marked progress in HTS digital applications are clearly in place.
There may even be some healthy competition present.

1

Such a study by Professor Van Duzer and his group at the University of California, Berkeley, was funded by the Office
of Naval Research late in 1997.

2

That is, an a-axis/c-axis/a-axis oriented YBCO.
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Fig. 5.2. U.S. progress in decreasing junction parameter spreads enables digital circuits
with increased complexity (courtesy Northrop Grumman).
Circuits and Interconnects
To date only simple, single-layer HTS digital circuits have been successfully fabricated in Japan. The
emphasis clearly has been on basic materials work and on exploration of various junction technologies. Thus,
it is not surprising that the United States is further ahead in HTS circuit fabrication.
There also is no evidence of consideration of HTS superconducting transmission lines as on-chip
interconnects or multichip modules for cooled semiconducting electronics. By contrast, there continues to be
some low-level, long-term interest in this possibility in the United States.
SUMMARY
Through the final years of the previous decade, research supported by the MITI-funded Josephson Computer
Project established Japan in a commanding leadership position in LTS digital circuit technology. Although
the competition for resources with HTS has resulted in scaled-back LTS digital programs in both Japan and
the United States, a sufficient investment was maintained in the United States to stimulate substantial circuit
innovation, particularly in non-latching logic designs. Those design conceptions, coupled with accessible
fabrication facilities, have sustained a critical level of circuit demonstrations in the United States and even
permitted the successful demonstration of a completely packaged (electrically and cryogenically) packet
switch. Innovations were not properly stimulated in Japan during the 1990s. At the same time, should the
efforts of the “Big Three” in the United States succeed quickly enough in reducing the device spreads of HTS
Josephson junctions by the few remaining percentage points needed to produce serious digital circuits, or
should a compelling application for LTS digital emerge, the United States is well positioned to capitalize on
the opportunities. On the other hand, Japanese funding agencies have recently made commitments to rebuild
a portion of their LTS digital activities, and ISTEC and ETL have stated aggressive goals for HTS digital
circuit fabrication technology, just as support in the United States for superconducting electronics is waning.
Hence, the commanding U.S. position in digital superconducting electronics could dissipate in the absence of
near-term military or commercial market opportunities that could sustain the field.
REFERENCES
Dresselhaus, M., ed. 1989. High temperature superconductivity in Japan. Baltimore, MD: Loyola College, Japanese
Technology Evaluation Center. NTIS # PB90-123126.
IEEE. 1997. Trans. on Appl. Supercond. (June): 2282-2287.

37

CHAPTER 6

SQUID APPLICATIONS
John M. Rowell

INTRODUCTION
In the 1980s, Japan had essentially no superconducting quantum interference device (SQUID) technology.
From 1990 to 1996, the Ministry of International Trade and Industry (MITI) funded the Superconducting
Sensor Laboratory (SSL) to focus on this technology, and by the time of the WTEC panel’s visit to Japan in
1997, prototype or product SQUID systems were being made by Daikin, Seiko, Shimadzu, Sumitomo, and
Yokogawa. In Yokogawa’s case, the magnetoencephalograph (MEG) system product announced in late 1997
is the result of technology transfer from a private university, the Kanazawa Institute of Technology (KIT),
where Prof. Hisashi Kado and some of his colleagues from SSL continued their research. While some of the
companies might argue the extent to which the SSL influenced their own technology, the increase in Japan’s
SQUID capabilities over the past decade has been dramatic.
During its trip to Japan, the WTEC panel visited two companies that have ongoing SQUID R&D activities:
Daikin and Sumitomo Electric (see the site visit reports in Appendix B). However, much of the information
presented in this chapter has been gathered from panelists’ previous visits to Japan and through discussions
with colleagues in the United States. We wish to thank in particular Dr. H. Itozaki of Sumitomo Electric,
Prof. Kado of KIT, and Prof. J. Clarke of the University of California, Berkeley, for many valuable
discussions of SQUID technology and products, and Dr. D. Crum, who provided us with many of the details
of the history of the companies in San Diego.
HISTORY OF SQUID TECHNOLOGY IN THE UNITED STATES AND JAPAN
SQUID Technology and Markets in the United States
In 1970, not long after the discovery of the Josephson Effect and the subsequent demonstration of the first
SQUIDs, the company SHE (Superconducting Helium Electronics) was founded in San Diego by Professor
John Wheatley and a number of his colleagues. Its initial products were primarily dilution refrigerators, with
superconducting magnets and SQUIDs being of secondary interest. The first commercial SQUID products
were sold in about 1974. SHE was renamed Biomagnetic Technologies, Inc. (BTi) in 1985 and was focused
on development and manufacture of magnetoencephalography (MEG) systems.
During the early 1980s, a number of SQUID companies were started in San Diego by scientists and engineers,
many of whom had previously been employed by SHE. Quantum Design, which is well known for its
SQUID susceptometer product, recently split off its research organization, Quantum Magnetics, as a separate
company. Tristan Technologies, founded by Dr. D. Crum and his colleagues in 1991, focused on the
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manufacture of custom SQUID systems, particularly for nondestructive evaluation (NDE). Conductus
acquired Tristan in 1993 and renamed it the Conductus Instruments and Systems Division, although in the
summer of 1997 Conductus sold most of the SQUID technology and products division back to some of the
1
original Tristan employees, who reformed the company under the same name, Tristan.
Thus, the United States was alone in the SQUID market for over 20 years. Admittedly, the market was small,
initially comprising sensors and electronics for use by physicists for low temperature research. The
susceptometer of Quantum Design was the first system-level SQUID product to be sold in some volume,
notably in 1987-88 after the discovery of the high Tc superconductors. BTi has sold MEG systems of
increasing complexity, 7 channels, followed by 37 channels, and most recently it has developed a “whole
head system” (i.e., the head is surrounded by a helmet-like Dewar containing the SQUIDs).
Much of the SQUID sensor technology of the United States, both LTS and HTS, was developed by
Prof. J. Clarke of the University of California, Berkeley, and by Drs. Mark Ketchen and Roger Koch, and
Prof. Fred Wellstood, who were all his students at Berkeley. At IBM, Koch and Ketchen also contributed
numerous advances in their development of submarine and mine detection systems for the U.S. Navy.
Prof. J. Wikswo of Vanderbilt University has been at the forefront of NDE and medical studies using
commercial (but custom) LTS systems. The first HTSQUID system, which was also the first HTS SCE
product of any kind, was “Mr. SQUID,” introduced by Conductus in 1992. This early success has not resulted
in the introduction of any further system-level HTSQUID products over the past 5 years by any U.S. firm,
except for a few custom systems sold by Conductus.
SQUID Technology in Japan/the Superconducting Sensor Laboratory
The history of SQUID technology in Japan is largely the history of the Superconducting Sensor Laboratory,
which was a centralized consortium (the types of consortia used for funding SCE in Japan are discussed in
detail in Chapter 8) funded by MITI from 1990 to 1996.
In 1984, Dr. Masao Koyanagi and Prof. Kado at MITI’s Electrotechnical Lab (ETL) began to make SQUIDs
using the Nb trilayer process technology that had been developed as part of the Josephson Computer Project.
Using these SQUIDs, from 1984 to 1987 they developed at ETL both a 9-channel MEG system and many of
the associated technologies for MEG imaging. NbN SQUIDs operating at 11 K were developed just before
the discovery of the HTS materials. In order to make these technologies available to Japanese industry and to
further develop the system-level technology that would be necessary in any type of later product, the decision
was made by MITI to fund a consortium for a period of six years, with the objective of demonstrating the
operation of a number of MEG and other systems, culminating in a 256-channel whole-head MEG system by
the end of the consortium activity in March 1996. Considering the state of the technology in Japan in 1990,
this was an extremely ambitious and aggressive system-level goal.
The SSL consortium used the style that had already been established at ISTEC: a new central facility was
built, and the supporting companies sent researchers (almost all of whom had no previous experience with
SQUIDs) to work for periods of time in this central facility. The member companies were Daikin, Hitachi,
Seiko, Shimadzu, Shimizu, Sumitomo Electric, Takenaka, Toshiba, Ulvac, and Yokogawa. Prof. Kado was
appointed as the Research Director of SSL, a position equivalent to Chief Technical Officer of a small
company, which had 36 technical staff. Fig. 6.1 shows SSL’s organization chart.

1

Also in 1997, Biomagnetic Technologies, Inc. (BTi), and Quantum Magnetics (QM) formed a new company,
Magnesensors, to focus on HTSQUIDs.
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Fig. 6.1. Organization of MITI’s Superconducting Sensor Laboratory (SSL).
SSL’s building, located approximately halfway between Tokyo and Narita Airport, had two wings and a
central reception and office area. One wing contained the class 10,000 cleanroom (class 1,000 in critical
areas) for the fabrication of the Nb sensors; the other had a large laboratory for the shielded rooms and MEG
systems, plus a machine shop. Most of the work within this building was on LTS sensors and systems.
Meanwhile, in a part of SSL that rented from Sumitomo Electric within its Itami laboratories, Dr. Itozaki and
his colleagues carried out a program to first develop HTSQUID sensors and later, working with Prof. Kado
and other members of the SSL, build magnetocardiography (MCG) systems using arrays of such sensors.
Figure 6.2 shows the objectives of SSL, all of which were achieved. In fact, there is a parallel between the
extraordinary progress made at SSL and that made by the four small U.S. companies Conductus, ISC, SCT,
and STI with their wireless prototypes during the mid-1990s. It is remarkable how rapid progress can be once
system-level objectives are defined. The facilities of SSL were not completed until October 1991, yet only 3
years later, a 256-channel system was completed and operating in a heavily shielded room designed and
assembled on-site. In the same period from 1991-94, sensor fabrication was brought on-line and control
electronics and software were developed; MEG and MCG systems of 16, 32, and 64 channels (completed
12/92) were built before the final 256-channel system; and small systems for earthquake monitoring were also
demonstrated. In addition, since many of the scientists and engineers sent by the companies had no prior
experience in SQUIDs or cryogenics, another function SSL had to assume was the education of its staff. Prof.
Kado has commented that the industry staff brought essential and varied expertise in both analog and digital
electronics, cryogenics, signal processing, inverse problem and computer architecture, and so on.
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Fig. 6.2. Objectives of the Superconducting Sensor Laboratory, 1989-95.
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The (unanticipated) educational function of SSL and other consortia in Japan is perhaps not appreciated in the
United States, where collaborations or consortia occur between groups that are already expert in the science
and technology. In Japan, numerous staff received education and training in SQUID technology and
cryogenics at SSL and returned to their companies with this knowledge. At ISTEC, over 250 scientists from
industry have been informally trained in the field of superconducting materials and characterization before
returning to their companies. There is no equivalent educational function of participants from industry
achieved by any consortium, in any technical field, in the United States, due in part to the typically strong
U.S. focus on applications.
The HTSQUID activity at SSL, partly carried out within the rented laboratory of Sumitomo Electric, resulted
in the development of flux-focusing-type magnetometers. At the system level, a 32-channel MCG system
was demonstrated (Fig. 6.3). When operated in a moderately shielded room, cardiograms of patients were
measured by the SQUID array, as shown in Fig. 6.4. After SSL closed in March 1996, Sumitomo purchased
all the facilities of SSL that were located in Sumitomo during the HTS project and started their own activities
on sensors and multichannel HTS systems (see the Sumitomo site visit report in Appendix B).

Fig. 6.3. Sumitomo’s 32-channel SQUID.

Fig. 6.4. Magnetocardiograms measured
by the array.

COMPARISON OF TODAY’S SQUID ACTIVITIES IN JAPAN AND THE UNITED STATES
Japan  Post SSL
While it might be difficult to determine exactly which companies, and to what extent, were influenced
directly by the technology created at SSL, it was not difficult to compare the SQUID activities in Japan at the
time of the WTEC visit, roughly one year after the completion of SSL, with those before SSL, say in the mid1980s.
In the mid-1980s, there was no SQUID technology of note in Japan, and no SQUID products were made by
Japanese companies. Today, Daikin has prototypes of 32-channel MCG and 61-channel MEG systems
integrated with closed cycle refrigerators, as described in its site visit report (Appendix B) and shown in
Figure 7.3 (p. 49). One of the 61-channel prototypes has been shipped to a potential customer. Panelists were
told that Seiko has shipped prototypes of NDE systems, while Shimadzu has developed a 129-channel MEG
system and has received government approval for its use. Hitachi is continuing development of LTS MCG
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systems. At Sumitomo Electric, as described in its site visit report (Appendix B), another 64-channel HTS
MCG system has been developed in the past year or so. Perhaps more importantly, Sumitomo Electric is
using an HTSQUID NDE prototype system to monitor copper wire manufacture in a factory and has
introduced Japan’s first HTSQUID product. Fig. 6.5 shows Sumitomo’s magnetometer and the high Tc
SQUIDs it uses. This is a single-channel system for nondestructive evaluation and educational purposes that
is similar to the “Mr. SQUID” educational kit that has been sold by Conductus since 1992. The panel finds it
remarkable that a large company like Sumitomo would introduce this type of product for what is at present a
small market.

Fig. 6.5.

Sumitomo Electric Industries’ magnetometer, which includes a high Tc SQUID and its
driving electronics.

A most interesting development, considering that small high-tech companies are not formed in Japan as
readily as in the United States, is the path followed by Prof. Kado after completion of the SSL project. Rather
than return to his position at ETL, he joined Mattolab, part of the Kanazawa Institute of Technology (KIT),
with a building in an industrial research park to the west of the city. There, as a professor with some of his
ex-SSL colleagues, he has continued his R&D into LTSQUID systems for both earthquake monitoring and for
MEG. They have developed a number of MEG systems of different types. One such system that is of
particular interest, in that the Dewar and a number of other aspects are of a novel design, is shown in Fig. 6.6.
This system is a result of technology transfer from KIT through a small company named Eagle Technology
(ET) to the much larger company, Yokogawa. Manufacturing and sales of the systems resulting from this
KIT/ET/Yokogawa collaboration will be carried out by Yokogawa.
The 208-channel system of Figure 6.6 resembles a magnetic resonance imaging (MRI) machine, but the
patient reclines on the couch and slides the head into a hemispherical depression in the side of the Dewar.
This depression is surrounded by SQUID sensors in the helium space to give coverage of the whole head.
The sensors for this system, which are conventional Nb trilayer devices with Nb wire gradiometer coils, are
supplied by Conductus. Similar systems are in operation at the medical school of Keio University in Tokyo,
and the medical school of Osaka City University.
The activity at KIT and ET is the only creation of a “small company” in SCE that the panel observed in Japan,
whereas in the United States there are at least 12 such companies, not including those “infrastructure
companies” supplying materials, sputter targets, refrigerators, deposition systems, etc. The U.S. companies
are BTi, Conductus, Hypres, Illinois Superconductor, Magnesensors, Neocera, Quantum Design, Quantum
Magnetics, SCT, STI, 2G, and Tristan. Of these 12, only Quantum Design and 2G have a large fraction of
their revenues from the sale of commercial products.
The KIT research activity is also unusual in that it represents one of the few cases in SCE where cooperation
between the communities in Japan and the United States has been strong. A number of U.S. scientists have
been frequent visitors to KIT; the sensors of the KIT/ET/Yokogawa systems are made at Conductus; and an
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early system is in operation at the Cognitive Science Laboratory of MIT as part of a KIT/MIT collaborative
activity.

Fig. 6.6. A SQUID multichannel MEG system under development by KIT and
Yokogawa. (A similar system was in operation early in 1998 at MIT’s
Cognitive Science Lab.)
CONCLUSIONS
The history of SQUID activity in Japan and the United States is fascinating and is perhaps instructive as an
indication of what might occur in other areas of SCE.
As outlined above, the United States has had and continues to have leading-edge sensor technologies, both
LTS and HTS. It had small companies selling products for over 20 years with no competition anywhere in
the world. One of them, Quantum Design, continues to be profitable by supplying research instruments. But
in general, the United States appears to have lost its momentum in this field. In particular, it seems to have
lost its desire to innovate at the system level. Through its focus on existing products, BTi neglected to
develop the technology of whole-head systems until after CTF (Canada) and Neuromag (Finland) and SSL in
Japan had done so. Conductus has not capitalized on its early entry into the HTSQUID applications market
and has not developed HTS systems. Much of the technology developed at IBM, UC Berkeley, and the
2
University of Maryland has not yet been utilized commercially.
In contrast, Japan entered SQUID R&D very late, over 20 years after the formation of the first small U.S.
company, SHE. In six years or so, largely due to the activities of SSL, not only did Japan create sensor
3
technology comparable to that of the United States, but at the system level Japan moved ahead. There is no
256-channel LTS MEG system in the United States, no SQUID systems integrated with refrigerators, no HTS
NDE prototype being used routinely, and no 64-channel HTS MCG system. All these are now developed in

2

Early in 1998, Neocera announced an HTSQUID system product based on technology from the University of Maryland.

3

The noise level of HTS sensors is probably lower in the United States than in Japan.
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Japan, at least to a demonstration system level. It is true that in neither country are there large obvious
markets for these systems, but there are many possible and speculative markets. In order to investigate such
applications and markets, first a prototype system is needed. Thus, it seems likely that the Japanese SQUID
groups and companies are more likely to first find and develop these markets, as they have systems. There is
also interesting SQUID system progress in Europe, for example at Juelich and at a number of universities.
The WTEC panelists are led to wonder whether there is a parallel between the SQUID area and other SCE
applications such as wireless. The United States had the four small companies entering the market first, while
Japan is funding R&D at AMTEL, the Western Alliance, and at ISTEC. Who can say which will be the
successful approach in 20 years? Will some of the concerns of the late 1980s come to pass, that the U.S.
interest will burn itself out, while Japan persists for success in the long term? Certainly the SQUID precedent
is a lesson that having technology and the early entry of small companies into the market does not guarantee
eventual success. There is, however, one important difference between SQUIDs and wireless applications.
The latter are seen by DOD agencies as important dual-use technologies, whereas the former, except for some
interest from the Navy in the project at IBM and the Air Force in NDE of aging aircraft, are of little interest to
DOD, implying more consistent funding for wireless than for SQUID R&D.
Overall, although SQUID technology at the component sensor level is more advanced in the United States
than in Japan, activity to develop new systems and applications, either LTS or HTS, appears limited at
present. Consequently, if large SQUID markets develop, Japan (and also Europe) are likely to be strong
competitors. This is in contrast to a decade ago, when the United States had a dominant position.
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CHAPTER 7

REFRIGERATION AND CRYOPACKAGING
John M. Rowell

INTRODUCTION
The cooling requirement is the primary barrier to the widespread commercial acceptance of superconducting
devices. The superconducting materials or superconducting electronic (SCE) devices discussed in previous
chapters constitute only a fraction of the size and the cost of a superconducting system, and the customer
reacts, often negatively, to the appearance, size, noise, and (perceived) unreliability of the refrigerator or
cryocooler. With the discovery of HTS superconductors, much was (wrongly) claimed for the advantages of
cooling with liquid nitrogen instead of the liquid helium generally used to cool low-temperature SCE systems. In
fact, the benefit of using HTS devices is that smaller, cheaper, and more reliable refrigerators can be used in
HTS systems than in LTS ones. Initially cryocoolers available for HTS systems were adapted from ones
developed for other markets such as those for vacuum cryopumps and for cooling infrared sensors in missiles,
and they weren’t ideal for superconducting applications. More recently, some SCE companies (e.g., SCT and
STI) have begun development of their own coolers, or refrigerator manufacturers (e.g., CTI) have begun to
modify their products to suit the needs of the SCE industry. As a result, the cryocoolers used in the wireless
products of U.S. SCE companies are now almost “invisible” to the user (although the cost is not!).
Besides the refrigerator it is also essential to provide a cryopackage (sometimes called the Dewar), which is
the means to mechanically and thermally attach the SCE component to the cold head of the refrigerator within
an evacuated enclosure while providing electrical or optical connections through the enclosure and vacuum
space. One challenge is to ensure low loss in the electrical connections without allowing too much heat to
travel from room temperature to the SCE component; a second is to guarantee that the enclosure maintains its
vacuum for the lifetime of the refrigerator, hopefully many years. Much of the development and engineering
effort and budgets of the small U.S. SCE companies over the past two years have been spent on cryopackaging.
It was not possible during the week-long WTEC visit to Japanese sites working on SCE for the panel to gather
an accurate and complete view of the Japanese cryocooler industry. Panelists were told that there are at least
10 manufacturers of cryocoolers in Japan, of which the panel visited or met with three. In hindsight and
given the importance of refrigeration to SCE (as well as other industries), it would have been valuable for the
WTEC panel to have increased its numbers by one or two members so that two people could have spent the
whole week visiting Japanese refrigerator companies. As the panel was only able to visit two of the
companies, Daikin and Denso (which has a joint effort with AMTEL), and only met with representatives of
Aisin Seiki during our visit to Nagoya University, we do not feel that we obtained a balanced view of the
industry. However, as these three companies were chosen because of their interest in SCE applications, it is
likely that the panel did accomplish an important sampling of the activity that is most relevant to this study.
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THE REFRIGERATOR INDUSTRY IN JAPAN
Technology vs. Cost Issues
As in the United States, both Stirling and Gifford-McMahon (GM) cryocoolers are being manufactured and
sold in Japan. The panel did not discern any major differences in the technology of these machines in the two
countries. However, two issues related to cost might become important:
1.

To the best of the panelists’ knowledge, all the compressors used by U.S. companies in their cryocoolers
for the civilian market, such as GMs for cryopumps and research, are made in Japan. This should give
Japanese companies a competitive advantage of lower price over U.S. companies when such coolers are
used extensively in wireless base stations. The cost of the cooler is already a major fraction of the cost of
the high temperature superconductor (HTS) wireless subsystem, and it is likely to remain so.

2.

In recent years, the low-temperature limit of the two-stage GM coolers has been extended well below 4 K
by use of materials such as Er3Ni in the regenerator. This material has a large heat capacity peak near
10 K due to magnetic ordering. This innovation was made in Japan, and Japan remains the only source
of this material in a readily usable form. If such coolers become important for cooling the rapid single
flux quantum (RSFQ) chips of future petaflop computers, Japanese manufacturers would again be in a
good position to compete on the price of the cooler, as they would manufacture both the compressor and
the regenerator material.

At present, however, it appears that the price of refrigerators made in Japan, even when sold there, is
unusually high. An average price of, say, a Stirling or GM refrigerator is about 50% higher in Japan than that
of a similar machine made in the United States. As this only became apparent to the panel after its visits in
Japan, we were unable to determine the reasons for the price difference. However, the higher price is
consistent with the prices of many items in Japan, including scientific instrumentation.
Pulse-Tube Refrigerators
It was clear in the WTEC panel’s visits that the level of R&D activity on pulse-tube cryocoolers in Japan is
higher than in the United States. Already one company, Iwatani (which the panel did not visit), is selling a
pulse-tube cooler. Figure 7.1 shows a copy of Iwatani’s advertising literature. In the panel’s discussions with
representatives from Aisin Seiki, they indicated that their company would make a pulse-tube product
available later in 1997. At AMTEL, the panel visited the laboratory where development of pulse-tube coolers
was ongoing.
In the United States, pulse-tube technology is well advanced in the laboratory of Dr. R. Radebaugh at the
National Institute of Standards and Technology (NIST), at TRW, and at other laboratories. Unfortunately,
none of the U.S. manufacturers of commercial coolers have shown much interest in this technology, perhaps
in part because of ongoing problems in the United States with technology transfer mechanisms. There is
some evidence that U.S. manufacturers will soon have to change their outlook. The largest commercial
refrigerator product is the cryopump, which currently uses GM coolers at 12 K or so for use on the vacuum
systems of silicon fabrication lines. But as the linewidths of Si circuits continue to shrink, the vibration
associated with the GM refrigerators is becoming undesirable. Perhaps, in order to retain market share of the
cryopump market, the U.S. refrigerator manufacturers will have to make pulse-tubes using the NIST, TRW,
or other technology. At present, however, the Japanese companies, with their existing pulse-tube cryocooler
products and/or past investment in some years of development, would appear to be in a position to dominate
the cryopump market, if and when GM coolers become unacceptable. Using the same technology, they could
supply the coolers for HTS applications, if prices were competitive (or preferably much lower) than the GM
machines being used at present.
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Fig. 7.1. Iwatani’s brochure for pulse-tube cryocooler; the new version has a
heat lift of 10-11 watts at 77 K and an ultimate temperature of about
50 K (sold in the United States by Kelvin International Corp.).
CRYOPACKAGING
RF and Microwave Applications
Neither in its visits nor in conversations did the WTEC panel hear of any cryopackage activity for wireless
subsystems that approaches the level of sophistication that has been demonstrated by the four small U.S.
companies Conductus, ISC, SCT, and STI. In the advertised products of these companies, integration of the
cooler with a number of filters (six or more) and low noise amplifiers has been achieved, complete with a
vacuum enclosure for long life, lightning protection, and default to a conventional system in the event of
refrigerator failure. Figure 7.2 shows a picture of a complete package from Conductus.
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Fig. 7.2. Part of a commercial HTS wireless subsystem (Conductus).
In Japan, the WTEC panel was shown single filters in a research-style package for use on the bench top
(Fig. 4.3, p. 26). These are similar to the state of the art of the four U.S. companies about two or more years
ago, which are still used by these companies for device testing purposes. The rapid progress of these U.S.
companies on a wide variety of packaging issues over the two years prior to this WTEC study demonstrates
the progress that can be made when system-level objectives are defined and are driven by the prospect of
market applications close at hand. Similarly rapid progress towards system goals was made in Japan at the
Superconducting Sensor Laboratory, as discussed in Chapter 6.
SQUID Systems
Almost exclusively, superconducting quantum interference device (SQUID) systems have been cooled either
by liquid helium or nitrogen. The liquid cryogens are ideal for this purpose, as they contribute no magnetic
noise and little vibration. As most SQUID products to date have been sold to research laboratories,
availability of the liquids has not generally been a problem. However, Prof. John Clarke of the University of
California at Berkeley has suggested that the difficulty of obtaining liquid helium in remote locations around
the world was one reason why low temperature (LT) SQUIDS were not accepted for geophysics surveys.
If SQUID systems are to develop into large markets, the use of a cryocooler will be necessary for some
applications. By far the most comprehensive and detailed study of the issues involved in such use has been
that at the Daikin Laboratory (see the site visit report in Appendix B). The most demanding application was
chosen, a 61-channel system for magnetoencephalography (MEG), and a 32-channel magnetocardiography
(MCG) system also was built, both using low temperature superconductor (LTS) Nb sensors. A systematic
characterization of the vibrational and electromagnetic environment created by the cooler was performed.
Ways were found to create a “template” of the cooler noise, which could then be subtracted from the signal.
Figure 7.3 shows a schematic of the 61-channel system, and Fig. 7.4 shows a cardiogram taken with the
32-channel system. Clearly, many of the problems associated with using SQUIDS with cryocoolers have
been solved at Daikin.
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Fig. 7.3. A schematic of a 61-channel SQUID system; crosssection of the cryostat (Sata et al. 1997).

Fig. 7.4. Noise-cancelled signals of cardiogram taken with
32-channel SQUID system (Fujimoto et al. 1997).
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An alternative approach, which is being investigated in Europe, is to use a remote refrigerator and a cold gas
flow to the SQUIDS. This removes the magnetic noise and vibration from the vicinity of the sensors. A
cooling system of this type, required to cool the tuned HTS coil to below 30 K, is sold in the nuclear magnetic
resonance (NMR) probe made by Varian and by Conductus (whose technology has since been sold to
Bruker). The group at Daikin considered this type of SQUID system and decided that it was not sufficiently
challenging!
No SQUID research groups or companies in the United States have yet tackled the issues of SQUID operation
near to cryocoolers.
Hybrid Digital Systems
Towards the end of the Josephson Computer Project, the group at Fujitsu demonstrated a hybrid digital
system in which a Josephson digital signal processor chip was connected to semiconductor circuits at room
temperature. The custom cable made for the interconnect, of thin copper on polyimide, went directly through
the wall of the Dewar that separated the liquid helium from the vacuum, and also through the wall between
the vacuum and the air. The Josephson chip was cooled directly by liquid helium, which was replenished by
condensation on the cold head of a refrigerator. This system still appears to be the most complex
Josephson/semiconductor hybrid digital system assembled to date in Japan. In the ongoing hybrid project
funded at NEC and Hitachi by the Future Electron Devices Research and Development Association (FED),
there are plans to use both Josephson switches and semiconductor components. But the panel did not see any
construction of the cryogenic package for such systems during its visit.
Meanwhile, in the United States there are similarly two Josephson switch projects nearing completion. Both
of them use refrigerators to cool the Josephson chips and semiconductor components, without the need for
liquid cryogens. The package becomes quite complex in such cases. Fig. 7.5 shows the final demonstration
system from the DOC-funded Advanced Technology Program hybrid switch (4 x 4, 8 Gbit/s) project
completed in the summer of 1997 by Conductus, NIST, Stanford University, TRW, and the University of
California at Berkeley.
SUMMARY AND CONCLUSIONS
Due to time constraints and limited personnel, the WTEC panel was unable to fully assess the fields of
refrigeration and cryopackaging as they relate to electronic applications of superconductivity in Japan. Given
the importance of these fields, not only to electronics but also to power and other applications of
superconductivity, it may be useful to conduct a separate study of refrigeration for all applications of
superconductivity.
In terms of refrigeration for electronic applications of superconductivity, there is a much higher level of
activity on pulse-tube refrigerators in Japanese industrial R&D laboratories than is the case in the United
States. One company, Iwatani, is already selling a pulse-tube cooler, and Aisin Seiki intended to do so late in
1997. Japan would appear to be well positioned to supply pulse-tube coolers for both HTS applications and
also to the cryopump market. Already, Japanese industry provides many of the compressors for civilian U.S.
cooler manufacturers.
Despite Japan’s potential for being very competitive not only in terms of technology but also in terms of cost
in markets for cryocoolers, the cost of refrigerators presently manufactured and sold in Japan is significantly
higher than that of similar machines made and sold in the United States.
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Fig. 7.5. ATP program hybrid switch system (Conductus).
In terms of cryopackaging, Daikin has developed both MEG and MCG SQUID systems using cryocoolers
rather than liquid cooling, as is common elsewhere. The WTEC panel did not see advanced system-level
packages for wireless applications of the type already advertised by Conductus, ISC, SCT, and STI in the
United States, which in 1997 were under test in base stations. The Japanese cellular provider DoCoMo was
reported to be testing such prototype wireless systems on the roof of one of its buildings, but it is possible
these systems were from U.S. companies. Also, the panel did not see hybrid LTS digital systems using
cryocoolers, although such a system was demonstrated by Fujitsu at the end of the Josephson Computer
Project, and one of the hybrid switch projects funded by FED mentions use of cryocoolers in the final system
demonstration.
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CHAPTER 8

COLLABORATIVE SCE PROJECTS IN JAPAN
John M. Rowell

INTRODUCTION
Collaborative activities, consortia, and joint ventures have been prominent in the first decade of high
temperature superconductivity (HTS) R&D in both Japan and the United States. For that reason, the WTEC
panel considered that it would be valuable to devote a separate chapter of this report to a summary of the
purpose and achievements of Japan’s collaborative projects in superconducting electronics (SCE). Each
activity, with its different objectives, style and achievements, was an experiment, and some continue to operate.
While we do not wish to evaluate their success in achieving their objectives, we do feel that differences in
styles can now be reviewed, and that perhaps certain styles are better matched to specific goals.
Project Styles
Collaborative projects, in both Japan and the United States, fall into three broad styles depending on how
centralized the work location is and how coordinated the R&D effort is across the work of the participating
members: centralized, joint venture, and distributed projects.
Centralized Projects
In a centralized project, all (or most) of the work is carried out in one location, which in some cases is a new
laboratory built for the project. The participating member companies of the project send their researchers to
the central laboratory, where their management is often hired by the government agency that is sponsoring the
project. So the management, with the administrative and research staff, form what can be considered a new
precompetitive research company with a specific lifetime.
Joint Ventures
A joint venture is a coordinated R&D project carried on across a number of laboratories. Generally, the
research staff remain in their own home laboratory, although in some cases they work in the building of
another member company, where they might report to management established by the joint venture.
Distributed Projects
In a distributed project, funding is provided to a number of laboratories for related R&D, but there is no
coordination of the work between the different companies. The staff members continue to report to
management from their own company.
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OVERVIEW OF COLLABORATIVE PROJECTS IN JAPAN AND THE UNITED STATES
Japan has used all three types of collaborative project in funding both low temperature superconductivity
(LTS) and HTS SCE research over the past 20 years. In the United States, only joint ventures and distributed
projects have been used. No centralized projects have been established in SCE in the United States.
(Sematech and MCC are examples of centralized industrial R&D activities in U.S. semiconductor R&D.)
Japan’s collaborative SCE projects are shown in Table 8.1, which gives the starting date, the research topic,
the lifetime, and the style according to the three categories described above. To date, two projects of each
style have been created, with lifetimes varying from 4 to 10 years — or, in the case of the International
Superconductivity Technology Center (ISTEC) in its second phase, 15 or 20 years.
Table 8.1
Japanese Consortia in Superconducting Electronics Projects
Project Name

Start

Years

Style*

Josephson Computer Project

1981

10

D

Superconducting Sensor Laboratory (SSL)

1990

6

C

Research & Development Association for Future Electron
Devices (FED)

1988

10

D

International Superconductivity Technology Center (ISTEC)

1988

10

C

AMTEL (ALPS Electric and Denso)

1994

6

J

“Western Alliance” (Matsushita, Sumitomo, and Kyocera)

1995

4

J

* C = Centralized: shared facilities, even new laboratory buildings
J = Joint venture: coordinated projects across a number of laboratories
D = Distributed: funding to a number of laboratories for related but not coordinated work

In the United States, of the six collaborative activities in SCE (Table 8.2), five were (roughly speaking) joint
ventures, while one was a distributed activity. In contrast to Japan, no new U.S. projects in SCE are planned,
and all the current ones except the 32 x 32 switch will end in 1998.
Table 8.2
U.S. Consortia in Superconducting Electronics Projects
Project Name

Start

Years

Style*

High Temperature Superconducting Space Experiment (HTSSE) I

1988

5

J

High Temperature Superconducting Space Experiment (HTSSE) II

1992

5

J

Consortium on Superconducting Electronics (CSE)

1989

7

J

University Research Initiative (URI)

1992

5

D

Advanced Technology Program (ATP) Joint Venture

1992

5

J

128x128-Switch Project

1988

Ongoing

See
Below

Vapor Phase Manufacturing

1995

3

D

* C = Centralized: shared facilities, even new laboratory buildings
J = Joint venture: coordinated projects across a number of laboratories
D = Distributed: funding to a number of laboratories for related but not coordinated work

Although the work and results of many of these projects in Japan is described elsewhere in this report, the
following brief review of all the activities in both countries might be of value. Table 8.3 presents a summary
of the R&D objectives of the consortia activities.
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Table 8.3
R&D Objectives of SCE Consortia in Japan and the United States
R&D Objectives

Japan*

United States†

Josephson Computer Project

URI

—

URI

Josephson Computer Project

—

FED

32 x 32 switch

LTS digital circuits
−

voltage state

−

RSFQ

LTS digital systems
−

computer

−

switch

ATP
LTSQUID systems
HTS materials — films
Large area film
manufacturing technology
RF/microwave devices

RF/microwave systems

SSL

—

ISTEC (SRL)

CSE

—

Vapor Phase

AMTEL

CSE

Western Alliance

HTSSE I

AMTEL

HTSSE II

Western Alliance
HTSQUID
−

sensors

−

systems

HTS digital devices

SSL

CSE

SSL

—

FED

Conductus

ISTEC

Northrop Grumman
TRW

* Key to names of Japanese programs:
AMTEL (Advanced Mobile Telecommunications Technology Laboratory) consists of ALPS Electric and Denso
FED = Future Electron Devices Research and Development Association ISTEC = International Superconductivity
Technology Center (MITI) SRL = Superconductivity Research Lab
SSL = Superconducting Sensor Lab (MITI)
Western Alliance consists of Matsushita, Sumitomo, and Kyocera
† Key to names of U.S. programs
32 x 32 switch = U.S. government projected targeted at high-performance computing
ATP = Advanced Technology Program (DOC)
CSE = Consortium for Superconducting Electronics, which consisted of Bell Labs, IBM, MIT, and MIT Lincoln
Laboratory, and later, Conductus and CTI (BU, Cornell, SUNY Stony Brook)
HTSSE (I and II) = High Temperature Superconducting Space Experiment (DARPA)
URI = University Research Initiative (DOD)
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SCE COLLABORATIONS IN JAPAN
1. The Josephson Computer Project

1

Japan’s Josephson Computer Project was a distributed style of collaborative activity. Funding was provided
by the Ministry of International Trade and Industry (MITI) to research groups at the Electrotechnical
Laboratory (ETL), Fujitsu, Hitachi, and NEC (see Chapter 5) for each to pursue its own independent program
to develop the technology of Josephson computers operating at 4.2 K. As described in the 1989 JTEC
superconductivity report (Dresselhaus 1989), this project clearly established Japan as the leader in the design
and fabrication of Josephson microprocessor and memory circuits. The Nb trilayer process, which was
invented at Sperry and Bell Laboratories in the early 1980s, was developed by the Japanese groups into the
highly reliable technology that is now used exclusively for LTS digital circuits and superconducting quantum
interference devices (SQUIDs). These groups published their work in detail, to the great benefit of scientists
worldwide.
Interestingly, the WTEC panel noted different views of this project in the United States and Japan. In the
United States, the research of the four groups in Japan is regarded as one of the outstanding achievements of
SCE, in that a new technology was established which made all previous technologies obsolete (e.g., the Pb
alloy process used in the earlier IBM project) and which has become the worldwide standard. In Japan, at
least in MITI, the project is viewed as having failed to build a Josephson computer! It is interesting to
speculate whether the style of the activity to some extent determined the achievements. A distributed style of
activity, as used in this project, seems ideally suited to development of device technology, in that relatively
small groups can effectively work independently to solve a wide variety of materials and process issues.
However, if the objective is to build a system, a larger team of people working jointly in one location, as at
the Superconducting Sensor Lab (SSL) later, might be a more suitable style. This assumes, of course, that
some level of component technology is available. It is probably difficult to achieve materials, device, and
process technology development, as well as a prototype system demonstration, within one project, as the skills
of the staff required for each task are quite different.
2. ISTEC
By far the largest collaborative activity in either country (5 to 10 times larger than a typical project), ISTEC
adopted a centralized style. Soon after it was formed in 1988, a new laboratory was built in Tokyo, and other
rented space has been obtained as the project has continued to grow. The research staff, drawn from a very
large number of supporting companies, plus postdocs who are hired by ISTEC and the government, and
students, work in the central facilities with technical management and administrative staff. In the first phase
of ISTEC, the first 10 years, the emphasis has been on materials research. The second phase will have three
thrusts of a more applied nature: applications of bulk material, wires, and thin films. The funding will be
2
about 4 billion yen (~$33 million ) per year, which does not include the salaries of the research staff on loan
from industry. More detailed information concerning ISTEC is given in Chapter 9.
3. FED Project
After the discovery of the oxide superconductors in 1986, Japan funded research in HTS materials science at
the centralized project at ISTEC, but also pursued research into electronic devices based on HTS through a
distributed-style project funded by the Research and Development Association for Future Electron Devices
(FED). FED is a foundation established by the Japanese electronics industry in 1981 under license from
MITI. Its R&D projects are conducted under contract with the New Energy and Industrial Technology

1

This project was part of the national project “High-Speed Computing System for Scientific and Technological Uses.”

2

The rate of exchange used in this report $1 = ¥120.
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Development Organization (NEDO) in accordance with MITI’s Industrial Science and Technology Frontier
(ISTF) program. Overall research management is carried out by FED, with the R&D subcontracted to
member companies, universities, and national institutes. The superconductivity project, described more fully
in the site visit reports (Appendix B), funded research carried out independently at 8 companies. The initial
objective was to develop three-terminal HTS devices; later, the project also included HTS SNS junctions and
single flux quantum (SFQ) circuits, and recently, two LTS hybrid system programs began at Hitachi and
NEC. These programs to develop high speed switching systems use technology from the earlier Josephson
Computer Project.
4. Superconducting Sensor Laboratory (SSL)
The Superconducting Sensor Laboratory is described in detail in Chapter 6. It was a centralized collaborative
project funded by MITI from 1990-1996 whose primary mission was to develop both sensor- and systemlevel SQUID technology. The research staff was contributed by the 10 supporting companies, and work was
carried out in a new laboratory. Technical and administrative management staff was hired by MITI. The
success of this activity might suggest that the centralized style is well suited to defined and ambitious systemlevel objectives.
5. AMTEL
AMTEL and the Western Alliance, the two most recent collaborative activities in Japan, are best described as
joint ventures, even though they differ in some details. At the Advanced Mobile Telecommunications
Technology Laboratory (AMTEL) (see site visit report in Appendix B), development of the technologies
required for HTS wireless systems is carried out at both of the member companies, Alps Electric and Denso
Corporation, in existing laboratories. Staff members in some cases have been relocated to the facility of the
other partner.
6. “Western Alliance”
3

In the joint venture known as the Western Alliance, between Kyocera, Matsushita, and Sumitomo, research is
carried on within the 3 partners’ laboratories, and staff has not been relocated. However, in contrast to the
distributed style of the Josephson Computer or FED projects, the work at the 3 laboratories is coordinated,
with the common objective being to develop a high power filter system. Films are made at Sumitomo, filter
design and device process is carried out at Matsushita, and the refrigerator will be purchased and the
cryogenic package will be developed at Kyocera. Under a 4-year project, 50% of the work is supported by
MITI.
SCE COLLABORATIONS IN THE UNITED STATES
The United States has used fewer formal collaborative activities in SCE, and these have been more limited in
their styles, but informal collaborations are much more common than in Japan. Also, in the early years of the
four small SCE companies that have blazed the trail in the United States (Conductus, ISC, SCT, and STI),
their activities were in some ways similar to centralized collaborative activities. Research staff and
management were drawn from companies, universities, and federal laboratories. Funding came from venture
capital, corporate investment, public investment through the sale of stock, and government agencies.
(Government funding has been up to about 50% of the total in some cases). The broad objective was initially
to develop a viable HTS technology, and interaction with the research community was strong. AMTEL in
particular resembles both STI and Conductus in their first five years. With their stronger (exclusive, in some
cases) focus on wireless products of the past few years, the four companies can no longer be regarded as so

3

The WTEC panel visited both Matsushita and Sumitomo: see site visit reports in Appendix B.
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strongly linked to the research community, but over the first 5 years of HTS work, they had a unique role in
the U.S. research program in HTS.
1. High Temperature Superconducting Space Experiments I and II (HTSSE)
In the view of many in the field, the first and second High Temperature Superconducting Space Experiments,
early joint ventures, were almost solely responsible for giving a focus to HTS radio frequency (rf) and
microwave activities in the United States. In the first of the two planned satellite experiments, HTSSE I,
relatively simple HTS devices, the majority being passive components made from a single HTS film, were to
be placed in orbit to investigate the durability of HTS in space. Although the satellite was lost during launch,
the benefits of the project are clear. A large number of groups had to make decent films, integrate them into a
space-qualified package, and, most importantly, deliver them on time (Mitschang 1995). Much of the
capability that allowed them to succeed was developed with funding from the Defense Advanced Research
Projects Agency (DARPA).
The second experiment, HTSSE II, which is still waiting for its scheduled launch, includes a smaller number
of components, but they are more complex, being roughly small subsystems (Kawecki et al. 1996). Again, the
majority are rf and microwave applications, e.g., channelizers, receivers, and a SQUID-based digital multiplexer.
Groups that have developed these packages had to produce more than one device and provide more
sophisticated packages.
There is no doubt that the leadership position in rf and microwave applications of superconductivity enjoyed
by the United States at present is very largely due to the learning experience of HTSSE I and II. Although
much of the component development was funded by Department of Defense sources, the HTSSE “vision”
galvanized a broad sector of the HTS electronics R&D community to deliver advanced technology. It is most
unfortunate that the United States did not continue with HTSSE III, which was tentatively planned as a
communications satellite using hybrid SCE and semiconductor technology. The high level of funding needed
for such a satellite (or other system) will be obtained only with substantially stronger customer pull than
currently exists.
2. The Consortium for Superconducting Electronics (CSE)
The Consortium for Superconducting Electronics, involving Bell Labs, IBM, MIT, and MIT Lincoln
Laboratory (LL), had characteristics of both a joint venture and a distributed activity. There were several
small independent projects in materials and devices at MIT, Boston University, Cornell University, and
SUNY Stony Brook. As application concepts matured, the circuit programs drew most of the resources. IBM
pursued SQUID development independently. Work on LTS digital circuits was a collaboration between IBM
and Lincoln Laboratory. The largest program, that on rf and microwave applications, began as a joint venture
between Bell Labs, MIT, and MIT LL, and soon expanded with the addition of Conductus and CTI.
Approximately 50% of the cost of the CSE was contributed by DARPA, with cost sharing from the member
companies comprising the balance. After the end of the 7-year program in 1996, Bell Labs, Conductus and
MIT LL continued their joint work in a follow-on program to develop wireless systems, with partial funding
from DARPA.
3. University Research Initiative (URI)
The University Research Initiative in the SCE field is a distributed activity that takes place at the universities
of California at Berkeley, New York at Stony Brook and Rochester, and at Stanford University. The URI has
had as its focus the development of Josephson LTS digital technology with an emphasis on rapid flux single
quantum (RSFQ) circuits. The programs in each university are independent of each other, and Hypres was
used heavily as a foundry for circuit fabrication. The advances in RSFQ circuits have been impressive, and it
appears likely that the program, at least at Stony Brook, will continue with funding under the Petaflop
Computer project. This represents a milestone, being the first time that superconducting digital electronics
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has been recognized and funded as a competitive electronics technology, rather than as a superconducting
device and circuit program.
4. The ATP Joint Venture
For the past 5 years, Conductus, Stanford University, the National Institute of Standards and Technology
(NIST), TRW and the University of California at Berkeley have been engaged in an Advanced Technology
Program joint venture to develop hybrid system technology. (Hewlett Packard Research Laboratory was also
a member of the team for the first year.) The majority of the LTS chips are made at Hypres. The work is
carried out in the separate laboratories but has a common objective. Initially, this was to develop a digital
signal processing system, but after about 2 years this was changed to demonstrating an optical switch system.
The system, expected to be complete in the summer of 1997, includes optical fiber inputs and outputs from
300 K; a semiconductor receiver, 4 x 4 RSFQ switch, clock recovery circuit, and Josephson junction
amplifier, all at 4 K; a transmit laser at 300 K, and a semiconductor amplifier at 70 K. The planned system
operating speed was 10 Gbit/s, and achieved system performance is 8 Gbit/s. Cooling is by a Boreas
refrigerator, with conduction cooling of the SCE chips and semiconductor components. This is the most
complex integrated hybrid SCE digital system built to date, in terms of the variety of technologies
incorporated.
5. The 32 x 32 Switch Project
The 32 x 32 Switch Project, sponsored by the U.S. government, is a joint venture targeted at a high
performance computing environment, that is, multiple processors in a shared memory configuration. The
government sponsor conceived the architecture and designed the circuits for a high-throughput crossbar
switch with input/output ports at room temperature. The government has coordinated the development and
demonstration of Nb-based technology, with MCC, Hypres, Tektronix, TRW, and MIT-LL participating at
various stages.
Performance goals of the 32 x 32 switch project include the following:
•

2.5 Gbit/sec/port building block: single-chip 32 x 32 crossbar chip

•

extendable in a modular way to 1024 x 1024 (or larger)

•

self-routing: the address decoder is contained on the switch chips

•

low latency: < 10 ns

•

built-in contention resolution

•

bidirectional operation

Tests of a fully populated 20-chip 128 x 128 crossbar using a 5-metal-level multichip module (MCM) were
conducted in 1997. The channel data rate did not reach its goal, but full-path, bidirectional data flows were
demonstrated. The system used eight 74-trace ribbon cables to connect the room temperature electronics to
the MCM in its cryostat.
The present phase of the effort will produce a fully functional 128 x 128, 2.5 Gbit/sec/port crossbar. It will
use 24 chips flip-chip-mounted on a 13-metal-level ceramic-polyimide MCM that will be cooled by a Boreas
refrigerator. The 8 connecting cables to room temperature will contain 1,000 signal/power lines.
6. Vapor Phase Manufacturing
The Vapor Phase Manufacturing activity to develop thin film deposition methods for the manufacture of
large-area HTS films falls between a joint venture and a distributed activity. Conductus and STI are
independently investigating film manufacture by co-evaporation and metallorganic chemical vapor deposition
(MOCVD), respectively, but they are working closely with a number of other companies, universities, and
national laboratories on issues such as deposition rate monitoring, precursor development, cost modeling, etc.

60

8. Collaborative SCE Projects in Japan

The two HTS wireless companies also compare performance data of their films by exchange of samples and
through measurements made at NIST.
7. Informal Collaborations
There are a number of other collaborations in the United States that cannot be called projects, in that the
funding of the work of the participants is provided separately and sometimes from different sources. There
are many such informal interactions in the United States, often between only two or a few scientists, generally
initiated without any input from or to the funding agency. This network of collaborations represents one of
the striking differences between the United States and Japan. In Japan, collaborations are generally formal.
The WTEC panel noted many opportunities for informal collaborations during our week in Japan, but these
do not occur.
A somewhat more formal type of collaboration in the United States is nicknamed the “Big Three.” With
funding that is independently negotiated, Conductus, Northrop Grumman, and TRW have under strong
government urging shared the results of their efforts to improve the uniformity of HTS SNS junctions.
Initially, all three companies investigated the cobalt-doped YBCO barriers pioneered by K. Char and his
colleagues at Conductus. The spreads of critical currents were reduced to one sigma of about 12 to 15%.
Recently B. Moeckly and K. Char have invented an alternative type of barrier for the junctions that, in early
results, indicates a one sigma spread below 10%. It is likely this new junction technology will also be
investigated by the other two companies and by other labs.
IMPACTS OF THE COLLABORATIVE PROJECTS
There is no doubt that many of the collaborative activities in both countries have been a success, and their
impact on the field has been considerable. At the risk of slighting the other projects, we mention in particular
HTSSE and ATP (for its packaging activities) in the United States and the Josephson Computer and
Superconducting Sensor Lab projects in Japan. These four made a quantum change in the level of SCE
technology in each country. Given its success in previous projects, it is not surprising that Japan expects to
continue such activities. What is surprising is that the United States, which has been just as successful, has no
plans at present to continue with any new collaborations or consortia. By examining the styles and impacts of
the projects, perhaps some general conclusions can be reached.
The major advantage of any type of formal collaborative activity or project is that it provides stable and
(relatively) long-term funding to the participants. This allows aggressive goals to be defined, and even
modified during the project, without having to “succeed” each year in order to obtain the next year’s funds.
Table 8.4 summarizes some of the other strengths and weaknesses of the three types of activity.
The WTEC panel has concluded that remarkable and perhaps surprising progress can be made in collaborative
projects when it is possible to define system-level goals. It would appear that such system goals might be
most readily achieved in a centralized activity, such as SSL, where one team can interact closely together on a
daily basis. But this is not exclusively the case if strong coordination is provided, as HTSSE demonstrated.
If the objective is to develop the more generic materials, film, and device level technologies, distributed
activities, with small teams of researchers working in their own laboratories and having the freedom to be
inventive, have been productive. Examples are the Josephson Computer Project in Japan and the URI and
“Big 3” projects in the United States.

John M. Rowell

61

Table 8.4
Strengths and Weaknesses of Different Program Styles
Style

Strengths
•

High level of stable funding

•

•

Excellent synthesis and characterization
equipment

Industry loses its good people to the
Center, or sends its second tier

•

•

Sufficient workforce to try a variety of
approaches

Centers do not formally educate staff in an
unfamiliar field

•

Can become isolated from industry needs

•

With right leader, can move very quickly

•

Friction can develop with industry

•

Ideal structure for system-level projects,
e.g., SSL

•

Large teams suppress independence

•

•

Transfer of technology requires 2 steps

Industry participants receive informal
education in the field

•

Can weaken support for R&D in home
industry

•

Funding is stable for a specified period

•

•

Objectives can be well defined

Projects tend to become insular and
“vertically integrated”

•

System-level goals can be achieved, with
coordinated leadership

•

Roles are not necessarily well matched to
company strengths

•

Facilities are quickly available

•

Funding is stable for a specified period

•

•

Industry assigns best people to work in
their own laboratories

Unproductive directions can be pursued
for too long

•

It is difficult to achieve system-level
objectives in small, independent groups

CENTRALIZED

JOINT
VENTURE

Weaknesses

DISTRIBUTED
•

Technology transfer route is clear – at
least for the advances made in the “home”
lab

One function of the centralized activities in Japan, which has not been realized in the United States (because
there has not been such an activity), is the education in superconductivity and cryogenics received by all the
participants from industry, and by the students and postdocs in the case of ISTEC. While this educational
process is not formal (the panel heard some recommendations that a formal series of classes and structured
lectures would be valuable), it is an effective way of distributing knowledge of the technology more broadly
into industry. While many of the participants in ISTEC/SRL and SSL returned to their own companies to
work in other technical fields, they took with them a perspective that is often lacking in U.S. industry. For
example, they are presumably no longer afraid of cryogenic liquids or refrigerators!
An interesting comparison can be made between AMTEL and some of the small venture companies of the
United States. It is likely that one advantage of Japan’s AMTEL joint venture is that both the objectives and
the term of the collaborative activity have been strictly defined. At the end of 6 years, this “small research
company” will disband, and the technology will be available to the partner companies and to others. This is
in contrast to the small U.S. companies, which are trying to make, not with great success, the difficult
transition from a research emphasis to a market focus. Their difficulty has been that research staff cannot
readily become a manufacturing team, and the companies cannot afford to add complete engineering and
manufacturing teams. This difficulty simply will not arise at AMTEL.
SUMMARY
Collaborative SCE projects in both Japan and the United States have had a major impact on the status of the
technology in each country, and even worldwide. Particularly striking successes have been achieved when it
has been possible to set aggressive system-level goals for a project, and if necessary to modify them later.
(This is most readily accomplished in centralized projects.) An important advantage of collaborative projects
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is the availability of (relatively) long term and stable funding, which allows sensible planning of the ongoing
R&D and the final objectives.
All three categories of collaborative research and development activities in SCE are in use in Japan:
centralized projects, distributed projects, and joint ventures. The United States has not made use of a
centralized project or organization in SCE, as it has at Sematech and MCC for semiconductor technology.
The educational benefits of a centralized activity, such as the International Superconductivity Technology
Center Superconductivity Research Laboratory (ISTEC/SRL) and the Superconducting Sensor Laboratory
(SSL) in Japan, have not been realized in the United States. On the other hand, informal collaborations
between individual scientists or small groups are common in the United States, but rare in Japan.
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CHAPTER 9

ISTEC
John M. Rowell

INTRODUCTION
Of all Japanese and U.S. collaborations and consortia, Japan’s International Superconductivity Technology
Center (ISTEC) is unique in a variety of ways. Its budget is considerably larger than that of any other project,
in fact an order of magnitude larger than most U.S. projects. It is the only project that has international
participation. It has responsibilities that go well beyond its technical programs. For example, it organizes a
major conference each fall that has become one of the important annual events in the field of high
temperature superconductivity (HTS). Also, ISTEC has participated in business-oriented meetings with the
Council on Superconductivity for American Competitiveness (CSAC) and Connectus and with them has made
projections of the market size for both electronics and power applications of superconductivity. Finally, it is
the only collaborative activity that, with the approval of Phase 2, is entering its second decade of funding.
In view of ISTEC’s unique characteristics, it is assigned a separate chapter of this report. This allows not only a
description of ISTEC’s structure, operation, and budget, but also inclusion of information presented by
Masatoshi Toriihara, Senior Managing Director of ISTEC, at the WTEC Workshop on Superconducting
Electronics (SCE) held in Washington on 10 April 1997. Mr. Toriihara’s comparisons of activity in
superconductivity in Japan, the United States, and Europe confirmed many of the conclusions reached by the
panel during its visit to Japan.
ORGANIZATIONAL STRUCTURE AND BUDGETS
ISTEC, or more strictly, its technical arm, the Superconductivity Research Laboratory (SRL), has been
known primarily as a center for materials research, with its work on high pinning bulk materials being
prominent. Figure 9.1 shows ISTEC’s strategic position within the superconducting activities of Japan. Even
in Phase 1, ISTEC’s role was quite broad, with ISTEC appearing in various MITI-supported activities:
Superconducting Magnet Energy Storage (SMES), Super Magnet, Flywheel, Josephson Device, and
Superconducting Materials Devices. ISTEC’s role is likely to increase further in Phase 2.
SRL’s annual budgets have been large compared to any other collaborative activity in any country. Figure 9.2
summarizes the first 9 years of funding for Phase 1. The budget appears as 3 parts: the first component is the
1
initial donations by member companies, a total of ¥4.7 billion (about $39 million) , which was used primarily
to establish the facilities and instrumentation; the second component is the annual membership fees, which

1

To facilitate comparisons, approximate conversions are given at $1 = ¥120; however, rates in earlier years have varied.
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totaled ¥552 million (about $4.6 million) annually for 6 years, with some decline from 1994-6; the third
component is government support from NEDO/MITI, which increased steadily to ¥2.366 billion (about $19.7
million) in 1996.

Fig. 9.1. ISTEC’s role in Japan’s superconductor activities, 1988-98.

Fig. 9.2. ISTEC budget, 1988-1996.

John M. Rowell

65

SRL’s funding level of the last few years of Phase 1 was about $25 million per year — a particularly
impressive figure when one realizes that it does not include the salaries and benefits of the industrial scientists
working at ISTEC. The total expenditure of Phase 1 was over $200 million dollars (excluding the industry
salaries), allowing for currency fluctuations over the first 9 years of the project.
Figure 9.3 represents the management structure, projects, and laboratories of ISTEC and SRL. This panel has
no information as to how this structure will change in Phase 2.

Fig. 9.3. Organization, projects, and laboratories of ISTEC and SRL (Phase 1, as of October 1997).
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Table 9.1 lists the types of industrial companies that are members of SRL. Of the 103 member companies, 11
are foreign and only 22 are specifically identified as electronics and telecommunications firms.
Table 9.1
Supporting Members of ISTEC, by Industry
Field

Special Members
Japanese

Ordinary Members

NonJapanese

Japanese

Total

NonJapanese

Electric Power

10

1

Electronics and
Telecommunications

10

8

Electric Cable and Wires

6

Iron and Steel

4

1

5

Glass and Ceramics

2

1

3

Automobile

1

2

3

Heavy Machinery

3

1

4

4

4

4

22
6

Other Machinery
Chemical

11

1

3

1

5

City Gas

1

4

5

Metal and Mining

1

4

5

Construction and
Engineering

13

13

Railways

2

2

Banking and Insurance

6

6

Research Organizations

2

1

Other Tertiary Industry
TOTAL

5

1
40

1

52

8
1

10

103

Nationality of Non-Japanese Members
of ISTEC as of April 1996
United States

6

Italy

2

Germany

2

Korea

1

Source: ISTEC

The personnel of SRL has grown steadily from 118 in 1989 to 190 in 1996 (Table 9.2). Some interesting
trends to note from this table are the decline in researchers sent from industry after a peak in 1991, with a
growth in the number of students over the same period. The size of the administrative staff, which has never
exceeded 20% of the total workforce, is refreshingly small by U.S. standards.
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Table 9.2
SRL Personnel, 1989-96
1989

1990

1991

1992

1993.4

1994.4

1995.4

1996.4

Personnel

118

124

133

153

150

173

177

190

Researchers

108

114

108

114

116

129

128

126

Division Directors

7

7

7

8

8

9

10

10

Employed Researchers

5

16

5

6

10

19

10

10

Dispatched Researchers*

95

88

94

88

86

82

85

79

1

3

2

12

12

19

23

18

Students

0

0

10

11

17

21

23

37

Administrative Staff

10

10

15

28

17

23

26

27

Visiting Researchers

†

* Total number of researchers dispatched from member companies is 228
†
Total number of visiting researchers is 65
Source: ISTEC

The educational and international aspects of ISTEC, which have no equivalent in any SCE consortium in the
United States, have been noted earlier. They are summarized in Tables 9.3 and 9.4. Visiting scientists from
abroad have totaled 65, and 228 scientists have come from industry within Japan, gained experience in
superconductivity, and have returned (or will return) to their own companies. No similar program of training
in superconductivity exists in the United States. A number of scientists (37) have completed their PhD
research and obtained doctorates while at SRL. This “on-the-job PhD” is rare in the United States.
Table 9.3
Numbers and Nationalities of Foreign Visiting Scientists at SRL (1989-96)
Nationality

Number

Nationality

Number

U.S.A

7

Germany

9

U.K.

7

Norway

1

Italy

2

Finland

1

India

3

France

4

Australia

1

Poland

1

Netherlands

1

Russia

2

Canada

2

Korea

8

Thailand

1

China

14

Denmark

1

TOTAL

65

Source: ISTEC

Table 9.4
SRL Doctorates and Patents, 1988-95
1988

1989

1990

1991

1992

1993

1994

1995

Total

Number of
doctorates

0

0

1

0

4

12

15

5(2)*

37

Number of
patents

35

65

36

43

40

53

43

40(19)*

355

* (): Examined; Source: ISTEC
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TECHNICAL ACTIVITIES OF ISTEC, PHASES 1 AND 2
The emphasis of the first phase of the center was on discovery of new materials and understanding their
physical properties. A number of achievements in SCE have been noted in the technical chapters of this
report. These include progress in growing large single crystals of YBCO as substrates (Fig. 9.4), the liquid
phase epitaxy (LPE) growth of YBCO films (a film growth method that is not used in the United States),
investigation of the advantages of alternative 123 compounds, such as NdBCO, exploration of novel types of
Josephson junctions, and development of high frequency HTS mixers.

Fig. 9.4. (L) SRL’s large single crystal pulling furnace, and (R) a large YBCO single crystal (ISTEC).
The WTEC panel expects that the SCE activities of the SRL will become more prominent in the second
phase, which will have three thrusts of a more applied nature: applications of bulk HTS materials, wires, and
films. These represent the traditional power and electronics applications in addition to the work on bulk
applications such as bearings, levitation, and magnets using trapped flux. Thus, ISTEC will be the only center
or consortium anywhere in the world that will attempt to cover the whole range of HTS applications. In the
panel’s view this will represent a formidable management challenge, both administratively and technically.
For example, we know of no scientist who has expert technical knowledge in all these applications who would
thereby be qualified to be the Chief Technical Officer or Chief Scientist of such a center. Presumably, the
three thrusts will therefore operate as separate groups, each with its own technical leadership. (In the summer
of 1997 the WTEC panelists heard that a group of three scientists, experts in SCE in Japan, will act as
advisors/managers to the SCE project at SRL.)
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The thin film or electronics thrust of Phase 2 will emphasize the development of single flux quantum (SFQ)
technology using HTS junctions. This is a complex challenge, in that panelists did not observe in Phase 1 any
evidence of emphasis either on device physics or on specific system issues. (However, the three advisors to
this program, announced more recently, are experts on these issues.) Further, the present level of HTS
junction and circuit process technology does not allow the fabrication of chips of any interesting level of gate
count. In the United States, this problem is finessed by developing rapid single flux quantum (RSFQ)
technology and building test circuits and subsystems, using LTS chips, usually made in the Hypres foundry
(also at Stony Brook, Lincoln Labs, Northrop Grumman, and TRW). It is not clear how SRL will obtain low
temperature superconductor (LTS) chips if it plans to follow the same development path, because the LTS
process technology exists in a project funded by Japan’s Science and Technology Agency (STA). If SRL
management waits to design and make RSFQ circuits until after an HTS integrated circuit technology is
established, Japan could remain many years behind the United States in RSFQ capabilities.
STRENGTHS AND WEAKNESSES OF ISTEC AS A LARGE CONSORTIUM
In the WTEC panel’s visits and discussions in Japan, we became aware of a variety of views of the strengths
and weaknesses of a large consortium such as ISTEC. In its second phase, when it takes on broader technical
areas, and represents an even bigger fraction of the Japanese HTS research activity (and certainly a large
fraction of the world’s activity in this field), it will come under even greater scrutiny.
A major strength, to repeat the obvious, is the sustained and long-term high level of funding. The SRL budget
is far beyond the dreams of any research consortium in the United States, by a factor of about five. It
represents the annual budgets of two to three of the four U.S. “start-up” companies (Conductus, ISC, SCT,
and STI) combined, but with a much greater guarantee of stability. Japan is investing research funds in an
entity that will exist for 5 or 10 more years. A good fraction of the funding in the United States is going into
companies that will only exist if they succeed in the near term in becoming profitable through the sale of
products. There is a risk that the U.S. investment might be lost. In fact, some of the investment has already
been dissipated, in that the commercial focus on wireless products in the four companies has resulted in
highly skilled research people leaving the superconductivity field for work in other technologies. This
situation is somewhat similar to the educational function of ISTEC, but with one difference: the supporting
companies of ISTEC, to which scientists return, do have an interest in superconductivity.
ISTEC’s high budget level has resulted in a second strength. The materials characterization equipment and
instrumentation at SRL is superb, far beyond the capabilities of any single HTS center or laboratory in the
United States. This is likely to remain true indefinitely, given anticipated future funding levels in the two
countries. The only possible approach in the United States is to use instruments that are spread across many
laboratories in the informal, collaborative way that is close to instinctive for U.S. researchers. Or, with the
increasing use of high speed communications, some have suggested the formal recognition of distributed
materials characterization centers.
Another view the panel heard expressed was that an advantage of having a large consortium such as ISTEC is
that it provides long-term stability for superconductivity (SC) activities in Japan. Companies that may have a
few or no scientists engaged in SC in their own laboratories regard participation in ISTEC as “insurance” that
the technology will be available in Japan, and to them, when the markets begin to grow. Meanwhile, in
universities the presence of ISTEC is regarded as justification for fundamental research in superconductivity.
On the other hand, panelists heard that the centralized collaborative activity of SRL has weaknesses. It was
suggested that some participating companies do not send people of the same caliber to work at SRL that they
have in SC research in their own laboratories. Often they send scientists with no experience in the field.
Industry representatives also feel that ISTEC is so large that it can become isolated from their needs. There is
some evidence that this is true, as the fraction of SRL staff from the industrial partners has declined in recent
years. There is a belief that in large teams of researchers at SRL, independence and creativity are suppressed.
(Or, maybe, industry does not send its most creative scientists?) Another concern that panelists heard from
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industrial scientists was that the growth of ISTEC in Phase 2 would weaken support for superconductivity
R&D in their own companies, in that their management would assume ISTEC is taking care of developing the
technology.
In the view of the panel, Phase 2 of ISTEC represents a speculative gamble for the field. A large fraction of
the applied research of the world, in all the SC applications, is to be focused in one place. This center does
not presently have strong experience in two of the applications, power and electronics (but the team of three
advisors to SCE is an excellent step towards addressing such lack of experience). The critical place that
ISTEC appears destined to hold in high Tc superconductivity applied research worldwide in the next decade
suggests that some international role in goal setting and progress monitoring through some advisory body may
be desirable for the health of both ISTEC and the field as a whole.
ISTEC’S VIEW OF SUPERCONDUCTIVITY WORLDWIDE
A unique responsibility of ISTEC is that it undertakes studies of the state of superconductivity research
worldwide and makes projections of the growth of the industry. There is no equivalent U.S. organization.
The closest is CSAC, but its membership represents only a small fraction of the U.S. industry. At the
workshop on 10 April 1997, Mr. Toriihara presented some of ISTEC’s findings. With his kind permission,
some of his viewgraphs are presented in Figs. 9.5 to 9.8 and Tables 9.5 to 9.9.
Many of these figures are self explanatory, but some deserve special comment. For example, Figure 9.5 and
Table 9.5 show that the companies involved in superconductivity R&D in Japan (not only SCE, but all areas
of SC application) are predominantly medium to large companies, with over half having over 10,000
employees. This is in contrast to the United States, where SC has become largely the domain of small
companies. Figure 9.6 is particularly disturbing, in that it shows U.S. budgets for SC, after dropping sharply
with the termination of the supercollider, eroding further until they were exceeded by Japan in 1995. The
funding levels in each country in 1995 are given in Table 9.7. The projections for 1997 and 1998 in the
United States, if they could be included in this figure, would be even more gloomy. Figure 9.8 is a
representation of Japan’s “strategic plan” for superconducting applications of all types. Perhaps most
interesting are Tables 9.8 and 9.9, which summarize ISTEC’s comparisons of the strengths and weaknesses of
SC activities in Japan with those in the United States and Europe. To a great extent, the ISTEC findings
reinforce those of this panel, as discussed throughout this report.

Fig. 9.5. Japanese companies involved in SC, by industrial category (ISTEC).
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Table 9.5
Japanese Companies Involved in SC, by Annual Sales and Number of Employees

Source: ISTEC

Fig. 9.6. Japanese government budget for superconductivity technology development
compared to that of the U.S. government, 1989-96 (ISTEC).
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Fig. 9.7. Japanese Government budget for superconductivity technology development: (above) 1996,
and (below) growth between 1988 and 1996 (ISTEC).
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Fig. 9.8. Prospects for HTS research and development in Japan (ISTEC).
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Table 9.6
Superconductivity R&D in Japan, the United States, and Europe

Unit: $millions FY1995. Estimated
Source: ISTEC
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Table 9.7
Comparison of Funding for Superconductivity in FY 1995 ($ millions)
Country or Region

Total

Federal Government

USA

200

JAPAN

334

214

GERMANY

118

70

FRANCE

40

20

UK

(25)

EU

(20-30)

Source: ISTEC

Table 9.8
Comparison of Superconductivity R&D in Japan and the United States
Item
General

Japan

USA

Main projects are under the
government’s leadership.

Main projects are under the
government’s leadership

Most projects are operating on a
large scale.

Projects include large and small
scale endeavors.

Projects cover a limited field of
study.

Projects cover an extensive field of
study.

Long-term

Middle and short-term

Not active

Active; CRADAs between national
laboratories, universities and
enterprises

Basic research

Lacks support

Continuous support available

Application
research

Not very active

Active

Enterprises

Mostly large enterprises

Small to medium-sized enterprises
are common. Venture enterprises
are especially active.

Promotion of
small to
medium-sized
enterprises

Not active

Active

Government
funding

Gradual increase

Gradual decrease

Project
period
Cooperation
research

Source: ISTEC
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Table 9.9
Comparison of Strengths and Weaknesses of Superconductivity Programs
in Japan, the United States, and Europe

Source: ISTEC
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Chief Technical Officer. With P.W. Anderson he made the first observation of the Josephson Effect and
holds the first patent granted for an electronics application of that effect. With W.L McMillan he developed
tunneling spectroscopy. With M. Gurvitch and a number of Bell Labs colleagues, he invented the
niobium/aluminum trilayer process, which is now used universally for SQUIDs and digital circuit fabrication.
He graduated from Oxford University (BS, MS, PhD). He was awarded the Fritz London Memorial Low
Temperature Physics Prize with W.L. McMillan, is a Fellow of the Royal Society, and is a member of the
National Academy of Sciences and of the National Academy of Engineering.

Malcolm R. Beasley
Malcolm R. Beasley is Professor of Applied Physics (and Electrical Engineering by courtesy) at Stanford
University. He is also currently the director of the Center for Materials Research at Stanford. He served
previously on the faculty at Harvard University and has been at Stanford since 1974. He received both his
undergraduate and PhD degrees at Cornell University. His research interests are in materials physics with an
emphasis on superconductivity and superconducting materials. Professor Beasley is currently the Chair of
the Defense Sciences Research Council of the U.S. Defense Advanced Research Projects Agency (DARPA).
He is a member of the U.S. National Academy of Sciences, and a fellow of the American Physical Society,
the American Academy of Arts and Sciences, and the American Association for the Advancement of Science.

Richard W. Ralston
Dr. Ralston received his PhD in Applied Physics from Yale University in 1971 and has been at MIT Lincoln
Laboratory since then, where he has participated in the development of tunable diode lasers, surface-acousticwave filters, charge-coupled devices, and superconductive components. In 1996 he was appointed Associate
Head of the Solid State Division and a member of the Lincoln Laboratory Steering Committee. He oversees
a broad range of research directed at extending the performance of advanced optoelectronic devices and
electronic circuits with a goal of enabling new system applications. He also served as Principal Director of
the Consortium for Superconducting Electronics (CSE) throughout its existence from 1989-1996. The CSE
joined researchers at a number of universities and companies to create technology that is enabling practical
applications of superconducting electronics. He is a senior member of the IEEE.
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OTHER TEAM MEMBERS
George Gamota
Dr. Gamota is president of Science and Technology Management Associates, a technology consulting firm
specializing in technology assessments, research and technology policy, and small business development, and
he is senior advisor to the WTEC program, which assesses trends in international science and technology for
the National Science Foundation (NSF). He played a key role in the founding of the JTEC program in 1983.
He previously served as chief scientist of the MITRE Corporation’s Bedford Group, president of Thermo
Electron Technologies Corporation, professor of Physics and director of the Institute of Science and
Technology at the University of Michigan, director for research in the Office of the Secretary of Defense, and
special assistant to the president of Bell Laboratories. At Bell Laboratories he did basic research in low
temperature physics, including low temperature superconductivity. He was the 1995 national chairman for
the National Conference on the Advancement of Research. He holds a PhD (Physics, University of Michigan,
1966). He has received the Secretary of Defense Meritorious Service Award and certificates of appreciation
from the Presidential Management Interns and the Minority Technology Council of Michigan. He is a fellow
of the American Association for the Advancement of Science (AAAS) and of the American Physical Society
(APS) and is a senior member of the IEEE.

Hiroshi Morishita
Hiroshi Morishita, president of HMI Corporation, specializes in ultra-micro manipulation technology for
MEMS (microelectromechanical systems). He founded HMI Corporation in 1991 to commercialize his ultramicro manipulator system. He extended his interest and business to the field of archaeological excavating and
to a new robot manipulator system to help bed-ridden persons. In 1994, he became a consultant to WTEC
panel members concerning their study tours in Japan and subsequently was named as WTEC’s Japan
Representative. He graduated from the University of Tokyo (BA, MA, mechanical engineering) and is in the
final stage of preparing his doctoral thesis. He was a visiting researcher in the Mechanical Engineering
Department in 1992 and 1993 and at RCAST (the Research Center for Advanced Science and Technology) in
1994 and 1995 at the University of Tokyo.

Martin Nisenoff
Dr. Nisenoff is a supervisory research physicist with the Electronics Science and Technology Division of the
Naval Research Laboratory and is designated as a consultant to the Microwave Technology Branch. He has
been an active researcher in superconducting materials and electronic devices for more than thirty years, first
at the Ford Motor Company Scientific Laboratory, then at Stanford Research Institute, and since 1972, at the
Naval Research Laboratory. Since the discovery of high temperature superconductivity, he has been active in
formulating, reviewing, and supervising many government-funded programs in superconducting electronic
devices and systems and in cryogenic refrigeration systems. He has presented numerous invited and
contributed papers related to superconducting device technology and cryogenic refrigeration systems at
domestic and international conferences, workshops, and symposia. He graduated from Worcester Polytechnic
Institute with a BS in physics and received his MS and PhD in Physics from Purdue University.
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Frank Patten
Dr. Patten received his BS (Physics) from the Massachusetts Institute of Technology and PhD from Duke
University. His thesis work was on the electronic properties of materials and, in particular, the effects of
radiation damage in biological materials such as nucleic acids, proteins, and amino acids. He worked at the
Naval Research Laboratory for 22 years in solid state physics with an emphasis on radiation effects in wide
band-gap crystalline solids and radiation-protection mechanisms, and he managed the program on laserhardened materials development. He has managed programs at DARPA for 14 years in high energy laser
countermeasures for ballistic missile boosters; eye and sensor protection against agile, pulsed battlefield laser
weapons; and low signature (radar and ir) structural composites for aircraft and missiles. Since 1989 he has
managed DARPA’s high temperature superconductivity and cryogenics programs.
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Site:

Aisin Seki Co., Ltd.
2-1, Asahi-machi, Kariya
Aichi 448, Japan
Tel: 81-0566-24-8323; Fax: 9045

Date Visited:

January 29, 1997 (during visit to Nagoya University)

WTEC Attendees:

M. Nisenoff (report author), M. Beasley, G. Gamota, H. Morishita, F. Patten, R. Ralston, J.
Rowell

Hosts:

T. Inoue, Deputy Research Director, Cryogenics Group
N. Okumura, Manager, Cryogenic System Development Group

BACKGROUND
Although the principal activity of Aisin Seki is manufacturing automobile parts for Toyota, the company has
been in the cryogenic refrigeration business for more than 20 years. The primary cryogenic product of Aisin
Seki’s cryogenic group has been cryogenic vacuum pumps, but recently it has developed an interest in
cryogenic refrigeration systems for other applications such as infrared sensor and high temperature
superconducting (HTS) applications.
R&D ACTIVITIES
The cryogenic vacuum pumps built by Aisin Seki have been based on the Gifford-McMahon (GM) cycle.
The new activity is in the area of pulse tube cryocoolers employing either the orifice configuration or the
valved type. Aisin Seki researchers are looking at single-stage pulse tube systems with cooling capacity of
about 10 watts at 80 K and zero heat load temperatures near 30 K for an electrical input power of about
700 watts. They are also developing a two-stage pulse tube system with three rotary valves that will have a
zero heat load temperature near 4.5 K and provide 1 watt of cooling at 7 K, or 2 watts at 10 K with an
electrical input power of 2.8 kW.
In response to possible interest from the HTS cellular base station community, Aisin Seki is also investigating
a cryogenic refrigerator using a compressor with two opposed linear actuated pistons driven at 50 Hz, which
would provide about 5 watts of cooling at 77 K and zero heat load at 50 K for 200 to 250 watts of electrical
input power. The panel’s hosts indicated that they thought that the Personal Communications System (PCS)
based on HTS may be inserted in 1998 in the United States as well as Japan, but they felt that HTS filters for
such applications may not be available in Japan in that time frame, and therefore, if such systems are used,
they may have to be procured from U.S. vendors. However, they would like to provide cryogenic
refrigeration systems for HTS wireless applications in the future.
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Site:

Advanced Mobile Telecommunication Technology, Inc. (AMTEL)
500-1 Minamiyama
Komenoki-cho, Nisshin-shi
Aichi-ken, 470-01, Japan

Date Visited:

January 30, 1997

WTEC Attendees:

R. Ralston (report author), M. Beasley, G. Gamota, H. Morishita, M. Nisenoff, F. Patten, J.
Rowell

HOSTS:

Mr. Masayuki Aoki, Managing Director
Mr. Yoshiki Ueno, Section Head, 1st Section, R&D Division
Mr. Seitoku Itou, Section Head, 2nd Section, R&D Division
Mr. Mitsunari Okazaki, Section Head, Yokohama Laboratory 1st Section, R&D Division
Dr. Nobuyoshi Sakakibara, Chief Research Engineer, 1st Section, R&D Division
Mr. Hiroshi Kubota, Chief Research Engineer, 2nd Section, R&D Division

BACKGROUND
The panel visited the main site of the Advanced Mobile Telecommunication Technology, Inc. (AMTEL),
which is located in Nisshin City, Aichi Prefecture, beyond Nagoya. AMTEL was incorporated in March 1994
through joint contributions from the Japan Key Technology Center (JKTC) and two commercial companies,
Denso Corp. and ALPS Electric Co., Ltd. The investment is 70% from the JKTC (a MITI-MPT governmentbacked entity begun about 10 years ago) and 15% each from the companies. Under the development strategy,
the R&D Division is to develop high-performance technology for high-quality mobile telecommunications for
six years, at which time it will cease operation. The Planning Division is to continue an additional 20 years
with the responsibility for managing the commercialization of the technology. Licenses for intellectual
property can be negotiated with any Japanese firm. JKTC launches a few joint ventures of this type each year
and currently has 25 such ventures in operation.
2

The AMTEL headquarters and main site for the R&D Division is in approximately 500 m of space leased
from Denso, a member of the Toyota Group. The facility is contained within a very spacious building
constructed about 1990. This same building houses Denso Research, comprising 300 people. The AMTEL
R&D Division has 21 staff members; 5 people are in the Planning Division. Of the 21 technical staff
members, 7 were drawn from ALPS and 14 were contributed by Denso. The system concepts are being
developed at the Yokohama site of ALPS.
The projected total investment over the 6 years is ¥2,860 million (∼$24 million). The companies renewed
their commitment last year. The budget profile for the next 6 years (in millions of yen) is as follows:
1994

1995

1996

1997

1998

1999

¥525.7

522.0

711.3

386.0

402.6

309.9

DISCUSSION
Upon arrival shortly after 9:00, Mr. Ueno, who had coordinated the panel’s visit to AMTEL, introduced
Mr. Aoki and his several associates. Drs. Rowell and Gamota provided overviews of the WTEC mission and
this WTEC panel’s purpose. Mr. Aoki then provided background information regarding the formation of
AMTEL. The AMTEL effort is fully concentrated on HTS planar microwave devices and small, efficient
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cryocoolers and is targeted at the twin goals of improving the quality of mobile telecommunications and
making more effective use of the available spectrum. The panel’s hosts felt that both ground and satellite
systems will be practical, but expected that ground applications would emerge first. The discussion then dealt
with the technical strategy and detailed development issues.
Development Strategy and Resources
The development is being carried out on two parallel thrusts, one involving the microwave planar filters and
subsystems, and the other involving compact cryocooler subsystems. The years 1994 through 1996 were
dedicated to fundamental component studies in each thrust; the 2-year period beginning in 1997 will develop
a subsystem for each, and in the final year, 1999, a total system will be evaluated. The 1st Section has 4 staff
at the Yokohama Laboratory considering system issues. HTS films and filters occupy the remaining 8 staff in
the 1st Section. In the 2nd Section, 7 staff are involved in cryocooler work and 2 are developing the
electrical-thermal interface. The facilities are impressive in their quality and range of instrumentation. In
addition to the dedicated AMTEL resources, the AMTEL programs purchase from the larger Denso operation
such services as machining and photolithography.
HTS Films
The development includes single-target rf sputter deposition of YBCO on both surfaces of the microwave
substrate. Two deposition systems are employed: the one favored for production of most filters has 3 target
stations in an on-axis configuration; the other system has 4 target stations in an off-axis geometry. Both MgO
2
and LaAlO3 are used with sizes up to 4 cm ; the substrates are radiatively heated. In the on-axis system, the
sputter deposition is done upward. The low-power surface resistance (on both top and bottom substrate
surfaces) at 60 K is 0.2 - 0.4 mΩ. AMTEL researchers have studied the effect of stacking faults in the thin
films as a factor in determining surface resistance. While these defects clearly correlate with the higher
resistances found in poorer quality films, it is not understood how to further reduce the resistance of the best
films (Sakakibara et al. 1996). Patterning of the films is done with ion beam etching, and the films do support
good preliminary filter designs.
HTS Microwave Filters
Bent (or hair-pin) microstrip resonator structures are featured in AMTEL filter work. The emphasis is on
receiver improvement, which is to be gained both by reduction of in-band noise and by rejection of out-ofband interference. A 9-pole, 2.6 GHz filter had a 34 MHz 3 dB bandwidth with 0.25 dB insertion loss. The
40 dB bandwidth was a relatively broad 68 MHz, with a virtual zero in the low frequency skirt and a slower
than ideal roll-down in the high frequency skirt. These distortions are indicative of the typical difficulty of
implementing a filter response uncorrupted by crosstalk between nonadjacent resonators, or by feed-through
from input to output. The device had an impressive -28 dB return loss, probably due to the MgO substrate.
This filter was fabricated on a 40 x 25 mm substrate. Although larger substrates and more poles will be
needed for the actual application, there was no explicit description of the design for the ultimate filter
response.
Cryocoolers
AMTEL’s cooler work is impressive and appears to be completely self-contained. It was acknowledged that,
in beginning the effort, it was expected that the cryocooler work would benefit from the substantial technical
expertise at Denso gained via the development and manufacture of automobile air conditioning units. In
retrospect, the cryocooler area has little in common with the Denso product line, and JKTC constraints do not
permit collaborations. Nevertheless, Section 2 appeared to be making substantial headway in the
development of prototype pulse tube coolers. A feature of its work is the use of two relief valves rather than
the more conventional orifice. This modification has improved efficiency at 90 K from 4.0% of Carnot to
5.3% of Carnot (Hagiwara, Yatuzuka, and Ito 1996, and Hagiwara et al. 1996). The minimum temperature of
the prototypes is at or slightly below 65 K. In the tour of facilities the WTEC panel witnessed functioning
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units and the careful characterization of operating efficiencies under load. Our hosts reported a unit with 0.66
W cooling power at 70 K, working toward a goal of up to 1.2 W at 70 K. Within the telecommunication
system, it is expected that a cooler will support 3 filters, hence the need to scale up in cooling power.
AMTEL management is considering both pulse tube and Stirling cycles to reach that capacity, and has
identified a 5-year MTBF (mean time between failures) as necessary. A compressor with flexure bearings
was recently put under life test. Development of low-thermal-leakage coaxial cable (by thinning the outer
conductor) was underway, and although work had not yet begun on a long-life vacuum housing, the
importance of such a component was recognized. Our hosts acknowledged occasional interactions with R.
Radebaugh at NIST (Boulder) and requested information on the small (up to 4 W) cryocoolers available in the
United States.
Application Example
Use of HTS to improve a satellite-to-ship communication link was described. The scenario offered as an
example was a down-link ship-borne receiver in Tokyo Bay being interfered with from spurious out-of-band
intermodulation products radiated by an analog cellular base station transmitting from a shore location. The
analog cellular system base stations are licensed to transmit in the 1513-1522 MHz band, and the -50 dBm
power in the channel at 1522 MHz is only 8 MHz below the 1530-1545 MHz downlink band. The ship’s
receiver must maintain -120 dBm sensitivity. AMTEL engineers project that a 10-pole HTS filter with cooled
low-noise amplifier (LNA) would maintain the receiver at required sensitivity by rejecting the analog cellular
system transmitter spurious signals. For that filter characteristic, an unloaded resonator Q of at least 45,000 is
needed. This was compared to the current situation in which the ship receiver uses only a conventional 4-pole
dielectrically loaded cavity filter. More poles and sharper frequency skirts at low insertion loss are not
possible in that case because of the limited unloaded Q of 13,000. (This value was given for room
temperature; possible improvements in the conventional filter through cooling were not mentioned).
Intermodulation distortion generated within the example cryocooled system was projected to be no worse than
-160 dBm, but that appeared to be based solely on an assessment of the distortion within the LNA (with a
third-order intercept point of -27 dBm input), with ideal frequency response simulated for the filter.
In a related example, the effective receiver noise temperature for a satellite ground station was calculated to
be substantially improved by the use of an HTS filter in combination with a cold LNA. In this assessment
(Ueno et al. 1997), a 1.2 m diameter antenna was looking up at the “cold” sky (effective temperature of
30 K). A reduction in noise temperature from 401 K to 133 K was estimated, and the improvement would
permit a three-fold increase in data rate. More of the increase was attributed to the LNA than to the HTS.
The specific system target for the demonstration appeared not to have been identified. Our hosts identified
the sharpness of filter response, rather than low insertion loss, as the most important parameter for the
wireless systems. Because their R&D cycle has a tight time line, Mr. Aoki was interested in our assessment
of market opportunities. The AMTEL staff believed that the new worldwide standard for a code-division
multiple-access (CDMA) system near 2 GHz would be a practical target for the HTS technology.
SUMMARY
The R&D at AMTEL is tightly focused on developing commercially viable HTS filters and a cryocooled
subsystem for telecommunication base stations. It is a venture founded in March 1994 and jointly funded by
the Japan Key Technology Center and two commercial firms, Denso Corp. and ALPS Electric. The R&D
phase is planned to run for 6 years, concluding with a demonstration of a subsystem comprised of a bank of
HTS filters and a high-efficiency compact cryocooler. The facility was very well instrumented, the staff
competent, and the 6-year funding level is planned at ¥2.86 billion (∼$24 million).
The filters (including film deposition) and cryocoolers are being developed by parallel sections within the
21-staff R&D Division. Now at the mid-point in its development plan, AMTEL has achieved a pulse tube
refrigerator with 0.7 W capacity at 70 K, and has demonstrated typical 7-pole microstrip filters near 2 GHz.
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Over the remaining 3-year period AMTEL researchers intend to scale the refrigerator to 2 W and optimize the
filter performance at 10 poles or more. The goals for the final subsystem evaluation are to improve the
quality of telecommunication and make more effective use of the available spectrum. The specific system to
be improved was not identified.
REFERENCES
Hagiwara, Y., S. Yatuzuka, and S. Ito. 1996. Experimental study on the pulse tube refrigerator with two relief valves. In
Digest of 9th International Cryocooler Conference (ICC9), Waterville Valley, NH, 26-27 June 1996.
Hagiwara, Y., S. Yatuzuka, S. Ito, and T. Saito. 1996. Experimental study on the gas flow in a pulse tube refrigerator
with two relief valves. Paper presented at the 2nd International Conference on the Use of Non-Artificial Substances,
3-6 September 1996. Published in Science et technique du froid. 3: 163-172 (1996).
Sakakibara, N., K. Saito, M. Fuse, and Y. Ueno. 1996. Crystalline study on surface resistance of YBCO thin films for
microstrip bandpass filters. In High temperature superconducting electronics: Fundamentals and applications.
Program and extended abstracts of the 1996 Int’l. Workshop on Superconductivity, 24-27 June, 1996, Iwate, Japan.
Ueno, Y., N. Sakakibara, M. Okazaki, and M. Aoki. 1997. High-Tc superconducting filters for receiver front-end of
mobile telecommunication base station. Microwave Workshop and Exhibition 10-12 Dec. 1996. In Proceedings of
the 1996 IEICE General Conference 1997 (Sogo, Pt. 5): 276-7.
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Site:

Communications Research Laboratory (CRL)
Kansai Advanced Research Center (KARC)
Ministry of Posts and Telecommunications (MPT)
588-2 Iwaoka
Iwaoka-cho, Nishi-ku
Kobe 651-24, Japan
Tel: 81-78-969-2190; Fax: 2199

Date Visited:

January 31, 1997

WTEC Attendees:

M. Beasley (report author), G. Gamota, H. Morishita, M. Nisenoff, F. Patten, R. Ralston, J.
Rowell

Hosts:

Dr. Zhen Wang, Chief, Superconducting Radio Physics Section, Materials Science and
Laser Technology Division

BACKGROUND
The Kansai Advanced Research Center (KARC) is a branch of the Central Research Laboratory (CRL) of the
Ministry of Posts and Telecommunications (MPT). KARC is located in the Kansai District of Japan and part
of the new research capability being built up in the Kyoto/Osaka/Kobe area. KARC is the most basic
research lab of MPT and has activities in Information Science and Technology, Materials Science and Laser
Technology, and Biological Information Science.
Dr. Wang’s group is interested in basic research on Josephson junctions (JJs) and on their very high frequency
(THz) applications. There is both low and high temperature superconductivity (LTS and HTS) work. This
group started in 1988 just after the discovery of HTS and had no prior experience in superconductivity. It
moved to Kansai in 1991. It is the only group in MPT studying superconductivity. Also, MPT is the only
government agency working in telecommunications. There is no government lab working on microwave
components.
As Dr. Wang described, CRL’s LTS work includes Nb and NbN tunnel junctions for SIS mixers. CRL
researchers have developed AlN as the barrier material in their NbN junctions. They also have studied JJ
series array local oscillators. In HTS they use YBCO step edge junctions in JJ mixers.
Dr. Wang reviewed the need for high gaps and low capacitance (and hence high Jc) in SIS mixers. He
described the group’s NbN/AlN/NbN process. The lower electrode is put down at room temperature and the
2 nm AlN barrier is deposited by reactive sputtering of Al. The AlN is not epitaxial. The junction I-Vs
showed gap voltages of 5 meV but a rise in subgap conductance above half the gap voltage. Critical current
2
densities of 54 kA/cm have been achieved in 1 x 1 micron junctions. Photon-induced steps out to 1 THz
radiation have been observed.
The NbN junctions have been integrated with quasi-optical antennas on a single chip and used as heterodyne
mixers at 345 GHz. Noise temperatures of 150 to 200 K have been achieved. Dr. Wang claimed that this was
the first data on NbN SIS mixers. He also indicated that CRL had built a JJ series array that delivered
3 microwatts at 325 GHz to an on-chip resistive load. The YBCO step edge junctions have been used in JJ
mixers with an external 300 GHz local oscillator. Dr. Wang acknowledged that there are greater noise
problems with JJ mixers than with SIS mixers.
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In response to questions from the WTEC team, Dr. Wang stated that it was not yet clear what would be the
ultimate applications of this THz technology in telecommunications but noted some work at the MPT CRL in
Tokyo doing ozone spectroscopy studies with one of his group’s SIS mixers.
2

The 800 m cleanroom facilities of the group are outstanding. They include both film deposition and device
fabrication capabilities. There is laser ablation for YBCO, reactive sputtering for NbN, and MBE for Nb with
AES surface analytical capability. There is also a new reactive sputtering system that will permit deposition
of NbCN. The group has its own lithography capability, including an e-beam mask maker. It also has its own
scanning electron microscope and XRD. The turnaround time for full circuits is 4 days.
According to Dr. Wang, there are at present no linkages between his group and other groups working on
superconductivity in Japan. He does get some students from Kobe University. The only other group working
on very high frequency superconducting devices is an astronomy group near Tokyo, which has its own Nb
junction fabrication capabilities.
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Site:

Daikin Industries, Ltd.
3 Miyukigaoka, Tsukuba-shi
Ibaraki 305, Japan
Tel: 81-298-58-5036; Fax: 5082; E-mail: ko@mec.daikin.co.jp

Date Visited:

January 28, 1997

WTEC Attendees:

M. Nisenoff (report author), M. Beasley, G. Gamota, H. Morishita, F. Patten, R. Ralston, J.
Rowell

Hosts:

Dr. Yoon-Myung Kang (Rin-mei Ko), Section Chief Researcher, MEC Laboratory
K. Akaishi, General Manager
T. Shimadzu, Senior Research Manager (Planning)
Y. Hiratsuka
T. Kido
K. Murayama
K. Miura
Mechanical Engineering Laboratory
Sakai Plant
1304 Kanaokacho, Sakai
Osaka 591, Japan
Tel: 81-722-87-8517; Fax: 52-6255

BACKGROUND
Daikin Industries, Inc., is the leading manufacturer in Japan of commercial and industrial air conditioning
systems and of residential air conditioning equipment. The company was founded in 1924 and bases its
products on mechanical engineering, electrical engineering, and chemistry. The gross income of the company
1
in 1995 was about ¥400 billion (∼$3 billion) with a net profit of about ¥3 billion (~$25 million).
The Research Center of Daikin Industries, Ltd. is located on a very attractive site in the Tsukuba Science
Center about one hour by bus from Tokyo. It was built in the early 1990s and has excellent facilities — large,
well-equipped laboratories, wide hallways, and an impressive three-story atrium with original oil paintings
hanging on the walls. The facility is now only partially occupied, as the level of research within Daikin has
diminished over the past few years due to the overall economic conditions in Japan.
The Daikin manufacturing facilities for cryogenic refrigeration systems (“cryocoolers”) are in Osaka, while
its research and system applications work is done in Tsukuba. Its current product line in cryocoolers is
primarily for cryogenic vacuum pumps and cryocoolers for magnetic resonance systems and other
superconducting magnet systems such as Maglev. Recently, Daikin has begun research in small cryocoolers
for SQUID magnetometers for biological applications. It has several joint ventures with foreign companies
such as APD Cryogenic, Inc. (Allentown, PA, USA) in the development of compressors for cryogenic
systems.

1

The exchange rate in 1995 was under ¥100/$.
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R&D ACTIVITIES
Daikin was a member of the Superconducting Sensor Laboratory (SSL) project, which completed its six-year
program in 1996. The Daikin researchers who were assigned to SSL returned either to their parent
organizations or to new employment. Daikin researchers transferred the niobium-based thin film SQUID
technology from Electrotechnical Laboratory to their Research Center in Tsukuba and have fabricated SQUID
sensors and electronics and integrated them with small cryocoolers. To reduce electromagnetic noise, the
expander and the valve motor that is used to switch between the high pressure and low pressure gas are
separated from each other as far as possible. Care is also taken to minimize any ferromagnetic material used
in fabricating the cryocooler. The white noise of the typical SQUID system is between 10 and 20 femtotesla
per root hertz with a noise peak at the drive frequency of 2 Hz of about 1 pT rms. The noise at the drive
frequency and harmonics is caused by eddy currents induced by the reciprocating displacer. The periodic
noise can be processed using a “noise template” and subtracting this “noise template” from the detected signal
yielding more than 90% rejection. (Good MCG and MEG spectra can be obtained for these cryocooled
SQUID systems.)
One cryocooled SQUID system is a single-channel horizontally oriented one in which the pick-up coils are
within 2.5 mm of room temperature. The second is a 32-channel system with the sensor packages packaged
in a 6 x 6 array with all of the pickup loops in a plane. This system was intended for use in
magnetocardiography studies and to study the “inverse problem.” The system is still under test, and Daikin is
looking for potential clinical applications and commercial customers. The third SQUID system is a
61-channel system (oriented on a curved surface and mounted in a Dewar system with a concave tip) that was
built for noninvasive studies of the brain and blood vessels. This appears to be an excellent example of the
philosophy behind the establishment of the Superconducting Sensor Laboratory, in which this joint operation
was to develop a viable SQUID magnetic sensor technology in Japan and, at the end of its lifetime, the
researchers would return to their parent companies and begin to explore the commercial viability of this
technology.
The Daikin cryogenics activity involves systems working near 80 K as well as near 4 K. One of its products
is a 4 K machine, which consists of two Gifford-McMahon (GM) stages and two Joule-Thomson (JT) stages
in series and provides 1-2 watts of cooling for about 5.1 kW input power. This cryocooler was reported to
have 20,000-hour maintenance-free operation. It was intended for use with magnetic resonance imaging
(MRI) equipment and for superconducting electronics devices, such as an SIS mixer for radioastronomy.
Daikin’s 80 K cryocoolers are primarily Stirling cycle machines that employ linear drive motors and free
expansion pistons. They range in cooling capacity from fractional watt (as small as 0.25 watts) up to about
5 watts. The testing of the 5 watt machine was in progress at the time of the panel’s visit, and there were no
reliability data yet available. This size of cryogenic refrigerators is commonly used by U.S. vendors who are
developing HTS wireless base stations. The WTEC team’s hosts at Daikin indicated that they have had
conversations with several organizations about the possibility of joint ventures to provide cryocoolers for this
application, but no agreements had as yet materialized.
There was also some indication that Daikin was exploring other potential applications of superconducting
devices such as SQUIDs for nondestructive evaluation (NDE) and the possibility of developing HTS
SQUIDs. Daikin researchers are making HTS films at Tsukuba and are considering beginning to make HTS
SQUIDs. They have also examined the possible use of cryocoolers for cold CMOS and, as mentioned above,
for HTS wireless filters, but thus far, the only work has been on magnetic systems for clinical applications.
In addition to the small Stirling machines, Daikin is also developing small pulse tube cryocoolers with about
0.5 W of cooling capacity at 70 K. These cryocoolers were still under development at the time of the team’s
visit, and performance and reliability data were not yet available. The usual advantage of pulse tube is
supposed to be simplicity and low noise (due to no moving parts in the expander region), but results obtained
at SSL did show some unexpected (magnetic or electrical) noise where the SQUID sensor was to be located.
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For the various applications proposed for superconductivity, Daikin researchers believe that each has a unique
requirement, such as low emitted (electric and magnetic) noise for SQUIDs, reliability for microwave
applications, and cost for MRI. In the case of infrared camera applications, the driving requirement appears
to be size. Daikin managers appear to be aggressively examining a large variety of applications for
cryocoolers and were very interested in hearing how they might enter the superconducting wireless field and
how they might enter the U.S. commercial market as a supplier of reliable cryogenic refrigeration systems.
CONCLUSIONS
Daikin Industries, Ltd., has a very strong, well balanced program in cryogenic refrigeration and in integration
of these cryogenic refrigerators with superconducting devices, in particular with single- or multiple-channel
SQUID magnetic systems. It has 14 years’ experience in cryocoolers, starting with larger capacity machines
for cryopumps and for cooling LTS magnet systems under the license of APD. As a member of the
Superconducting Sensor Laboratory, Daikin learned about SQUID technology and its clinical applications and
has been very successful in transferring SQUID technology to its own MEC Laboratory. Combining these
two technologies the researchers have built complete SQUID systems combining 4 K cryocoolers and SQUID
technology very successfully.
The cryogenics team at the MEC Laboratory in Tsukuba appears to be very well balanced and highly
motivated and have achieved success in design and fabrication of small cryocoolers and the integration of
these coolers with in-house built SQUID systems. It would appear that the necessary resources and talent are
available to penetrate the small cryocooler market in Japan and worldwide. The introduction of the integrated
SQUID system into the medical community and the eventual commercialization of this type of system will
require new talents, such as rapport with the medical community and the ability to deal with routine
maintenance and service calls for a clinical system.
REFERENCES
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Site:

Electrotechnical Laboratory (ETL)
Ministry of International Trade and Industry (MITI)
1-1-4 Umezono
Ibaraki-ken 305, Japan

Date Visited:

January 28, 1997

WTEC Attendees:

M. Beasley (report author), G. Gamota, M. Nisenoff

Hosts:

Dr. Koji Kajimura, Deputy Director General
Dr. Hajime Shimizu, Director, Physics Science Division
Dr. Akira Shoji
Dr. Hiroshi Akoh
Dr. Masao Koyanagi

BACKGROUND
The Electrotechnical Laboratory (ETL) is the premier government laboratory in Japan working on electronics
and is wholly funded by the Ministry of International Trade and Industry (MITI).
The WTEC team was warmly greeted by Dr. Koji Kajimura, Deputy Director General of ETL. He
emphasized how ETL was trying to be even more visible internationally and to contribute to the world
reservoir of science. He noted that ETL’s annual technical report will soon be available on the Internet. ETL
has 600 researchers, 100 of whom are working on superconductivity in some manner, including power
applications. ETL tries to look ahead on a 5- to 10-year timeframe but recognizes that some things take
longer. The lab has been working in the superconductivity field for 30 years.
R&D FUNDING
In response to a question from the WTEC team, Dr. Kajimura explained that ETL will benefit from the
increased funding for basic research in Japan in response to Basic Law 135. It will use the money to go
deeper (i.e., more support under each researcher) not to broaden or to grow substantially. The management
expects to have a large post doctoral program, for example, and was beginning to think through where these
postdocs can expect to find employment after leaving ETL.
The discussion then turned to ETL’s work in superconductivity. Funding for the superconductivity work, a
total of about $6.8 million, comes from various MITI programs:
•

Industrial Science Frontier Project: $3 million, mainly for HTS work

•

Sunshine project: $3 million, for energy-related applications of superconductivity

•

Science and Technology Agency: $0.3 million, for its superconducting coil project

•

Basic Research on Superconductivity: $0.5 million

Note that the MITI contributions listed above do not cover the salaries of the 100 ETL researchers.
R&D ACTIVITIES
Dr. Kajimura then excused himself and the WTEC team heard technical presentations. Hazime Shimizu,
Director of Physical Science Division, introduced the speakers.
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Akira Shoji outlined the LTS digital program. He described their goal to build by the year 2005 a 3 to 4 GHz
Josephson junction (JJ)/CMOS hybrid system with JJ logic at 4 K and CMOS (memory at least) at 77 K.
Shoji emphasized the need to put the JJ logic, mux/demux, and semiconductor drivers all on one chip for
performance reasons (minimal latency). The CMOS will be 0.1 micron technology, which should run at
1 GHz operating at 77 K. The JJ stack drivers will be used to take the 3 mV JJ signals up to 30 mV in order
to drive the CMOS. In response to a question by the WTEC team, Shoji said there were no plans to look at
advanced memory concepts and that they would use cold CMOS.
He described ETL’s advanced Nb/Al oxide/Nb process. It uses an I-line stepper, ECR etching, and a
chemical/mechanical planarization process. The researchers expect this to be adequate for a submicron JJ
technology. They are also studying vertically stacked NbCN junctions with MgO tunnel barriers as a route to
higher output voltage amplifiers by virtue of the higher superconducting energy gap of NbCN compared with
Nb. Shoji showed data from 5-JJ stacks that give a 20 mV output. With STM gap spectroscopy studies they
have observed much greater gap uniformity with NbCN compared with NbN.
Shoji then outlined some very aggressive technology goals for the future (by 2003) for LTS and HTS JJ
5
3
RSFQ: a 10 junction integration level for LTS and a 10 junction integration level for HTS.
Hiroshi Akoh then presented ETL’s HTS results. The ETL researchers have taken an all-epitaxial (103)
oriented trilayer YBCO/PBCO/YBCO approach. Etching is done with argon ion etch. A gold layer is used to
wire up the junctions at this stage. He emphasized the need to have uniform temperature during deposition of
the YBCO and described the special substrate holder they have developed to achieve it. He also noted that
precise composition control is required in order to avoid precipitates on the surface. Test chips have 175 JJs,
with 3 x 3 micron to 50 x 50 micron areas that scale properly with area. IcRn = 0.78 meV at 4.2 K. The Jc
spread is 34% for 1 sigma and for RnA is 25%. There is no area dependence of the spreads. The ETL
researchers feel that much better control of surface and interface properties will be necessary in order to
achieve improved spreads.
Akoh explained that they chose PBCO as the barrier material because it is lattice matched to YBCO and that
they plan to explore various dopants in PBCO. They were also studying transport properties of PBCO. They
had no imminent plans to study the Tl or Hg families of HTS compounds for applications.
Masao Koyanagi then presented the advance metrology work. For HTS work the ETL researchers use ramp
and bicrystal Josephson junctions and are exploring NDT imaging applications. They also have carried out a
current standard project and are now looking into X-ray detectors.
Koyanagi also reviewed Kashiwaya’s single-crystal HTS STM studies related to the question of zero bias
anomalies and the symmetry of the pair wave function in the high temperature superconductors. Ihara then
reviewed his interesting work on a low anisotropy Cu 1234 HTS compound.
In response to questions by the WTEC team, the ETL researchers stated that they have some low level
interactions with the International Superconductivity Technology Center (ISTEC), e.g., exchange of samples.
They are also exploring the possibility of device collaboration in the future, but feel it is essential that they
maintain independence in their research. (During the lab tour we also were shown a large database on HTS
materials ETL is generating in collaboration with ISTEC which will be available to the general public.) ETL
researchers stated that they have no work on high power filters and do not plan to do any. Finally, they stated
that there is only a very small two-person effort on cryo-CMOS at ETL. This work is not in the
superconductivity section.
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Site:

Future Electron Devices Research and Development Association (FED)
Sumitomofudosan Building
8-10-24, Akasaka, Minato-ku
Tokyo 107, Japan
Tel: 813-3423-1621; Fax: 813-3423-1680; E-mail: sup@fed.or.jp

Date Visited:

February 3 and 4, 1997

WTEC Attendee:

J. Rowell (report author)

Hosts:

Mr. Shuku Maeda, Managing Director

BACKGROUND
Following the week of visits organized by WTEC, at the kind invitation of Mr. Maeda, I attended a 1-1/2 day
review meeting of the superconductivity program of the Future Electron Devices Research and Development
Association (FED). Both Professor Kostya Likharev and I presented talks on the afternoon of February 3.
FED is a foundation established by the Japanese electronics industry in 1981 under the license of MITI. Its
main purpose is to promote R&D projects aimed at the development of novel devices useful for future
electronic industries, in cooperation with national research institutes and universities, and to disseminate the
R&D results to the industrial community. The R&D projects are conducted under contract with the New
Energy and Industrial Technology Development Organization (NEDO). Research management is carried out
by FED, while R&D is subcontracted to member companies and universities, with research on more basic
technologies being carried out by the national institutes.
R&D ACTIVITIES
The subjects of completed FED projects have been superlattice devices, three-dimensional ICs, fortified ICs
for extreme conditions, and bioelectronic devices. Ongoing projects are Superconducting Devices (19881997) and Quantum Functional Devices.
After the discovery of HTS, MITI funded research into the science of the oxide materials and studies to create
new materials at ISTEC, where (as described in the ISTEC visit report) industry sends its members to a
central laboratory. In contrast, work on superconducting electronics (SCE) applications was funded in the
laboratories of the industry members of FED (and at ETL). So both centralized and distributed “centers”
have been used in Japan in response to the excitement generated by HTS. Chapter 8 details the advantages
and disadvantages of each style, as this panel sees them. Because the LTS digital project was still ongoing in
1988, the FED Superconducting Device project initially chose the topics of three-terminal devices and studies
of HTS film preparation and microfabrication technologies. In the early 1990s, after the end of the LTS
program, FED added the topic of Hybrid System Technologies, which supports research at Hitachi, NEC, and
two other companies. These were two members of the earlier LTS project that (along with ETL and Fujitsu)
developed very good Nb trilayer technology.
The participants in the FED project are Hitachi, Fujitsu, Sumitomo Electric, Sanyo Electric, Oki Electric,
Toshiba, NEC, and Mitsubishi Electric. Presentations of the work of each group were made on the second
day of the meeting, followed by a small banquet, which allowed very useful informal discussions.
Five of the companies are studying 3-terminal devices, but three of them have added other research topics to
broaden the activity. The 3-terminal device studies have been valuable exercises in improving growth
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techniques for HTS and other oxides (see the Sumitomo site report), but none of the devices seem competitive
with silicon, or with voltage state or RSFQ SCE circuits in terms of speed and power dissipation.
Research into HTS devices includes step edge junctions at Hitachi, Ag-doped YBCO flux-flow transistors at
Oki, and BKBO bicrystal junctions exhibiting SIS characteristics for mixers (Mitsubishi). The in-situ process
for SNS junctions is described in the NEC site report. Dr. Yoshida’s group at Toshiba has performed an
extremely thorough investigation of transport in PBCO barriers (with Au counterelectrodes to eliminate the
effect of shorts) and has addressed the important question of the physics of transport and the proximity effect
near the metal-insulator transition. SNS junctions using Co-doped PBCO as the barrier have been used in
SQUIDs and simple circuits.
The LTS activity at NEC, with the objective of building an interconnect network for a silicon multiprocessor
system, is described in the NEC visit report. At Hitachi, a different switch architecture is being built with the
Nb trilayer technology. The goal of the 3-year program (ending March 1998) was to build a 4 x 4, 4-bit SCE
packet switch operating at 4 GHz. Arbitration logic has been used to solve packet contention. Achievements
include the demonstration of a 2 x 2 Banyan switch at 4 GHz, and the test of a 4 x 4 Batcher sorter at lower
speed. The LTS process technology at Hitachi seemed to be a source of some concern to the scientists there.
In other discussions during the WTEC panel’s trip, and at FED, the question of funding for the LTS programs
after March 1998 frequently arose. It seems clear that MITI will not fund LTS projects (the ISTEC view of
LTS, like the view of many in Washington, seems particularly negative), despite the much more advanced
state of the technology compared to HTS anywhere in the world. Indeed, the NEC LTS technology appears to
be at a level of its own worldwide. It would be a great disappointment to many in the field, including those of
us in the United States, if this capability did not continue to advance. Regardless of its commercial potential
(or lack thereof, given the need for 5 K cryocoolers), it is the only way to build and test SCE circuits and
systems of any interesting level of complexity at present. This view seems to be shared in some quarters in
Japan, and it is possible that other sources of support (maybe the Science and Technology Agency, STA) will
be found for LTS programs. Whether FED will be involved in such funding after March 1998 was a topic of
discussion at the time of this WTEC visit. It seems likely that ISTEC will dominate HTS activities, and
perhaps the industry LTS programs will be supported separately. For further discussion of this topic, see
Chapter 8 of this report on collaborations.
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Site:

International Superconductivity Technology Center (ISTEC)
Superconductivity Research Laboratory (SRL)
1-10-13 Shinonome, Koto-ku
Tokyo 135, Japan
Tel: 813-3536-5703; Fax: 5714
http://www.sendai.kopas.co.jp/ISTEC

Date Visited:

January 27, 1997

WTEC Attendees:

J. Rowell (report author), M. Beasley, G. Gamota, H. Morishita, M. Nisenoff, F. Patten,
R. Ralston

Hosts:

Dr. Shoji Tanaka, Director General, SRL
Masatoshi Toriihara, Senior Managing Director, ISTEC
Dr. Yoichi Enomoto, Director, Division VI, SRL
Dr. Tetsuji Kobayashi, Director, International Affairs Department, ISTEC
Dr. Naoki Koshizuka, Deputy Director General; Director, Division I, SRL
Katsuya Ogiso, Managing Director and Secretary General, ISTEC
Dr. Katsumi Suzuki, Group Leader of High Speed Device Application, Senior Research
Scientist, Division VI, SRL

BACKGROUND
Following the discovery of the high temperature superconductors, a number of different projects were begun
by MITI in Japan to support HTS research for 10 years (April 1988-1998). Both the topics and the structure
of the projects varied. For example, the electronics project was performed in individual industry laboratories
with support from the Future Electron Devices (FED) organization. ISTEC represents a very different
structure for collaborative research. Perhaps the closest similar example in the United States is MCC in
Austin, Texas.
ISTEC was established by MITI as a nonprofit foundation in January 1988. Its four major functions were to
undertake surveys and studies of global trends in superconductivity technologies and their feasibility; to carry
out basic research and development particularly with a materials and processing emphasis; to be a center for
education and information dissemination; and to encourage international exchange through workshops and
postdoctoral sponsorship.
R&D FUNDING
Funding for ISTEC is provided by MITI and by industry. The 103 (as of April 1996) industrial participants
fall into two groups, “special” and “ordinary,” depending on the level of their financial contributions. Of the
11 non-Japanese members (6 are American), only DuPont is in the special category.
The research of ISTEC is carried out in four laboratories to which the industry participants send their
scientists. A new central laboratory was built in Koto-Ku, Tokyo, and three other laboratories use rented
space in Tamachi, Nagoya, and Marioka. The research arm is the Superconductivity Research Laboratory,
SRL, which is divided into 9 research divisions, of which 7 have representatives at the main central laboratory
in Tokyo.
The budget of ISTEC is from MITI (NEDO) and from the industrial partners. The “special” partners have
contributed ¥4.7 billion (∼$39 million) over 9 years in “start-up” funds as they joined. NEDO funding has
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steadily increased and in 1996 was ¥2.37 billion (∼$20 million). Likewise, the number of personnel increased
overall, from 118 in 1989 (after the initial steep growth phase) to 190 in 1996; however, the number of
“dispatched researchers” (those from industry) declined from 95 to 79 in this period. The increases have been
in visiting researchers (1 to 18), in employed researchers (5 to 19), in students (0 to 37), and in administrative
staff (10 to 25). Thus, the growth of ISTEC has not been because of increased industrial participation. The
total budget averaged roughly $25 million per year over the last 3 years (1994-96) of Phase 1. The total
ISTEC budget for the first 10 years of the project, from MITI and industry, will be about ¥28 billion, or close
to a quarter of a billion dollars per year.
At the time of the WTEC panel’s visit, ISTEC had had over 250 participants from industry; 37 of those
received PhDs for the work they performed there. Over 350 patents had been granted to ISTEC. Visiting
researchers from outside Japan totaled 65, with the largest numbers coming from China (14), Germany (9),
Korea (8), the UK (7) and the United States (7).
During the panel’s visit, Dr. Tanaka reviewed recent trends in superconductivity research activities at ISTEC.
Then Masatoshi Toriihara gave a broad description of superconductivity research in Japan. He pointed out
that 51 companies were involved in superconductivity in Japan and, in contrast to the United States, these are
mainly large companies, with 35% having revenues of a trillion yen or more. Many of the superconductivity
groups are small, however, with 50% having less than 10 people, and 25% less than 5. Industrial research
budgets have decreased since 1992. In contrast, total government expenditures on superconductivity
increased steadily from 1988 to reach $200 million/year in 1996. The distribution across agencies is roughly
MITI 50%, STA 25%, and the Ministry of Transportation (for the levitated train project) 25%. Since 1994
Japan has spent more per year on superconductivity research than the United States, according to the budget
numbers presented by Toriihara. He then spent some time in a most interesting description of the 1995
“Science and Technology Basic Law,” which will result in further funding increases for some areas of basic
research.
In the formal meeting of the afternoon and during the informal conversations during the most pleasant dinner
that followed, the future of ISTEC was the major topic. The first 10-year project ended in March 1998, and
planning for ISTEC Phase 2 had obviously been underway for some time when the WTEC team visited in
January 1997. Phase 2 was subsequently funded by MITI for 5 years at a level of ¥4 billion/year, with a
possible further 5-year extension to 2008. To hear of such long-term planning as a reality was of course quite
alien for the U.S. team, but was accepted as normal by our Japanese hosts.
R&D ACTIVITIES
The research directions of ISTEC Phase 2 seem to be an extension of some of the changes that have already
been taking place in Phase 1. Over the past 10 years, the initial bulk materials emphasis has been extended to
include work on microwave devices and Josephson junctions, in addition to interest in the materials aspects of
conductors. In Phase 2, ISTEC’s structure will reflect these expanded activities: basic materials and physics
research and the applications of bulk material, thin films, and wire or ribbon conductors. It was not stated
how the budget will be divided between these latter three topics, and the impression was given that the two
applied topics will be added through growth. From a number of sources, the panel learned that the focus of
the electronics activities will be HTS junctions for SFQ circuits. The goal appears to be modest, a spread of
10% for 1 sigma in 5 years. Objectives for Ic, Rn, and circuit operating temperature were not stated. No
system level goals were described. This author’s view is that for a 5-year project at these funding levels, the
goals could be much more aggressive.
It is not possible to describe here all the technical activities of ISTEC, but a summary follows of topics that
were discussed in the presentations or during the laboratory tours.
Dr. Koshizuka presented a review of the ISTEC projects. One topic of particular interest for electronics is the
successful growth of large single crystals (almost 1 in. diameter, with a goal of 2 in.) of YBCO. It was
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suggested that these would be useful as ground planes, and that film growth of YBCO on this homoepitaxial
substrate is more perfect than on commonly used substrates. A superlattice of NBCO and PBCO on YBCO
was grown to demonstrate the close lattice match with the substrate. The substrate can be doped to be
insulating, if necessary. Although not stated specifically, it is also possible that a device technology in
analogy with semiconductors is under consideration, with the devices made in the substrate rather than
deposited on it.
Dr. Enomoto described the microwave and digital activities of Division 6 (Fundamental Technology for
Device Applications). The staffing is 6 scientists on microwave, 5 on digital, and 8 on HTS junction
development. A number of different junction approaches are being explored in a preliminary way, but none
had progressed at the time of the WTEC visit to the point of good uniformity of Ic and Rn. Focused ion beams
are being used for direct writing and also to prepare a damaged region or a narrow ridge in the substrate,
which then nucleates a grain boundary (or possibly 3 boundaries) in the film. Two forms of a axis/c axis
junctions are being made, one in Bi films in an in-plane geometry that uses the intrinsic junctions in the a-axis
grain, the other using the boundary between c axis and a axis layers (grown sequentially on the single crystal
YBCO).
Using ion beam damage junctions, a flip flop with 4 junctions has been demonstrated.
In the discussion of junction uniformity, the statement was made that ISTEC would like to be 2 years behind
the targets of the U.S. “Big 3” (Conductus, Northrop Grumman, and TRW). Given that these U.S. targets are
still far from the uniformity needed for circuits, this goal of ISTEC seems far too modest, particularly given
their extensive analytical equipment.
A tour of the laboratories showed that ISTEC is extremely well equipped with characterization equipment of
every description. The only limit on equipment seems to be space, not budgets. A microanalytical
transmission electron microscope (TEM) was to be installed soon. This is an essential tool for the study of
defects in HTS films, but such an instrument dedicated to HTS materials is beyond the dreams of any groups
in the United States.
An introduction by Dr. Suzuki to the microwave (also at the “Western Consortium,” or “Western Alliance” —
see the Matsushita and Sumitomo site reports) and mm-wave projects presented the market growth for
wireless phones in Japan. The number of users is doubling each year, from 20 million at the end of 1996 to
40 million at the end of 1997. In 1998 the number of wireless phones is expected to exceed “stationary”
phones (60 million). These numbers are surprising, in that only a few people can be seen using such phones
on the subway or in the street.
The microwave and mm-wave projects are carried out at the Tamachi Laboratory, which the panel visited enroute to dinner. The space is rented from the Tokyo Gas Company, located near an area of extremely modern
development (close to Haneda Airport) that is not fully occupied due to the end of the “bubble economy.”
The projects include the study of HTS filters and development of an integrated wide band antenna/Josephson
junction mm-wave mixer. The 6 junctions in series, 1 µm apart in the mixer were made by ion damage of the
substrate. This laboratory was notable for its exclusion of liquid nitrogen or helium for cooling, with all
measurements being carried out only on cryocoolers of many various types, including pulse-tubes.
ISTEC is the largest laboratory engaged in superconductivity research, not only in Japan, but also in the
world. Given that it will likely grow even further (in breadth of activities and in size) in Phase 2, it is
discussed at length in Chapter 9 of this report.
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Site:

Matsushita Central Research Laboratories
Corporate Research Division
3-1-1 Yagumo-Nakamachi, Moriguchi
Osaka 570, Japan
Tel: 81-6-906-9029; Fax: 903-0996

Date Visited:

January 30, 1997

WTEC Attendees:

F. Patten (report author), M. Beasley, G. Gamota, H. Morishita, M. Nisenoff, R. Ralston, J.
Rowell

Hosts:

Dr. Koichi Kugimiya, Executive Engineer; Director of Operations, Corporate R&D
Dr. Kentaro Setsune, Senior Scientist, Central Research Laboratories, Kyoto
Dr. Hidetaka Higashino, Senior Researcher, Central Research Laboratories, Kyoto
Dr. Akira Enokihara, Senior Researcher, Central Research Laboratories, Kyoto

BACKGROUND
Overall, Matsushita Electric Industrial Co., Ltd., has annual revenues of about $60 billion, employs roughly
230,000 people, and produces almost every item of household electronics as well as specialized products.
There are about 4,500 researchers in the corporate research divisions. The Central Research Laboratories and
3 other research laboratories in the Corporate R&D Division have about 500 employees.
R&D ACTIVITIES
Within Matsushita’s Central Research Laboratories there are about 50 researchers involved with materials,
thin-films, and devices; of these, about 10 people are actively involved with high-temperature
superconductors (HTS). The focus of the effort is on mobile communications with multichannel access
(MCA). The specific orientation is towards developing high-power filters for transmission, with power
requirements on the order of 40-50 watts. The Central Research Laboratories receive more than half of their
funding from MITI, with a 4-year contract that finishes in 1999. They are allied with Sumitomo, which
fabricates 3-inch double-sided films, and Kyocera, which provides the cryocooler package system design.
Sumitomo and Kyocera also receive more than half their support in this area from MITI, and each company
provides the remaining support from internal funds.
Matsushita’s initial proposal in this effort was to fabricate disk-like planar film structures that could mitigate
the current-crowding responsible for the reduction of power handling capability. Early modeling studies have
shown that the stripline techniques for the fabrication of high-power filters could support up to about 1,000
watts of power, but may easily yield hot spots at edges and result in unpredictable early breakdown. Each of
these disks would be a pole in a multiple pole planar film. Each pole can accommodate multiple resonant
electromagnetic modes, which requires effort in designing the feed structure for the disk resonators; the
separation of the modes is determined by the ellipticity of the disk. Matsushita researchers have fabricated
single disks that have unloaded Q of from 2,000 to 3,000 and about 0.5 dB of insertion loss. When doublesided films are employed, Q improves to the level of 6,000 to 8,000 with about 0.25 dB insertion loss. The
researchers observe no change in the insertion loss up to 15 watts of incident power (about 41.5 dBm). With
regard to intermodulation distortion, the third-order intercept is projected to be at about 300 watts (about 55.1
dBm). They have modeled the surface charge density on the disk resonators at the center frequency and
found it to be rotating in time and well distributed. This is true also for the surface currents, i.e., there is a
very uniform distribution of current, and therefore, a capability of handling high rf power. Transmission and
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reflection measurements were shown for a single disk structure at a frequency of 5.1 GHz, and about 100
MHz bandwidth.
In evaluating the progress of Matsushita’s research effort, it seems that the Central Research Laboratories
lack the simulation tools to progress quickly enough to a multipole resonant thin-film filter that could handle
the power requirement of about 50 watts. Since performance is dependent upon HTS materials parameters
and specific disk shape, spacing, and orientation of the feed lines, generalized electromagnetic codes cannot
be expected to produce accurate results. The complexity is such that mechanical “tweaking” will be of no use
without more accurate guidance from the codes. In this regard, the Matsushita researchers are making
concerted efforts to extend the work to more than 1 pole, and they maintain they are able with projecting
several designs to determine how they would tune or trim such filters, although the means were not disclosed.
The panel’s hosts were aware of U.S. work on higher order multipole filters, for example at Conductus, and
inquired about the type of simulation used.
The WTEC panelists’ impressions of work at Matsushita were consistent with impressions from other
corporate laboratories. The goals of the long-term development effort were not shown clearly. Although
cellular/mobile communication was given as the overall target, Matsushita chose to work on the problem of
transmit filters rather than receive filters, which were felt to be easier to fabricate; our hosts offered no
systems analysis to validate this approach. A complete cryogenics package for an MCA system might include
transmit and receive filters, as well as a cryocooler and thermal isolation packaging. AMTEL is a possible
supplier of filters and refrigerators, and the user might be Matsushita Communications Industrial Co.
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Site:

Nagoya University (Prof. Hayakawa)
Department of Quantum Engineering
Furocho, Chikusa
Nagoya 464-01, Japan
Tel: 81-52-789-3158; Fax: 3160

Date Visited:

January 29, 1997

WTEC Attendees:

M. Nisenoff (report author), M. Beasley, G. Gamota, H. Morishita, F. Patten, R. Ralston, J.
Rowell

Hosts:

Prof. H. Hayakawa

BACKGROUND
The head of the Superconducting Device Laboratory in the Department of Quantum Engineering at Nagoya
University is Prof. H. Hayakawa, who, prior to coming to the university in 1988, was the head of the
Superconductivity Electronics Section at MITI’s Electrotechnical Laboratory in Tsukuba. In that position, he
was one of the technical leaders in the Superconducting Digital (Josephson Computer) Project, which was
funded by MITI from 1981 to 1990 to develop low temperature superconducting LTS digital logic and
memory technologies. Since arriving at Nagoya, Prof. Hayakawa has established one of the largest university
research groups in superconducting electronics in Japan, one that is currently carrying out research in both
low temperature and high temperature electronics.
The Nagoya group has four staff members including Prof. Hayakawa, an associate professor (Dr. A.
Fujimaki), a lecturer (Dr. M. Inoue), an assistant professor (Dr. H. Akaike), and an engineer (K. Sawaki).
There are about 20 students in the group, including 16 MS students and four PhD students. This distribution
of MS and PhD students is fairly common in many Japanese universities, where most students leave after
their MS degrees and join some industrial organization. The PhD degree is usually obtained after the student
has had some industrial experience. Two of the four PhD students in Prof. Hayakawa’s group are from Sanyo
Electric and are working only part-time on their degrees.
In addition to the facilities in the Department of Quantum Engineering, Prof. Hayakawa’s group has access to
the Center for Cooperative Research in Science and Technology (CCRAST), which is also headed by Prof.
Hayakawa and is located in a nearby building. In the Superconducting Device Laboratory, there is a small
(100 square meters) cleanroom, optical lithography equipment, a high vacuum system with load lock for
fabrication of niobium devices and circuits, several smaller vacuum systems, laser ablation equipment,
reactive ion etching and ion mill etching equipment, atomic force microscopy (AFM), wafer dicing
equipment, and selected surface analysis equipment. Because of the access to CCRAST, the group also has
access to electron beam lithography, focused ion beam (FIB), ion implantation, three target sputtering systems
and other equipment. Hence, the group has access to the wide variety of facilities required for state-of-the art
superconducting junction fabrication and testing.
R&D ACTIVITIES
Prof. Hayakawa has established a research program exploring both low temperature and high temperature
superconducting materials, devices, and circuits. The motivation for these programs was stated to be for use
in high performance fiberoptic communications systems, especially for operation at frequencies greater than
10 GHz, for example, for high speed multiplexers (mux) and demultiplexers (demux). The primary
advantage of superconductive electronic technology is the very low power dissipation it offers.
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In the area of LTS device studies, submicrometer dimension niobium junctions with aluminum oxide barriers
have been fabricated with good sub-gap leakage (Rsg /Rn ~20) and with good critical current spreads (about
14 % for 0.7 square junctions). However, as the barrier thickness is reduced to obtain higher critical current
densities (a current density of about 20,000 amps per square centimeter is needed for 100 GHz operation), the
sub-gap leakage current increases to a level where latching logic is not feasible. If non-latching single flux
quantum (SFQ) logic is to be used for these high frequency circuits, latching (that is, hysteretic) junctions are
not essential and, therefore, Prof. Hayakawa’s group is exploring how to fabricate non-hysteretic niobium
nitride (NbN) junctions. The use of NbN with a Tc of 16 K for the junction electrodes permits circuit
operation at temperatures up to 10 K. As an alternative for the barrier material, the Nagoya group has
investigated the use of plasma nitridation of the surface of the NbN base electrode, that is, plasma treating of
the surface in a nitrogen gas. The electrical characteristics of the resulting tunnel junction depend on the
surface treatment before the nitridation and the duration of exposure to the plasma and, to lesser extents, the
nitrogen pressure during nitridation and the voltage used to sustain the plasma. The surface treatment prior to
the plasma treatment determines whether the resulting device characteristics are underdamped (nonhysteretic) or overdamped (hysteretic). The conduction mechanisms in these barriers is thought to be
dominated by variable range hopping mechanisms. Critical current densities near 20,000 amps per square
centimeter with values of IcRn of about 1 mV (at 4 K) can be obtained for nitrogen pressures up to about 140
millitorr. Good magnetic field modulation of both types of junctions was obtained. It was pointed out that
this plasma nitridation technique doesn’t work for niobium technology.
The Nagoya group is also investigating new types of logic circuits. Prof. Hayakawa reiterated that the
requirements for superconducting circuits for practical applications include compatibility with semiconductor
logic circuits, high reliability (error-free operation), dc power supply (to minimize punch-through effects and
provide simple powering system) and ultrahigh speed. The Nagoya group has developed a new latching
circuit  a four junction coupled SQUID circuit that has large bias margins (∼ ± 50%) and fast switching
speeds (about 13 psec for critical current densities of 1,000 amps per square centimeter). The circuit has been
fabricated using niobium-aluminum oxide-niobium Josephson device technology and molybdenum resistors.
The functionality of the circuit has been simulated, and preliminary experiential results show good behavior
with a bistable output, that is, low output signal for a range of input current values and a high output signal for
the remaining range of input currents, with a fairly abrupt transition between the two output states. Further
work on this and other new circuit topologies is to be undertaken. Since the university does not have a highly
disciplined fabrication facility, Prof. Hayakawa indicated that his group is exploring the possibility of having
LTS chips fabricated for his group by NEC, which has a foundry operation with 2 micron design rules. If
follow-on funding for LTS digital circuits becomes available, this joint activity with NEC may be explored.
A number of HTS materials and device projects are underway in the Superconductivity Device Laboratory at
Nagoya University. In one project, researchers are fabricating bismuth films with the goal of studying
“intrinsic” junctions. In this deposition system, there are four targets, one of bismuth strontium copper oxide,
another of calcium copper oxide, another one of bismuth oxide, and finally, one of platinum, each with a
dedicated shutter. The sample is rotated over these targets and the shutter opened for varying times to control
the amount of material incident on the substrate, thus controlling the composition of the resulting film. A
variety of bismuth films, 2201, 2212, 2223, and 2234, have been fabricated, but “intrinsic” Josephson junction
behavior has not yet been observed.
Ramp edge junctions with yttrium-barium-copper-oxide (YBCO) electrodes have been fabricated using doped
praseodymium-barium-copper-oxide (PBCO) barriers with either calcium or gallium doping. Varying the
dopant species and its concentration yielded junctions with a range of electrical characteristics. The barrier
electrical characteristics have been explained using variable range hopping mechanisms. Vertical junctions
with calcium-doped YBCO and gallium-doped PBCO have been fabricated with resistively shunted
Josephson (RSJ) characteristics at high temperatures and flux flow characteristics at low temperatures. The
IcRn values for these devices were quite low, about 8 microvolts. The temperature dependence of the critical
current for the Ca:PBCO barriers could be explained using the proximity effects mechanism.
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The Nagoya group is also investigating a Josephson vortex flow transistor (JVFT), which has been fabricated
with multiple current lines, sometimes planar in layout and also in a “stacked” configuration. Current gains
of near 2 have been obtained. Work continues to improve current gain and to investigate the maximum
operating frequency.
DISCUSSION
Following the formal presentation, there was an open discussion. Prof. Hayakawa indicated that the only
university activities in low temperature superconducting electronics in Japan are at Nagoya and at Tokyo
University (Prof. Okabe’s group). In order to expand his activities and to accelerate progress, Nagoya, with
the support of NEC, has applied to the Science and Technology Agency (STA) for funding in niobium-based
circuits technology. Prof. Hayakawa stated that he believed continuing work on LTS circuits technology at
this time is important, as HTS device technology will take many years until it matures to the point where
modestly complex circuits can be fabricated. There is a strong belief that MITI will fund a new five-year
program to develop HTS circuits, although the performers are not known. Furthermore, Prof. Hayakawa
pointed out that there is still very little work on digital memory, with the exception of the work at NEC to
reduce cell size of its existing 4 kbit design. There is no work to explore improved memory concepts.
When asked why there was so little work on microwave superconductivity in Japanese universities, Prof.
Hayakawa said that many electrical engineering professors switched from microwave to fiberoptic research a
number of years ago when there was a large emphasis on fiberoptic technology in industry. However, Prof.
Hayakawa indicated that he would be interested in starting such work as now there is increasing interest in
industry in such work.
CONCLUSIONS
Under Prof. Hayakawa’s direction, the Superconducting Device Laboratory of the Department of Quantum
Engineering at Nagoya University is investigating a very interesting combination of materials and device
physics in both low temperature and high temperature superconductivity. In LTS it is investigating novel and
innovative approaches to fabricating niobium and niobium nitride Josephson structures and also exploring
new concepts in Josephson junction latching gates. In HTS, it is looking at HTS film growth and a variety of
techniques for fabricating Superconductor-Normal Metal-Superconductor (SNS) device structures and the
underlying conduction mechanisms for these structures.
Overall, the Superconducting Device Laboratory at Nagoya University is a very well rounded group, with
excellent thin film fabrication and analysis equipment, a very strong senior staff, and a large group of
graduate students. The research topics in both LTS and HTS material and device technologies are well
selected and address state-of-the-art issues at the forefront of superconducting digital electronics technology.
This group is clearly one of the strongest university groups in superconducting electronics science and
technology worldwide.
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Site:

NEC Tsukuba Research Center
Fundamental Research Laboratories
34 Miyukigaoka, Tsukuba
Ibaraki-ken 305, Japan
Tel: 81-298-50-1159; Fax: 56-6139

Date Visited:

January 28, 1997

WTEC Attendees:

J. Rowell (report author), F. Patten, H. Morishita, R. Ralston

Hosts:

Dr. Jun’Ichi Sone, Senior Manager
Dr. Hiroyoshi Rangu, General Manager
Dr. Matsuo Hidaka
Dr. Tsutomu Yoshitake
Dr. Shuichi Tahara, Research Manager

BACKGROUND
In its R&D brochure, NEC states, “The Tsukuba Research Laboratories, a center of NEC’s advanced basic
research, explore the frontier of basic science, creating new concepts, materials, and devices.” One such
discovery was of carbon nanotubes. As one university professor that the WTEC panelists met said, “NEC is a
very unusual case, exceptional and amazing (in keeping fundamental work).”
NEC also has a most distinguished record in low temperature superconducting electronics. As a participant in
the MITI-funded 10 year project, along with Fujitsu, Hitachi and ETL, it advanced the Nb trilayer discovery
(Bell Labs, 1982) into a reliable technology. In this project, the NEC focus was on memory circuits, and this
emphasis has continued recently. However the group, with its manager Dr. Shuichi Tahara, now has a wider
variety of LTS and HTS activities. These were described to us by Dr. Tahara and his colleagues. The Senior
Manager of the Advanced Device Research Laboratory, Dr. Jun’Ichi Sone, and the General Manager of the
Fundamental Research Laboratories, Dr. Hiroyoshi Rangu (Roy Lang) also joined us for discussions.
R&D ACTIVITIES
Dr. Hidaka first described NEC’s work to develop HTS junction technology, using a sampler circuit requiring
5 junctions as an example. The junctions are ramp-type, with PBCO as the barrier. In contrast to most
groups in the U.S., which make the ramp by ion milling ex-situ, the NEC approach is to make the ramp insitu, followed by the PBCO and second YBCO deposition without exposure to the environment. Test patterns
of 50 junctions are used to test uniformity, which is noticeably improved by the in-situ process compared to
(NEC’s) ex-situ one. However, the spreads (1 sigma) of 26% shown to the panel are larger than the best “Big
3” (Conductus, Northrop Grumman, TRW) result in the United States, which was about 12% to 15% at the
time of this WTEC visit. In discussion, achievement of a spread of 10% was mentioned. Initially, the
junctions were prepared over a ground plane, but the rough surface of this film degraded the junctions. In the
recent circuits, the ground plane is added over an insulator covering the junctions. Loss of oxygen (and Tc)
from the films of the junction was said to not be a problem. To date, the sample has been tested successfully
at low speeds.
Dr. Yoshitake described NEC’s work on microwave applications. The interest of the group is in the space
applications of filters and in delay lines for ATM switch buffer memories. For satellite communications,
power handling of the filters is an issue, and a simple microstrip resonator at 5.7 GHz is being patterned from
double-sided YBCO on MgO to test the HTS films’ potential in this regard. These resonators are measured in
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an Nb shield at 4.2 K and have Qs of about 60,000. Significant variations in power handling are observed
from film to film, but in common with much of the work in the United States, relating these variations to
measured electrical or microstructural properties of the films is proving difficult. The effect of grain size and
grain boundary properties are being investigated.
The nonlinear behavior of HTS filters has been investigated by measurements of a 3-pole band-pass filter at
9.5 GHz with a fractional bandwidth of 2%, again using double-sided YBCO made by laser ablation on MgO.
The Q was about 10,000 at 55 K. The third order distortion products were measured to 30 dBm and
extrapolated to over 60 dBm, but high power measurements have not yet been made.
A different application being investigated is to use coplanar delay lines as buffer memories in ATM switch
cells. The 18 cm long lines have only 5 µm spaces between the center and ground conductors, which in the
past resulted in shorts due to precipitates in the YBCO film. A change in patterning process was needed to
overcome this.
NEC’s achievements in building 4 kbit LTS memories are well known (see, for example, IEEE Trans.
Electron., E79-C: 1193, 1996). These were reviewed by Dr. Tahara. The memory chip contains 21,000
junctions, 2 µm x 2 µm in size with 1.5 µm interconnect lines, making it by far the most complex active SCE
circuit to date (the 10 volt voltage standard has a similar number of junctions). Initially, the flux trapping
problem was tackled unsuccessfully by operation in a field of 20 µgauss. However, addition of moats to the
circuit improved the bit yield to 99.8% in one case, and the shielding requirements can be relaxed to
1 milligauss.
At about the time of this WTEC panel’s visit, the goal had been to shrink the size of the memory cell to 10 µm x
10 µm, which requires 1.3 µm x 1.3 µm junctions, minimum linewidths of 0.5 µm, critical current density of
3
2
6 x 10 amps/cm with 3 Nb wiring layers. The organization of the chip has also been changed to sixteen 256
bit blocks. Operation of small parts of the chip at 512 MHz has been confirmed. This chip represents a state
of the art of Nb technology that is well beyond that of any group in the United States.
The NEC group is also investigating a switching application of LTS technology, funded under FED’s hybrid
systems project. The aim is to build an interconnection network to improve the performance of multiprocessor
systems. In contrast to the crossbar switch of Bedard’s project in the United States, a ring-pipelined
architecture is being built. Some components of the chip have been tested at >1 GHz, for a total rate of
3
3
2
1.25 Tbits. The chips require about 10 gates and a higher junction current density of 3 x 10 A/cm has been
used.
The presentations of the technical programs were followed by a lab tour, including viewing (from outside) the
class 1,000 fab and class 100 lithography cleanroom. During general discussion back in the conference room,
a number of interesting points were made. Roughly 40% of the funding for the LTS and HTS projects comes
from the government (MITI, FED). NEC researchers feel that the company is well behind the United States
in wireless applications. They have interest from the NEC space systems division in the size and weight
2
reduction potential of SCE. They have no research activities on HTS filters for cellular phone applications.
Reservations were expressed about the potential of optical switching, and optical transmission and SCE
switching were considered more likely. There is a desire to increase the efficiency of HTS funding in the
next phases of the ISTEC and FED projects. ISTEC was seen as coordinating the infrastructure of SCE, and
it was hoped such activity would continue or increase.

2

As the WTEC panel heard during the week (see RCAST and Saitama University site reports), the decision by NTT to
end such HTS wireless filter activity seemed to have had a ripple effect in companies that supply equipment to NTT.
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Site:

Saitama University
Department of Electrical and Electronic Systems
255 Shimo-Okubo, Urawa
Saitama 338, Japan

Date Visited:

January 27, 1997

WTEC Attendees:

R. Ralston (report author), M. Beasley, G. Gamota, H. Morishita, M. Nisenoff, F. Patten, J.
Rowell

Hosts:

Prof. Yoshio Kobayashi, Faculty of Engineering
Prof. Susumu Takada, Faculty of Engineering
Dr. Yasuhiro Nagai, Supervisor, Applied Frequency Technology Research Group
Information Hardware Systems Laboratory
NTT Integrated Information & Energy Systems Laboratories
Musashino-Shi, Tokyo 180, Japan

BACKGROUND
Saitama University is a national university located in Urawa City, in the center of Saitama Prefecture, about
1.5 hours travel time west of central Tokyo. The university has 8,000 students, of whom 2,500 are in
engineering, and of those, approximately 400 are studying electrical engineering.
Professor Kobayashi has been at Saitama since 1965 and has long been active in the field of dielectricresonator-based filters. He is a member of several professional engineering groups, and he sits on the
Superconductor Applications Committee of the IEEE Microwave Theory and Techniques Society.
Professor Takada joined the university in 1996, moving there after leading the superconductive electronics
activity at the MITI’s Electrotechnical Laboratory (ETL) for several years. His last post at ETL was as
general research counselor. He continues his interest in developing LTS digital circuits, but he has not yet
obtained funding to establish the required facilities. In addition to his interest in building LTS circuits, he
may start an HTS film deposition effort.
Prof. Kobayashi and Prof. Takada each teach one graduate-level course in superconductivity, on the
respective topics of HTS and LTS devices. They find that the undergraduate background of physics students
prepares them better for these courses than the background of engineering students.
Professor Kobayashi’s group is comprised of one technician (for fabrication of 3-D cavity structures), and 15
students (7 undergraduates and 5 first-year and 3 second-year master’s candidates), none of whom are PhD
students. The master’s students can frequently get a national scholarship, but no support is provided directly
by him (or the university). He is able to attract students interested in superconductivity, although typically
80-90% of the graduates go into communication fields with Toshiba, NEC, Murata, Matsushita, or NTT and
do not continue in superconductivity. Saitama is the only university in Japan known to the WTEC panel that
has a professor experienced in microwave filter design who is applying that experience to superconductive
implementations. (There is, in addition, a Prof. K. Sawaya of Tohoku University who has been consulted by
AMTEL in its characterization of films using a dielectric resonator.) Direct annual support from companies
to Prof. Kobayashi is approximately ¥5 million. A grant of ¥500,000 is made by ISTEC.
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DISCUSSION
As the WTEC panelists arrived, we were greeted by Professor Takada and escorted to Professor Kobayashi to
exchange business cards with our hosts. The technical topics are described below. During the general
discussion period, Drs. Gamota and Rowell described the WTEC mission and purpose of this WTEC panel.
Near the close of the session the panel was graciously treated to lunch by our hosts.
Microwave Filters
The panel then spent one hour in Prof. Kobayashi’s testing laboratory, where, with posters and sample
devices, he described his work on dielectric-resonator cavity filters. His lab is a compact facility, reasonably
well outfitted with computers and microwave instrumentation (of U.S. manufacture) for the design and
characterization of resonators and filters.
Prof. Kobayashi is placing emphasis on high-power filters for satellite communications, probably because his
skill is centered in 3-D dielectrically loaded cavities, which because of larger volume can tolerate more
circulating power than 2-D planar configurations. He correctly identifies his group’s focus on power handling
as unique within Japan. Despite his ambition of providing filters for such an application in 2-to-3 years, he
has not yet addressed cooler and cryopackaging issues. The relatively weak applications pull was consistent
with the difficulty in judging, from within the university, the level of corporate enthusiasm at NEC for
insertion into satellites. He is also interested in terrestrial wireless applications.
It was made clear by the presentation that Prof. Kobayashi has substantial links to Murata Mfg. Co., Ltd., a
supplier of dielectric pucks for cavity filters, and to NTT; both companies have previously licensed his
conventional filter designs. One of these was a dual-mode patch type (approximately 15 x 10 x 3 cm) which
diplexed the cellular bands of 1487-1491 MHz and 1439-1443 MHz.
The basic HTS filter structure has a cylindrical bulk-formed YBCO cavity wall. These are supplied by Dr.
Shuji Yoshizawa of the Central Research Laboratory of Dowa Mining Co., Ltd., and by Dr. Tetsuo Oka of the
IMRA Material R&D Co., Ltd. Currently, the samples have a surface resistance at 10 GHz and 77 K, similar
to that of cold Cu. Prof. Kobayashi anticipates eventual improvements in the YBCO. Murata has provided
dielectric pucks of Ba (Sn, Mg, Ta) O3 where the doping provides a temperature stable dielectric (εr ª 24.2, tan
-5
δ ª 2 x 10 ). A 4-pole, 0.3% filter at 12 GHz can be screw tuned at room temperature and stay essentially on
frequency when cooled to 77 K. A 2-pole, 0.3%, 12 GHz filter was operated at 77 K and tested up to
50 dBm. This device (Kobayashi et al. 1995) had less than 0.2 dB insertion loss up to 37 dBm (5 W), and a
projected third-order intercept of 100 dBm. An issue identified for high power handling is the proper cooling
of the coaxial dielectric rods. The filter insertion loss rises rapidly above 10 W input, attributed to heating of
the rods. Although a comparison was made between a low-power resonator Q of 80 K at 77 K achieved here
versus a Q of only 20 K by Com Dev of Canada, the comparison was incomplete because of the differences in
cavity volume.
A variety of HTS and conventional cavity filters were on display, with frequencies at 1.5, 5, 12, and 27 GHz.
The group puts substantial effort into the characterization of various dielectrics (NdGaO3, C- and R-face
sapphire, MgO, etc.) using a closed cycle cryocooler (Sumitomo Heavy Industries, Ltd.). Many of the
designs are optimized to give equal loss contributions from the (super)conductor and dielectric.
NTT HTS APPLICATION ACTIVITIES
Subsequent to the tour of the microwave area, Dr. Nagai of NTT joined us. He presented a review of the
NTT activities and described the reasons for a cessation of the HTS development there.
The profile of the NTT program was given as follows:
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1986

HTS development began in NTT with 7 researchers. Their mission was communication
subsystems. A first target, buried facilities (cables), was abandoned midway and a second
target, cellular base stations, was pursued.

1987-1994

Device development was ongoing over a broad area, which included antennas, filters,
transmission lines (for optical modulators), equalizers, and mixers.

1986-1988

Device researchers interacted with NTT system engineers in the mobile, transmission, and
optical device sections. Although interested, these system engineers were conservative.
They were very concerned about both material growth complexities and refrigeration. As a
result, the device researchers were unable to convince NTT headquarters that the HTS
technology would be practical. Management concluded that employing 100 researchers
(many of them only involved part time with superconductivity) was excessive.

1987-1993

NTT ramped down the HTS device efforts, including the microwave work, but did continue
materials research (films by Dr. Suzuki at Ibaraki and Dr. Miyazawa at Atzugi) and a
program on new “quantum” structures (a transistor by Dr. Miyazawa).

present

NTT DoCoMo, a separate (spinoff) company and pace-setting wireless service provider in
Japan, is testing HTS filters supplied by U.S. (not Japanese) firms. Dr. Toshio Nojima,
Group Leader, Research Section, R&D Department, NTT Mobile Communications
Network, Inc., was identified as the principal investigator for this effort. The parent NTT
firm is very busy with R&D in multimedia and will not return to the HTS microwave effort.
The three more basic research activities are expected to continue at NTT.

LTS DIGITAL
Professor Takada reviewed the earlier collaborative ETL effort with industry to develop a hybrid computing
system and gave an overview of the current efforts. He believes that LTS is well matched to switching
applications (rather than computation) and perceives that the FED funding in novel devices is also generally
pointed at switching as well. When questioned about the possibility of an LTS foundry for research circuits,
he indicated that NEC (Tsukuba) was certainly capable, but the typical approach in Japan is for each big
company to do everything internally, and thus it has been difficult to have such cooperation. The
restructuring of companies during the economic downturn will, he thought, induce more national
collaboration. The universities are also being effected by the slowdown, and although government funding
for university R&D is increasing, it will likely focus on basic work at the top tier universities. Hence,
collaboration between most universities and industries will be increasingly important.
SUMMARY
The one academic group in Japan focused on passive microwave applications of HTS is lead by Professor
Kobayashi at Saitama University. In keeping with its expertise in dielectric-resonator-based cavity filters, the
group has made and characterized a variety of structures using bulk YBCO cylinders and custom-doped
dielectrics, with all materials supplied by industry. The numbers of poles are modest and the filter
characteristics can be improved if the surface resistance of the bulk YBCO can be reduced below that of cold
copper. Masters students find industrial positions in the microwave area, but not involving superconductivity.
Prof. Takada, recently arrived from ETL, is planning to continue his efforts in LTS digital circuits. As would be
expected of the university environment, the applications pull is only weakly felt on superconductive electronics.
REFERENCES
Kobayashi, Y., M. Sasaki, T. Senju, Y. Kasuga, K. Haginuma. 1995. Intermodulation characteristics of high-power bandpass
filter using dielectric rod resonators loaded in a high-Tc superconducting cylinder. In Proceedings of the 1995 IEEE
MTT-S International Microwave Symposium (held 16-20 May 1995 in Orlando, FL) 2: 733-6.
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Site:

Sumitomo Electric Industries, Ltd.
Itami Research Laboratory
1-1-1 Koyakita, Itami-shi
Osaka 664, Japan
Tel: 81-727-71-0610; Fax: 70-6727

Date Visited:

January 31, 1997

WTEC Attendees:

J. Rowell (report author), M. Beasley, G. Gamota, H. Morishita, M. Nisenoff, F. Patten,
R. Ralston

Hosts:

Dr. Hideo Itozaki, Chief Research Associate
Mr. Tatsuoki Nagaishi
Dr. Michitomo Iiyama, Osaka Laboratories

BACKGROUND
Sumitomo Electric Industries, Ltd., was founded and has grown over the centuries because of its mastery of
materials and their manufacture. Masutomo Sumitomo (1585-1652) was a Buddhist priest, whose disciple
and brother in law, Riemon Soga (1572-1636) established a copper business in Kyoto in 1590. Riemon
revolutionized Japanese copper refining by perfecting Western methods for removing silver from the copper
ore. The Sumitomo Copper Rolling works, established in 1897 to manufacture bare copper wire, spun off the
Sumitomo Electric Wire and Cable Works in 1911. Thereafter, the diversification of the company (renamed
Sumitomo Electric Industries in 1939) can be traced to new materials: superalloy tools (1931), transmission
cable (1949), disc brakes (1963), compound semiconductors (1970), optical fiber (1974), and synthetic
diamond (1986). These materials-based businesses have lead to systems interests, such as traffic control
systems, telecommunication networks, antilock braking systems, and automobile navigation systems.
One unusual feature of Sumitomo’s approach to R&D is the encouragement of in-house ventures (“ShanaiVenture,” similar to entrepreneurial ventures in the United States), through which R&D staff are encouraged
to commercialize their research ideas. The compound semiconductor business is one such example. In this
way “researchers are constantly aware of the commercial potential of research projects.” It is interesting to
note that the third of the company’s business principles, formulated in 1891, “advises against being attracted
to easy profits or hastily drawn to the promise of profits before fully investigating the commercial viability of
ventures.”
The revenues of Sumitomo Electric were relatively flat after 1991, at ¥1.1 - 1.16 trillion (~$9.2 - 9.7 billion).
Profits declined from ¥32 billion (~$267 million) in 1992 to ¥20 billion (~$167 million) in 1995. Spending on
R&D dropped slightly from a peak of ¥26.5 billion in 1993 (~$221 million) to ¥24.9 billion in 1995 (~$208
million), or about 2.4% of revenues.
R&D ACTIVITIES
Superconductivity R&D is carried out at both the Osaka and the Itami Laboratories. The Osaka work on HTS
conductors figured prominently in the report of the 1996/97 WTEC panel on power applications of
superconductivity (Larbalestier 1997). In our visit to Itami we met with Dr. Hideo Itozaki and Mr. Tatsuoki
Nagaishi of the Itami Laboratories and Dr. Michitomo Iiyama of the Basic High Technology Laboratories.
Shortly after the discovery of HTS, Dr. Itozaki began research on HTS films for microwave applications, and
made some of the earliest filters. His films, made by on-axis sputtering, had very high J cs. However, the
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laboratory decided to end this program in 1992. From 1990 to 1996, Itozaki and his colleagues represented
the HTSQUID activity within the Superconducting Sensor Laboratory (SSL). The HTS devices and systems
were made at Itami and sent to SSL for test. Since the end of the SSL activity, the LT and HTSQUID
systems in SSL continue to be used for MEG and MCG studies by Professor Kotani from Tokyo Denki
University. The MKG system built for SSL by Itozaki’s group remains the most complex HTSQUID system
built anywhere to date, having 32 channels of flux focusing-type SQUIDs using step edge junctions.
Dr. Itozaki feels that the SSL collaboration was a valuable means of obtaining SQUID device and system
experience, even though the process of joining SSL (proposals, paperwork, etc.) initially slowed his research
activity markedly.
Since the end of SSL activity (March 1996) Dr. Itozaki, funded by the company, has pursued SQUID
applications even more vigorously. A small single-channel HTSQUID system is now being sold by
Sumitomo (see Figure 6.5, p. 42). This is very similar to Mr. SQUID, which has been sold by Conductus for
over 5 years, but the Sumitomo system has a replaceable sensor unit with the SQUID (step-edge junctions
rather than bi-epitaxial or bicrystal, as in Mr. SQUID) mounted transverse to the probe. Dr. Itozaki hopes
customers will be mainly in industry, so that experience with SQUID NDE, for example, is increased in
Japan. The 5 mm x 5 mm sensors are produced eight at a time by laser ablation.
Higher performance sensors for cardiology systems are being made by a flip-chip assembly of the SQUID
1/2
with a pick-up loop integrated with a 15-turn input coil. The white noise, 13 ft/Hz , is within a factor 2 of the
best to date. However, yields of the multilevel coil remain somewhat low, so the flux-focus-type of sensor is
still being used in multichannel systems.
In the laboratory, the WTEC panel saw a compact 16-channel cardiology system mounted in a long mu-metal
shield (about the size of an MRI machine) to reduce ambient noise. At SSL maps of the electrical activity of
both the human heart and stomach have been reported using a similar system. Dr. Itozaki expects to begin
collaborative measurements with doctors soon. Another application demonstrated by Itozaki’s group and
described by Mr. Nagaishi relates to the early history of Sumitomo as a manufacturer of copper wire. For
wires being manufactured in the factory with diameters as small as 50 µm, iron particles of comparable
diameter are a serious defect. The group has shown that a single channel HTSQUID system can detect such
particles even when the wire is moving at 800 m/min. On the factory floor, the speed is 2,000 m/min. (about
75 mph!), but they seem confident that a system with the required bandwidth can be developed and will be of
value to the company. Quality control of medicine, food, and fluids was also mentioned for future
applications.
In the panel’s laboratory tour we saw 4 or 5 laboratories in two buildings, including 2 cleanrooms for sensor
fabrication, each with a laser deposition system. A separate cleanroom is used for lithography.
The research Dr. Iiyama described to the WTEC panel, performed in the Basic High Technology
Laboratories, is part of 1988-1998 Future Electron Devices (FED) funded program on 3-terminal SC devices.
The objective is to modulate the superconducting current and Tc of a very thin HTS film in an FET structure.
The WTEC panelists were most impressed by the capabilities of the MBE machine, with many in-situ
characterization instruments, such as ISS, which has been built up by Dr. Iiyama. The machine represents a
state of the materials and materials measurement art that is common for semiconductor research in the U.S.,
but is beyond the financial means of anyone engaged in superconductivity. With great rigor, Dr. Iiyama has
studied many aspects of multilayer growth in this FET structure, including the preparation of the substrate, the
YBCO/STO interface, the quality of the YBCO surface as a function of deposition rate, the question of
oxygen loss from the YBCO during later processing, and the resistance of normal metal contacts. The FET
requires 2 volts to product a 10% change in drain current at 44 K, and future work is aimed at increasing this
modulation.
In a discussion period, WTEC panelists asked about the role of the Osaka laboratory in the MatsushitaKyocera-Sumitomo “Western Alliance” for wireless applications. Within this collaboration Kyocera is
working on the cryogenic package, and the refrigerator will be supplied by a manufacturer (this is the only
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case of a collaboration not developing its own cryocooler, we believe). Sumitomo’s role is to provide 3-inchdia. double-sided YBCO films on LAO (lanthanum aluminate), made by laser deposition. The microwave
design, fabrication of filters, and system testing is done at Matsushita. As Sumitomo had a device level
microwave activity in the late 1980s, there seems to be little technical value to the company in this
collaboration, although presumably it represents a path to becoming a OEM supplier of films for the wireless
market in Japan, if and when that develops.
Sumitomo has 3 people at ISTEC. Our hosts’ expressed the view that for fundamental research, the
centralized collaboration style of ISTEC works well, but when there is a desire to develop proprietary
information in-house, the distributed network of FED is preferable. It seemed unlikely to WTEC panelists
that the very high-level (and expensive) thin film materials research carried out by Dr. Iiyama would continue
without FED (or other agency) support. Certainly there is no such work in the U.S. SCE industry.
It is clear that Dr. Itozaki would like to follow the Sumitomo tradition of “spinning-out” a small SQUID
company. Given his demonstration of a number of products and potential products, this would seem quite
possible.
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Site:

The University of Tokyo (Prof. Kitazawa)
Faculty of Engineering, Department of Applied Chemistry
7-3-1, Hongo, Bunkyo-ku
Tokyo 113, Japan
Tel: 813-3812-2111; Fax: 3815-5632; E-mail: i34456@m-unix.cc.u-tokyo.ac.jp

Date Visited:

January 29, 1997

WTEC Attendees:

M. Beasley (report author), M. Nisenoff, R. Ralston

Hosts:

Prof. Koichi Kitazawa, Department of Applied Chemistry
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BACKGROUND
The University of Tokyo is generally regarded as the leading Japanese university. It is very strong in research
in superconducting materials. The activities in superconducting electronics are currently housed at RCAST
(see following site report). The WTEC panel’s visit to the Department of Applied Chemistry was undertaken
in order to gain the broad perspective of Professor Koichi Kitazawa on the overall situation in Japan with
respect to research on superconductors.
Professor Kitazawa is a major leader in the academic superconductivity research community. Our discussion
focused mainly on the status and health of the academic superconducting research community and the
expected impact of Basic Law 135 on Japanese research universities. Prof. Kitazawa emphasized the
importance of the new Basic Law in the context of Japanese society. It is a policy statement at the highest
level and reflects for the first time policy considerations by the Japanese Diet regarding science and
technology explicitly.
R&D FUNDING AND THE BASIC S&T LAW
In response to the WTEC team’s questions regarding the financial impact of the increases in funding
beginning to flow in response to the Basic Law, Prof. Kitazawa stated that the funds will lead to a ten-fold
increase for hundreds of select professors in Japan, perhaps close to 1,000. (Note that in the Japanese system,
these moneys will be used to support several faculty, not just the major recipient.) These moneys are coming
in a variety of ways and through various government agencies and programs. Also, there will be some new
buildings and facilities improvements. For example, many of the engineering faculty of the University of
Tokyo will be moving to a new campus in Chiba.
In the case of superconductivity research there has already been some impact. The Ministry of Education is
undertaking an examination of the situation in academic superconducting electronics, but this will not likely
be a large program. In MITI, NEDO (New Energy and Industrial Technology Development Organization)
has received some of the new funds. They are also changing their expectations so as to encourage
university/industry collaboration. Some of these funds (about $1.5 million) have come to the University of
Tokyo superconducting research community in the Applied Physics Department.
The largest amounts are coming through JST (Japan Science and Technology Corporation) in STA. JST is
run jointly by the government and the private sector. This funding is attractive because it is free of many
complicating governmental restrictions. For example, Prof. Kitazawa joined with Tonomura of Hitachi for a
$10 million program on imaging of electron waves. Most of this money will go for a new electron
microscope at Hitachi (with substantial cost sharing), and a much smaller amount will go to the University of
Tokyo.
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We then talked about the implications of Basic Law 135 for PhD production. Prof. Kitazawa stated that
inevitably more PhDs would be produced. They will come from the best MS students currently. Some of
these PhDs will also likely become post docs after receiving their PhDs. Prof. Kitazawa felt that there would
be industrial jobs for these researchers. Industry always wants the best people, and the Japanese industrial
salary structure should not work against this. He drew an analogy with what happened 20 years ago when
industry absorbed the large increase in MS students that arose as a result of a similar change in educational
policy.
Prof. Kitazawa does not foresee an expansion of the number of research universities. National demographics
will lead to reduced numbers of university students in the future. Some universities will necessarily be
squeezed. On the other hand, in Japan, recessions such as currently being experienced historically have led to
an increase in the fraction of students seeking degrees in science and engineering. Also, universities are
seeing an increase in women students in science and engineering, because they can get employment more
readily than in more traditional fields. Many go into computer- and software-related work.
In response to questions by the WTEC team, Prof. Kitazawa noted that funding for superconductivity research
had gone down sharply over the previous 4 to 5 years. There has been some inevitable backlash from other
areas of science on the panels of the Ministry of Education, which took the position that HTS had been funded
too liberally. There had been some recent improvement at the time of the WTEC panel’s visit, thanks to the
new moneys in NEDO and STA — perhaps even some small increase overall in MITI as whole.
On the question of collaboration, Prof. Kitazawa noted that collaborative projects are perhaps less common in
Japan than in the United States. Also, there is not much interaction of universities with ETL or ISTEC.
Creation of centers for the purpose of establishing shared facilities is not common. On the other hand, there is
now a Centers of Excellence (COE) Program in the Ministry of Education. Awards are typically $5 million
per year for five years. There is some intent in this program to foster collaboration and interdisciplinarity.
For example, the Applied Physics Department in the University of Tokyo has received one of these awards,
and the moneys will likely benefit superconductivity research. Other COE awards at the University of Tokyo
include one in astronomy in the Physics Department and one in civil engineering.
Prof. Kitazawa believes that as a whole the superconductivity community in Japan will be healthy because of
the efforts of MITI through ISTEC. The visibility of ISTEC helps justify basic research, although it
complicates the case for engineering research.
R&D ACTIVITIES
The WTEC team then enjoyed a short report by Prof. Kitazawa on his own interesting and remarkably varied
research, including a lively visit with the students and scientific visitors in his lab.
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Site:

The University of Tokyo
Research Center for Advanced Science and Technology (RCAST)
4-6-1 Komaba, Meguro-ku
Tokyo 153, Japan
E-mail: okabe@okabe.rcast.u-tokyo.ac.jp

Date Visited:

January 29, 1997

WTEC Attendees:

G. Gamota (report co-author), J. Rowell (report co-author), H. Morishita, F. Patten

Hosts:

Prof. Yoichi Okabe
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DISCUSSION OF JAPANESE SUPERCONDUCTIVITY R&D IN GENERAL
Professor Okabe reviewed for the panel members the current state of superconductivity research activities in
Japan. He made many interesting comments about both LTS and HTS technologies and the changes in
funding responsibilities of the agencies. A recent important event was the convening by MITI of a Special
Group whose mission was to review the projects funded by MITI in this area. The group membership
included Professor Sekine (Chair), Professor Kitazawa, Professor Masada (the University of Tokyo) and
Professor Okabe. It also had representatives from Hitachi, Sumitomo, Tokyo Power, and Toshiba, with
representatives from MITI completing the membership.
Projects under review included those funded at ISTEC and through the New Energy and Industrial
Technology Development Organization (NEDO) and the Research and Development Association for Future
Electron Devices (FED).
Besides MITI, other Japanese government organizations that fund superconducting projects include STA
(Science & Technology Agency), Monbusho (Ministry of Education, Science, Sports and Culture), and MPT
(Ministry of Posts and Telecommunications).
MITI has had one project (funded through FED) in high temperature superconducting electronics. The focus
was on 3-terminal devices, and it was slated to end in March 1998. Its second project is Hybrid Systems. A
decision will be made in 1998 how to continue the project (not necessarily at FED, we learned later — see the
FED site visit report) but almost certainly it will be HTS electronics with emphasis on single flux quantum
(SFQ) logic.
There is an ongoing and serious discussion of the styles to be used in these collaborative projects. The
government seems to want to centralize the new electronics project (similar to the ISTEC style of the past 10
years for materials research), but industry wants it distributed, as in the previous FED project. There is
concern that should it be centralized, industry might stop all superconductivity work.
MITI considers low temperature superconducting electronics a failure since no prototype came out of the
Supercomputer for Science and Technology (Josephson Computer) project that was carried out at ETL,
Fujitsu, Hitachi, and NEC from 1981 to 1990. (That project is very highly regarded in the United States, as it
established the LTS Nb trilayer process as a highly reliable technology.) Therefore, MITI will focus only on
HTS and let researchers in LTS, who are largely still in industry, obtain other sources of funding. A possible
source of this funding is STA, but traditionally STA has only funded research in STA national laboratories
and universities.
This discussion illustrated that there now appears to be a mixing of roles and functions in Japanese
government R&D funding organizations. STA, normally a supporter of basic research in STA national
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laboratories and universities, is moving toward more applied research and might fund work in the laboratories
of industry, while MITI is moving toward supporting the longer-range research in a central superconductivity
laboratory, ISTEC. Almost all MITI-funded work in digital will be SFQ, thus agreeing with IBM in its 1983
decision to end work on latching logic.
MITI, however, has not been able to define a system orientation for its activities. SFQ appears to be the only
technology that might be useful in satellite telecommunications. There is also talk about a “balloon” solution,
in which a set of semistationary balloons would be launched around the globe.
In keeping with comments the WTEC panelists heard throughout their week in Japan, Prof. Okabe suggested
that NTT is depressing interest in passive applications in Japan. Although there are about 5 providers of
cellular service in Japan, NTT still determines technical directions and policy. NTT takes the position that
cryogenic systems will not be reliable enough for long-term operation and has pulled back its R&D activities.
(See the Saitama University site visit report.)
There are 3 companies in Japan engaged in SQUID work: Shimadzu, Sumitomo, and Seiko. Professor Ogawa
feels that technology transfer is very poor in Japan, and that the high level of technology developed within the
Superconducting Sensor Laboratory (SSL) has not been fully utilized by industry. There are no start-up
companies as in the United States to pick up the technology. (Prof. Okabe was not fully aware of the
activities at the Kanazawa Institute of Technology, as described in Chapter 6 of this report on SQUIDs)
Prof. Okabe believes there are strong superconductivity science programs in Japan. Many are focused on
epitaxial growth, doping, and substitution in the wide variety of HTS materials. He also feels that ISTEC
does not have the ability to distribute enough single crystal materials to satisfy the needs of university
projects.
There is another change, in that a few years ago Japanese could not order “chips” from outside Japan (say
from Hypres), whereas now they can.
Prof. Okabe summarized the current funding situation for superconductivity as follows. The support by MITI
for all of their superconductivity work is ¥11 billion, but of this, ¥3 billion is for microgravity experiments
(which includes some testing of superconducting materials). The allocation is ¥9 billion for basic work,
including ¥3 billion for electronics. The electronics work is mostly in ISTEC (85%); FED accounts for 15%.
ISTEC is losing industrial (management) support, since industry researchers often go on assignment to ISTEC
and are then reluctant to go back to their companies. So industry has lost good people to ISTEC. Company
managers feel that ISTEC is not doing enough training, as there is no formal education in materials science
and superconductivity at ISTEC. Also, due to Japan’s economic problems, there is now less interest in
industry in supporting basic research, whether in their own laboratories, at ISTEC, or in universities. This is
causing some major shifts in the traditional ways Japan has done business. Industry is shifting even more to
applied research. The Japanese government is picking up support of basic research, and that research is
moving from industry to the campuses. University professors will be able to consult for industry as of April
1997. This is a major shift from past practices.
DISCUSSION OF PROF. OKABE’S R&D ACTIVITIES
Size of Current Research Effort
The number of graduate students is decreasing, because they prefer software rather than hardware. The
previous maximum number of graduate students was 7. There are now 4 graduate students including 3 PhD
students: one for film and device work, another for circuit design, and the third for the MEG inverse problem.
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Principal Thrust Of Work
Low Tc: New concepts of SFQ logic, and SQUID applications.
HTS: Also SFQ, and some trials to make reproducible Josephson junctions.
Funding
Monbusho grants of about $100,000/year stopped a few years ago. Monbusho grants of about $20,000/year
are continuing. Support from FED, which originates from MITI, is about $40,000/year. Support from SRL is
about $30,000/year; to this Monbusho adds $15,000/year.
Support from STA of about $100,000/year was to be started in the next fiscal year. This program is a new
initiative at STA, which will support an LTS SFQ project being organized by NEC, Hitachi, Toshiba, Fujitsu,
and several universities.
MITI is planning another new funding initiative: a project on HTS SFQ will start in FY 1998 that will sustain
superconducting activities. Prof. Okabe expressed the view that this new initiative will excite the Japanese
superconductive electronics R&D community.
Total support from industry for Prof. Okabe’s lab is estimated at about $10,000/year. This comes in the form
of “donations,” and the purposes are not well specified. The amount for each company is less than
$5,000/year. Donations from NEC and Fujitsu will be related to superconductivity.
Career Paths of Graduate Students
Prof. Okabe reported that most of his graduate students end up in the LSI field because companies recognize
the skills they have developed in a wide variety of areas: process, device, design, circuits, etc. Some who
graduated more than ten years ago joined superconductivity groups, but most of them are working in the
semiconductor field now.
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A/B provider band

Separate but interleaved spectral bands licensed in the U.S. by the FCC to two
commercial providers for wireless cellular communication

ac

Alternating current

A/D

Analog to digital

AES

Auger electron spectroscopy

AFRL

(U.S.) Air Force Rome Laboratory

AMPS

Advanced Mobile Phone System

AMTEL

(Japan) Advanced Mobile Telecommunication Technology, Inc.

APD

(U.S.) APD Cryogenics, Inc.

ASC

American Superconductor Corp.

ASD

Adjustable-speed drive

ATM

Asynchronous transfer mode

ATP

(U.S., DOC/NIST) Advanced Technology Program

Bi-2212

Bi2Sr2CaCu2Ox

Bi-2223

(Bi, Pb)2Sr2Ca2Cu3Ox

BSCCO

Generic term for the whole family of Bi-based high-Tc compounds

BSCCO-2223

(Bi, Pb)2 Sr2Ca2Cu3Ox (same as Bi-2223)

BTC

British Telecom (or BT)

BTi

Biomagnetic Technologies, Inc.

CDMA

Code-division multiple-access

CEC/ICMC Meeting

Cryogenic Engineering Conference/International Cryogenic Materials Conference

CMOS

Complementary metal oxide semiconductor

COE

(Japan, MOE) Centers of Excellence Program

CRL

(Japan, MPT) Communications Research Laboratory

CSAC

(U.S.) Council on Superconductivity for American Competitiveness

CSE

(U.S.) Consortium for Superconducting Electronics

CTF

(Canada) Canadian Thin Films

CVD

Chemical vapor deposition

DARPA

(U.S.) Defense Advanced Research Projects Agency

dc

Direct current

DEMUX

Demultiplexer

Dewar

Vacuum flask

DoCoMo

(Japan) cellular provider

DOD

(U.S.) Department of Defense

DOE

(U.S.) Department of Energy
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DSP

Digital signal processing

ET

(Japan) Eagle Technologies

ETL

(Japan, MITI) Electrotechnical Laboratory

FED

(Japan) Research and Development Association for Future Electron Devices

FET

Field effect transistor

GM

Gifford McMahon cryocooler

HTMA

(U.S., DARPA program) High Temperature Superconductor Manufacturing
Alliance

HTS

High temperature superconductor/superconductive/superconductivity

HTSQUID

High temperature SQUID

HTSSE I, II, and III

(U.S.) High Temperature Superconducting Space Experiment Programs

I

Current expressed in amps
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IR

Joule heating, the product of the current squared times the resistance of a
conductor

Ic

Critical current of a superconductor, the maximum amount of current that can flow
below a fixed electric field or resistivity criterion

IC

Integrated circuit

IEICE

Institute of Electronics, Information, and Communication Engineers

IMD

Intermodulation distortion

IR

Current times the resistance of a conductor; equals the voltage drop along the
conductor

ir

infrared

ISC

(U.S.) Illinois Superconductor, Inc.

ISEC

International Superconducting Electronics Conference

ISIS

International Superconductivity Industry Summit

ISTEC

(Japan) International Superconductivity Technology Center

ISTF

(Japan, MITI) Industrial Science and Technology Frontier program

J

Current density

Jc

Critical current density

JJ

Josephson junction

JKTC

Japan Key Technology Center

JPL

(U.S.) Jet Propulsion Laboratory (NASA/CalTech)

JST

(Japan) Science and Technology Corporation

JT

Joule-Thomson

K

degrees Kelvin

KARC

(Japan, MPT) Kansai Applied Research Center

LAO

Lanthanum aluminate

LNA

Low-noise amplifier
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LPE

Liquid phase epitaxy

LSI

Large-scale integrated circuits

LTS

Low temperature superconductor/superconductive/superconductivity

LTSQUIDs

Low temperature SQUIDs

MBE

Molecular beam epitaxy

MCA

Multichannel access

MCC

(U.S.) Microelectronics and Computer Consortium

MCG

Magnetocardiogram/magnetocardiography

MCM

Multichip module

MEG

Magnetoencephalograph(y)

MELCO

(Japan) Mitsubishi Electric Co.

MIT/LL

(U.S.) Massachusetts Institute of Technology, Lincoln Laboratory

MITI

(Japan) Ministry of International Trade and Industry

MOCVD

Metallorganic chemical vapor deposition

MOE

(Japan) Ministry of Education, Science, Sports, and Culture

MOV

Metal oxide varistor

MPT

(Japan) Ministry of Posts and Telecommunications

MRI

Magnetic resonance imaging

MTBF

Mean time between failures

MUX

Multiplexer

NDE

Nondestructive evaluation

NEC

(Japan) Nippon Electric Corp.

NEDO

(Japan) New Energy and Industrial Technology Development Organization

NIST

(U.S.) National Institute of Science and Technology

NMR

Nuclear magnetic resonance

NSA

(U.S.) National Security Agency

NTT

(Japan) Nippon Telephone and Telegraph

OEM

Original equipment manufacturer

PBCO

Praseodymium-barium-copper-oxide

PCS

Personal communication system (cell phone communication standard)

PLD

Pulsed laser deposition

p-YSZ

Polycrystalline yttrium-stabilized zirconia

Q

Quantitative measure of the ability of a cyclic system to store energy (“Quality
factor”)

QD

(U.S. Co.) Quantum Design

QM

Quantum Magnetics

RAM

Random access memory
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RCAST

(Japan, Tokyo U.) Research Center for Advanced Science and Technology

RE

Rare earth element (such as La, Nd, Sm, Eu, Gd, etc.)

RE-123 oxides

123 compound formed with a rare earth instead of yttrium

rf

Radio frequency

Rs(T)

Surface resistance as a function of temperature T

RSFQ

Rapid single flux quantum

SC

Superconductivity

SCE

Superconducting electronics

SCT

(U.S. Co.) Superconductor Core Technology

SEM

Scanning electron microscope

SFQ

Single flux quantum

SHE

(U.S.) Superconducting Helium Electronics

SIS

Superconductor/insulator/superconductor, a tunnel device

SNS

Superconductor-normal metal-superconductor, a tunnel device

SOI

Silicon on insulator

SQUID

Superconducting quantum interference device, a sensitive magnetic sensor

SRL

(Japan) Superconducting Research Laboratory of ISTEC

SSL

(Japan/MITI) Superconducting Sensor Laboratory

STA

(Japan) Science and Technology Agency

STI

(U.S.) Superconducting Technology, Inc.

STM

Scanning tunneling microscope

SUNY Stony Brook

(U.S.) State University of New York at Stony Brook

T

Tesla (unit)

Tc

Superconducting critical temperature: maximum temperature at which a material
exhibits superconductive properties

TEM

Transmission electron microscope

Tl-1223

(Tl, Pb)(Ba, Sr)2Ca2Cu3Ox

URI

(U.S., DOD) University Research Initiative

XRD

X-ray diffraction / diffractometer

Y-123

YBa2Cu3Ox (see also YBCO)

Y-211

Y2BaCuO5

YBCO

YBa2Cu3O7 δ , yttrium-barium-copper-oxide (see also Y-123)

YSZ

Yttrium-stabilized zirconia
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