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Topics: Brief Summary of the IEC-TC90 Conference held in Xian, China

Ryohei Kondo,
Managing Director, ISTEC
IEC-TC90 Japanese National Committee

The International Electrotechnical Commission (IEC), an international organization involved inth e
development and publishing of international standards regarding electrical and electronic engineering, held
its TC90 conference on superconductivity at the Bell Tower Hotel in Xi'an, China on 20"-22™ August. The
conference, attended by 34 participants from six countries held their working group (WG) sub-committee
meetings. A mini symposium to deepen mutual understandings was held on the second day of the
conference followed by the TC90 plenary on the final day.

Participants from six countries attended the TC90 plenary —three secretariat members (chaired by Dr.
Bruzek from F rance), Japan (9 members including Teruo Matsushita, Professor Emeritus of Kyushu
Institute of T echnology as Chair of Japanese National Committee of IEC/T C90), China (11 members),
Korea (5 members), Germany (2 members) and USA (2 members). The IEC Central Office also
participated in the meeting actively exchanging their opinions. The following account briefly reports on the
plenary meeting regarding the results and outcomes from WG and mini symposium.

Bell Tower Hotel Xi'an and South Street, as seen from the Bell Tower.

<References>
e |EC was founded in 1906, with Japan formally joining the organization in 1910. Currently, regular
members from 60 countries and associate members in 22 countries are members of the
organization, with a total of 175 Technical Committees (TC) and Sub Committees (SC).

e TC90 was foundedin 1989 and is held every other year in order to facilitate discussions of
international standards regarding superconducting materials and equipment. Ten countries
participate in TC90, with Japan being the secretariat. (Mr. Kenichi Sato, a Fellow of Sumitomo
Electric Industries, Ltd. as International Secretary of IEC/TCQ0)
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IEC trends

- Mr. Sebellin, romthe IEC Central Office, proposed thatthe Committee Draftfor Voti ng (CDV) be
shortened to three months (usually five months). He also inferred to the trends of recent discussions, which
seem to focus on smart grid and renewable energy.

Drafting the standards and revision status

- 16 standards related to superconductor-related vocabulary and measurement methods have already
been published. 14 WGs were established at TC90. Amongst these, eight WGs and one ad-hoc group held
subcommittee meetings, discussing recent developments as well as future courses of action. Japanese
participants acted as conveners for all groups (some were convened with cooperation of overseas
members).

- Some draft standards were reassessed and a revised date agreed. For example, the following were
agreed at the meeting; New Work Item Proposal (NWIP) to be extended for an additional two years, which
pertains to |, characteristics of Bi-2223 superconducting wires under bending conditions. A Round Robin
Test (RRT) measuring REBCO wire |, characteristics to be launched within a year after establishing testing
method guidelines. Preparing a 2013 guideline pertaining to tensile strength measurements of BSCCO and
REBCO wires at 77 K. Additionally, an extension of the CDV target period to April 2014 for two general
rules proposed, relating to the general characteristics of superconducting wires, and reassessing the
Committee Draft (CD) from the viewpoint of buyer and manufacturer.

- Additionally, the following were agreed atthe meeting. The measurement methods undertaken to
determine Residual Resistivity Ratio (RRR) of Nb-Ti and Nb;Sn wires to be integrated in the next edition,
and further investigation on Matrix Composition Ratio techniques, utilizing image processing for the
measurements of MgB, and BSCCO composite superconductors to be discussed at the next meeting.

- The meeting declared that NWIP relating to a superconducting sensor would be submitted during 2013.

Plenary meeting scene

Any other business

- Discussions were held on strengthening cooperation and relationships with wo rking groups on
International Council On Large Electric Systems (CIGRE), who undertake technical investigations into
superconducting equipment, in addition to TC20, who perform power cable-related standardization.
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- The next TC90 meeting is planned around June-time, in Paris, two years from now.

- The author attended the IEC/TC90 conference for the first time. It is his o pinion that Asian groups are
making efforts in both R&D activities and superconductivity standardization, whereas Europe and USA are
trying to lead standardization. The author realizes the significance of holding the IEC/TC90 overseas with
Japan taking the initiative.

The author expresses his gratitude to the Japanese participants who extended their efforts in being
secretariats of IE C/TC90 and also leading each WG. The author also expresses his thanks to all the
Chinese members who prepared and welcomed us politely, hoping that via various routes, including R&D
activities will foster sustainable peaceful relationships between Japan and China.

(Published in a Japanese version in the October 2012 issue of Superconductivity Web 21)
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Topics: Wind Heat Power (WHP)

Toru Okazaki, Director
Public Relations Division/International Affairs Division
ISTEC

The output supply of power generated by wind and other forms of natural energy has issues with instability.
Additionally, noise is also an issue. Wind Heat Power (WHP) is perceived as being able to overcome such
issues. A presentation, entitled “Wind Heat Power”, was positively acknowledged and appraised at the Joint
Technical Meeting on Power Engineering and Power Systems Engineering of the Institute of Electrical
Engineers of Japan. The following provides key excerpts. Superconductors applied to t his technology
would enable the realization of greater cost reductions as well as stable power generation at costs low er
than currently available methods.

Heat generator
Turbine generator

Heat storage tank

Fig.1  Schematic of Wind Heat Power

Figure 1 shows a schematic of the WHP. The installation of a so-called heat generator —a type of electric
brake that utilizes eddy currentsin the upper portion of a wind tower, allows the direct conversion of
rotational energy to thermal energy. Since a form of electrical energy does not produce the power output, a
lightweight and low-cost heat generator is possible. Thermal oils and molten salts transports the heat
generated to heat storage tanks on the ground, all owing the stored heat to be utilized to generat e electricity
using a steam turbine whenever necessary. The latter has been utilized the same way in recent years for a
solar-power tower, enabling more stable power generation than solar photovoltaics. This may at first seem
to be less efficient and lack the benefits compared to conventional wind power generation, however
quantitative studies have concluded from the point of view of efficiency and maintenance that this method
produces the lowest energy cost. Some reasons are listed here:

1. Introducing current forms of natural energy isn ot feasible without the installation of more
state-of-art thermal power plants.

2. Introduction of large-scale natural energy resources requires control of the power output generated
(entire energy purchase is impossible).
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The high costs of wind turbine generators are prohibitive.
4. Electricity storage systems so far reported, have yet to be sought for possible installation at power
supply sites.

The author plans to provide detailed information on the above in future Web21 articles (a series of articles
every other month is planned for 2013). Figure 2 shows an electricity cost comparison assuming a stable
power supply. The cost of Wind Heat Power, referred to as WHP, is compared to the cost of other forms of
energies when combined with current technologies, including optimized WHP, which takes into account its
associated developmental factors. Comparisons were made based upon an EU performance base, with
the results showing that energy costs are cheaper compared to the curren t status of Japan, but still more
expensive compared to the current status of China. However, if a superconducting heat generator is utilized
in WHP, then lower energy costs than those described in figure 2 are expected.

16
14 /
-§ 12 Back-Ups
= / Network
E 10 / Curtailment
+ g _ Turbine Gen.
o M H.Storage
@)
> 5 W DC/AC
%0 W Batt.
S 4 e m AC/DC
M Generator
2 B Tower/Blade
0

Conv. Wind Wind+Batt. Wind Heat Optimized
Power WHP

Fig.2 Cost estimate results (in case of normal conducting)

Large losses typically occur when thermal energy is converted to kinetic energy. However, greater
efficiencies can be realized by increasing operating gas temperatures. Heat generators produce heat using
the principle of eddy currents, and operating temperatures can be increased to the point where metals can
melt. Nevertheless, there are not many metals that sustain magnetic properties at such high temperatures,
and in fact, a strong magnetomotive force is required here. A superconductor is therefore required for heat
generators operating at much higher temperatures, just the same way as a superconductor is required for
MRI, which forms strong magnetic fields spatially. It is expected that the heat-generator system cost forms a
small part of the entire system cost and the application of a superconductor does not impact overall costs,
and with efficiency expected to improve 1.5 — 2 times, leads to the possibility of significant reductions in
energy costs. Atp resent, there are few heat generator application examples and the possibility of a
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normal-conducting heat generator operating athig her temperatures cannot bei gnored completely.
However, it is possible to state that only superconductors allow the realization of a high temperature system
applicable to currently available heat generators.

Such superconducting-based heat generators can be considered for other applications since their
temperature can be increased to the point where metals melt. For example, when the temperature is raised
to nearly 1000°C, high temperature water vapor electrolysis, energy storage by hydrogen production, and
potential coal gasification processing methods can be made possible, thus opening the door to an array of
technology facilitated by employing superconductors.

The concept of this WHP itself is quite new. It is therefore important that many permutations are attempted.
In particular, itisimp erative to be aware of the factth at wind power generation is a com prehensive
technology requiring consideration on itslo cation, method, constructional element, procurement,
transportation, construction, operation etc. There are no major issues for the realization of WHP, however
there are potentially two electrical equipment and thermo mechanics aspects that need to be optimized, but
are difficult to est ablish. The author considers it important to launch full-scale development by, first of all,
undertaking a wide range of investigations, prototype fabrication and testing.

(Published in a Japanese version in the November 2012 issue of Superconductivity Web 21)
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What’s New in the World of Superconductivity
(November, 2012)
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Yutaka Yamada, Principal Research Fellow
Superconductivity Research Laboratory, ISTEC
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*News sources and related areas in this issue

»Power Application 88  HHLA [dianli yingyong]

Superconducting FCL Launched with Nexans

AMSC (December 5, 2012)

AMSC and Nexans have introduced a medium-voltage superconductor fault current limiter (SFCL) to the
North American market. SFCLs are expected to be a cost-effective solution tothe growing challenge
caused by fault currents. The SFCL offered by AMSC and Nexans is an extremely fast (with a response
time of less than 2 ms) and self-acting, passive system that limits fault currents to safe, manageable levels.
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SFCL systems with ratings of up to 36 kV will be made available, which should allow their use in most utility
distribution systems. By lowering peak currents during faults, electric utilities can expectto greatly reduce
system equipment costs, defer or eliminate equipment replacement, increase equipment life expectancy,
improve grid performance and operation, simplify the integration of renewable energy sources into the grid,
and improve operator safety. SFCL systems have already been installed in Germany and the United
Kingdom, and additional installations are planned in Europe. Daniel P. McGahn, AMSC President and Chief
Executive Officer, commented, "We are pleased to be expanding our product line and our relationship with
Nexans with the launch of the SFCL. Having successfully teamed to install superconductor power cables
and develop and demonstrate SFCL systems, both AMSC and Nexans believe the time is now to begin
capitalizing on the tremendous potential that exists for these offerings in the utility market."

Source: “Nexans and AMSC Introduce Fault Current Limiter for North American Utilities”

AMSC press release (December 5, 2012)

URL:
http:/ffiles.shareholder.com/downloads/AMSC/1729988020x0x620122/f090f055-94e2-478f-9768-bd28a66
28bf5/AMSC_News 2012 12 5 Commercial.pdf

Contact: Jason Fredette, jason.fredette@amsc.com

»Wire A AF EHEE [xian céiliao]

OAKRIDGENATIONAL LABORATORY

Managed by UT-Battelle for the Department of Energy

Self-assembly Nanostructure in Superconductor

Oak Ridge National Laboratory (November 12, 2012)

Researchers at the Oak Ridge National Laboratory have made progress in th e fabrication of advanced
materials on a nanoscale. The spontaneous self-assembly of nanostructures composed of multiple elements
is expected to lead to materials with an improved range of energy-efficient technologies and data storage
devices. Specifically, the researchers are combining theoretical and experimental studies to understand and
control the self-assembly of insulating barium zirconium oxide nanodots and nanorods within
barium-copper-oxide superconducting films. Lead researcher on the project, Amit Goyal, summarized the
research by stating, "We found that a str ain field that develops around the embedded nanodots and
nanorods is a key driving force in the self -assembly. Bytu ning the strain field, the nanodefects
self-assembled within the superconducting film and included defects aligned in both vertical and horizontal
directions." This method of co ntrolled assembly greatly improved the material’s properties, including a
marked reduction in anisotropy. The findings have implications for the nanoscale fabrication of controlled
self-assembled nanostructures comprised of multiple elements to be used in a range of electrical and
electronic applications. The group’s work was reported in Advanced Functional Materials.

Source: “Strain tuning’ reveals promise in nanoscale manufacturing”

Oak Ridge National Laboratory press release (November 12, 2012)

URL:

http:/mww.ornl.gov/info/press_releases/get press_release.cfim?ReleaseNumber=mr20121112-01
http://mwww.eurekalert.org/pub_releases/2012-11/dml-tr111212.php

Contact: Bill Cabage cabagewh@oml.gov
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wZISTI

SUPERCONDUCTOR TECHNOLOGIES INC. Solution Deposition Planarization (SDP) System Installed
Superconductor Technologies Inc. (November 12, 2012)

Superconductor Technologies Inc. (STI) h as completed the acceptance testing of its Solution Deposition
Planarization (SDP) system, which produces a wire template with a smooth surface—thereby eliminating the
need to polish the template, which in turn reduced both costs and chemical waste. The equipment has now
been shipped and received at STI's Advanced Manufacturing Center of Excellence in Austin, Texas. The
milestone marks the compl etion of STI's new 2G HTS wire production suite at the Austin facility. The SDP
system will be used in conjunction with an ion beam assist ed deposition (IBAD) system that was installed
last Aprilt o produce 1-km lengths of com plete wire template. This template will then be used in a
next-generation reactive co-evaporation cyclic deposition and reaction (RCE-CDR) system installed last
October; the RCE-CDR equipment will depositthe HTS material onto the templa te using a proprietary
process. The production line is expected to be completely installed and to be operational by the end of 2012,
with commercial production anticipated in 2014.

Source: “Superconductor Technologies Inc. Completes Acceptance of Reactive Co-evaporation Cyclic
Deposition and Reaction (RCE-CDR) Equipment for Its Conductus(R) 2G HTS Wire Production”
Superconductor Technologies Inc. press release (November 12, 2012)

URL:

http://phx.corporate-ir.net/staging/phoenix.zhtml?c=70847&p=irol-newsArticle&ID=1757268&highlight=
Superconductor Technologies Inc. Completes 2G HTS Wire Production Suite

Contact: Investor Relations, Cathy Mattison or Becky Herrick of LHA for Superconductor Technologies Inc.,
invest@suptech.com, ; HTS Wire, Mike Beaumont of STI, mbeaumont@suptech.com

»Management and Finance 733X Z'E{z E[jingying xinxi]
ys ' ’ )

frZ -

SUPERCONDUCTOR TECHNOLOGIES INC. Financial Report

Superconductor Technologies Inc. (November 13, 2012)

Superconductor Technologies Inc. (STI) has reported its financial results for the third fiscal quarter ending
September 28, 2012. STI's third quarter net revenues were US $1.3 million, compared with $479,000 for the
same period in the previous fiscal year . The net loss for the third quarter was $2.3 million, compared with
$3.3 million for the same period in the previous fiscal year. The company announced that it had reached a
strategic milestone by completing the acceptance testing of all equipment required to produce Conductus®
wire for commercial qualification. The production of longer lengths of wire for technical evaluation and
qualification purposes is expected to begin in early 2013. Jeff Quiram, STI's president and chief executive
officer, commented, “In the third quarter, our customer activities increased signific antly, resulting in a full
pipeline of requests for Conductus wire as customers seek to secure supply in 2013 and beyond. We expect
the current demand associated with those requests will consume all the wire we can produce in the first few
quarters of 2013."

Source: “Superconductor Technologies Reports Third Quarter 2012 Results”
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Superconductor Technologies Inc. press release (November 13, 2012)

URL: http:/phx.corporate-ir.net/staging/phoenix.zhtml?c=70847&p=irol-newsArticle&lD=1757840&highlight
Contact: Investor Relations, Cathy Mattison or Becky Herrick of LHA for Superconductor Technologies Inc.,
invest@suptech.com, ; HTS Wire, Mike Beaumont of STI, mbeaumont@suptech.com

Cost Reduction Plan

AMSC (November 28, 2012)

AMSC has reduced its workforce by approximately 25 % and is consolidating office space so as to lower
operating costs and enhance liquidity. The reductions have affected all of AMSC’ s major geographical
locations and functions. The company’s global workforce now consists of approximately 340 employees.
Daniel P. McGahn, AMSC President and Chief Executive Officer, explained, "While the long-term prospects
for renewable energy remain bright, conditions in the sector today are challenging. Financing and cash flow
among wind farm developers and wind turbine manufacturers have been constrained, which has impacted
growth plans for some of our Windtec™ Solutions partners. Given this environment, we made the difficult
but prudent decision to reduce our workforce in order to weather the industry downturn and minimize our
cash usage." The action is expected to reduce the company’s annualized expenditures by approximately
US $10 million and should further lower its annualized operating expenses to less than $58 million by the
fiscal quarter ending June 30, 2013. Restructuring charges of $3-$4 million are anticip ated during this
period.

In response to shipment delays to Windtec Solutions partners, AMSC has also revised its financial forecast
for the third fiscal quarter ending December 31, 2012. AMSC now expects revenues in excess of $20
million and a net loss of less than $24 million.

Source: “AMSC Announces Cost Reduction Action”

AMSC press release (November 28, 2012)

URL:
http:/files.shareholder.com/downloads/AMSC/1729988020x0x617167/62572d2b-e268-442f-8808-783bbb
1929e2/AMSC_News_2012_11_28 Financial.pdf

Contact: Jason Fredette, jason.fredette@amsc.com

(Published in a Japanese version in the January 2013 issue of Superconductivity Web 21)
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Feature Article: SQUID Applications
- Utilizing HTS-SQUID for Non-destructive Testing Evaluating The
Destructive Mechanism of Braided CFRPs

Yoshimi Hatsukade, Associate Professor
Department of Environmental & Life Sciences
Toyohashi University of Technology

The fabrication of lightw eight airplanes and automobiles to attain energy savings and achieve
improvements in fuel e conomies is currently being fulfilled using Carbon Fiber Reinforced Plastics
(CFRPs). CFRPs are lightweight compared to general metals, offering superior specific strength and
rigidity characteristics. Recent research and development efforts have sought braided CFRPs with
greater strength and superior functi onality. Developmental efforts in braiding bundles of carbon
fibers have produced braided CFRPs (long and narrow textiles interwoven fibers oriented at an
angle of 45° ), with the continuously oriented fiber bundles of the composite structure able to
support any load. This produces superior strength and elasticity characteristics over conventional
CFRPs, and moreover an epoxy resin matrix coupled with a carbon nanofiller can be used to tailor
its strength. Such techniques have produced a number of new b raided fibrous assemblies all with
differing characteristics.

With an HTS-SQUID gradiometer it is possibl e to detect breaks in carbon fiber bu ndles by
visualization of current distribution. This was introduced in the August 2011 issue of
Superconductivity Web21, where the possibility of assuming conductivity distribution within the

materials was described. Following this, our joint research partner, Hamada research group based
at Kyoto Institute of Te chnology, undertook tensile testing of the braided C FRPs and a nalyzed
destructive process/material characteristics using both visual observations and stress-strain curves.
Additionally, the group investigated the destructive mechanism of braided CFRPs by employing both
destructive and non-destructive curre nt distribution visualization testing methods, after unloading
braided CFRPs during a destructive test.

For the test a 2 wt% carbon nanofiber (CNF), having an average diameter of 100 nm and about 10
wm in length, were mixed into an epoxy resin matrix and combined with the flat-braided 25 carbon
fiber bundles, producing braided CFRPs containing CNF. As a comparison, a reference braided
CFRP without CNF has also been fabricated. The test observed the surface of the fiber and
measured stress-strain curves with the application of a tensile load applied to the sample. The

results from these tests are shown in upper half of Figure 1. Paint was applied to the sample surface
after the application of a load to clearly identify surface cracking. A load applied to the reference
braided CFRP without CNF, from an initial stage (1) showed a matrix crack down its left side, which
reduced its stress (2), crack propagation then occurred along the matrix crack accompanied with an
increase in strain, finally leading to breakage after several stress-strain cycles (3). On the other hand,
the application of a load to the braided CFRP containing CNF, from an initial stage (1), produced
several matrix cracks towards the lower side of the sample before finally cracking, but this time there
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was no accompanying decrease in stress (2), but was shortly followed by an abrupt crack emanating
from one of those matrix cracks (3).
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Fig. 1 (Top half) Stress-strain curves of braided CFRP with and without CNF, along with images
after destruction. (Lower half) The visualization results of current distribution within braided
CFRP by HTS-SQUID gradiometer. x-direction current distribution (mid-stage) and y-direction
current distribution (lower stage) are shown separately.

The bottom half of Figure 1 shows current distribution visualization re sults, obtained u sing an
HTS-SQUID gradiometer, when AC current was applied to the samples at each stage (1)-(3) as well
as (1)-(3). Here, x-direction current distribution (mid-stage) and y-direction current distribution (lower
stage) are shown separately. The upper figure shows the x-direction current flow, with deeper levels
of red signifying greater current flow towards the right of the graph. Contrary to this, the lower figure
shows the y-direction current distribution, with red and blue indicati ng current direction vertically .
From the y-direction current distribution results, both samples indicate that the applied current
travels 45° along braided carbon fiber bundles b efore a final crack occurs. Also, the current
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distribution in the CNF-containing CFRP was far more homogeneous than the CFRP without CNF,
and the edge effe ct across its width was greater. This effect was attributed to an average current
density being measured around fiber bundles, since the current flows via CNF between fiber
bundles, which are presentam ongst the carbon fiber bundles. As there was no ob servable
difference in current distribution between the cracks occurring at (2) and (2), it was assumed that
these were matrix cracks. However, there were large observable differences in current distribution
due to fiber bundles breaking at the final crack stage of (3) and (3). The non-destructive test results
shown in Figure 1 concluded that the braided CFRP without CNF underwent cracking in a majority
of its fiber bundles, and also the CNF containing braided CFRP experienced a number of cracks
within fiber bundles over its entire area. The CNF-containing CFRP underwent an abrupt final crack.
It is believed thatthe =~ CNF strengthened electrical conduction as well as mechanical load
transmission between fiber bundles.

A combination of destructive and non-destructive testing were able to ascertain internal and external
fiber information as well as correlate mechanical and electrical characteri stics, thus indicating

possible effectiveness of this technique as a pot ential destructive mechanism analysis method.
Braided CFRP fibers in use today actually require methods to be able to detect initial crack formation,
such as ma trix cracks occurring between fiber bundles as observed in (2). Therefore, the
development of eddy current detection technology has been currently progressing, a method that
involves inducing current between fiber bundles to detect the formation of initial cracks. This series
of research employs a multi-layered HTS SQ UID gradiometer utilizing ramp-edge Josephso n
junction developed by ISTEC/SRL.

(Published in a Japanese version in the August 2012 issue of Superconductivity Web 21)
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Feature Article: SQUID Applications
- Development of a Compact Magnetometer Using HTS-SQUID and a
Rotating Sample

Keniji Sakai, Assistant Professor
Graduate School of Natural Science and Technology
Okayama University

1. Introduction

Magnetic susceptibility isa fundamental parameter specificto all magnetic materials. A non-destructive
testing method involving measuring am aterial's magnetic susceptibility therefore allows material
identification and the ability to evaluate the contents of specific materials. Although a ma gnetometer is
typically employed for magnetic susceptibility measurement, the me asurement method is diffe rent
depending on the degree of m agnetic susceptibility. A ferromagnetic material exhibits high magnetic
susceptibility and has strong s econdary magnetic fields generated with the application of an external
magnetic field. For such cases a large-scale coil generating a strong magnetic field and a highly sensitive
magnetic sensor are not required. On the other hand, paramagnetic and diamagnetic materials exhibit
much lower levels of magnetic susceptibility and thus require the application of a strong magnetic field and
employment of a highly sensitive magnetic sensor to detect weak mag netic fields generated by the
materials. Presently the magnetic suscepti bility of paramagnetic and diam agnetic materials is commonly
undertaken by a magnetometer employing a high sensitive LTS-SQUID sensor. However, liquid helium
cryocooling is required ina dditon to issues with system footprint, difficulties in maintenance and
management concems related to high running costs. Current commercially available magnetometers that
utilize LTS-SQUIDs occupy large areas of laboratory space and installation space has to be determi ned
prior to the installation. Additionally, there are also limitations placed on quantity and shape of samples that
the system can handle and are mostly limited to solid matter or powders. Liquid samples are difficult to
handle, with only a handful of studies reporting liquid magnetic susceptibilities measured with a high degree
of sensitivity. To address these issues our research group has been tasked with the development of a
compact, desktop-sized magnetometer that employs an HTS-SQUID, which has far easier cryocooling
requirements and lower running costs. The HTS-SQUID employed in this stud y was ar amp-edge
Josephson Junction developed at ISTEC/SRL.

2. The system design and the measurements results

A schematic of the system developed is shown in Figure 1. The sample is fixed to a disc rotated by an
ultrasonic motor, and transferred between the poles of an electromagnet. The magnetic field emanating
from a sample is detected as follows. The electromagnet generates a DC magnetic field that magnetizes
the sample as it passes between the poles. As shown in Figure 1, afi rst order differential pick-up coil is
installed below the poles and detects changes in magnetic field as the rotating sample passes by. The
detected signal is fed to the HTS-SQUID via an input coil connected in series to the pick-up coil. Here, the
SQUID and input coil are magnetically shielded, thereby allowing samples tobe easily replacedffitted.
Although a sample holder with dimensions of 25x25x19mm? has been employed for the purposes of this
demonstration, the system can house different shapes and sizes of sam ple holder, to a ce rtain degree.
Additionally, the sample holder canacc ommodate liquid samples thereby offering advantageous
characteristics and greater flexibility in measuring liquids sample.
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Turn table B8

Pick-up coil

10 cm

Fig.1 A compact magnetometer

Evaluation of the system has been performed using a composite consisting of resin and ferromagnetic iron
oxide particles, and pure water - a diamagnetic liquid. Figure 2 shows the output SQUID waveform from
each sample. Collecting data from many samples rotations reduced data noise and a laser displacement
sensor determined specific sample locations, allowing computation of arithmetic mean. The ferromagnetic
sample produced a particular waveform as shown in Figure 2(a), which was attributed to the first order
differential coil, and also produced an output voltage that was larger compared to that of pure water. On the
other hand, although the output voltage from pure water was small, the particular waveform attributed to the
first order differential coil was similar to Figure 2(a). This confirmed the systems ability to detect a weak
magnetic fields generated by pure water. Furthermore, comparing Figures 2(a) and (b) reveals a 180°
phase change between the waveform patterns of the ferromagnetic material and pure water. This indicates
that because of the diamagnetic material of pure water the secondary magnetic fields generated by the
application of an external magnetic field are opposite to that of ferromagnetic materials. Thus, the findings of
this study clarified that the magnetic fields measured by thes ystem were able toid entify
ferromagnetic/paramagnetic and diamagnetic materials.
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Fig.2 (a) Magnetic field signal from a ferromagnetic material and (b) magnetic field signal from pure water,
as measured using the magnetometer developed in this work
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3. Conclusions

We have developed a highly sensitive magnetometer that is very compact and allows measurements to be
made easily. Measurements detecting weak magnetic fields generated from pure water were successful.
The system will be further improved in the future to include a pl an to investigate new measuring system
able to determine moisture content and perform identification/quantitative evaluation of materials.

The research findings were supported by the Strategic Promotion of Industry-Academia Innovative R&D,
JST.
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Feature Article: SQUID Applications
- Development of A Biological Inmunoassays Employing Magnetic
Markers (HTS-SQUID)

Kenji Enpuku, Professor
Research Institute of Superconductor Science and Systems
Kyushu University

Magnetic markers are nanometer-sized polymer-coated magnetic particles that are immobilized with test
reagents on their surfaces. Such markers are routinely employed in several types of medical and biological
applications. Representative applications include separation/purification of proteins and cells, MRI contrast
media, magnetic hyperthermia and magnetic immunoassays. Amongst those applications biological
immunoassay is often applied in medical diagnosis to detect disease-causing proteins and pathogenic
bacteria.

Magnetic-based immunoassay detects binding reactions between magnetic markers and biological targets
by measuring magnetic signals from the markers. This method is expected to offer greater new
functionalities over conventional optical-based markers. A couple of benefits afforded by magnetic markers
over optical markers are, 1) the possibility to undertake a liquid phase immunoassay without the need of a
bound/free (B/F) separation, usually difficult with the optical method, leading to more swift and greater
detection sensitivity, and 2) it could evolve as an internal medical diagnosis method able to measure binding
reactions in the body since the magnetic signal permeates through the body.

Here, the detection of small concentrations of biomaterials is dependent upon the ability to detect micro
magnetic fields emanating from magnetic markers. Also, employing a SQUID sensor then offers the
potential of a highly sensitive detection system. This article introduces our research pertaining to bio
immunoassay taking advantage of the characteristics afforded by the above-mentioned magnetic marker
technology.

Firstly, liquid phase immunoassay is introduced. It's aimed at external medical diagnosis applications such
as blood testing. As shown in Figure 1(a), an antigen is immobilized on a polymer particle, 3.3 ym in
diameter, to which the target is combined. After combining, the magnetic markers are fed to the liquid; some
combine and form bound markers whilst others remain free. The different magnetic characteristics between
the markers allow then to be magnetically distinguished without using the “washing process”.

Figure 1(b) is an example of a protein called biotin that has been detected using this method. The abscissa
shows the numbers of biotin Ng, and the ordinate shows the magnetic signal detected by the SQUID. It was
possible to detect up to 10° biotins. The detection sensitivity was 6 atto-mol/ml, confirming that micro
detection to atto-mol levels was possible. The sensitivity was compared utilizing MR (magnetic resistance)
and FG (flux gate) sensors, and clearly showed that a SQUID allows the detection micro-amounts of
biotins.

The development of an immunoassay involving internal medical diagnosis is now introduced. An example
of internal diagnosis employing a magnetic marker is displayed in Figure 2(a), which shows a sentinel
lymph node biopsy carried out on a breast cancer cell. Magnetic markers injected into diseased tissues
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(cancel cells) reach the first lymph node (sentinel lymph node) via the lymph duct. If a cancer cell spreads to
this lymph node then the magnetic marker binds with the cancer cell and is accumulated at that point. Thus,
body-surface-measurements of magnetic signals generated from magnetic markers concentrated in the
lymph node allow possible detection and thus provide an early sign of potential cancer cells spreading. This
method of detecting the quantity and the location of magnetic markers concentrated inside a body is
generally referred to as Magnetic Particle Imaging (MPI).

Bound markers Free markers [ T T T T T T
marker 'Ih 10° = MR x .
- g p E
3 ! \“ " — E / g»
E gl -, i A/ ¢ =
target L@ @< ; v 10°L sQuib 8 v A
B ’ p 5
(biotin) ):‘ z g ) o’ 1
............................ - s / EG ]
10%) - ¢ .
dp:3.3l.lm d=110 nm f Ll Lol L
=14 s 15=0.5 ms (@) 10° 10° \ 107 10°
8 (b)

Fig. 1 (a) Magnetic markers in liquid phase immunoassay,
(b) Detection of biotin — the relationship between the numbers of biotin Ng and magnetic signal strength

Figure 2(a) shows magnetic marker image simulations of two markers (each 5 mm¢in size, 100 ug in
weight), both deeply located z=20 mm and separated from each other by a distance Ax=20 mm, with the
resultant signal field map at the location z=0 mm (corresponding to the body surface) in Figure 2(b). In the
same figure, the presence of these two magnetic markers is apparent from the peak in the vertically
generated magnetic field from the markers. However, since the field map is spatially spreading as shown in
Figure 2(b), the spatial resolution of the map estimating the location of the markers decreases. Figure 2(c)
shows the magnetic marker distribution results obtained from a field map calculated using a singular value
decomposition (SVD) method. This technique clearly distinguishes the location of the two markers. Thus, it
becomes possible to precisely detect the location and quantity of magnetic markers accumulated within a
body and paves the way for the future development of immunoassay deployed for internal medical
diagnosis.

AX=20 mm

Injection *

Fig. 2 (a) Magnetic marker imaging for internal medical diagnosis, (b) Field map from two magnetic markers,
(c) Estimating the location of two magnetic markers
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This research has been jointly undertaken with Nagasaki International University and Central Research
Laboratory, Hitachi, Ltd.
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Feature Article: SQUID Applications
- A Large-scale Magnetic Field Gradiometer Utilizing YBCO High
Temperature Superconducting Tapes

Akira Tsukamoto

Senior Research Scientist
Electronic Devices Division
SRU/ISTEC

A transient electromagnetic method (TEM) employing a high temperature superconducting SQUID has
been developed both in Japan and overseas for mining exploration, commencing now with a practical
device for metals exploration. The method involves the transmission of a pulse current of several tens of
amperes travelling in a 100-200m long (length of one side) loop coil laid on the ground, and determining
underground resistivity features by monitoring attenuation characteristics of a secondary magnetic field
generated from induced current dispersion underground. The high sensitivity characteristics afforded by a
SQUID allows for greater exploration depths compared to a conventional TEM method employing an
induction coil as a sensor. However, increased SQUID sensitivity leads to an increased influence of
environmental magnetic noise. In order to address this a gradiometer measuring a magnetic field gradient
between two points has been used to cancel environmental noise, leading to an expectation that
measurements of magnetic field gradient can further improve sensitivity at boarder regions. Nevertheless, a
long baseline (the distance between two points to be measured) was required in order to measure a
magnetic signal from underground in several tens or several hundred meters depth.

Until now, it is difficult to fabricate a large-scale gradiometer due to the lack of technological development
in joining the high temperature superconducting wires in a superconducting state. The Superconductivity
Research Laboratory has however been successful in developing a large-scale magnetic field gradiometer
that allowed YBCO tapes and high temperature SQUID devices to be connected with a low contact
resistance.

Figure 1 shows a schematic and a photo of the large-scale magnetic field gradiometer developed in this
study. The pickup coil was fabricated utlizing a 10 mm-wide Gd123-based high temperature
superconducting tape (made by Fujikura). The tape was divided into two 5 mm-width pieces with both
terminal ends connected, was wound three-dimensionally into a bobbin having a 100mm diameter. This
realized a planar type first-order gradiometeric pickup coil without bonding (Figure 1). Employing long tapes
allows coils to be fabricated with specific winding turns. The SQUID device utilized here forms a
directly-coupled thin film gradiometer in which the SQUID device accommodates the first-order thin film
pickup coil connected directly to the inductor. The input coil connecting the thin film pickup coil was
fabricated on a substrate different to that of the SQUID device and the directly coupled thin film gradiometer
was attached by an epoxy adhesive to the top of the input cail, forming a flip-chip style structure. The
magnetic field gradiometer has 26 turns on the input coil (N;) and 6 turns on the pickup coil (N;), allowing
reliable inductance matching. A low melting point alloy (melting point 79°C) was used to connect the input
coil with the pickup cail. In addition to increased detection sensitivity it is also important for the gradiometer
to keep a balance between the two pickup coils. We have developed a balance adjusting mechanism that
attaches three YBCO tapes to an eccentric rotating plate. Depending upon the point of rotation the relative
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inner and outer positions of the YBCO tapes connecting the detection coil vary continuously, allowing
magnetic flux linking the pickup coils to be adjusted.

SQUID substrate
(inner part)

6-turn detection coil

Direct type gradiometer

sSQuib

substrate

Eccentric rotating axis

Fig. 1 A schematic of the large-scale magnetic field gradiometer developed
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Figure 2 shows the measured frequency characteristics of the magnetic field gradiometer (N=26,Ny=6).
The sensitivity characteristics were flat at greater than 9Hz of the cut-off frequency. A deterioration of
sensitivity at lower frequencies was due to the influence of contact resistance. Sensitivity at flat region
corresponding to an effective area of 1.89 mm? and an effective volume of 662 mm3, defined as effective
area x baseline. The magnetic flux noise was as low as 25u®y/Hz"? (white), which corresponding to
gradient magnetic field noise of around 1 fT/cm-Hz"4white) . Gradiometer balance was 1/142 (1/69
recorded before balance adjustments). Mining exploration requires a balance performance of about 1/1000
therefore further precise balance adjustments are considered necessary.
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Fig. 2 Frequency characteristics of the magnetic field gradiometer
(A comparison between actual and calculated values)
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This research was commissioned by Japan Oil, Gas and Metals National Corporation (JOGMEC), as a part
of a mineral exploration, project funded by the Ministry of Economy, Trade and Industry.
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Feature Article: SQUID Applications
- Realizing A SQUID Magnetometer for Practical Geomagnetic Field
Measurements

Jun Kawai, Professor
Applied Electronics Laboratory
Kanazawa Institute of Technology

1. Introduction

Observations of terrestrial electromagnetic phenomena including geomagnetic field have long since been
performed in order to study earth’s dynamism, as well as investigating physics-related phenomena such as
auroras and geomagnetic storms occurring at th e magnetosphere. Research inthis field has recently
progressed whereby electromagnetic phenomena emanating from crustal movements such as
earthquakes and volcanic activities can be detected (Hayakawa 2010). There were recent reports of an
extraordinary increase in the outgoing long wave radiation (OLR) close to the epicenter prior to and after the
M9.0 earthquake that struck the east coast of Japan in 2011 (Ouzounov 2012). It is the author’s belief that
changes in the i onosphere due to crustal movements could be detected by measuring minute ground
surface changes in geomagnetic field. In fact, there was a recent report from an overseas research facility
utilizing an abandoned mine (France: LSBB), who were able to detect minute magnetic signals of around
100pT~1nT by employing a SQUID, assuming that the ionosphere was excited by crustal movements
(Waystand 2009).

Conventionally, eithera fluxgate magnetometer or an overhauser magnetometer has been utilized for
detecting changes in geomagnetic field. Greater sensitivity for geomagnetic field measurements using more
highly sensitive SQUIDs have been proposed earlier with experiments undertaken in Japan (Kitamura 1978,
Kamata 2000). Additionally, field measurement trials clos e to volcanic areas have also been performed
using a portable HTS-SQUID device (Kasai 2001, Nomura 2002, Machitani 2003). Despite this, it is difficult
to ascertain whether a stable SQUID system applicable forthe long-term continuous measurements of
geomagnetic field has been established. Thus, in order to address this, the author's research team has
performed long-term field experiments to verify the potential practicability of a SQUID system for field
measurements. The study has been to determine whether a practical SQUID system is feasible, and prove
“the effectiveness of a SQUID as a highly-sensitive tool for measuring changes in geomagnetic field, even
though the inconvenience of requiring liquid helium coolants and the inability to measure absolute values
are unavoidable.”

2. The prototype system and field measurements

The system fabricated atthis time consisted of a SQUI D magnetometer, designed to detect the XYZ
components of geomagnetic field, a cryostat, a direct read-out FLL system, an ampilifier circuit and both an
analog low and high-pass filter. The schematic on the left of Figure 1 shows an outline picture of a 3-axis
SQUID magnetometer. The Nb-based SQUID magnetometer, having dimensions of 2.5 mm x 2.5 mm, is a
flux-transformer type. The middle picture of Figure 1 shows the cryostat made of GFRP, 0.42 m diameter
and 1m tall, with a 35-L liquid helium capacity, allowing a month-of continuous cooling. The system noise,
as evaluated by a SQUID installed within the superconducting shield was measured as 15 fT/y/ Hz and 2
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pTv Hz at10 0 Hzand 0.01 Hz, respecti vely. Thelo w frequency noise, which is attri buted toth e
temperature drift in the output of the preamplifier, was measured to be 6.5 pT/°C on a m agnetic field
conversion basis. This is an issue to be addressed in the future. The DC-offset generated during SQUID
FLL operation is canceled with the additional field applied through the fe edback coil in the SQUI D. An
electromagnetic shield placed around the SQUID magnetometer eliminated high frequency noise and
limited the overall frequency bandwidth to around DC~500 Hz. By taking into consideration the diurnal
variation of geomagnetic field, the maximum detectable field was set at ==150 nT. Using a commercially
available 16-bit data logger has been employed for data collection, the minimum measurable magnetic field
has been presently limited to 15 pT due to guaranteed resolution. If required, increased data logging
resolution up to the noise level of the SQUID is conceivable. Furthermore, a GPS pulse signal allows data
time correction.

Fig. 1 (left) 3-axis SQUID magnetometer , (middle) Cryostat, (right) Inside experiment facility

A wooden building was constructed on the ground floor of our laboratory for the experimental field
measurements. The system was installed in April last year and since then has been continuously making
measurements in order to ascertain its practicability. The picture on the right hand side of Figure 1 shows
inside the facility. The geographical coordinates of the facility are 36° 30°00.8” north and 13° 41°51.5"east,
and is located 199m above sea level. The cryostat is housed in a hole constructed on the ground floor with
the SQUID sensors buried 1m below the ground. Also, a 3-axis accelerometer has been installed on top of
a granite pillar buried in the ground floor to measure vibration. For measurements to generally determine
changes in geomagnetic field, the specifications of the system allow it to measure very low frequencies of
several seconds to frequencies of se veral 1000s of seconds. Thus, it is imperative that changes in DC are
precisely measured without any anomalies due to errors such as flux jumps. Ongoing studies are currently
underway with measurements taken every few days by the authors’ team.

The left hand side of Figure 2 shows an example signal of the changes in geomagnetic field measured with
this system over two days, from 12-14™ May 2012. The frequency bandwidth was set at DC~20 Hz and the
sampling frequency was 50 Hz. The X,Y,Z axis correspond to north-south, east-west and vertical,
respectively. Although the e xperimental period was short, the changes inth e geomagnetic field are
successfully measured. The right hand image of Figure 2 shows the data obtained for a period of 1hour
from 22:00, 12 May (JST), south-north element (Bx) after high-pass filtering with a 150-second cut-off. This
finding confirms that a geomagnetic pulsation, called Pi2, was successfully detected.
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Fig. 2 (left) The changes in geomagnetic field measured by SQUIDs,
(right) Pi2 geomagnetic pulsation detected by SQUID

3. Conclusions and future issues

A highly sensitive system em ploying a SQUI D to measure changes in ge omagnetic field has been
developed and field experiments have been demonstrated. Further detailed evaluation of this system due
to climate and environmental noise and analysis of the obtained data are planned. Whilst experiments
addressing issues of “what is required to optimize SQUID system designed for field measurements of
geomagnetic field” are ongoing, enhancements in the system performance are currently continuing for the
realization of a practical system.
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Feature Article: SQUID Applications
- Ultra-low-Field NMR Measurements of Protons and Fluorine Nuclei
using SQUID

Yusuke Seki
Central Research Laboratory
Hitachi, Ltd.

1. Introduction

Recent years have seen attention focused on employing a superconducting quantum interference device
(SQUID) in NMR/MRI measurements performed in the so-called ultra-low field 10—-100 microtesla (uT)
range, and offering equivalent static magnetic field strength characteristics as those observed at the
terrestrial magnetic level™. The static magnetic field strength of conventional NMR/MRI is a few tesla and
signal frequency (proton magnetic resonance frequency) is around 100 MHz. However, ultra-low-field
NMR/MRI has a static magnetic field strength of around 10—100 uT and a signal frequency of around 1-10
kHz, 5-6 orders of magnitude lower than conventional NMR/MRI. Ultra-low field NMR/MRI detects NMR
signals by employing a highly sensitive SQUID-based magnetic sensor coupled with a technique to
increase sample signal strength by pre-polarization of the nuclear spins at around 10—100 mT.

A copper wire coil makes up both the ultra-low field static magnetic and gradient field coils at room
temperature, offering the potential of realizing a compact, low cost and much safer alternative compared to
a superconducting magnet. Also, since the signal frequency is low in the kHz order it potentially enables
NMR/MRI measurements to be undertaken even for metal contamination measurements. Additionally,
simultaneous magnetoencephalography measurements are made feasible, which were impossible with
conventional MRIY. Furthermore, there are additional indications that the longitudinal relaxation time (T)
image contrast has the potential to detect tissues/materials such as tumors and flammable liquids, which
have until now been difficult to detect using high field MRI?®. Employing a SQUID is far superior in terms of
broadband measurements when compared to detection methods employing induction coils, which require
a resonance circuit.

The author and his group have been advancing their research in ultra-low-field NMR/MRI studies aiming for
the development of new biometric technology. This article provides a brief account of the research
undertaken in the simultaneous measurements of ultra-low-field NMR signals emanating from protons and
fluorine nuclei, which have different resonant frequencies, and focuses on the characteristics of employing a
SQUID detection method that offers far superior broadband characteristics as mentioned above.

2. System configuration of ultra-low-field NMR

Figure 1 shows a schematic of the prototype ultra-low-field NMR fabricated for this research. The hardware
comprises a SQUID gradiometer for signal detection and a coil system designed to generate a magnetic
field to test the samples. For this research an axial second-order gradiometer employing low-T. SQUID (50
mm in diameter, 70 mm in baseline, 0.65 fT/Hz'? magnetic field noise) was fabricated.
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Fig. 1 Schematic of the ultra-low-field NMR

A polarizing magnetic field coil is used to magnetize the sample and plays an important role in increasing
signal strength. It is also desirable that the current passing through the polarizing magnetic field coil can be
switched off rapidly. From this perspective, the polarizing magnetic field coil was fabricated by winding low
impedance, high-frequency Litz wire (72 strands) having 1550 tums filling a bobbin (110 mm in diameter,
178 mm in length). A FET relay switching circuit was employed to rapidly switch off the current passing
through the polarizing magnetic field coil.

The static magnetic field coil was arranged in a Helmholtz pair configuration with two coils placed parallel to
each other. It is necessary that the radius of the Helmholtz coil be equal to or greater than the separation
distance between the coils in order to have a homogeneous magnetic field around a central area where the
sample is located. For this study the Helmholtz coils had a diameter of 1.2 m and were separated by 0.53 m.
The direction of the static magnetic field B, (z-direction) was vertical to the direction of the polarization
magnetic field B, (x-direction), and a static magnetic field intensity was 50 uT, equivalent to an earth’s
magnetic field.

3. NMR measurements

Figure 2 shows the imaging sequence measured by the NMR employed in this research. The polarization
magnetic field B, magnetizes the nuclear spin within a sample in the x-direction. When the current passing
through the polarization field is switched off the nuclear spin is magnetized in the direction of the static
magnetic field By. At this time, the NMR signal generated from within the sample has a resonance
frequency equal to fy = yBy/21T in the direction of the polarized field and is attenuated at a transverse
relaxation time of T,. The gyromagnetic ratioy is a constant and it is well known to have specific values for
each individual nuclei. This is most basic NMR signal and is called the free induction decay (FID).
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For this study the polarization magnetic field B, and static magnetic field B, were set as 17 mT and 50 pT,
respectively. The static magnetic strength was measured using a fluxgate magnetometer. The application
duration time of the polarized magnetic field was 5 s, with the measurement using the SQUID gradiometer,
starting 20 ms after the polarized field was switched off. Data was acquired using an oscilloscope for a
period of 250 ms after the polarized magnetic field was switched off and at a sampling rate of 10 kHz after
passing through 1.6-2.5 kHz band-pass filter. Furthermore, the NMR signal spectra were FFT processed
from the waveform obtained.

Samples for NMR measurements involved 15 ml of pure water (HO) and 15 ml of fluorine compound
perfluorooctane (CgF1g), which has an extremely low concentration in the human body and is widely used
as MRI contrast media.
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Fig. 2 NMR Measurement Sequence

Figures 3(a) and 3(b) show the FID signals obtained from the samples and the NMR spectra acquired after
FFT processing, respectively. The data acquisition shown in Fig. 2 is from a one-time sequence, obtained
without determining the arithmetic mean. The results clearly show that protons have a peak resonance
frequency of 2158 Hz, whereas fluorine nuclei have a peak resonance frequency at 2031 Hz, and both
corresponding to a static magnetic strength of 50.7 uT. The signal-to-noise ratio was about 10. Moreover,
the FID signal shown in Fig. 3(a) confirmed a beat signal corresponding to the difference of 127 Hz
between the resonance frequencies of protons and fluorine nuclei.
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Fig. 3 (a) FID signals and (b) NMR spectra of pure water and perfluorooctane.
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4. Conclusions

NMR measurements have been performed using pure water and perfluorooctane samples at static
magnetic strength of 50 uT to validate the performance attributes of an ultra-low-field NMR system
employing a SQUID. The results showed the simultaneous detection of both protons and fluorine nuclei
with different resonance frequencies, obtained without an arithmetic mean. Therefore the experiments
verified the highly sensitive performance attributes of a prototype ultra-low-field NMR system able to
simultaneously measure the magnetic resonant signal derived from several atomic nuclei.
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Feature Article: SQUID Applications
- The Current Status of SQUID-Readout Development for
Superconducting Detectors in Japan

Yoh Takei, Assistant Professor

Department of Space Astronomy and Astrophysics
Institute of Space and Astronautical Science
Japan Aerospace Exploration Agency

1. TES micro-calorimeter and SQUID

An attractive choice for applications requiring high precision is a cryogenic detector characterized by very
low noise. An example of such a detector is a superconducting TES (transition-edge sensor)
micro-calorimeter, which utilizes a highly sensitive thermometer that measures rapid resistance changes at
the superconducting transition edge (Figure 1). The energy is measured for each detected X-ray photon.
The spectroscopic performance is 50 times superior to a room-temperature semiconductor detector,
realizing a resolution of 2 eV at 6 keV.
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Fig.1 The relationship between resistance and temperature of a TES (left) and Photo of a 256-pixel TES
micro-calorimeter array, fabricated by JAXA and Tokyo Metropolitan University (right) "2

X-rays that hit a TES micro-calorimeter increase the resistance of the TES, which in turn change the current
through it. Since the TES impedance is lower than 1Q, an ammeter (preamplifier) with low impedance, high
sensitivity and low noise is required to amplify and read out the signal. This is realized by a dc-SQUID
magnetically coupled with the TES signal line via a superconducting coil. A TES and a SQUID is a good
combination as they both utilize superconductors operating in a cryogenic environment. In fact, the
significant progress in the development of the TES micro-calorimeters has only been achieved by
combining a TES with a SQUID.
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2. TES signal multiplexing realized with the development of a new SQUID

Both TES and SQUID development is key to realize practical TES micro-calorimeter applications. Particular
applications are onboard-satellite applications observing X-rays from the universe. Here are strict limitations
of power consumption and the amount of coolant available in orbit. We have been developing a SQUID that
could enable signal multiplexing from several TES devices having lower dissipation in addition to sufficiently
low noise and high gain. The fabrication of SQUIDs to meet these requirements has been undertaken using
Nb standard process, based at the Superconductivity Research Laboratory, International Superconductivity
Technology Center (ISTEC). Figure 2 shows the fabricated SQUID.
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Fig. 2 Low heat dissipation/signal multiplexing SQUID developed in collaboration with ISTEC

For applications requiring the most advanced performance in the world, such as the space application field,
the design and fabrication of SQUIDs has to match the characteristics of the detector developed. The
collaboration with ISTEC is essential for us to develop and design devices using their facilities located in
Japan that have excellent process capabilities. ISTEC'’s process line is able to fabricate and reproduce high
quality JJs with small area, and hence is suitable for the development of high performance SQUIDs. The
TES we are developing operates under an AC bias in a MHz band for the purpose of signal multiplexing.
Thus, a TES shunt resistance and a superconducting coil for the LC bandpass filter are required. They
are fabricated on the same chip as the SQUID device, as shown in Figure 2, allowing efficient use of the
small chip space. Figure 3 shows examples of signals taken with the TES and the SQUID. This is the first
successful simultaneous read-out of several TES signals operated at MHz bandwidths. It is pleasing that
TES research has progressed significantly because of the SQUID development.
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Fig. 3 Signal obtained with the combination of the developed TES and SQUID:
Left: Feedback signal equivalent to SQUID signal input (green) and demodulated signal (blue),
Right: Example of a demodulated signal from two TES devices operated at 1 and 1.5 MHz
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3. Conclusions

TES with high sensitivity and spectroscopic resolution has been utilized for not only X-ray astronomy but
also for space applications at other wavelengths along with for microanalysis3’. Increasing TES pixel
numbers and/or the capability for higher count rates are desirable for expanding the application with the
TES micro-calorimeters. It is hoped that progress in SQUID development will lead to further advance in
such applications in the future.
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Feature Article: Superconducting Digital Devices (Low Temperature)
- Trends in Superconducting Digital Device Technology

Akira Fujimaki, Professor
Graduate School of Engineering
Nagoya University

The continuing trends of the eco-friendly generation have prompted superconducting digital circuits, which
were previously considered as low-power consuming, to further reduce the power they consume. As
introduced in my article published last year, logic circuits such as reciprocal quantum logic (RQL) produced
by Northrop Grumman, energy-efficient rapid single flux quantum logic (ERSFQ) produced by Hypres and
low-energy-consumption RSFQ (LE-RSFQ) produced by Nagoya University, all successfully reduced or
completely eliminated power consumption caused by bias current supply resistance, which was the main
draw of power in a conventional RSFQ circuit. Small and mid-size versions of these circuits have already
been fabricated and their performance verified high-speed operations at more than several tens of GHz,
and 1/10"™ the power consumption compared to the conventional circuits.

Additionally, the eco-friendly generation has ignited once again the topic of Landauer, which asks ‘what is
the theoretical lower limit of energy consumption of computation for a classic logic circuit?’ This lower limit
can be expressed as KTIn2 e nergy dissipated per irreversible bit operation. Discussions pertaining to the
Landauer principle had been vigorous up until 25 years ago. However since there had been no technology
available to verify this problem experimentally as well as the fact that | ow energy consumption led to low
speed operation, the topic was not considered of prime research importance amongst scientists. It h as
once again become a topic on the agenda and recognized that the superconducting devices fabricated by
enhanced fabrication technology allow the possibility to experimentally verify this conundrum. In res ponse,
Adiabatic Quantum Flux Parametron (A-QFP) and Negative SQUID (nSQUID) circuits have been
proposed by Yokohama National University and Stony Brook University, respectively. These circuits offer
the potential of operating at several GHz and comprise logic circuits that consume very little energy.

Since last year the trend for low power consumption has now spread to memory devices. For a computer
its entire performance and power consumption is directly related to the performance/power consumption of
its memory. High capacity memories with high speed/low power consumption characteristics matching the
speed and power consumption of superconducting digital circuits are therefore required for constructing a
superconducting computer offering greater performance and low power consumption characteristics. The
USA has invited proposals to support projects to identify new candidate memory circuits that operate at low
temperatures. Amongstthe variety of topicsincl ude alarge topic pert aining to the utilizati on of SFS
Josephson Junctions with a ferromagnet (F) sandwiched between superconducting electrodes (S). The
direction and strength of fer romagnet magnetization alters Josephson critical cu rrent values. The new
memory device utilizes the fer romagnet as a storage medium and its contents are read out from the
variation in critical currents. Originally an important concept in the operation of conventional
superconducting memory was the ability for it to maintain quantum flux in a superconducting loop, however,
this concept can be abandoned here. For example, Nagoya University has proposed that the concept of
quantum flux memory be discarded, which implies that new memory devices have the potential of being
compact and able to operate at far greater speeds than have been possible before. With the launch and
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introduction of new physics, the author considers that superconducting digital devices have entered a
completely new realm.

(Published in a Japanese version in the October 2012 issue of Superconductivity Web 21)
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Feature Article: Superconducting Digital Devices (Low Temperature)
- The Fabrication Process Development of Small Al/AIO,/Al Trilayer
Josephson Junctions

Tetsuro Satoh, Senior Research Scientist
Low Temperature Superconducting Devices,
Electronic Devices Division,

SRU/ISTEC

Current general-purpose “classical” computers are slow for specific calculations such as factorization and
discrete logarithms and it is practically impossible to process a large number of digits in such calculation,
since an efficient algorithm has not been discovered. However, quantum computers on the other hand
employ the quantum superposition, which is a principle of quantum mechanics for their operation, and it is
highly expected much faster and more efficient parallel processing than computations performed by their
“classical” counterparts.

In order for quantum computers to become reality their main components or quantum bits have to be
realized. To address this, intensive worldwide research efforts are focusing on fundamental experiments to
utilize a variety of physical systems such as trapped ions and semiconductor quantum dots as potential
quantum bits. Amongst these, the integration and device characteristics of solid-state quantum bits are
relatively easy to control and are therefore considered to have great engineering advantages in realizing a
quantum computers. Superconducting circuits comprised of Josephson Junctions as solid-state quantum
bits are one potential candidate.

Submicron-sized Josephson Junctions are required for superconducting quantum bits”. So far shadow
evaporation method has been used for fabricating small junctions®. However, in order for greater design
flexibility in large scale integrated superconducting circuits, we need small junctions with trilayer geometry,
which are based on a trilayer thin film of superconductor/tunnel barrier/superconductor. To this aim, we
have been developing a fabrication process of AI/AIO/AIl trilayer Josephson Junctions, which exhibits
superior quantum bit characteristics, in collaboration with Innovation Center for Advanced Nanodevices,
AIST.

Upper junction electrode

\ Tunnel barrier

Low junction electrode

Fig. 1 Cross-sectional TEM image of junction pattern
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The fabrication of small Al-based trilayer Josephson Junctions requires the formation of submicron-sized
resist patterns and Al etching using the resist pattemns as etch masks. We have thus been using electron
beam lithography for forming small patterns together with a precise Al etching process utilizing
Cl,/BCls-based reactive ion etching system. Figure 1 shows a cross-sectional TEM image of a junction
pattern of 0.1 ym in diameter. We have successfully fabricated small junction patterns exhibiting steep
sidewalls of more than 80°.

As trilayer junctions shrink to sub-micrometer dimensions, the fabrication of a superconducting contact
formed in the upper part of the junction, as well as the fabrication of the junctions itself, become challenging.
Usually this superconducting contact is formed by fabricating a via hole on the insulating layer attached to
the junction, followed by depositing a superconducting layer on the sidewall of the via hole. However, the
alignment of the via with the junction, the etching of the via, and the deposition of a superconducting layer
on the via sidewalls are all difficult processes, in the case of submicron-sized junctions. To form the upper
Junction contact, it is required to establish a process different to the conventional process. We have been
therefore developing a process to form this upper superconducting contact by exposing the junction’s upper
electrode utilizing a planarization such as CMP.

Combined with the above-mentioned fabrication processes for small junctions with peripheral processes
such as formation of contact, we have fabricated small Al trilayer junctions using this process. The
characteristics of junctions of around 1 pm in diameter have been measured. Figure 2 shows the junction
I-V characteristics measured at around 300 mK.
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Fig. 2 I-V characteristics of Al trilayer junctions — measurement temperature at around 300 mK

The junction characteristics and their structural observation revealed that there is further room for
improvement to optimize the contact formation process as well as cleaning process. We will solve such
issues and fabricate submicron-sized junctions. Thus, we will fabricate and characterize superconducting
quantum bits utilizing small Al trilayer junctions in the future.
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Feature Article: Superconducting Digital Device (LTS)
- High Speed Operations of a Superconducting Flash A/D Converter in a
Cryocooler System

Hideo Suzuki, Senior Research Scientist
Low Temperature Superconducting Device Laboratory,
SRL/ISTEC

A flash a nalog to di gital (A/D) converter (also referred toasa Nyquist A/D converter) based ona
superconducting SFQ circuit is a promising candidate because of its high speed characteristic with low
power dissipation. It can also be constructed with low integration level than an equivalent semiconductor
circuit by taking advantage of quantum phenomena. Principally, if a SFQ circuit is employed, then N-bit A/D
converters can be constructed with N of comparators (On the other hand 2M-1 of comparators are required
for a semiconductor circuit). In a practical SFQ A/D
converter, error correction is actu ally required to sol ve
problems caused by thermal fluctuations and threshold
fluctuations associated with slew rate in comparators
(grey zone). A digital error correction method called as
“look-back method” has be en proposed asa potential
solution”, and only the functional testoft he error
correction circuit had been performed. Weha ve
designed a fully integrated A/D converter with
comparators and the error correction circuits, and then
measured the operation with a high frequency.

ISTEC hasb een conducting R&D project aimed at
high-speed A/D converters for optical communications,
such ast he next generaton 100GbE, and future
potential applicatons for waveform  monitoring®.
Furthermore, a high speed A/D converter is expected in
the future scientific applications such as digital signals
conversion from the output ofan array of
superconducting sensors. This time, high frequency
performance of a complimentary quasi-one-unction
SQUID (CQOS) comparator, which was proposed by
ISTEC, was improved in upgrading the design and
fabrication process. Thecritic al current density of
Nb/AIOX/Nb junctions was increased to 10 kA/cm?
(ISTEC STD3 process) from 2.5 kAlcm?® (ISTEC STD2
process). The comparator was also reduced in size to
improve the performance in a high-frequency. A
prototype 5-bit A/D converter chip was designed and
fabricated, in which the comparators and error correction
circuits were both integrated in a Smm-square chip

Fig. 2 A/D converter module attached onto 4 K
refrigerator stage
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(Figure 1). Inorder to perform a stable operation in a cr yocooler system, we conceived an innovative
technology in which a superconducting ground plane in a chip is locally isolated for each of component
circuit blocks and they are connected to main ground plane with a finite resistance. This technological
breakthrough avoids the influence of magnetic field due to bias retum current to ground in the isolated
circuits. This technology eliminated the bias current extraction®, reducing the numbers of the input/output
terminals in a cryocooler system. A cry opackage with 32-terminals (8-terminals X 4) with a 1 00GHz
band-width was d eveloped forth e A/D con verter and used for the demonstration equipped with a
cryocooler system. An A/D convert er chip was mounted onto this package after flip chip bonding to a
16mm-square MCM carrier. Figure 2 shows a micro-photograph when mounted to t he 4K-cryocooler
stage.

First, high frequency operations of the A/D converter was performed using a beat-frequency method (in this
method, the input signal frequency is converted to a differential low frequency, Af, between the signal
frequency and the sampling frequency: set as Af=1 kHz). The results confirmed around 4.5 bit operations
and 3.5 bit operations at 10GHz and 15 GHz, respectively. Second, we successfully made experiments of
A/D conversion with the introduction of a 10 GHz optical signal into the cooling system through an optical
fiber. The optical signal was converted to electrical signal by a uni-traveling carrier photodiode (UTC-PD)
operating at 4K. Third, a high frequency sampling operation was demonstrated with a 1 kHz low frequency
signal input. A normal output waveform was observed with a sampling frequency of 100 GHz at 5 bit s
resolution, verifying high-speed clock operations for a SFQ circuit (Figure 3).

The A/D converter cooled by this cryocooler system had continuously operated for about 2 months without
any trouble such as flux trapping.

Reformed waveform
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Fig. 3 Refrigerator operational waveforms produced at 100 GHz high speed sampling
(input f=1 kHz) (left), movie (right)

Winter, 2013 © ISTEC 2013 All rights reserved. —39—






Winter, 2013 Date of Issue: January 15, 2013

Superconductivity Web21

Published by International Superconductivity Technology Center
1-10-13, Shinonome, Koto-ku, Tokyo 135-0062, Japan T el: +81-3-3536-7283, Fax: +81-3-3536-5717

This work was supported by the New Energy and Industrial Technology Development Organization
(NEDO) as Development of Next-Generation High-Efficiency Network Device Project.
This work was partially supported by JSPS KAKENHI Grant Number 22226009.

References:

1. C. J. Anderson, IEEE Trans. Appl. Supercond., vol. 3, pp. 2769-2773, 1993.

2. S. B. Kaplan, et.al, IEEE Trans. Appl. Supercond., vol. 7, pp. 2822-2825, Jun. 1997.

3. Suzuki et al, Proceedings ofthe Society Conference ofthe Institute of Electro nics, Information and

Communication Engineers, C-8-5.

(Published in a Japanese version in the October 2012 issue of Superconductivity Web 21)

[Top of Superconductivity Web21|

Winter, 2013 © ISTEC 2013 All rights reserved. —40—


http://www.istec.or.jp/web21/web21-E.html

Winter, 2013 Date of Issue: January 15, 2013

Superconductivity Web21

Published by International Superconductivity Technology Center
1-10-13, Shinonome, Koto-ku, Tokyo 135-0062, Japan T el: +81-3-3536-7283, Fax: +81-3-3536-5717

Feature Article: Superconducting Digital Device (Low Temperature)
- Investigation of Adiabatic QFP Logic Circuits with Extremely Low
Power Consumption

Nobuyuki Yoshikawa, Professor
Department of Electrical and Computer Engineering
Graduate School of Engineering, Yokohama National University

In recent years the power consumption of high performance information equipment such as
supercomputers and high-end servers has increased rapidly. However, their overall operating performance
has been limited because of the heat generated. In particular, assuming an exa-scale supercomputer
consumes a total of around 100 MW, and then its power supply alone constitutes upper limits on costs and
facility capabilities of the system. In such circumstances, it is extremely difficult to reduce power
consumption of future high performance information equipment by simply miniaturizing current CMOS
integrated circuit devices. Therefore a radical reassessment on the calculation principles themselves needs
to be considered to realize lower power consuming devices. Alternatively, developing a circuit consuming
ultra-low power is strongly desired in the quantum-computing field to perform quantum feedback control at
cryogenic temperatures.

A minimum energy threshold required for the calculation has long since been argued based upon
thermodynamics and information theory undertaken in the past. Landauer et al predicted this limit to be
kgTIn2 per bit for an operation accompanying the erasure of information”. There have been arguments for
and against this threshold but these

have yet to be concluded. I 1
Nevertheless, experimental results 1014 #® CMOS 250 nm
supporting this threshold value have
been recently reported?. 90 nm———1

16
Our research? has investigated the bit 10 35nm

energy threshold of an adiabatically
operating Quantum Flux Palametron
(QFP)?. Figure 1 shows comparisons
of bit energies and gate delays
between adiabatic QFP, RSFQ and
CMOS logic circuits. It is clear to see 1020 \

that RSFQ operates at speeds several ] -

Quantum limit~ h

1018

“dum RSFQ2um

Bit energy [J]

times greater than CMOS circuits, with I I \ .
. 1022 | | - . — Thermal limit
around 3 orders of magnitude less
. . [ \ ‘ ~ kgT@4K
power consumption. However, since a :
RSFQ circuit experiences 1014 1012 1010
non-adiabatic energy consumption, Gate delay [s]

calculated as @y energy consumed
for 1-bit operation. Here |, is the
Josephson Junction critical current
value and @ is the flux quantum. On

Fig. 1 Bit energy and gate delay of adiabatic-type QFP, RSFQ
and CMOS logic circuit
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the other hand, an adiabatic QFP is designed to operate QFP at slow speeds in order to eliminate
non-adiabatic energy consumption. Therefore, as a result, logic calculations of bit energies approaching
ksTIn2 are possible, as shown in Figure 1. Gate delays can be improved by enhancing the potential circuit
speed by increasing the critical density of Josephson Junctions.

Figure 2 shows the operating principle of a QFP. A QFP comprises of a SQUID structure, with a shunt
inductance and external magnetic field generated by exciting current. The excitation current modifies the
QFP potential from a single-well to a double-well type. Firstly, the application of a small current input
modifies the QFP potential from a single to a double-well, producing a transition state minimum value on
either the left or right of the double-well potential. This corresponds to the invasion of single flux quanta to
either the left or right superconducting loop. As a result, the output current (loy) flows through the output
inductance, the direction of which corresponds to the final state. An appropriate selection of junction
parameters can eliminate all non-adiabatic energy consumption of a QFP and allow adiabatic operations“’.
Numerical calculations show that it is possible to reduce bit energies in a QFP down to 1 zJ whilst
maintaining sufficient operating margins. Also, Monte Carlo simulation studies showed that sufficient
operating margins could be sustained for operations down to 4.2 K.

Excit Input current Excit Input current
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Fig. 2 Operating principle of adiabatic QFP

Figure 3 shows the circuit of a 1-bit full adder employing an adiabatic QFP, along with a photomicrograph.
There were a total of 46 junctions, reducing by V4 the number of junctions required compared to when a
RSFQ circuit was used. Additionally, normal circuit operation was confirmed with low speed measurements
and determined the exciting current operation margin to be £26.1 % 8,
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Fig. 3 Circuit diagram of a full adder utilizing adiabatic QFP (a), along with a photomicrograph (b)
The prototype circuit was fabricated utilizing ISTEC Nb Standard Process (STP2)
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Feature Article: Superconducting Digital Device (Low Temperature
Superconductor)

- Measurement of an SFQ Time to Digital Converter for Mass
Spectrometry

Yuki Yamanashi, Associate Professor
Department of Electrical and Computer Engineering
Yokohama National University

Mass spectrometry is ana nalytical technique able to m easure mass-to-charge ratio of asa mple. In
particular, conducting mass spectr ometry of ahi gh protein polymer is be neficial toid entify complex
structures and understand formation mechanisms. Thus, there are expectations that this method will evolve
and lead to greater usage in the creation of new materials as well as an array of chemical and medical field
applications. Time-of-flight mass spectrometry measures the mass-to-charge ratio of a molecule ionized
using laser radiation and accelerated by a strong electric field, and subsequently measuring the time taken
to reach a detector. Employing a superconducting strip detector (SSD) in time-of-flight mass spectrometry
analysis allows precise determination of polymer protein composites, which would otherwise be impossible
using time-of-flight measurements employing conventional detectors. Also, this new method allows
distinction between molecules exhibiting similar mass-to-charge ratios. The research has therefore been
progressing with an expectati on that this method will open a new avenue of mass spect rometry
applications.

SSDs exhibit higher detection speeds than conventional devices, however, in order to achieve an effective
system capable of even greater operational speeds a SSD multi-array operating in parallel needs to be
realized. This co nstruction is effecti ve forim proving not only the detection speed but also the s ample
detection efficiency by enlarging the effective area of the SSD. However, currently available methods to
simply construct SSD multi-arrays involve measuring SSDs, operating at a low temperature environment,
by the system that is atro om temperature. This gives rise to co nstruction difficulties due to i ncreasing
thermal inflows as well as noise associated with the increase of cables. Thus, research has been advancing
to build a system employing a superconducting single flux quantum (SFQ) circuit that operates at low
temperatures. The figure below outlines a superconducting mass sp ectrometry system utilizing such an
SFQ circuit. The current generated by an ion molecule detected by the multi-array SSD is converted to an
SFQ voltage pulse that is digitally converted in the SFQ circuit. The SFQ voltage pulse is then input to the
SFQ time-to-digital converter. The SFQ pulse input time is digitally measured with a resolution of several
tens of picoseconds, thus enabling time-of-flight measurements to be undertaken with great precision. Also,
since a SFQcircuitn ow measures all the SSDs, th e number of cabl es connecting devices atlo w
temperature to those at room temperature is drastically reduced, even for a multi-array arrangement.

We have developed a circuit consisting of a single SSD that converts an SSD signal to a digital SFQ pulse,
enabling time-offlight analysis tob e performed on asam ple. The likelihood of h igh precision mass
spectrometry has been verified with the system developed. Future research will focus on the optimization of
the entire system | eading to c onstruction of amu lti-array of SSDs, ca pable of further precision mass
spectrometry as well as fully taking advantage of the characteristics of SFQ circ uits. Verifying detection
efficiencies and imaging are planned.
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Fig. Schematic of the mass spectrometry system utilizing a superconducting single flux quantum (SFQ) circuit
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Feature Article: Superconducting Digital Device (Low Temperature)
- Lowsjitter Signal Readout from SSPD Utilizing A SFQ Circuit

Hirotaka Terai
Nano ICT Laboratory
National Institution of Information and Communication Technology

Superconducting single photon detectors (SSPD) have attractive features such as wide detectable
wavelength range, high detection efficiency, high count rate, low dark-count rate and low timing jitter. It
therefore draws attention as a potential photon detector, superior in performance characteristics over
avalanche photodiodes (APD) and photomultiplier tubes (PMT). Of these features, low timing jitter is an
especially important characteristic for many applications. For example, whilst quantum key distribution
(QKD) systems have already attained a number of field test track records, pulse-position modulation on the
other hand, has only been studied for communication applications such as optical links between satellites
and space-to-ground communications. Furthermore, applications measuring spatial resolution for depth
perception rely upon the time resolution of dark-field 3D imaging detectors and light detection and ranging
(LIDAR) systems, therefore a detector with even greater detection efficiencies and low jitter characteristics
is highly desirable.

The timing jitter of an SSPD increases inversely with the bias current, which can be easily understood by
considering photon detection principles in a SSPD (e.g. Hotspot model). Additionally, the lack of sensitivity
of a low noise amplifier also leads to larger jitter in readout electronics. These indicate that SSPDs with
larger bias currents or larger critical current values give lower jitter characteristics. On the other hand, higher
detection efficiencies are achievable using thiner superconducting films and narrower nano-wires. This
implies that SSPDs with smaller critical current

. . . (@) 11~1.55nH
values are likely to have higher detecton =~ — == - éj“
efficiencies. Thus, there is a conflict between o
realizing higher detection efficiencies and low
jitter. High detection efficiencies and low jitter
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utilizing a SSPD with small critical currents, A
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which inevitably requires increased readout by
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Fig. 1 The relationship between error rate and input
current pulse strength of a SFQ readout circuit
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processing circuit designed for SSPD arrays” and have verified signal readout operations from SSPDs
utilizing SFQ circuits®*. Furthermore, crosstalk-free operations of a four-pixel SSPD array, including signal
processing, utilizing SFQ circuit have been successfully demonstrated”. However, we have not
demonstrated the advantages of SFQ readout circuits in respect of timing jitter, because the previous
readout circuit was designed to achieve a wide operating margin rather than a high current sensitivity. Low
jitter signal readout from a SSPD can be realized by further enhancing the input current sensitivity since a
SFQ circuit itself operates at a low jitter of 0.1 ps per Josephson junction. Circuit parameter re-optimization
has been reassessed this time and focused on current sensitivity to verify low-timing jitter signal readout
from a SSPD?. To convert a small signal from the SSPD to an SFQ pulse, a magnetic transformer has
been installed at the circuit input. Figure 1(a) shows an equivalent SSPD-SFQ converter circuit. An increase
in the numbers of windings in transformer coil improves current sensitivity, but there is a trade off with input
signal bandwidths. In this experiment, the magnetic transformer was designed the same as a conventional
circuit but other circuit parameters were optimized, which produced current sensitivity improvements. The
results showed that input current sensitivity siginificantly depended on the critical current values of
Josephson junction J1 included in the washer coil in magnetic transformer. Figure 1(b) shows the
dependency between the input current pulse amplitude of the SFQ readout circuit and the error rate. By
increasing J1 to 140 pA from 100 pA of a conventional circuit, the input current sensitivity (defined as the
input current pulse amplitude giving error rate of 10°) was improved to 8.2 pA from 13.8 pA observed in
conventional circuit. The timing jitter of the SFQ readout circuit was also measured utilizing a pulse pattern
generator (PPG) and a time-correlated single-photon counting (TCSPC) module with a 1 ps time resolution.
The experimental setup for jitter measurements is shown in Figure 2(a). This experimental setup is quite
similar with that for the jitter measurement of SSPD, but a femto-second laser and the SSPD are replaced
by the PPG and the SFQ circuit, respectively. The jitter was calculated from the full-width-at-half-maximum
histogram output peak count acquired by the TCSPC module. The results are shown in Figure 2(b). In the
circuit with the critical current of J1 of 140 pA, the SFQ readout circuit jitter kept constant at around 30 ps for
the input pulse current value was more than 15 pA. In order to reveal the origin of residual jitter at 30 ps, the
SFQ circuit was removed in the experimental setups shown in Figure 2(a). The results are shown in the
inset of Figure 2(b). When the input voltage to the low noise amplifier was set at 2 mV, which corresponds
to the output voltage of the SFQ circuit, the observed jitter was around 30 ps. Therefore, this indicates that
the residual 30 ps jitter comes from the experimental setup, and the measured timing jitter of SFQ readout
circuit was much lower than 30 ps at an input pulse current value of more than 15 pA. It therefore concluded
that we could not measure using this experimental setup.

(a) DCBias ~ 60 mA (b)

120 — ; ; T - T . T
Liquid He (4.2 K Vo
perel2 JpL i
: MC-DC/SFQ srachip () 100 ‘ B Qupurvatage o b
_60dB MC-DC/SFQ m Y o . |
— |—r meoosra = L ; g .l *i _—
Data ] MC-DC/SFQ 1 5 Vo Y55 T T2 1A e T8 T 5
1 1 k= | \ Ve (MY)
Pulse Pattern | 1 = ® A
e : ~2.0mV : > 60 F h
S A 1 = . A o 1,=140pA A | =130 A
Data CB: Confluence Buffer = \ A\
VD: Voltage Driver 40 - \. L A 4
e a
Tri In /I L 30pS - —- - o grgA A A 4 .
rigger |  Tcspe
——— 52dB - .
Jitter measurement Module +\I 2
1 1 1 1
LNA550+LNA1000 10 15 20 25
I (nA)
Fig. 2 (a) Jitter measurement system employing a SFQ circuit, (b) Jitter measurement results
obtained using a SFQ circuit

Winter, 2013 © ISTEC 2013 All rights reserved. —47—



Winter, 2013 Date of Issue: January 15, 2013

Superconductivity Web21

Published by International Superconductivity Technology Center
1-10-13, Shinonome, Koto-ku, Tokyo 135-0062, Japan T el: +81-3-3536-7283, Fax: +81-3-3536-5717

Then the SSPD and SFQ readout circuit were implemented onto a 0.1W GM (Gifford-McMahon) and the
timing jitter was measured. Experimental measurements were performed with a SSPD at a critical current
of around 18 pA and a detection efficiency of 16 % at a dark-count rate, of 100 Hz. Prior to measuring the
timing jitter using SFQ readout circuit, the timing jitter was measured using a conventional readout. The
experimental setup with the SFQ readout circuit is shown in Figure 3(a). We have already confirmed that
the bias current dependency of the detection efficiency measured using the setup shown in Figure 3(a) well
agrees with the results obtained by conventional measurements®. The results are shown in Figure 3(b). In
conventional methods without the SFQ readout circuit, the 50 Q resistor is usually connected to the SSPD
in parallel, and acts as an escape path for the bias current to the SSPD (Isspp) when the SSPD goes into a
resistive state known as “latching.” The effect of the 50 Q resistor is clearly seen in Figure 3(b). The upper
limit of Isspp is about 18 pA for the SSPD with the parallel shunt, and as large as 14.5 pA without the parallel
shunt. During practical use of the SSPD, the 50 Q shunt resistor is thus indispensable for achieving as high
a DE as possible. However, the parallel shunt also makes the input current of the LNA half of Isspp, causing
an increase of the timing jitter. With the 50 Q parallel shunt, the jitter was around 67ps at a bias current of 18
MA. When a SFQ readout circuit was connected, the measured jitter was approximately 37 ps, confirming
the significant reduction in jitter. There is no need for the 50 Q shunt resistance when connecting the SFQ
circuit directly to the SSPD without bias tees (50 Q termination resistance at SFQ circuit side has a parallel
shunt effect). This is far superior compared to conventional readout methods utilizing bias tees and
low-noise amplifier operating at room temperature. Further, a timing jitter of 37 ps could not be achieved by
the conventional readout without the 50 Q shunt even if Isspp could be increased to 18 pA. Therefore, the
SFQ readout circuit offers a great advantage for achieving a low-jitter signal readout form the SSPD while
keeping the DE as high as possible..
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Fig. 3 (@) SSPD jitter measurement utilizing SFQ readout circuit, (b) Comparisons of jitter
between a conventional readout and a SSPD employing an SFQ readout

These findings imply that SFQ readout circuits are beneficial not only as signal processing circuits to realize
SSPD arrays, but also to realize low jitter signal readouts. There will be further opportunities to utilize SFQ
readout circuits for the purpose of jitter reduction in various applications.
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Feature Article: Superconducting Digital Devices (Low Temperature)
- Success in a Principle Experiment Related to Quantum Memory —
Advancement towards The Realization of A Quantum Computer

Shiro Saito

Senior Research Scientist

NTT Basic Research Laboratories

Nippon Telegraph and Telephone Corporation

1. Introduction

Recently worldwide attention has focused upon potential qubit candidates, a quantum state of a tw o-level
system, for quantum computation and information processing applications. In particular, intensive research
efforts on superconducting qubits have been conducted, leading to expectations of superior controllability
due to it being an artificial atom (a macroscopic quantum system), and future scalability related to a greater
degree of freedom in the design of superconducting circuits. Recent exploits have thus far realized quantum
operations and quantum circuits/processes utilizing several qubits ™2, with coherence times now up to 0.1
milliseconds. Such coherence times have increased by 5 orders of magnitude over the last ten years 3.
However, despite these adva nces there is still a signifi cant lag in these cohere nce times compared wit h
those of electron and nuclear spins of natural microscopic quantum system. Recent research efforts have
focused on utilizihgan  electron spin ensemble as apot ential quantum memory fora
superconducting-based qubit .

As potential candidates for quantum memories our research has been progressing with a focus on the
electron spins present in negatively charged nitrogen-vacancy centers (NV') in a diamond crystal (see
Figure 1). This article introduces a proof of principle experiment conducted to validate the characteristics of
a superconductor/diamond hybrid quantum system .
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Fig. 1 A superconductor/diamond hybrid quantum system
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2_Preparation of NV centers in diamond and the superconducting flux qubit

The electron spin of NV centers in diamond crystal is a spin 1 system which possesses a 2.88 GHz zero
field ground state splitting. We have developed a gap tunable superconducting flux qubit where one can
tune the splitting of the energy gap (A) as required®. Additionally, diamond crystals containing high-density
NV centers were prepared to realize strong coupling between the tw o systems. T he natural coupling
between a single electron spin and the flux qubit is relatively small at 8.8 kHz. However by using collective

effects it can b e increased by VN (where N is the number of NV centers). A superconductor/diamond

hybrid system was fabricated by pasting a prepared diamond crystal carefully onto a qubit sample
fabricated on a sapphire substrate (Figure 1 Photo).

3. Experimental results of hybrid system

The measurements have all been undertaken using a dilution refrigerator set at a base temperature of ~12
millikelvin. The qubit flux sample with attached diamond crystal had an observed energy splitting of 70 MHz
at its minimum energy, as determined by microwave spectroscopy (Figure 2(a)). The 2.878 GHz center
splitting frequency coincided well with the zero field splitting of an NV™ center. We however did not observe
any splitting in previous spectroscopy studies where the diamond sample was not attached (Figure 2(a)
inset). This lead tothe conclusion that the observed splitting was attributed to a Vacuum Rabi splitting,
produced by a strong coherent coupling of the flux qubit to the electron spin ensemble within diamond. Also,
by considering the splitting width, the number of electron spins that couple coherently with the flux qubit was
estimated to be several tens of millions.

Additionally, time-domain experiments were performed in order to ve rify quantum memory operations.
Whilst the flux qubit and the electron spin ensemble are detuned sufficiently, it is on ly the qubit that was
excited to a higher state with the application of a microwave pulse. A rapid change in the energy of the qubit
leads to resonance within the spin ensemble. However, this time, the energy changes far more rapidly than
that observed with Vacuum Rabi splitting, generating a non-adiabatic transition that leads to Vacuum Rabi
oscillations, which imply that the flux qubit coherently exchanges a single quantum of energy with the spin
ensemble (Figure 2(b)). This vibration exactly coincides with the repeated write-in and read-out of quantum
information from a qubit to a spin ensemble.
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Fig. 2 (a) Microwave spectroscopy, (b) Vacuum Rabi oscillations between a superconducting qubit
and a spin ensemble
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4. Conclusions

The coherent quantum coupling between an electron spin ensemble of NV™ centers within diamond and a
superconducting flux qubit have been observed successfully. These findings imply that itis possi ble to
continuously write-in and read-out the quantum information from the superconducting qubit to the spin
ensemble within a diamond crystal. We thus propose that diamond would be an extremely promising
candidate in order torealize a quantum memory, a necessity for quantum communications as well as
general quantum information processing.
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