The 25th International Symposium
on Space Terahertz Technology

27-30 April 2014 Moscow, Russia

www.isstt2014.hse.ru







These Proceedings include articles submitted by the authors or abstracts

for the Symposium talks with no article submission



SPONSORS AND SUPPORT

We want to thank the Higher School of Economics of Moscow and SCONTEL, Moscow State
Pedagogical University, Terasense and Tydex whose contributions help to make the 25%
International Symposium on Space Terahertz Technology, ISSTT2014, possible.

HIGHER SCHOOL OF ECONOMICS

NATIONAL RESEARCH UNIVERSITY

*\WWW.SCONTEL.RU

CSCONTEL

SUPERCONDUCTING NANOTECHNOLOGY

o Moscow State
5 Pedagogical University

S TYDEX"®

Tydex specializes in custom manufacturing of optical components and
instruments for research and industry. Tydex develops and produces a
wide range of THz products, including Golay Cells, Broad-band Phase
Transformers, filters, polarizers, attenuators, windows, lenses, prisms,
waveplates, mirrors, beam splitters, spectral splitters and AR coatings.

Visit us on tydex.ru!

TeraSense is a leading manufacturer of
innovative sub-THz imaging systems for
science and industry. We supply and sell
portable sub-THz imaging cameras, generators
& Ultrafast detectors (response time 300ps).
Our sub-THz imaging cameras feature low
cost, broad-band frequency range 0.05-0.7 (¢
THz, image acquisition rate up to 50 fps. L v Ae rasense <o |




WELCOME

National Research University Higher School of Economics, Moscow, and Moscow State Pedagogical University
welcome you to the 25™ International Symposium on Space Terahertz Technology, ISSTT2014, held from April
27 to 30, in Moscow, Russia.

A total of 86 abstracts were accepted. 42 abstracts are scheduled for oral presentations and 37 for poster
presentation. There are 7 Invited contributions and 1 Special talk. We would like to thank the Scientific
Organizing Committee for the abstracts review.

The Higher School of Economics (HSE) has been founded in 1992 to provide a better education in economy.
Since then it has grown to become an internationally very respected research university in the field of
economics as well as mathematics. In recent years it has broadened its scope further and was also promoted
to the status of a National Research University in July 2013, together with 15 other universities in Russia. One
of the expansions of the HSE was the acquisition of the Moscow Institute for Electronics and Mathematics
(MIEM), famous for its contributions to the Sputnik program. Hosting the International Symposium on Space
THz technology for the first time in Moscow emphasizes the importance that the Higher School of Economics
as a research university attaches to advanced technology.

Scientific Organizing Committee

Andrey Baryshev SRON

Victor Belitsky Chalmers

Eric Bryerton NRAO

Thomas Crowe VDI

Heribert Eisele University of Leeds
Brian Ellison RAL

Neal Erickson
Gregory Goltsman (chairman)
Karl Jacobs KOSMA
Tony Kerr

Teun Klapwijk
Arthur Lichtenberger
Alain Maestrini

Doris Maier

Imran Mehdi

Yutaro Sekimoto
Sheng-Cai Shi

Jan Stake
Christopher Walker
Wolfgang Wild
Stafford Withington
Raymond Blundell
Ghassan Yassin

Local Organizing Committee:

Gregory Goltsman (chair), Teun Klapwijk, Valery Koshelets, Alla Otstavnova, Sergey Ryabchun,

University of Massachusetts

Moscow State Pedagogical University
University of Cologne

NRAO

Delft University, Moscow State Pedagogical University
University of Virginia

University of Paris, LERMA

IRAM

JPL/Caltech

NAO (Japan)

Purple Mountain Observatory, CAS
Chalmers

University of Arizona

ESO

Cambridge University

Harvard Smithsonian Institute
University of Oxford

Anna Maslennikova, Yury Lobanov, Alexandre Karpov.



Program at a glance
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Program in detail

Sunday, April 27, 2014

13:00 — 19:30 Registration Desk open, the Main Hall
14:00 — 16:30 TERADEC
17:00 — 19:30 Welcome party, the Main Hall

Monday, April 28, 2014

8:30—-9:30 Registration
9:30 — 10:05 Symposium opening: Gregory Goltsman, Teunis M. Klapwijk

Chair: Boris Karasik

10:05 — 10:30 Invited Talk: “SAFARI new and improved - extending the capabilities of
SPICA’s Imaging Spectrometer” - Dr. Gerhard de Lange, SRON

10:30—11:30 Session 1: Systems & receivers |

Paper Abstract Title Presenter

1-1 Submillimeter-Wave Radiometer and Spectrometers using Goutam Chattopadhyay

Cryogenically Cooled HEMT Amplifier Front-Ends

1-2 Progress on the upGREAT heterodyne array receivers for the Christophe Risacher

SOFIA telescope

1-3 Development of a Terahertz Superconducting Imaging Array Sheng-Cai Shi
(TeSIA)

1-4 Development of a Total-Power Radiometer comprising a 340 GHzSimon Rea

High-Resolution Sideband-Separating Schottky Receiver

11:30—11:45 Coffee & Tea Break

Chair: Doris Maier
11:45 - 12:30 Session 2: Sources |

Paper Abstract Title Presenter
2-1 Phase-locking of a 4.7 THz quantum cascade laser based on a|J.-R. Gao, Darren Hayton, D.
harmonic super-lattice mixer Pavelyev
2-2 Progress towards a Room-Temperature 4.7 THz Multiplied |Jose Siles

Local Oscillator Source to Enable Neutral Oxygen
Observation

2-3 A 4.7 quantum-cascade lasers as local oscillator for the Heiko Richter
GREAT heterodyne spectrometer on SOFIA

12:30 —14:00 Lunch Break
Meeting of ISSTT Steering Committee (continue on Tuesday if necessary)



Chair: Alexej Semenov

14:00 — 14:25 Invited Talk: “SpaceKIDs - The development of Kinetic Inductance Detectors
for Space Based Applications” - Dr. Simon Doyle, Cardiff University

14:25 - 15:40 Session 3: Direct detectors

Paper Abstract Title Presenter

3-1 A stacked wafer design for hexagonal arrays of TES Gerhard de Lange
bolometers

3-2 A Resonance Cold-Electron Bolometer with a Kinetic Leonid Kuzmin
Inductance Nanofilter

3-3 A planar frequency selective bolometric array at 350 GHz Alexander Sobolev

34 Power Load Dependencies of Cold Electron Bolometer Mikhail Tarasov
Optical Response at 350 GHz

3-5 Response of the antenna coupled TES with High-Frequency |Artem Kuzmin

Readout to 0.65 THz radiation

15:40 — 16:00 Coffee & Tea Break

Chair: Sergey Ryabchun

16:00 — 16:25 Invited Talk: “Superconducting Metamaterials” - Dr. Alexey Ustinov, Karlsruhe
Institute of Technology

16:25—-17:10 Session 4: Optics

Paper Abstract Title Presenter

4-1 Cryogenic resonator spectrometer for satellite antennas Evgeny Serov
reflectivity investigation at millimeter and terahertz bands

4-2 Capillary quasioptical highpass filter Artem Chekushkin

4-3 Development of the Wide FoV Cold Optics for Millimeter and|Shigeyuki Sekiguchi
Submillimeter Wave Observation

*17:25 — Bus boarding
*18:00 - 20:00 Tour to Radio Physics Lab and Technological Center of Moscow State
Pedagogical University (optional)




Tuesday, April 29, 2014
9:00-9:30 Registration

Chair: Raymond Blundell

9:30-9:55 Invited Talk: “Millimetron: The next FIR/mm Space Observatory” - Dr. Thijs de
Graauw, Astro Space Centre of P.N. Lebedev Physical Institute, RAS

9:55—-11:10 Session 5: THz coherent detectors: HEB |

Paper Abstract Title Presenter

5-1 Optimization of the intermediate frequency bandwidth in  |Alexey Semenov
the THz HEB mixers

5-2 Low Noise Terahertz Mixers made of MgB, Films Sergey
Cherednichenko

5-3 Performance of a 4.7 THz waveguide HEB mixer for SOFIA’s |Denis Blichel

UpGREAT
5-4 MgB, Hot Electron Bolometers Operating Above 20 K Daniel Cunnane, Boris
Karasik
5-5 Performance of twin-slot antenna coupled NbN hot electron|Nathan Vercrussen

bolometer mixers at frequencies ranging from 1.4 to 4.7 THz

11:10-11:30 Coffee & Tea Break
Chair: Victor Belitsky

11:30 —12:30 Session 6: Systems & receivers Il

Paper Abstract Title Presenter

6-1 Testing of 166 to 664 GHz receivers prototypes based on Mostafa Benzazaa
discrete planar Schottky diodes for ICl onboard MetOp-SG

6-2 Scientific Requirements for Next Generation Space Terahertz|lgor Zinchenko
Astronomy Missions

6-3 THz photometers for solar flare observations from space Pierre Kaufmann

6-4 Atmospheric Profiling Synthetic Observation System at THz |Qijun Yao
\Wave Band

12:30 — 14:00 Lunch Break



Chair: Teunis Klapwijk
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14:00 — 14:25 Invited Talk: “Large format, background limited arrays of Kinetic Inductance
Detectors for sub-mm astronomy” - Dr. Jochem Baselmans , SRON
14:25 - 15:40 Session 7: Novel devices & measurements

Paper Abstract Title Presenter

7-1 Normal Metal HEB Detector with Johnson Noise Boris Karasik
Thermometry Readout

7-2 Photon Statistics for Space Terahertz Astronomy Hiroshi Matsuo

7-3 Frequency multiplication in a distributed array of SIS Bhushan Billade
junctions

7-4 Terahertz detectors based on the room temperature Nb5N6 |Jian Chen
microbolometers

7-5 Photothermoelectric Response in Asymmetric Carbon Georgy Fedorov
Nanotube Devices Exposed to Sub-THz Radiation

15:40 Coffee & Tea Break

Chair: Gregory Goltsman

15:40 — 17:40 Poster session

Poster

First name

Last name

Title

1-c - THz coherent detectors: Schottky diodes

1-b - THz coherent detectors: SIS

1 Edward Tong Wideband Receiver Upgrade for the Submillimeter Array
2 Patrick Pitz First mixer prototype results for Band L
(455-495 GHz) of CHAI
3 Patrice Serres Characterization of the IF output impedance of SIS mixers
4 Parisa Yadranjee [SIS Tunnel Junction’s Specific Capacitance Direct
Aghdam Measurement
5 Andrey Khudchenko |Image Rejection Ratio of 2SB SIS Receivers
6 Hawal Rashid Improved Quadrature RF Hybrid for 2SB and Balanced THz
Receivers
7 Konstantin [Kalashnikov |Development of Phase Lock Loop based on Harmonic Phase
Detector
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Poster

First name

Last name

Title

1-a - THz coherent detectors: HEB

8 Gregory |Gay Design, fabrication and measurement of a membrane based
quasi-optical THz HEB mixer

9 Tatsuya  [Soma Wide RF band mixer-block design for waveguide-type HEB
mixer

10 Yury Lobanov Development of a 30 THz Heterodyne Receiver Based on a
Hot-Electron-Bolometer Mixer

2 -Direct Detectors

11 Jing Li Development of an 8x8 Microwave Kinetic Inductance
Detector Array at 850 um

12 Masato Naruse Superconducting on-chip spectrometers at sub-millimeter
wavelength

13 Mikhail Patrashin  |[Zero bias GaAsSb/InAlAs/InGaAs tunnel diodes for MMW-THz
detection

14 Wen Zhang Characterization of Ti superconducting transition edge
Sensors

15 Timothe Faivre Experimental study of a Josephson junction based thermometer
and its possible application in bolometry

16 Alexander [Shurakov |A Microwave Pumped HEB Direct Detector Using a

Homodyne Readout Scheme

3 - Systems & Receivers

17 Alexander [Shurakov |1200 GHz receiver front-end for Sub-millimetre Wave
Instrument for the JUICE mission

18 Olivier Auriacombe |Laboratory Based Terahertz Spectroscopy for Ice Desportion
Studies of the Interstellar Medium

19 Victor Belitsky Dual Band MM-Wave Receiver for Onsala 20m Antenna

20 Fabien Defrance Heterodyne measurements at 2.6THz of the HEB mixer for
the balloon experiment CIDRE

21 Weidong |Hu The 220 GHz stepped-frequency Imaging Radar

22 - - -

23 Grigoriy Bubnov Search for New Sites for THz Observations in Eurasia
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Poster [First name [Last name [Title

4 - NbN film technology

24 Sascha Krause Deposition of high-quality ultra-thin NbN films at ambient
temperatures

25 Alexey Pavolotsky [Study of NbN ultra-thin films for THz hot-electron bolometers

5 — Sources

26 Andrey Kaveev Terahertz Emission from Silicon Nanostructures Heavily
Doped with Boron

27 lon Oprea Monolithically integrated 440 GHz doubler
using Film-Diode (FD) technology

28 Zhe Chen A Schottky Diode Frequency Multiplier Chain at 380 GHz for a
gyro-TWA Application

29 Yoshihisa |Irimajiri Phase-locking of a 3.1THz quantum cascade laser to terahertz
reference generated by a frequency comb

6 — Optics

30 Arvid Hammar Spline Feed Horns for the STEAMR Instrument

31 Bertrand [Thomas 1.9-2.5 THz and 4.7 THz electroformed smooth-wall spline
feedhorns for the HEB mixers of the upGREAT instrument
onboard SOFIA aircraft

32 Hiroaki Imada Condition of Optical Systems Independent of Frequency for
Wide Filed-of-View Radio Telescopes

33 Takafumi [Kojima Design and Loss Measurement of Substrate Integrated
Waveguides at Terahertz Frequencies

7 - Back-ends: readout & signal processing

34 Anton Artanov The operation of SIS mixer as up- and down-convertor at low
frequencies for frequency multiplexing.

35 Kenichi Karatsu Development of Superconducting Low Pass Filter for Ultra
Low Noise Measurement System of Microwave Kinetic
Inductance Detector
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Poster

First name

Last name

Title

8 - Novel devices & measurements

36 Boon Kok ([Tan A Planar Superconducting Phase Switch for Polarization
Modulation
37 Edward Tong A Digital Terahertz Power Meter Based on an NbN Thin Film

*17:40 — Bus boarding OR walk to IRE (~15 minutes)

*18:00 — 19:00 Tour to IRE (Kotel’nikov Institute of Radio Engeneering and Electronics, RAS)
(optional)
19:00 — Bus boarding at IRE or at the Symposium site
19:30 - 22:00 Conference dinner
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Wednesday, April 30, 2014
9:00 — 9:30 Registration

Chair: Patrick Piitz

9:30-9:55 Invited Talk: “The Greenland Telescope” - Dr. Raymond Blundell , Smithsonian
Astrophysical Observatory

9:55 —10:10 Special Talk “Radioastron” — Dr. Yury Kovalev, Astro Space Centre of
P.N. Lebedev Physical Institute, RAS
10:10-11:10 Session 8: THz coherent detectors: HEB Il & SIS mixers

Paper Abstract Title Presenter

8-1 NbN Hot-Electron Bolometer Mixer Operation at 3.8 THz Ivan Tretyakov

8-2 Superconducting Integrated Receiver with HEB-Mixer Nickolay Kinev

8-3 High-quality NoN-MgO-NbN SIS junctions and integrated Valery Koshelets
circuits for THz applications

8-4 Fully integrated sideband-separating Mixers for the NOEMA |Doris Maier
receivers

11:10-11:30 Coffee & Tea Break

Chair: Bertrand Thomas

11:30—-12:00 Session 9: Back-ends: readout & signal processing

Paper Abstract Title Presenter

9-1 SIS Frequency Multiplexers and RF-to-DC converters for Gerhard de Lange
Frequency Division Multiplexed TES Read-out

9-2 Experimental Study of Superconducting Microstrip Wenlei Shan
Travelling-wave Parametric Amplifiers

12:00 —12:30 Session 10: Sources Il

Paper Abstract Title Presenter
10-1  |High Power Solid-State THz Source Development Jeffrey Hesler
10-2  |4-Pixel Frequency Multiplied Source for High-Resolution Imran Mehdi

heterodyne Array receivers at 1.9 THz

12:30-14:00 Lunch Break



Chair: Imran Mehdi

15

14:00 — 14:25 Invited Talk: “The SubMM Wave Instrument on JUICE” - Dr. Paul Hartogh,

Max Planck Institute for Solar System Research

14:25—15:25 Session 11: THz coherent detectors: Schottky mixers
Paper Abstract Title Presenter

11-1  [Schottky-structures for Space THz Technologies Oleg Cojocari

11-2  [THz Schottky Diode MMICs for Astronomy and the Physics of |Lina Gatilova
the Atmosphere

11-3  [Sub-millimeter-wave balanced mixers and multipliers at the |Hugh Gibson
5th harmonic

11-4  |Schottky diode based components for TeraSCREEN Hui Wang

15:25 — 15:40 Session 12 (optional): Announcements & conference closing: Gregory

15:40 -

Gol’'tsman
16:00 Coffee & Tea Break

* 16:10 — Bus boarding

*17:00—-19:00 Tour to IKI (Space Research Institute, RAS) (optional)

*19:00 — 21:00 Entertainment (optional)
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Invited Talk

SAFARI new and improved - extending the capabilities of SPICA’s Imaging Spectrometer

Gerhard de Langel, Peter Roelfsemal'z, Martin Giard3, Francisco Najarro4, Kees Wafelbakkerl, Willem
JeIIemal'Z, Brian Jacksonl, Bruce Sibthorpel, Marc Audards, Anna di Giorgio7, Javier Goicoechea4, Matt Grifﬁns,
Frank Helmich'?, Franz Kerschbaum®’, Michael Meyer'®, David Naylor', Albrecht Poglitch'!, Luigi Spinoglio’,
Bart Vandenbussche'

! SRON Netherlands Institute for Space Research, Groningen, The Netherlands, Email: P.R.Roelfsema@sron.nl
zKapteyn Astronomical Institute, Groningen, The Netherlands; 3 IRAP, Toulouse, France; 4 CAB-INTA, Madrid,
Spain; 2 RAL, Didcot, United Kingdom; 6 ISDC, Geneva, Switzerland; 7 IFSI, Rome, /ta/y;‘g Cardiff, United Kingdom;
? University of Vienna, Vienna, Austria; 10 ETH, Zurich, Switzerland; u MPE, Garching, Germany; 2 KUL, Leuven,
Belgium

The Japanese SPace Infrared telescope for Cosmology and Astrophysics, SPICA, will provide astronomers with a
new window on the universe in the next decade. With a large -3 meter class- cold -6K- telescope, the mission
will provide a unique environment optimally suited for instruments that are limited only by the cosmic
background itself. SAFARI, the SpicA FAR infrared Instrument SAFARI, is a Fourier Transform imaging
spectrometer designed to fully exploit this extremely low far infrared background environment provided by
the SPICA observatory.

The SAFARI consortium, comprised of European and Canadian institutes, has established a reference design for
the instrument based on a Mach-Zehnder interferometer stage with outputs directed to three extremely
sensitive Transition Edge Sensor arrays covering the 35 to 210 um domain. Thus the baseline instrument
provides R~1000 spectral imaging capabilities instantaneously over a 2’ by 2’ field of view. A number of
modifications to the instrument to extend its capabilities are under investigation. With the reference design
SAFARI’s sensitivity for many objects is limited not by the detector NEP but by the level of broad band
background radiation — the zodiacal light for the shorter wavelengths and baffle structures for the longer
wavelengths. Options to reduce this background are dedicated masks or dispersive elements which can be
inserted in the optics as required. The resulting increase in sensitivity will directly impact one of the prime
science goals of SPICA and SAFARI, the evolution of galaxies over cosmic times. With the expected factor of a
several better sensitivity as compared to the reference design astronomers will be able to study thousands of
galaxies out to redshift 3 and even many hundreds out to redshifts of 5 or 6. Secondly, in the context of the
modified approach towards the SPICA mission, changes to the instrument to also accommodate longer
wavelength operation -up to 400 pm- is being investigated. Finally elements to increase the wavelength
resolution, at least for the shorter wavelength bands, are investigated as this would significantly enhance
SAFARI’s capabilities to study starformation in our own galaxy.



Session 1: Systems & receivers 1
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Submillimeter-Wave Radiometer and Spectrometers using Cryogenically Cooled HEMT
Amplifier Front-Ends

Goutam Chattopadhyay, Theodore Reck, William Deal*, Paul Stek, and Imran Mehdi

Jet Propulsion Laboratory, California Institute of Technology
4800 Oak Grove Drive, Pasadena, CA91109, USA

*Northrop Grumman Corporation, One Space Park, Redondo Beach, CA 90278, USA

Radiometric and high-resolution spectroscopic studies at submillimeter-wave frequencies play a very
important role in the Earth science, astrophysics, and planetary exploration. Its importance is underscored by
the key role of heterodyne spectrometers in the ESA cornerstone Herschel Space Observatory, NASA’s
Microwave Limb Sounder (MLS) instrument on Earth Observation System (EOS) Aura satellite, NASA’s
Microwave Instrument on the Rosetta Orbiter (MIRO), as well as the ground-based Atacama Large Millimeter
Array (ALMA), and airborne Stratospheric Observatory for Infrared Astronomy (SOFIA).

Traditionally, where highly sensitive measurements are the prime requirement, superconductor-insulator-
superconductor (SIS) mixer based receivers cooled to 4K temperature were used at the front-end of the
submillimeter-wave radiometer and spectrometers. When cryogenic cooling is not an option, Schottky diode
based receivers operating at the room temperature were the obvious choice for these applications as there
were no amplifiers available at the submillimeter wavelengths. However, InP high electron mobility transistor
(HEMT) based amplifiers and mixers are now available at these frequencies. At submillimeter-wavelengths,
low noise amplifiers with substantial gain at the front-end will reduce noise contribution from mixers and
intermediate frequency (IF) amplifiers. Moreover, power amplification available through these devices would
significantly improve local oscillator (LO) efficiencies. Cryogenic cooling of these amplifiers to 20K provides
sensitivity similar to SIS mixers. Although the noise temperature of the front-end HEMT amplifier cooled to 20
K might not be as close to the SIS mixers, however, the 20-30 dB gain it will provide at the front of the mixers
and IF amplifiers will provide system noise temperatures similar to a SIS based system, without a 4 K cooling
system. Moreover, the sensitivity to physical temperature is much less for amplifiers than SIS. The amplifier
receivers would still work at higher temperatures, though at a bit higher system noise, unlike the SIS receivers.
Moreover, the higher operating temperature makes these amplifier receivers better suited to planetary
instruments and earth remote sensing suborbital platforms where available power is scarce.

In the last few years, the development of transistor technologies with maximum device frequency (fyax) over 1
THz has pushed operating frequencies of amplifiers well into the 700 GHz range. Northrop Grumman
Aerospace Systems (NGAS) has developed an ultra-short-gate-length HEMT process which has produced InP
HEMT amplifiers working at 700 GHz and beyond. We have evaluated several of these amplifiers in the 300
GHz and 650 GHz band and cooled them to 20K. The amplifier noise temperatures were reduced by a factor of
8 to 10 when cooled to 20K from room temperature.

In this paper, we will discuss the science drivers and progress in the cryogenic HEMT amplifier based
heterodyne receivers at submillimeter wavelengths and their potential for future spectroscopic and
radiometric instruments.

The research described herein was carried out at the Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, California, USA, under contract with National Aeronautics and Space Administration.
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Progress on the upGREAT heterodyne array receivers for the SOFIA telescope

C. Risacherl*, R. GUstenl, J. Stutzkiz, H-W. Hubersa, A. Belll, D. BUcheIZ, I Camaral,
R. Castenholzl, M. Choil, u. Grafz, S. Heyminckl, C.E. Honinghz, K. Jacobsz, M. Justenz, B. Kleinl,
T. KIeinl, C. Leinzl, P. PUtzz, N. Reyesl, H. Richter3, 0. Rickenl, A. Semenovl, A. Wunsch®

" Max Planck Institut fiir Radioastronomie*, Auf dem Hiigel 69, 53121 Bonn, Germany,
2KOSMA, 1. Physikalisches Institut des Universitdt zu Kéln, Ziilpicher StraBe 77, 5093 KéIn, Germany,
* German Aerospace Center (DLR), Institute of Planetary Research, Rutherfordstr. 2, Berlin, Germany

* Contact: crisache@mpifr.de, phone +49-228-525 338

The NASA-DLR airborne observatory SOFIA is about to enter routine observations in 2014, having the German
Pl instrument (GREAT) as one of its four main instruments. The instrument currently comprises single pixel
heterodyne receivers observing in selected ranges in the frequency windows 1.25-2.7 THz. A 4.7 THz single
pixel receiver will be commissioned in May 2014.

We present the status of the upGREAT receivers, part of GREAT, which are two medium-size array receivers,
operating cooled using closed—cycle pulse tube coolers. The Low Frequency Array (LFA) covers the 1.9-2.5 THz
range using dual polarization 7-pixel HEB arrays (hence 14 pixels in total). The second receiver, the High
Frequency Array (HFA), will observe the O[l] line at ~4.7 THz using a 7-pixel HEB array.

We present here the progress made in the development of those channels. We will show the preliminary
results for the LFA for the frequency range 1.9 to 2.1 THz, where we will use a high power VDI solid state chain
that can provide LO power for up to 7 pixels. The DSB receiver noise temperatures for the LFA are expected to
be below 1000 K DSB for a 0-4 GHz IF range. For the HFA array, results for the NoN HEB Kosma waveguide
mixers selected for the HFA [1] show that DSB mixer noise temperatures of 600-1400K will be achievable for
the IF range [0-4 GHz] at 4.745 THz.

Installation and commissioning of the LFA instrument is planned for end of 2014, and mid 2015 for the HFA
array.

1. P. Puetz, this conference
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Development of a Terahertz Superconducting Imaging Array (TeSIA)

Sheng-Cai Shi&TeSIA Team

Purple Mountain Observatory, Chinese Academy of Sciences
Key Lab of Radio Astronomy, Chinese Academy of Sciences
2 West Beijing Road, Nanjing 210008, China
E-mail: scshi@pmo.ac.cn

The terahertz (THz) regime is the frequency window to be fully explored in astronomy. Dome A in Antarctic,
with an altitude of 4093 m and temperature below -80 Celsius degree in winter, is regarded as the best site on
earth for astronomical observations in this frequency regime. Currently, China is proposing to build an
observatory there, in which Dome A 5m Terahertz Telescope (DATES) is one of two major telescopes. This talk

will present the development of next generation instrument for DATE5, namely terahertz superconducting
imaging array (TeSIA).


mailto:scshi@pmo.ac.cn
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Development of a Total-Power Radiometer comprising a 340 GHz High-Resolution Sideband-
Separating Schottky Receiver

* * *

* t
Simon Rea , Matthew Oldfield , Ben Rackauskas , Brian Moyna , Steve Parkes , Martin
* %k

+
Dunstan and Alex Mason

“Millimetre-Wave Technology Group, RAL Space Science & Technology Facilities Council
Email: simon.rea@stfc.ac.uk
fUniversity of Dundee
Email: sparkes@computing.dundee.ac.uk
**STAR-Dundee Ltd. Email: alex.mason@star-dundee.com

This abstract presents the recent development of an instrument breadboard comprising a 340 GHz sideband-
separating receiver with high spectral resolving capability. Such a receiver configuration is a high-priority
option for STEAM-R, a millimetre-wave limb -sounder originally proposed within the scope of ESA’s Earth
Explorer 7 candidate mission PREMIER. This receiver topology is of interest for atmospheric spectroscopy as
wide spectral coverage can be achieved in a single-sideband configuration, thus eliminating issues associated
with spectral fold-over in a conventional double-sideband heterodyne receiver. Characterization of the
instrument, a total-power radiometer, is complete and deployment at the High Altitude Research Stations
Jungfraujoch and Gormergrat (HFSJG) in the Swiss Alps is planned for February 2014.

In addition to the development of the instrument breadboard, the MARSCHALS airborne limb-sounder shall be
upgraded with a similar receiver configuration in preparation for deployment in a tropical field campaign in
2015 within scope of the StratoCLIM project. The instrument breadboard is therefore an excellent test-bed for
the more complex upgrade of MARSCHALS.

The sideband-separating receiver comprises two key enabling pieces of technology:
1: Sub-harmonic Image-Rejection Mixer (SHIRM)
2: Wideband Spectrometer v2 (WBS Il)

The SHIRM is the key front-end component in the sideband-separating receiver. It comprises two 340 GHz DSB
Schottky mixers and relevant passive waveguide elements providing the down-converted upper and lower
sidebands in phase-quadrature at the two IF outputs of the device. Sideband separation is completed after
passing the IF signals through an external quadrature hybrid. Several SHIRM topologies have been optimized in
previous work [1, 2], demonstrating ~20 dB of sideband rejection. The WBS Il is a digital -FFT spectrometer
which utilizes 1Q input sampling to maximize bandwidth. A maximum sampling rate of 3 Gs/s provides up to
3 GHz bandwidth from a single unit. The spectrometer performs a 2048-point complex FFT thus achieving a
resolution of order 1-2 MHz depending on sampling rate. Two WBS Il units are employed in the instrument
breadboard and configured to provide a total of 4 GHz bandwidth. A detailed description of the instrument
together with results from the characterization tests and deployment shall be presented at the conference.
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For heterodyne spectroscopy in the super-THz (~2-6 THz) there are currently few solid state local oscillator
(LO) sources available. Since the introduction of the first THz quantum cascade laser® (QCL) much progress has
been made in pushing QCLs to higher frequencies, increasingoutput power and improving the far-field beam
profile making the QCL increasingly well suited as a heterodyne LO. QCLs have been demonstrated in THz
heterodyne receivers at frequencies up to 4.75 THz’where the astronomically significant neutral atomic
oxygen [Ol] line is situated.

Since QCLs are not inherently frequency stable, some external frequency stabilization or phase locking must be
applied.We previously reported on the phase locking of a 3.4 THz QCl’based on a superlattice harmonic
mixer®. Using a similar technique, we can now report on a successful phase locking experiment with a 4.7 THz
QCL by using a superlattice harmonic mixer cooled to 10 K. In this configuration, both the harmonic mixer and
the QCL are mounted together in a common cryostat and at a common temperature. The QCL used is a single
mode, 3" order distributed feedback laser. A beat signal of 400 MHz between the QCL and a reference is
generated by the super-lattice harmonic mixer, where the QCL signal is mixed with the 24™ harmonic of the
198 GHz input signal. The latter is the local oscillator signal for the harmonic mixer which is injected through a
window in the cryostat from an external solid state source.

Phase locking is observed from a beat signal that ismore than 25 dB above the noise level for a 30 kHz
resolution bandwidth of the spectrum analyzer. This system also allows for a detailed characterization of the
QCL tuning coefficient and linewidth versus applied bias voltage down to low QLC output power.
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Progress towards a Room-Temperature 4.7 THz Multiplied Local Oscillator
Source to Enable Neutral Oxygen Observation
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Oxygen is the third most abundant element in the Universe, and knowledge of the chemistry of oxygen in
interstellar clouds and protostellar regions is essential for understanding the formation of stars and the
incorporation of key molecules into forming planetary systems. The Ol line at 63 um (4.7 THz) together with ClI
(158 um) are the major coolants of photo-dissociation regions in giant molecular clouds. However, the Ol line
at 4.7 THz has never been observed with resolutions better than 7 km/s. Leveraging off of the success of the
HIFI instrument on-board the Herschel Space Observatory, our objective is to develop the first all-solid-state
Schottky diode based broadband frequency multiplied local oscillator source at 4.7 THz able to provide the
minimum required output power (>1 uW) to drive a Hot Electron Bolometer mixer, and thereby enabling high-
resolution (A/AA> 10°, Av<0.3 km/s) heterodyne spectroscopy of the fine atomic oxygen line at 63 um.It will be
compact, broadband, frequency-agile, tunable, temperature, frequency stable and able to operate at room-
temperature.

Our strategy will consist of a X2X3X3X3 multiplication scheme (see Fig. 1) featuringa number of new
technologies and novel multiplier concepts to provide frequency multipliers with the necessary enhancements
to improve the state-of-the-art by at least a factor of 5 in terms of power and almost a factor of 2 in terms of
maximum operation. We will use for the first time GaN based multipliers in the lower stage to increase power
handling capabilities, novel on-chip power combining techniques to increase the input/output power of
current GaAs multipliers by a factor of up to four, and silicon micromachining techniques to produce
waveguide blocks with lithographic precision (< 1 um) in order to make it possible to fabricate waveguide
blocks operating up to 4.7 THz. The silicon micromachining technique developed at our group also allows 3D
integration by vertical stacking the device wafers (see Fig. 1 —right), which leads to ultra-compact LO sources.
The progress on the design and development of the different novel components of this 4.7 THz LO source will
be discussed.

At the conclusion of this project we will also provide NASA with multi-pixel capabilities for the entire terahertz
region (up to 5 THz), highly demanded for future astrophysics missions such as SOFIA, STO-2, GUSSTO, etc.
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Fig.1. General scheme of the 4.7 THz frequency multiplied LO source.

This work was carried out at the Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA
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Heterodyne spectroscopy of molecular rotational lines and atomic fine -structure lines is a powerful tool in
astronomy and planetary research. It allows for the study of the chemical composition, the evolution, and the
dynamical behaviour of astronomical objects such as molecular clouds and star-forming regions. For
frequencies beyond 2 THz, SOFIA, the Stratospheric Observatory for Infrared Astronomy, is currently the only
platform which allows for heterodyne spectroscopy at these frequencies. One example is the Ol fine-structure
line at 4.7 THz, which is a main target to be observed with GREAT, the German Receiver for Astronomy at
Terahertz Frequencies, on board of SOFIA.

We report on the development of a 4.7-THz local oscillator (LO) for the heterodyne spectrometer GREAT on
SOFIA. The LO combines a quantum-cascade laser (QCL) with a compact, low-input-power Stirling cooler. The
4.7-THz QCL is based on a hybrid design and has been developed for continuous-wave operation, high output
powers, and low electrical pump powers [1]. Efficient carrier injection is achieved by resonant longitudinal
optical phonon scattering. This design allows for an operating voltage below 6 V. The amount of generated
heat complies with the cooling capacity of the Stirling cooler of 7 W at 65 K with 240 W of electrical input
power [2]. Frequency stabilization is achieved by locking the emission from the QCL to an absorption line of
CH3OH using a pyroelectric detector and a PID control loop [3]. The design of the LO and its performance in
terms of output power, frequency accuracy, frequency stability, and beam profile as well as its implementation
in GREAT will be presented.
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The past decade has seen a revolution in the development of Kinetic Inductance Detectors (KIDs) with the
technology moving from the concept stage to large format imaging arrays on ground based telescopes
observing at mm, sub-mm and optical wavelengths. The simplicity of the KID along with its high sensitivity and
natural multiplexing in the frequency domain make it a strong candidate to fulfill the detector role for the next
generation of space-based observatories. The SpaceKIDs program is a three-year, European funded project
involving five academic institutes and two industrial partners across Europe working to develop KIDs towards
the next generation of space based astronomical and Earth observing instruments. The study aims to highlight
and address the key issues facing the KIDs deployment as a space based detector, such as optical bandwidth,
speed, power consumption and susceptibility to cosmic rays. This presentation will give an overview of the
SpaceKIDs project and its relevance to the scientific community along with key results from the project to date.
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Design description of silicon micro-machined
cavity coupled far-infrared bolometer array

Gert de Lange, Michael D. Audley, Geert Keizer, Stephen Dohorty and Colm Bracken.

Abstract—We give a design description of a novel way to
construct bolometer arrays out of pixels that consist of thermally
isolated Silicon Nitride islands that are suspended with long and
narrow SiN legs on a Si wafer. We use a multi-wafer approach
that facilitates the use of extra pixels on underlying wafers that
fill the "empty'* spaces between adjacent pixels in a top wafer. In
this way we can achieve both a low thermal conductivity and a
high pixel packing density. The design is especially of interest for
far-infrared bolometer arrays for space based astronomy
applications that need extremely low thermal conductance, where
pixel size easily can be as large as a few millimeters.

Infrared

Index Terms— Antenna arrays, Bolometers,

detectors, Micromachining.

. INTRODUCTION

BOLOMETER arrays with a radiation absorber on a thermally
isolated Silicon Nitride (SiN) island are widely used as
detectors in astronomical observatories, with applications
ranging from microwave to x-ray frequencies [1]. A key
aspect in this is that a SIN membrane suspended on a Si wafer
is very robust, even with the very thin (sub-) micron
dimensions of the SiN legs that are used to create the thermal
isolation of the island. Clean room processing allows for either
wet (with KOH) or dry (Deep Reactive lon Etching) etching to
remove the Si carrier wafer at the position of the island. The
responsivity of a bolometer scales as G ~* whereas the ultimate
Noise Equivalent Power (NEP), determined by thermal
fluctuation noise, is proportional to VG, where G is the
thermal conductance of the SiN legs. For applications in
background limited far-infrared space-based astronomy (like
the SPICA SAFARI instrument) a detector NEP of order
10~'° W /+/Hz is required. Translating this into the required
dimensions for the SiN legs results in a typical length of the
legs of order 500-1000 um [2], [3]. An example of a single
pixel far infrared bolometer is shown in Figure 1 and an
example of an array of bolometers is shown in Figure 2. It can
be seen in Figure 2 that the absorbing area of the bolometers
takes up only a small amount of the footprint of the array. Low
NEP bolometer arrays like this have a very low filling factor
in the focal plane, contrary to arrays (e.g. in the SCUBA-2
instrument [4]) that act more as a CCD type of filled array.

Manuscript received June 20 2014. This work was supported in part by the
TERADEC Centre of Excellence, funded by the Netherlands Organization of
Fundamental Research. G. de Lange. M.D. Audley and G. Keizer are with the
SRON Netherlands Institute for Space Research, Landleven 12 9747AD
Groningen, The Netherlands. (phone: +31 503634051 e-mail: g.de.lange
@sron.nl). C. Bracken and S. Doherty are with the NUI Maynooth,
Department of Experimental Physics, Maynooth, Co. Kildare, Ireland.

Figure 1 Example of typical low NEP 10™° W/v/Hz bolometer design. The
pixel to pixel spacing in this case would be at least 2.8 mm. The 1.8 mm
arrow indicates the length of the SiN legs.

Figure 2 Example of a (wet etched) low NEP far-infrared bolometer imaging
array. The light/dark color difference on the left and right side of this picture
are due to photographic exposure. The array of light spots are the actual
bolometers. As one can see only a small fraction of the area is actually
covered by the active bolometers.

To improve the collecting area of the bolometers one typically
places a light collecting horn in front of the bolometer array.
This horn concentrates the light impinging on the front surface
of the horn onto the much smaller bolometer area. With an
array of light collecting horns and bolometers with long thin
SiN legs, one can therefore build bolometer arrays with very
low NEP values. However, the practical limitations to this are
the dimensions of the resulting horn and bolometer array.
With a typical pixel spacing of 1 to 2 mm (dictated by the
required leg length) an array of 100x100 pixels would end up
with an array size of say 15-25 cm. This can be prohibitively
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large for single wafer processing and the design of cryogenic
focal planes. To make better use of the available space in the
focal plane we therefore propose to use a stack of bolometer
wafers, where each wafer fills part of the empty space that is
created by the long SiN legs of an overlying bolometer wafer.
In order to optimize the radiation coupling to the individual
bolometers, we propose to combine the bolometer wafers with
a stack of micro-machined Si wafers that form a non-resonant
cavity enclosing the bolometer. In this paper we show some
initial design sketches of possible configurations of such an
array, together with some initial results on simulations of the
radiation coupling to the cavity enclosed bolometer arrays.

1. DESIGN DESCRIPTION OF A SINGLE LAYER CAVITY
COUPLED BOLOMETER ARRAY.

Key to the designs described here is the use of Si DRIE
etching of the bolometer and cavity wafers. Wet etching
restricts the possible configuration of the design to the crystal
planes within the wafer, but DRIE etching gives the possibility
to etch any desired (vertical) shape within the wafer (see [5]
for an application of Si micromachining to fabricate
millimeter wave arrays). To illustrate the basic design of the
proposed structure we first describe the design of a cavity
enclosed single wafer bolometer. As a first step to reduce the
pixel spacing we propose to make use of a triangular three leg
suspension in a hexagonal packing, instead of a square four
leg suspension. The reduction from four to three legs already
reduces the thermal conductance and the hexagonal packing
and DRIE etching gives the opportunity to have thermally
overlapping pixels where a SiN leg of one pixel is placed into
the footprint of an adjacent pixel. This is sketched in Figure 3
and Figure 4. For efficient coupling of far infrared radiation to
the bolometer it is common to use a reflecting backshort at a
distance of A/4 behind the bolometer [4]. We propose to use an
integrating cavity similar to bolometer designs described in [6]
and [7]. A novel approach in this design is to build this cavity
by mounting the bolometer wafer on a backing wafer that is
etched such that part of the wafer close to the bolometer area
is sticking through the bolometer wafer (where slits are etched
at the position of the SiN legs). Another wafer with cavity
sections and optical feed-throughs to the top surface of this
wafer is placed on top to the bolometer and backing wafer. We
then have an array of cavity coupled bolometers with optical
access via a short section of waveguide or light-pipe. For
radiation coupling to the waveguide one can use either a horn
array or a Si micro-machined lens array placed in front of the
wafer stack.
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Figure 3 Left: Sketch of a hexagonally packed bolometer array fabricated with
DRIE. The blue circles represent the thermally isolated islands that hold the
absorber and the temperature sensor. The light blue area is the Si wafer.
Electrical wiring to the devices is not shown. Right: The backing wafer where
we have extruded the structure vertically in an exaggerated way to show the
principle of operation. This backing wafer is made of Si that is fully gold
plated

Figure 4 Sketch of a cavity enclosed bolometer array. The left figure shows
how the bolometer wafer is placed on the backing wafer, where the lower
wafer sticks through the bolometer wafer. Right: the sandwich of wafers
including the top wafer (gold plated Si) that closes the cavity, but has an
optical feedthrough to couple radiation into the cavity. Since the top wafer is
not touching the surface of the bolometer wafer, the gold plated wafer will not
short the bias lines of the bolometer wafer. A horn or lens array that is needed
to focus the light into the light pipe is not shown.

I1. DESIGN DESCRIPTION OF A MULTI-LAYER CAVITY
COUPLED BOLOMETER ARRAY

To further enhance the packing density of the bolometers we
propose to use the empty space in between the SiN legs. A
sketch of this is shown in Figure 5 where the bolometer wafer
and a backing wafer are shown.
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Figure 5 Left: Bolometer array with extra etched feedthroughs in between the
SiN legs. Right: Backing wafer that contains cavities and feedtroughs.

With a stack of multiple wafers we can create a structure as
shown in Figure 6 and Figure 7.
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Figure 6 Left: first stage of assembly of a multi-wafer bolometer array. Right:
final assembly of the hexagonally packed array. Note that the bolometers are
at different depths within the cavity. The top wafer that closes the cavities is
not shown.
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Figure 7 Left: side view of the multi-wafer bolometer design. The yellow
wafers are gold plated Si wafers, the grey wafers are the Si wafers that hold
the bolometers. Right: final assembly of the hexagonally packed array. The
top wafer that closes the cavities is not shown. Details of the bias line
connections at the side of the wafers are not shown in this sketch.

The bolometer array now consists of three layers of
bolometers and 4 additional backing/topping wafers. If we
take a fixed pixel-to-pixel spacing L it can be shown that
with this identical pixel spacing in a square array and an array
as shown in Figure 7, the thermal conductance in the
hexagonal array can be about a factor of three lower. For an
array of Transition Edge Sensors therefore the phonon noise
limited NEP can be reduced by a factor of /0.3, for an array
that has the same physical dimensions as a square pixel
design. If the array size is a design driver the hexagonal design
can pack about a factor of 9 more pixels in the same area. This
can be of great benefit in reducing the size of large number
TES arrays.

V. SIMULATED DEVICE RESPONSE

In the previous section we have sketched a possible
configuration of a cavity enclosed bolometer, without
detailing the actual design of the cavity. The absorbing
material for far-infrared bolometers with A/4 back-shorts
generally consists of a thin semi-transparent metal film or
mesh with a surface impedance close to 377 ohm (matching
the free space impedance). This allows for a 100% coupling
efficiency of incoming radiation to the absorber at the resonant
wavelength. The general approach for the enclosed bolometers
described here is that the cavity is over-moded for the
wavelength of interest and is non-resonant, and therefore
broadband. We basically propose to build a black-body type
cavity with reflecting walls and an absorbing film as discussed
by Richards and Winston [6],[7]. The exact position of the
film within the cavity is not very critical, which is an

advantage over A/4 back-shorts that have to be fabricated with
um accuracy at FIR wavelengths. At very short wavelengths
(in a ray-tracing approach) such a cavity can be considered as
a highly reflecting cavity with a free standing metal film,
where light bounces from surface to surface and loses part of
its energy at every pass through the absorbing film. So the
radiation in the cavity is either absorbed by the film, or
reflected out of the cavity via the entrance aperture. A
cylindrical cavity as sketched previously would be possible,
but we have simulated the response of square cavities that are
terminated by a pyramid. The reason for this is that pyramidal
cavities can be etched with an anisotropic KOH etch of Si
<100> wafers [8] resulting in reflecting surfaces with
extremely low surface roughness. A sketch of an array with
pyramidal shaped cavities is shown in Figure 8. In a ray
tracing approach the 70.6 degree angle of the etched
pyramidal shape causes many reflections within the cavity,
contrary to a flat surface or a 90 degree corner cube like
reflector.

We have analyzed the pyramidal shaped cavity first with
ZEMAX in a ray tracing method, which corresponds to a
situation where the incoming light has a much smaller
wavelength than the dimensions of the cavity structure. This is
the extreme case of a multi-mode approach where a high
number of electromagnetic modes is present [9]. As another
extreme we have analyzed the structure with the COMSOL
EM simulation program, where we use a single mode
approach, with only the fundamental TEO1 mode being
present in the entrance waveguide. In both cases we assume
that the surface of the cavity (gold plated Si) is nearly lossless,
and the additional apertures in the cavity needed to enclose the
SiN legs (see Figure 3) are so small that radiation cannot leak
into it. So we assume a cavity with only an entrance light-pipe,
reflecting walls, and an absorbing film. Also we do not take
into account the coupling mechanism of a horn or lens array to
the entrance waveguide, but merely look at the absorption
once the light has entered the cavity structure.

TABLE 1 PARAMETERS AND DIMENSIONS USED IN
SIMULATING THE ABSORPTION EFFICIENCY OF A CAVITY
ENCLOSED BOLOMETER WITH COMSOL.

Parameter Value
Waveguide Width 100 pm
Waveguide Length 200 pm
Thickness of top wafer 200 pm
Cavity width at widest point ~ 382.84 pm
Absorber Width 200 pm
Absorber Surface Resistance 377 Q/o
Absorber thickness 20 nm

We have analyzed several different configurations of
pyramidal shaped cavities. Some initial results are shown in
Figure 8 and Figure 10. More detailed analysis of this
structure will be published elsewhere. An example of a ray-
tracing simulation is shown in Figure 8. In this initial
simulation the absorber size was equal to the dimension of the
waveguide entrance (100x100 pm) and the largest dimension
of the cavity was 400x400 pum. Therefore the absorbing film
fills only a relatively small area of the cross section of the
cavity. Even with this configuration we find that due to the
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many internal reflections an absorption efficiency of 85% can
be obtained.

An initial result of a COMSOL simulation is shown in Figure
10. The parameters that were used in this simulation are
shown in TABLE 1. These numbers are chosen to comply
with the restrictions on pixel size and spacing for the
development of the far-infrared TES bolometers developed for
the SAFARI instrument. The SAFARI instrument has three
wavelength bands covering the 30-200 um wavelength range
(2-9 THz). Standard wafer thicknesses of Si wafers, and the
capabilities of DRIE etching match well with the required
dimensions in these far-infrared wavelengths. In this initial
design of the pyramidal cavity we observe that the absorption
has a cut-on frequency at 1.5 THz due to the 100x100 um
waveguide, shows a strong resonant behavior between 1.5 to 3
THz and then has a more than 80% coupling efficiency up to 9
THz (where we stopped our simulation) with some notable
resonances between 5 and 7 THz. To get rid of these

400 400

20

Figure 9 COMSOL modelling of a pyramidal cavity with a thin film absorber.
The dimensions in the figures are in um. On the righ the electric field
distribution within the cavity at a frequency of 5.3 THz The waveguide is
exited with the fundamental TEO1 mode.

resonances we have further optimized the cavity design by
introducing some asymmetry that smears out the resonances.
By doing so we are able to get a simulated response of the
cavity coupled bolometer over a very wide band running from
2-9 THz, only limited by the cut-on frequency of the
waveguide, and the end frequency of our simulation.

V. CONCLUSION

In conclusion we have described the possible configuration
of a silicon micro-machined cavity coupled bolometer that can
be used in the far-infrared wavelength range. Simulations
show that the design can have broadband coupling over a very
wide wavelength range. Compared to existing designs that
make use of a combination of Si bolometer wafers and Cu
reflecting backshorts or cavities, the use of Si micro-machined
cavities has several advantages with respect to vertical
alignment, packing density, and thermal expansion properties
at cryogenic temperatures. A more detailed study on the
simulated performance will be published elsewhere.

g

Figure 8 Ray tracing simulations of a pyramidal cavity enclosed bolometer.
The ray tracing results for only a few rays are shown and it can be seen that
rays that enter the cavity perpendicular to the absorber are reflected many
times within the cavity, due to the 70.6 degree angle of the pyramid. Based on
simulations with many more rays it is shown that an absorption efficiency of
85 % can be achieved.
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Figure 10 absorbed (red), reflected (blue) and total power (green) of the
simulated cavity shown in Fig 9. The absorbed power is measured within the
thin film, the reflected power is measured at the input port of the waveguide.
The summation is used to cross-check the simulation. The waveguide has a
cut-on at 1.5 THz. In the region where the cavity is not very much over-
moded, strong resonant behavior is observed.
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A Resonance Cold-Electron Bolometer with a Kinetic Inductance Nanofilter

Leonid S. Kuzmin
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A novel type of resonance cold-electron bolometer (RCEB) is proposed. In this sensor, the internal resonance is
organized by the kinetic inductance of an ultrasmall NbN superconducting nanostrip and the capacitance of
the nanoscale SIN (Superconductor-Insulator Normal) tunnel junction. Decisive breakthrough was done by
implementation of the CEB with kinetic inductance of superconducting absorber and normal metal traps [1, 2]
with proper resonance properties. The kinetic inductance is about 300 times smaller than the geometrical
inductance of the same value. This reduction of size gives an opportunity to create nanofilters with a total size
considerably smaller than the wavelength. This internal resonance acts as a bandpass filter (instead of external
filters) with a bandwidth of 3-50%, something needed for radioastronomy applications [3].
| Y
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Fig 1. a) Sketch of the Resonance Cold-Electron Bolometer (RCEB) with kinetic inductance of the
superconducting NbN strip and capacitance of the SIN tunnel junction as an RF internal filter. b) Equivalent
scheme of the bolometer including kinetic inductance L, the capacitance of the tunnel junction Cg,, and
resistance of absorber Rabs with typical parameters for 300 GHz; c) Energy diagram of RCEB with A > hf.

The NbN protection against escaping hot quasiparticles provides a unique opportunity to create an optimal
CEB with only one SIN junction and an Andreev SN contact for thermal protection, in contrast to a classical CEB
with two SIN junctions. The well-known problem of hot quasiparticles escaping over the Andreev barrier (4) is
overcome here by creating a barrier higher than quantum energy A>hf to have working kinetic inductance.
Replacing two SIN junctions by one junction, we could use this junction of half the area to keep the same
capacitive coupling. Therefore, a single-junction RCEB would have four times less area of junctions (and
volume of absorber) in comparison with a two-junction RCEB and should show better noise performance due
to the proportionally decreased e-ph noise component.

The RCEB can be effectively used to create multiband elements that are actual tasks in radioastronomy due to
the benefit that comes from its ability to use co-located data, and problems with the dramatic increase of the
size of the focal plane.
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A planar frequency selective bolometric array at 350 GHz
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Planar bolometric imaging arrays are becoming increasingly diverse in kind due to their simple design and
scalability. Frequency selective bolometric designs [1] have earlier coupled bolometers with frequency
selective quasioptical interference filters as compact sub-millimetre radiometers. Here we describe a
bolometric focal plane array consisting of the Cold-Electron Bolometer [2] (CEB) integrated in a frequency
selective surface (FSS) fabricated on a Silicon substrate with a backshort. This array is formed by a periodic
pattern of conducting annular square elements and the two-terminal CEB is embedded directly in the
elements' arms. The CEBs impedance has been matched to the FSS which provides resonant interaction with
sub-millimetre radiation. A further degree of freedom for the tuning is via varying the thickness of the
substrate. We've been able to design the FSS at 350 GHz with peak coupling of more than 90% as is common
for FSS based filters. The integrated CEB array has been designed for a photon noise limited performance with
cold JFET amplifiers for optical power loads between 15 pW to 80 pW. This design can fit the requirement of
balloon-borne CMB missions like OLIMPO. A prototype of such a detector has been fabricated and optical
response to blackbody radiation has been measured, indicating responsivity up to 5%10° V/W and higher. FSS
based structures exhibit narrow bandwidths and we’re in the process of optimisation of our imaging array to
achieve bandwidth of more than 10% required for OLIMPO telescope. The details of this new concept,
together with numerical simulations and optical measurements will be presented.
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Power Load Dependencies of Cold Electron
Bolometer Optical Response at 350 GHz

Mikhail A. Tarasov, Valerian S. Edelman, Andrey B. Ermakov, Sumedh Mahashabde, and
Leonid S. Kuzmin

Abstract— Cold electron bolometers integrated with twin-slot
antennas have been designed and fabricated. Optical response
was measured in 0.06-0.6 K temperature range using black body
radiation source at temperature 2-15 K. The responsivity of
0.3*10° V/W was measured at 2.7 K radiation temperature. The
estimated ultimate dark responsivity at 100 mK can approach
S,=10% V/W and reduces down to 1.1*10% /W at 300 mK for the
sample with absorber volume of 5¥10?° m®. At high power load
levels and low temperatures the changes of tunneling current,
dynamic resistance and voltage response have been explained by
non-thermal energy distribution of excited electrons.
Distribution of excited electrons in such system is of none-Fermi
type, electrons with energies of the order of 1 K tunnel from
normal metal absorber to superconductor instead of relaxing
down to thermal energy kT.. This effect can reduce quantum
efficiency of bolometer from hf/kT,, in ideal case down to single
electron per signal quantum in the high power case.

Index Terms—bolometers, nanofabrication, slot antennas,
submillimeter wave technology, superconducting devices

I INTRODUCTION

old-electron bolometer with Superconductor-Insulator-

Normal metal-Insulator-Superconductor (SINIS) structure

has promising predicted performance [1,2].  Under
microwave irradiation additional excited electrons with high
excess energy provide increase in tunneling current and/or
decrease of dc voltage and such response is dependent on
applied power and frequency. Usually for theoretical
estimations it is assumed that microwave radiation is
equivalent to dc heating at the same absorbed power. In such
process the electron temperature of absorber is increased over
the phonon temperature.

However in normal metal for Terahertz radiation at
frequency f >>kT/h dominates quantum absorption of photons
with energy E=hf>>KT by single electrons [3-6]. In this case
the energy distribution of electrons is determined by a balance
of processes of photon quantum absorption, electron-electron,
electron-phonon, phonon-electron, phonon escape processes,
and tunneling of excited electrons in a SIN junction [3,4].
This distribution function is significantly different from
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equilibrium Fermi distribution. Microscopic calculations of
tunneling current in clean limit [3,4] for electron-electron and
electron-phonon collision integrals show that increase of
response is dependent on multiplication of excited electrons
with energies e>kT due to electron-electron interactions and
reabsorption of nonequillibrium phonons that did not escape
from absorber. Multiplication of non-equillibrium electrons
leads to increase of current response SI(P), in which P —
absorbed power, and this multiplication leads to increase in
current 81 for voltage bias mode. Thus current response I of
SINIS detector can exceed the photon counter limit of e/hf, but
still being below the bolometric response limit of e/kT.
Studies and optimization of energy relaxation in electron
system at low temperatures can help to improve the practical
optical response of SINIS detectors.

In our earlier experiments [7,8] we observed voltage
response OV(I)=V,p=—V,p, Which shows that there is no
thermal equilibrium in electron system. Now we performed
detail analysis of new experimental data on IV curves,
dynamic resistance, optical response to show absence of
equilibrium in electron system and significant tunnel current
due to electrons with excess energy.

1. EXPERIMENT

Bolometers containing 3 serial SINIS structures were
integrated in twin-slot antennas. Bottom layer of bolometer
was made of normal-metal Al absorber 10 nm thick in which
superconductivity was suppressed by underlayer of
ferromagnetic film [9]. For microwave signal such bolometers
were connected in parallel by means of capacitive connection.
Dimensions of elements: area of tunnel junctions 0.25 um?,
length, width and thickness of normal metal strip between
tunnel junctions 1*0.1*0.01 um®, dc resistance of single
absorber ~200 Q. Parallel connection for microwave signal
makes antenna load of 60 Q. Tunnel junctions parameters
were similar to earlier studied in [7,8]. When cooling down to
T< 0.1 K the resistance ratio Rg(V=0)/R, (in which R4q=dV/dI,
R, - asymptotic normal resistance) approached Ry/R,=15000,
and total resistance of array at 0.1 K approached
Rd(vz0):400 MQ.

Samples were measured in dilution cryostat equipped with
pulse tube refrigerator [10]. Additional recondensing stage
with liquefying of He gas in a 0.12 liter container allows to
keep temperature below 0.1 K during 4-5 hours with
compressor shut down. Chip with SINIS receiver was
mounted inside copper radiation shield at temperature 0.4-
0.45 K, in which inner wall was painted with black absorber
containing Stycast® 2850FT.



Silicon chip 0.35mm thick was attached to sapphire
hyperhemisphere 10 mm in diameter that collect radiation to
the planar antenna. Lens itself was glued with Stycast® 1266
in copper holder screwed to the dilution chamber.
Measurements with RuO, thermometer glued to Si plate
instead of detector show that its temperature at 0.1 K differs
by less than 2-3 mK from mixing chamber temperature
measured by LakeShore® thermometer with absolute error
below 5 mK.

In front of lens in the bottom of radiation shield it was a
hole 5mm in diameter, which was covered with planar
bandpass filters [11] for central frequency of 330 GHz and
total passhand of 50 GHz. Spectral transmission within 10%
accuracy is described by product of two Lorentz lines with
halfwidth of 70 GHz. Transmission in the maximum was over
90%. Distance from lens to filter is 2-3 mm, between filters
2 mm, from filter to black body source 2-3 mm.

Radiation source is a black body made of Si wafer covered
with NiCr film of square resistance of 300 Q. Wafer was
mounted on heat insulating legs to 1 K pot. Temperature of
radiation source was monitored by resistance of a calibrated
RuO, chip-resistor and heating varied by current through this
NiCr film in the range of 0.9-15 K. Dissipated power was up
to few milliwatts, time constant for heating/cooling of the
order of 0.1s.

Power received by antenna was calculated using Planck
formula for single mode

Pincident = Idf + * K1* K2 % K3
exp (j -1
g 1)

in which Tg- radiation source temperature, factors K1 and K2
accounted for transmission of filters and spectral matching of
antenna. For twin-slot antenna we take Lorentz line with half-
width of 100 GHz and maximum at 330 GHz. Influence of K2
was rather small, below 20%. Multiplier K3=0.72 takes into
account reflection of sapphire-silicon and sapphire-vacuum
interfaces.

1l. EXPERIMENTAL IV CURVES AND ESTIMATIONS OF
ELECTRON TEMPERATURE

Equivalent electron temperature in normal metal absorber
was deduced from dependencies of dynamic resistance
Rg=dV/dl and comparison with dV/dT dependence of ideal
SIN junction at some effective electron temperature. In
Fig. 1a,b presented 1V curves for two electron temperatures
and calculation according to simple analytic relation (2). 1V
curve of ideal SIN junction for voltages below the gap of
superconductor V,=A/e (in which A — energy gap of
superconductor), for single junction can be presented as [12]:

1(V,T)= e;ﬂ/anTeeVAexp(— ke;/ﬁ jsinh(evJ )

n e kTe

In our case we have 6 junctions connected in series, so
measured values of R, and V are divided by 6 to fit with
model curve. Voltage derivative of current brings dynamic
conductivity and inverse value is dynamic resistance. In
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experimental curves measured voltage corresponds to 6Vg;, in
which Vg — voltage across the single SIN junction.

Gap voltage V, in (2) according to BCS theory
corresponds to eV,=A(0)=1.76*kT. in which T, — critical
temperature. It can be determined from the dependence Ry(T,
V=0), which in the temperature range ~ 0.3 — 0.5 K has
exponential shape. At higher temperatures it should be
accounted also the temperature dependence A(T), and at
temperatures below 0.2 K dynamic resistance Ry approaches
constant value that is explained by overheating of electron
system by external radiation. Value of equivalent T, can be
estimated by fitting with equation (2). In our case using
A=k*245K we obtained good correspondence of
experimental calculated curves in all figures. Small difference
can be observed at V>0.4-0.5 mV, where resistance is higher
compared to calculated one due to electron cooling. In our
fitting we use value of A that corresponds to T,~1.4 K. In
measurements at T=1.5K IV curve is linear and at 1.3 K
nonlinearity is clear visible, so T, is within this range.

If electron system is excited by radiation, then dependence
is different from heating of sample, see fig. 1b. There is no
more correspondence with simple thermal model. If we take
T, for which Ry(V=0) is the same as in model, then at higher
bias current the difference in resistance can be more than 10
times larger. One can see that power response and
temperature response are different at 70 mK and coincide at
340 mK (Fig. 2).

Dependencies of responsivity ddV/dP on phonon
temperature and equivalent electron temperature are presented
in Fig. 3a,b for radiation power levels 0.22 pW, 1.35 pW,
2.95 pW, 4.95 pW. When plotted in dependence on electron
temperature (b) the shape of dependence is more natural and
shows that responsivity is dependent on nonequilibrium
electron temperature. When irradiated at 5pW load the
responsivity is reduced by an order of magnitude compared to
0.2 pW power load. When bath is heated to 0.34 K these
responsivities become equal for all power loads which means
that in this range detector becomes linear, ddV/dP is
independent on power and is determined by temperature. In
this case electron and phonon temperatures are very close, and
nearly equal. It means that increase in bath temperature leads
to increase of relaxation processes and thermalization of
electron system.

Losses in bolometer can be roughly estimated from power
to current transfer ratio, or current responsivity. Compare a
number of incoming quanta 1o5=5*10° s* for 0.1 pW at
frequency 330 GHz and number of excited electrons that
tunnel due to irradiation 1s=6*10° s™ (current increase at this
power load). Quantum efficiency n=ls/lo=1.2 is close to
unity, which means that one quantum produce just one
electron, that is a photon counter mode. There is no
multiplication of excited electrons number which was
predicted in [4] for bolometric mode of operation. If energy
did not escape from electron system, then the number of
excited electrons with energies in the range ~ (0.2 — 1A
should be 30 times more.
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Fig. 1. IV curves of SINIS bolometer at bath temperature 340 mK (a) and 70 mK (b). Solid lines correspond to experimental data obtained at two radiation
power levels of 4.8 pW and below 10 fW. Stars and circles — calculated curves for 370 mK and 345 mK (a), and 235 mK and 205 mK (b).
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Fig. 2. Voltage response dependencies on dc bias for temperatures 70 mK and
340 mK. Solid lines under 4.85 pW irradiation, dashed- response to equivalent
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V. DiscussioN

According to estimations [17] the difference of calculated
and experimental curves proves the absence of equilibrium in
electron system when energy distribution for electrons with
energy above the Fermy energy and holes with energy below
it does not correspond to Fermi distribution with equivalent
electron temperature. These excited electrons can be viewed
in two groups: thermalized and athermal. Impact of
thermalized electrons can be estimated assuming that their
temperature corresponds to calculated for the case when
calculated curve tangenting experimental at V=0, and dynamic
resistance of both are equal. In Fig.1b such assumption leads
to the electron temperature under irradiation estimation of
235 mK. The impact from athermal electrons can be
estimated as a difference between measured and calculated
and can be up to 70% of the total response. When temperature
increase the relaxation processes speed-up and at 0.34 K the
impact from athermal electrons is much less. At the same
time impact from thermalized electrons increase, they prevail
in tunneling current. As a result the voltage dependence of
response approaching the calculated one.
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Fig. 3. Responsivity dependence on bath temperature (top panel) and on
equivalent electron temperature (lower panel) for radiation power levels
0.22 pW, 1.35 pW, 2.95 pW, 4.95 pW.

Radiation power is collected in a normal metal absorber
with dimensions much less compared to the wavelength, so it
can be considered as a lumped element. When absorbing the
radiation quantum energy hf/k =16 K, all this energy is
transferred to electron, it forms electron-hole pair with
energies from 0 to hf above/below the Fermi energy. The
average energy of excited electron and hole is 8 K.

Excited electrons and holes diffuse towards the area of
tunnel junctions with diffusion time tgis , after that transfer
into superconducting electrode with time constant tg,. During
this period energy is redistributed due to electron-phonon,
phonon-electron, electron-electron, phonon-phonon and
phonon escape processes. As a result energy of excited
electrons is reduced, their number can increase, some power
escape into substrate and superconducting electrodes.
Additional tunneling current under irradiation depends on ratio
of time constants of these processes. Since all time constants
are strongly dependent on excitation energy, the dynamics
become very complicated, especially taking into account
transition from two-dimensional to three dimensional cases
when changing temperature and power.  Processes in
superconducting electrode will be also ignored; we assume it
as a thermal sink.
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Microscopic model described in [13] assume that as the
result of electron-electron interaction primary electron after
each inelastic collision will produce three new quasiparticles:
two electrons and one hole. Each of them has hf/6 of initial
energy.  Absorption of one phonon will produce two
quasiparticles: one electron and one hole, similar to photon
absorption. Spontaneous emission of phonons preserves the
number of quasiparticles. Rate of electron-electron collisions
that are necessary for multiplication of electrons is an order of
magnitude slower compared to electron-phonon relaxation
which reduce excitation energy and do not lead to
multiplication of quasiparticles. The phonon-electron process
can slightly increase bolometer response above the photon
counter limit.

Model of thermalization in normal metal is also discussed
in [16]. According to this model the most probable process
for energy relaxation of electron from energy level of E=A is
down to A/4 and emerging of phonon with energy 3A/4. This
energy is much higher compared to thermal phonons and we
obtain a nonthermal distribution for both phonons and
electrons.

First we estimate the diffusion constant for electrons in
normal metal:

D=— L

e“Np

in which p=0.07 Q*um, N=2.3*10" um3V?' is electron

density at Fermi level, this brings D=0.004 m%s. Diffusion

time for electrons to travel the distance about 1 um from the
middle of absorber to tunnel junction area is t4i=0.25 ns.

Relation of diffusion constant with speed v mean free path
| is D=Iv/3. Taking Fermi velocity vg=2*10° m/s one can get
the mean free path in absorber 1I=6 nm. Thickness of absorber
in our samples is 10 nm, which is comparable to mean free
path. Diffusion time through the thickness of absorber is
0.025 ps.

One more important parameter is a characteristic time for
tunneling in SIN junction. Time constant for electrons to
escape from normal metal to superconducting electrode is
determined by time of many attempts providing close to unity
probability to tunnel through the barrier. Transparency of
barrier is related to normal resistance of junction. According
to [3, 12], if in the bias point differential resistance is close to
normal resistance, then tunneling time constant is

Tsin = N (O)eanSt (4)

®)

in which N is density of states at Fermi level, R, is normal
resistance of junction, S junction area, t film thickness. For
aluminum film 10 nm thick, R,S=~1000 Q*pm? this
corresponds to t1g,~40 ns.  As a result Tgs T and
distribution of electrons along the normal metal is uniform.

Nonequillibrium condition of system is mainly determined
by relation between electron-electron and electron-phonon
time constants. The last can be estimated similar to [13, 14]
as:

31,k°®N (0]
fo T E? ®)



Parameter 15=25, electron-phonon constant
>=2.3nW/(um**K®).  For average excitation energy of
electrons E/k=8 K it corresponds to t,,= 0.2 ns, that is
comparable to diffusion time. The wavelength of such
phonons with energy 8 K and sound speed in aluminum
~5000 m/s equals to Apnonon~30 Nnm and it is larger compared to
film thickness. It means that such phonons propagate at small
angles to the boundary between Al absorber and Si substrate
and probability of their escape to substrate is rather small.
The last stage of electron-phonon interaction producing quasi-
Fermi distribution happens at phonon temperature 340 mK or
70 mK with corresponding electron temperatures 370 mK
and 235 mK for which electron-phonon power flow in
absorber is 280 fW and 28 fW. Actually electrons interact
with phonons of the entire volume of Al absorber and Al
superconducting electrodes that is 10 times as large, this
makes corresponding power flow up to 3 pW and 0.3 pW.

Opposite process of phonon-electron interaction is rather
fast, according to [9,14]:

234N ,n, K’
Toe =™ oig? ©)
620,E
In which Np*ny — atomic density that is for aluminum
6*10% cm™, ©,=428 K — Debye temperature. If we take the
distribution of energy from electron with initial energy 8 K to
electron and phonon with the ratio 1:3, this corresponds to
Tpe(6 K)=5 ps.

The dynamics is quite different for electrons in the region
of tunnel junctions. For acoustic waves both normal and
superconducting electrodes separated by barrier below 2 nm
thick is the same material and phonons can escape from
normal into superconductor metal in few picoseconds without
returning energy to electrons in absorber. Such process is a
loss channel for energy that irreversibly escapes to
superconductor or substrate. Characteristic time for such
escape through the thickness of absorber tp s
Tescape:tabs/ Vsound=2 PS.

Phonon relaxation time can be estimated in the case of
scattering at boundaries by dividing the characteristic length
of our sample about I,,c=3 um by sound speed
Tpp=lans/Vsoung= 600 ps.

Redistribution of energy among electrons is governed
mainly by electron-electron interaction. Equation for
calculating of such time constant 1, for two-dimensional case
corresponding to thin normal absorber taken from [12,14]:

—_ hEg )

nZEZIn[EFj
E

in which Ef=11.6eV — is Fermi energy. At electron
temperature of 8 K this time is te=1ns, that exceeds
Tep =0.2ns for the same electron energy. For three-
dimensional case T, IS dozens times as much compared to
two-dimensional. Value of 1, becomes equal to tg, for
temperatures in the range (1...1.3) K. Value of 1o, becomes
equal to 14, for electron temperatures ~2 K.

From the above revue it is clear that due to complicated
combination of electron-electron, electron-phonon, phonon-
electron interactions which vary with signal frequency and

T
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power, the energy distribution of electrons is much different
from simple Fermi distribution. Nonequillibrium of system is
mainly determined by ratio of escape time for electrons due to
tunneling g, to electron-electron and electron-phonon time
constant.  Finally, we can pick out two groups of time
constants, first is energy independent, it is diffusion time
14ir=0.25 ns, tunneling time t4,=40 ns, phonon escape time
Tesc=2 PS, and phonon-phonon time t,,=0.6 ns.  Energy
dependent time constants are second order dependent 1/E?
electron-electron time te and Ty, and also a fourth order
dependent 1/E* electron-phonon constant Tep.  Dependencies
are presented in Fig. 4.
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Fig. 4. Time constant dependencies on excitation energy plotted in Kelvins
i.e. E/k.

Electron-electron and electron-phonon time constants become
equal at energy around 3.7 K, and for lower energies electron-
phonon interaction get slower, so electron-electron can
become dominating. To increase bolometer efficiency the
length of absorber should be increased providing diffusion
time 14 longer compared to e and 7, Value of te, should be
increased by using absorber material with lower electron-
phonon parameter sigma; resistivity, density, and acoustic
impedance of absorber material should be increased as well.
According to [3] the optimal resistance of SIN junction should
be around 10 kQ.

V. VOLTAGE RESPONSE

In our experiments at low bias we observe significant
maximum that is not presented in conventional model of
SINIS bolometer without strong power load. This maximum
is increasing with signal power level that contradicts to
eventual explanation by Coulomb blockade that should
increase with cooling and reducing of power level. In IV
curves current increase is observed compared to the dark IV
curve.

We assume that such additional maximum corresponds to
direct detection at nonlinearity of SIN junction. At zero bias
there is no detection because of IV symmetry for both half-
periods of signal and for bias about 50-100 pV there is
maximum of rectified signal at maximum of nonlinearity.



Contrary to bolometric detection here we have direct detection
(rectification) of incoming signal. In Fig.5,6 presented
response dependencies measured at black body source
temperatures 0.89; 1.8; 2.25; 3.0; 3.6; 4.3; 4.9; 5.5; 6.0; 6.6;
7.2; 8.3; 9.8; 11.2; 12.5 K. Voltage response obtained by
subtraction of adjacent IV curves.
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Fig. 5. Voltage response at lower levels of signal in the range 1-4 K. Standard
bolometric response observed at about half-gap voltage bias, and at lower bias
around quarter gap voltage corresponding to higher nonlinearity appears a
direct detector response.
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Fig. 6. Voltage response in wider radiation temperature range 1 - 15 K.

Simple calculation of second derivative of IV curve for SIN
junction (Fig.7) shows that maximum curvature is presented at
lower bias voltages. For comparison in Fig.8 similar
dependencies is presented in logarithmic scale for three
temperatures of sample. Curvature is increasing by four
orders with cooling from 350 mK to 150 mK.

Nonlinearity of SIN junctions was earlier used for heterodyne
and direct detection of microwave signals in [18,19], in which
were used Pb/Bi/In-oxide-Ag junctions with area of 1.2 pm?
and specific capacitance of InOx of 4 uF/cm?,

40

2x10° .
1x10°%F -
d rdV35’ m opF——.

T N\

~ a0k

6 ./
- 2x10
—4
—4x10 0
Vim
Fig. 7. Second derivative of normalized IV curve at 350 mK.
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Noise temperature comparable to SIS junctions was
demonstrated in such junctions when biased near the energy
gap. Specific methods of fabrication for lead and niobium
SIN junctions of 0.5 um? area are described in [20,21]. Noise
temperatures down to 140 K were obtained at signal
frequencies up to 320 GHz [22]. One more similar structure
of SINS type is described in [23], for which the estimation of
noise temperature is at the level of 13 K for signal frequency
330 GHz. Direct detectors in mm-wave band with
NEP =10 W/Hz? [24] working at 4.2 K did not found
practical applications, but for temperatures below 300 mK
they can be competitive with superconducting bolometers.
According to [25] the conventional current response at
relatively low frequencies can be presented as

cl _ d%1jav? s

L7 2edijav 2 ®)
In nonlinear SIN or SIS junction with responsivity S/2>e/hf
this expression should be modified to the relation for quantum
assisted tunneling
RQM _ e I(V+hf/e)=21(V)+I(V—hf/e) )

t hf 1(v+2L)-1v-ns/e)

Assuming that shot noise is dominating in such detectors
i,>=2elB we can estimate the NEP of matched detector as

NEP = —V;,jjf (10)

that can approach in quantum limit maximum value of
NEP = hf(2IB/e)*?.




In our case at T=100 mK for bias current 0.01 nA and output
band 1Hz this corresponds to 2*10™® W/HZz'?, and
comparable to estimations for bolometric response of SINIS

structure. In this rough estimations we do not take into
. . 4'R‘rfRS . . .
account input mismatch n = =, In which Ry is antenna
(er+Rs)

impedance and R; is detector impedance. For planar antenna
we can take source impedance of 70 Q. Active part of
nonlinear detector impedance in quantum assistant tunneling
limit is

R., — 2hf /e

T T I(V+hf/e)-1(V-hf/e)
contrary to dynamic resistance in bias point for classical
detector. This value will be partially shunted by SIN junction
capacitance with specific value of about 60 fF/um? that is
about 10 Q at signal frequency of 350 GHz.

For comparison we can also mention super-Schottky
diodes with superconductor-semiconductor junctions Pb-GaAs
that were first proposed in [26]. Shape of IV curve and
detector response analytic theory for super-Schottky diodes
were developed in [27]. Current response can be presented as

(11)

R, _itanh(hf/ZRT)
U™ 2kT  hf/2kT
This value approaches classical limit Ry=e/2kT for lower
frequencies hf<<2kT and quantum limit Ry=e/hf for higher
frequencies hf>2kT.  For T=100 mK the characteristic

frequency separating two cases is only 5 GHz.

For our signal at 350 GHz the nonlinearity scale for
quantum assisted tunneling corresponds to dV~hf/e=1.3 mV,
and energy gap of single Al SIN junction is only 0.2 mV. In
this scale we cannot expect quantum detection, but low-
frequency components of black body thermal radiation and
external RF interferences like mobile telephones and TV
stations will be detected and make impact to current as we can
see in Fig.6. Such detector effect can be assumed as
significant for frequencies below 50 GHz for bias close to zero
and for frequencies below 100 GHz for bias around the gap
voltage.

(12)

VI. CONCLUSION

For SINIS detectors nonequillibrium in electron system
plays the main role in optical response performance. Ultimate
parameters can be achieved for maximum multiplication of
electrons in absorber due to electron-electron interactions and
absorption of nonequillibrium phonons. Time of electron-
electron collisions is relatively big at the beginning of such
process and diminish multiplication.  Nonequillibrium of
phonon system is determined by freedom of phonon escaping
to superconducting electrode that is fabricated from the same
aluminum as absorber. The natural way to increase
multiplication and response of detector is using material with
lower T, higher 1, and higher acoustic mismatch with
aluminum, that can be Hafnium. Inversion of sequence of
layers with placing absorber above superconductor can also
reduce phonon escape to substrate.
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Response of the antenna coupled TES with High-Frequency Readout to 0.65 THz radiation
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Antenna coupled TES bolometers have a great potential as ultra-low noise terahertz detectors. By decreasing
the volume of the sensitive element to nanometer scale and operating temperature to millikelvins, one could
reach ultra-low Noise Equivalent Power (NEP) for space astronomy which is limited only by cosmic background
[1]. Avoiding influence of excess noises and interference through the biasing lines is a great challenge in this
case. The well established method to readout the signal from TES is based on the low-noise DC-SQUID
amplifiers. Frequency-division multiplexing (FDM) was suggested as a method for building an array of such
bolometers [2]. However the bandwidth of SQUID amplifiers implies restriction for scalability of the readout
circuit. This leads to an increase of complexity and cost of the system.

In order to improve the scalability of FDM and avoid low-frequency SQUID amplifiers along with the perfect
isolation of the sensitive element from excess noise and unwanted interference, we suggested embedding
antenna-coupled TES bolometer into high-Q GHz resonator as a load [3-4] and bias it with RF power applied
through weakly coupled transmission line. The readout of THz signal is realized via demodulation of RF bias
signal. We called this new type of detectors RF-TES.

To verify the feasibility of the new device concept we fabricated sub-micron sized prototypes of single pixel RF-
TES for operation temperature of about 5.0 K. Device was fabricated from magnetron sputtered Nb thin films
on sapphire substrate: 10 nm thick Nb for TES bridge (7.~5K) and 250 nm for resonator (7.~8.5 K). To define
the geometry of our TES bridges we used e-beam lithography and ion milling. Since TES doesn’t have DC
connections we fabricated the witness bridges of the same size as TES to investigate DC transport and thermal
properties. Witness bridges were made in same fabrication process and on the same wafer with RF-TES. RF
measurements of the device were performed in transport He® Dewar using Network Analyzer. Resonance
curves were investigated at different bath temperature and RF power levels. Cratered resonance was observed
under certain temperature and bias conditions which were chosen as initial working point for further optical
measurement at 0.65 THz. To measure response to THz radiation RF-TES was placed in the focus of the
sapphire lens mounted in the detector block inside He* cryostat equipped with LNA and optical window.
Results on achieved sensitivity and NEP will be presented and discussed.
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| will review experimental studies performed within recently established collaboration between German and
Russian laboratories jointly working on various aspects of superconducting and quantum metamaterials. The
focus of our experiments is on ultra-low loss electromagnetic medium comprised of networks of compact
superconducting resonators. The design flexibility of superconducting thin-film resonators and circuits allows
for utilizing small structures down to the nanoscale while maintaining low loss properties, very strong and
well-controlled nonlinearity, and frequency tunability in the microwave and mm-wave frequency range [1, 2].
This approach opens up an opportunity to develop superconducting metamaterials with non-trivially tailored
electromagnetic properties, which can be functionalized as ultra-compact resonant magnetic dipole arrays [3-
6], integrated tunable non-reciprocal circuits [7], left-handed transmission lines [8], active emitter arrays,
phase modulators, etc. Another interesting spin-off of superconducting metamaterials is going to be on
quantum metamaterials comprised of arrays of superconducting qubits [9]. This directing is an emerging new
field for fundamental studies in quantum optics using microwaves, opening a possibility to explore collective
quantum dynamics of artificially tailored two-level systems under very strong coupling with electromagnetic
field.
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Resonator spectrometer developed at IAP RAS is a precision and high sensitive instrument for investigation of
reflectivity of metals and coatings in the millimeter (mm) and terahertz bands. An important application of this
instrument is investigation of antennas and thermal shields for space telescopes [1-3]. Until recent time the
temperature range of sample was limited by liquid nitrogen boiling temperature (78 K). Reflectivity of metal
cooled to this temperature differs from theoretical calculation based on normal skin-effect theory. For real
metals and coatings it is a problem to calculate the limit of reflective loss for temperatures close to absolute
zero (T = 0 K), because this value depends on several factors in a complex manner: surface roughness,
chemical composition, existence of surface structure and preferential directions. However, this limit is
important for designing of cooled detector systems and for other applications. The only confident way to
determine this value is experimental measurement.

The new laboratory complex, constructed on the base on resonator spectrometer is a great advancement in
the aforementioned direction: it allows investigation of dielectrics and metals at temperature from 4 K to
450K, in a very wide frequency band 60-500 GHz [4]. In this report we present new experimental results
obtained by cryogenic resonator spectrometer.

Reflectivity of metalized films for radiation shields of “Millimetron” space observatory with various metal
thicknesses were investigated in the MM band from 4 to 300 K. For the first time reflectivity versus
temperature dependence of pure metals (Cu, Al) was investigated in 4-300 K range at several frequencies from
150 to 250 GHz. Experimental results are important for cooled antenna systems design for MM and THz waves
detection.

This work is supported by Russian Ministry of Education and Science, Government decree No 220 (contract No
11.G34.31.0029).
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Capillary quasioptical highpass filter

Valerian S. Edelman, Mikhail A. Tarasov, Artem M. Chekushkin

Abstract— A series of capillary matrix highpass filters with
different diameters and lengths of capillaries has been
fabricated and experimentally studied. Transmission was
measured in the frequency range of 150-550 GHz. For inner
diameter of capillary of 0.54 mm and length of 3 mm the
attenuation of such filter was over 40 dB at frequencies below
200 GHz. At frequencies above 350 GHz attenuation was
below 5 dB.

Index Terms— Below cut-off circular waveguide, cryogenic
systems, high-pass filters, millimeter and submillimeter waves,

. INTRODUCTION

HE terahertz radiation is a region of the spectrum

between far infrared and microwaves (0.1-10.0 THz).
Detectors for balloon and space projects should operate at
temperatures below 1K. For calibration of sensitive
bolometers using black-body radiation source we need
band-depending filters for cryogenic setup Fig.1.
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Fig. 1 Example of setup for cryogenic calibration of bolometer (CEB),
two filters (SPICA SAFARI filters), black body source and 1 K aperture)

At the different temperatures black body radiation source
has spectral maximum at different frequencies Fig.2. And
level of out-of-band radiation can be more than in the
required band (1).
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In this case for correct calibration it is necessary to have
high suppression at the frequencies below signal. Such
filter should have a sharp cut-off frequency.
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A. M. Chekushkin is with the V.Kotelnikov Institute of Radio
Engineering and Electronics RAS (e-mail: boudko@gmail.com)
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Fig. 2 Radiation spectra of black body source at temperatures 3 K, 5 K,
10 K.

1. THEORY

There are different types of high pass filters. One of
them is a metal mesh filter [1]. High-quality filters are
fabricated of several layers of mesh filters. Multi-mesh
filters are rather expensive and difficult in fabrication. And
such filters still have some disadvantages, like Wood
anomaly -loses due to substrate mode; and losses at edges
of metal film due to skin effect.

Another type is a waveguide filter. The specifications of
below cut-off circular waveguides were studied in detail in
[2]. The suppression of the long-wave part of radiation in
this filter can be rather high. Another important advantage
of the below cut-off circular waveguide as a filter is the
sharpness of the transmission cut-off. In this case
characteristics of the filters can be chosen within wide
range by varying the diameters and lengths of waveguides.
The amplitude of the wave propagating in waveguide is (2)

|EI@) 4 E, |exp(i2)

where Z is the coordinate along the waveguide, E is the
intensity of the electric field at point Z, Eo is the intensity

of the electric field at the initial point, and y is the
propagation constant, described as (3).
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In the case when A < ﬂcr we have ordinary propagating

wave, but if A >/1CIr then the propagation constant will be
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imaginary and incoming wave will be exponentially
attenuated inside waveguide. These properties allow
fabricating filter with a very sharp cut-off frequency, high
suppression of radiation below cut-off frequency and
uniform transmission.

11. FABRICATION AND CONSTRUCTIONS

Single below-cutoff circular waveguide as a high-
pass filter was studied earlier in [2], in which was
obtained attenuation of 6-12 dB in the pass-band and
attenuation of 30-60 dB in the stop-band. Such filter
requires input and output horns and adapters (Fig.3) if
using in quasioptical systems and makes construction
rather complicated, of big size, with nonuniform

spectral characteristics.

Fig.3 Filter construction: 1- Polyethylene lenses (13mm diameter), 2-
Waveguide horns, 3- Apertures for sleeve, 4- Sleeve ( internal diameter:
1.5,1.2,0.48, 0.4, 0.24 mm), 5- Metal coupling for fastener.

™~

Matrix of many capillaries each like element (4) in Fig.3
can operate as a high-pass filter at millimeter and
submillimeter waves without additional adapters. At lower
frequencies each capillary can be viewed as a below-cutoff
circular waveguide. Array of capillaries do not need any
adapters, they are thin and can be inserted in any
quasioptical beam-guide. They can be alternative to
perforated plates (grids) that should be arranged as 4-6
parallel layers and this pseudo high pass filter is rather a
bandpass filter with a bandwidth of about one octave [3].
Industrial manufacturers of multimesh terahertz filters such
as QMC Instruments [4] and TYDEX [5] do not offer high
performance highpass filters that are required for cryogenic
radiation  sources intended for  calibration  of
superconducting bolometers.

We fabricated series of capillary matrix filters with
different diameters and lengths of capillaries. Fabrication
consists of following steps: electroplating of stainless with
Ni or nickel-copper capillaries, filling short piece of 10 mm
inner diameter tube with as many capillaries as possible,
soldering of such package with tin-lead alloy,
electroerosion cutting pieces of 1, 2, 3, 4 mm long, final
cleaning in ultrasonic bath. Fig.4

Copper tube (d=1 cm),
cupronickel tubes (d=0.54mm)

Bath with solder

=

Electroerosive method

Fig. 4 The main steps in filter fabrication.
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V. MEASUREMENTS

Filters were placed in the waist of a quasioptical gaussian
beam-guide comprising Backward Wave Oscillator (BWO)
radiation source, modulator, corrugated horn, four teflon
lenses (focal length 20 cm and 40 cm), and Goley cell
detector. Fig.5 Transmission was measured in the frequency
range 150-550 GHz. BWO is not uniform radiation source.
Due to that we measured the filter transmission at each
spectral point by dividing transmitted signal with filter by
transmission of blank aperture.

Fig. 5 Measurement setup: 1-BWO, 2,4 —teflon lenses, 5-HPF under
test, 6 -Golley cell detector.

V. RESULTS AND DISCUSSIONS

For inner diameter of capillary of 0.54 mm and length of
3 mm the attenuation of such filter was over 40 dB at
frequencies below 200 GHz. At frequencies above 350
GHz attenuation does not exceed 5 dB Fig.6.

Theoretical transmission at operating range determined
by ratio of open area S(open) to the whole area of filter
S(whole). In our filter this ratio should be about 60%.
Experimental results measured in configuration of Fig. 5
showed 33%. This difference could be explained with
nonideal optical beam shape. We use Gaussian beam and
put our filter in the waist of beam, but after that Gaussian
beam will not spread in the same condition. Beam at the
output is wider. If we take the whole output beam this
value approaches theoretical value of 0.33.

If we return to theory [3], we can compare our filter with
very similar [6]. But they have some differences. For [6] it
is a band-pass filter. Fig.7, contrary to our case of high-pass
filter. In [6] it was essentially an array of round holes (0.29
mm dia.) drilled in a 1-mm-thick Cu plate. The waveguide
structure provides an extremely sharp cut-off below f=620
GHz. This filter type is important for controlling the
blackbody power in the Wien limit, where the spectral
density of the radiation power decreases exponentially with
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Fig. 6 Experimental results for 1 mm and 3 mm length of filters.
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frequency. This filter could be compared with cross-shaped
band-pass filter.[7]. The key question in this geometry is
distance between crosses or circles. The main advantage in
our filter is uniform transmission above cutoff frequency,
low cost and simple fabrication.

VI. CONCLUSION

A novel type of sharp highpass filter of terahertz and
subterahertz electromagnetic radiation based on frequency
selectivity properties of below cut-off circular waveguide,
is developed. Experimental results show that the filters
provide a sharp cut-off in the transmission band with the
efficient radiation suppression below the transmission band.
The filter transmission in the pass band was at a level of
30-40%. Small size allows using such filters at cryogenic
measurement setup.
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Fig.7 Transfer function of the frequency selective surface filter in
comparison with theory of [3]. A noisy bump around 900 GHz is due to a
large data error in the vicinity of the Fourier transform spectrometer
beamsplitter node. [4]
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Design of a Compact Cold Optics for Millimeter
Wave Observations

Shigeyuki Sekiguchi, Tom Nitta, Kenichi Karatsu, Yutaro Sekimoto, Norio Okada, Toshihiro Tsuzuki, Shingo
Kashima, Masakazu Sekine, Takashi Okada, Shibo Shu, Masato Naruse, Agnes Dominjon, Takashi Noguchi,
Hiroshi Matsuo

Abstract—An optics which we have developed for 220 GHz |petector focal plane
observations is a compact cold re-imaging one from a telescope | f/#=1, ©=17.9mm Cold aperture stop | | Telescope focal plane
focal plane with F/# = 6 to a detector plane with F/# = 1 at 100 F/#=6, ®=100mm
mK. It employs two high refractive lenses, high purity alumina
(n=3.1) and silicon (n=3.4). To reduce the incident stray light into
the detector, a cold nested baffle composed of 4 reflectors with
the same spherical shape has been developed. The stray light
power is simulated to be 0.2uW which corresponds a quarter
of that of a without-baffles case. The total transmittance of three
kinds of IR blocking filters is 0.78 at the observation frequency,
and less than10~'° above 6 THz. Thermal flow power into the

detector, including the stray light power, is about 0.7 uW. The Silens -
cold optics with an 600 pixels MKID camera has been cooled ®=50mm Alumina lens
down to 100 mK. ®=160mm
Index Terms—compact cold optics, high refractive lens, (@)
millimeter-wave astronomy Fig. 1. (a) Ray tracing image of optics calculated with ZEMAX.

|. INTRODUCTION strated. For the optics, a refractive optics is adopted because

IDE field-of-view (FoV) observation is crucial to sur-it is more compact than a reflective optics such as SCUBA2
vey large area of astronomical sources such as distgglt and AzTEC [7]. The requirements is follows;
galaxies, which helps us to understand the process of gaIax;i) To connect a 100 mm diameter F/# = 6 focus of a
formation [1]. To realize the wide FoV, it is necessary to de- telescope with a telecentric F/# = 1 focus for the MKID
velop a telescope, focal-plane array detectors, and a re-imaging camera. An MKID camera optimized for the F/# = 1

optics to couple them. One of such wide FoV telescopes is focus has a 99% coupling with less than 5 degree tilted
planned [2], and we have been developing aluminum based beam.

MKID camera [3]-{5]. . . , ) 2) Reduction of infrared radiation and stray light to cool
In this paper, a re-imaging cold optics which connected "~ o the MKID camera. Stray light in the observation
with a 600-pixels MKID camera we have developed is demon- frequency becomes a noise source of the detector.

This work was supported by MEXT/JSPS KAKENHI Grant Numbers 3) Total transmittance of IR blocking filters at 200 - 250
21111003, 25247022, 24111712. This work was also supported by a Grant- GHz is as high as possible.
in-Aid for JSPS Fellows (No. 25001164). . . .

S. Sekiguchi is with Department of Astronomy, The University of Tokyo, 4) A cold aperture stop exists below 4 K to terminate §|de
Hongo, Bunkyo-ku, Tokyo, 113-8654, Japan and also with Advanced Tech-  lobes of the MKID camera. It also reduces the stray light

nology Center, National Astronomical Observatory of Japan, Mitaka, Tokyo, through the vacuum window into the MKID camera.

181-8588, Japan (e-mail: shigeyuki.sekiguchi@nao.ac.jp). .
T. Nitta is with JSPS Research Fellow, Kojimachi, Chiyoda-ku, Tokyo, 5) Bath temperature of the MKID camera is kept to less

102-8472, Japan and also with Advanced Technology Center, National Astro- ~ than 150 mK. To satisfy this condition with twice as
nomical Observatory of Japan, Mitaka, Tokyo, 181-8588, Japan. large as the optical system (a 200 diameter F/# = 6), the

K. Karatsu, N. Okada, T. Tsuzuki, A. Dominjon, T. Noguchi, H. Matsuo . . L
are with Advanced Technology Center, National Astronomical Observatory of thermal Ioadlng to this optics Is less tharpw.

Japan, Mitaka, Tokyo, 181-8588, Japan.
Y. Sekimoto is with Advanced Technology Center, National Astronomical
Observatory of Japan, Mitaka, Tokyo, 181-8588, Japan and also with Depart-
ment of Astronomy, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo, - -
113-8654, Japan. A. Optical design

S. Kashima is with JASMINE Project Office, National Astronomical A refractive OptiCS at 220 GHz with silicon and alumina

Observatory of Japan, Mitaka, Tokyo, 181-8588, Japan. . . . .. . .
M. Sekinye T opkada S. Shu ;’re with Departmpem of Astronomy, Tenses, which have high refractive indices and low dielectric

University of Tokyo, Hongo, Bunkyo-ku, Tokyo, 113-8654, Japan and ald@ss tangents in millimeter wave band [8], was designed. We
with Advanced Technology Center, National Astronomical Observatory ¢fgye developed sub-wavelength structure anti-reflection (AR)
Japan, Mitaka, Tokyo, 181-8588, Japan. . e .

M. Naruse is with Graduate School of Science and Engineering, Saitaf@ating on the silicon and alumina lenses [8]. Another AR

University, Saitama, Saitama, 338-8570, Japan. coating using mixed epoxy was also applied for silicon lens

Il. DESIGN
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Fig. 2. Schematic drawing of the compact cold optics. Fig. 3. Cooling time of the optical system. Red line shows the detector

temperature and it was cooled down to 100 mK.

array coupled with the 600-pixels MKID [8]. A ray tracing

image with ZEMAX software [9] is shown in Fig. 1. Theless than 1/1000 yield stress of the lenses [16]. To reduce
beam patterns were calculated and the side lobe level is 18&&gnetic field into the detector, two kinds of magnetic shields,
than -12 dB at all positions. The Strehl ratio is larger than gBumetal (A4K) and a superconducting coating, are mounted
% at all positions. This optics has 6.6 arcminutes FoV whe# 4 K, 1 K, and 100 mK stage, respectively.

it is installed in a F/# = 6 focus of a 10 m telescope. It is These compornents have scalability for twice as large as the
scalable for wider FoV with larger lenses. It is also planne@ptical system.

to install this optics and the MKID camera on Nobeyama 45

m telescope. C. Thermal design

We calculated incident power into 100 mK stage. The
thermal sources are radiation, which come from outside of
A schematic drawing of the refractive cold optics is showmacuum window including stray light, IR blocking filters, and
in Fig. 2. Alumina and silicon lenses are mounted at 4@diation shields of refrigerator, and conduction from readout

K and 1 K stages, respectively. A cold aperture stop tables. The total thermal flow power is OudV, which is
provided at 1 K. Three kinds of infrared (IR) blocking filtersenough below the refrigerator cooling power.
ZITEX coated PTFE filters [10]; radio-transparent multi-layer Optical loading power into one pixel detector is also cal-
insulation (RT-MLI) [11] using Styrofoam 8 layers; and eculated with assumption of a ground-based telescope at a
metal mesh filter [12], are mounted at 300 K, 40 K, 4 K, and dood observing site, Antarctica [17]. The area of each pixel is
K. Transmittance of these filters are measured with a Four@ssumed with 2.11 mfwhich corresponds to a pixel size of
transform spectrometer (FTS) [13]. ZITEX coated PTFE filtehe silicon lens array [18]. The total loading power to each
has the cutoff frequency at 6 THz, Styrofoam 8 layers atfdixel of MKID camera is 42 pW. Large loading power is
THz, and metal mash at 300 GHz. The averaged transmittama@ised at the vacuum window, the styrofoam layers, and the
of superimposed filters is confirmed 0.78 in 200 GHz - 258lumina lens.
GHz and less than0~'° at over 6 THz.

Cold baffles reduce the incident stray light into the MKID
camera. A cold nested baffle is mounted at 4 K and three . : .
flat baffles are installed at 1 K, 4 K and 40 K, respectivel)6v All optical components with the 600-pixels MKID camera

The nested baffle consists of 4 spherical reflectors with e e installed with the 100 mK d|_Iut|on refrlgerato_r. T_he
temperatures of all stages were monitored, as shown in Fig. 3.

same radius of curvature (80 mm). They reflect stray light
outside of the baffle. Inside of the nested baffle except %qrqe MKID camera on the focal plane was cooled down to 100

the reflective surface and the flat baffles set 1 K and 4 K'in 64 hours whose temperature was consistent with the

! . . 0
are coated with an absorber. The stray light power Comir'%hermal calculation. High yield of around 95% of the MKID

f . . . s been achieved. The hot-cold response of the MKIDs was
rom outside vacuum window into the detector focal plane IS nfirmed
0.2 pW, which is simulated with LightTools [14]. The baffles '
reduce 74% stray light power than without-baffles model.

A lens holder has 32 divisions whose structure is similar IV. CONCLUSION
to a thermal clamp [15]. Divisions of the lens holder play a A compact refractive cold optics with silicon and alumina
role in a spring which reduces the pressure applied to lens. [8Bses has been developed for the 220 GHz band. With a stray
divisions lens holders are adopted to reduce applied presslight simulation, we confirmed that the with-baffles model

B. Mechanical design

I1l. CRYOGENIC EXPERIMENT
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decreases 74% incident stray light power compared to the] T. Nitta, K. Karatsu, Y. Sekimoto, M. Naruse, M. Sekine, S. Sekiguchi,
without-baffles model. The 600-pixels MKID camera was
cooled down to 100 mK and95% vyield was achieved. This
optical system is scalable for other frequencies and larger F@M] T. Tsuzuki, T. Nitta, H. Imada, M. Seta, N. Nakai, S. Sekiguchi, and
The technology of this cold optics is applicable for a proposed Y. Sekimoto, “Design of wide-field Nasmyth optics for a submillimeter
optical system with wide FoV of 1 degree for a 10 m telescope
at 850 GHz [19], and a 20,000 pixel MKID camera has been
designed for the optical system [3].
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Invited Talk

Millimetron: The next FIR/mm Space Observatory

Thijs de Graauw,
on behalf of the Millimetron team,

Astro Space Centre of P.N. Lebedev Physical Institute, Moscow, Russia

Millimetron is an approved mission for a FIR/mm space observatory with a 10-m deployable antenna. It will
enable the scientific community to make observations with unprecedented sensitivity and angular resolution.
Observations in these bands are indispensable for our understanding the early stages of the Universe, galaxy
formation and star formation. The observatory will have two observing modes: as a single-dish telescope and
as an element of a Space-Earth interferometer. The antenna will be cooled to a temperature less than 10K
while the instrument compartment is to be cooled down to 4 K. With state of the art detector technology
(MKID arrays and HEB mixer arrays), it will provide extraordinary performance for imaging and spectroscopic
observations in terms of sensitivity and angular resolution. Millimetron will be launched into a L2 orbit.

In this talk | will present the status of the program, the main characteristics of the Millimetron observatory and
its instruments with the associated scientific objectives of the mission.
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Optimization of the intermediate frequency bandwidth in the THz HEB mixers

A. Semenovl, H. Richterl, H.-W. HUbersl'Z, D. Petrenko3, I Tretyakova, S. Ryabchuna, M. Finkela, N. Kaurovaa, G.
Gol’tsmana, C. Risacher4, 0. Ricken", R. Giisten®

TInstitute of Planetary Research, German Aerospace Center, Rutherfordstrafie 2, 12489 Berlin, Germany
Email: alexei.semenov@dir.de
%Institut fiir Optik und Atomare Physik, Technische Universitét Berlin, Hardenbergstrafie 36, 10623 Berlin,
Germany
3Department of Physics, Moscow State Pedagogical University, M. Pirogovskaya 29, 119992 Moscow, Russian
Federation
*Max-Planck-Institut fiir Radioastronomie, Auf dem Hiigel 69, 53121 Bonn, Germany

We report on the studies of the intermediate frequency (IF) bandwidth of quasi-optically coupled NbN hot-
electron bolometer (HEB) mixers which are aimed at the optimization of the mixer performance at terahertz
frequencies. Extension of the IF bandwidth due to the contribution of electron diffusion to the heat removal
from NbN microbolometers has been already demonstrated for NbN HEBs at subterahertz frequencies.
However, reducing the size of the microbolometer causes degradation of the noise temperature. Using in-situ
multilayer manufacturing process we succeeded to improve the transparency of the contacts for electrons
which go away from microbolometer to the metallic antenna. The improved transparency and hence coupling
efficiency counterbalances the noise temperature degradation. HEB mixers were tested in a laboratory
heterodyne receiver with a narrow-band cold filter which allowed us to eliminate direct detection. We used a
local oscillator with a quantum cascade laser (QCL) at a frequency of 4.745 THz [1] which was developed for
the H-Channel of the German Receiver for Astronomy at Terahertz frequencies (GREAT). Both the noise and
gain bandwidth were measured in the IF range from 0.5 to 8 GHz using the hot-cold technique and preliminary
calibrated IF analyzer with a tunable microwave filter. For optimized HEB geometry we found the noise
bandwidth as large as 7 GHz. We compare our results with the conventional and the hot-spot mixer models
and show that further extension of the IF bandwidth should be possible via improving the sharpness of the
superconducting transition. The cross characterization of the HEB mixer was performed in the test bed of
GREAT at the Max-Planck-Institut fiir Radioastronomie with the same QCL LO and delivered results which were
consistent with the laboratory studies.

References
1. see presentation H. Richter
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Low Noise Terahertz Mixers made of MgB, Films

Sergey Cherednichenko’, Stella Bevilacqua*, Evgenii Novoselov', Hiroyuki Shibata' and Yasuhiro
Tokura'.

’ Department of Microtechnology and Nanoscience (MC2 Chalmers University of Technology, SE-41296
Géteborg, Sweden Email: serguei@chalmers.se
"NTT Basic Research Laboratories
Morinosato, Atsugi, Kanagawa 243-0198, Japan

Mixers based on Hot-Electron Bolometers (HEB) are used for low noise detection in radio astronomy at
frequencies above 1THz as e.g. in [1]. The majority of HEB mixers are made of very thin superconducting NbN
films, where a short electron-phonon interaction time (10 ps at 10 K) and a short phonon escape time (40 ps
for 5nm) insures a gain bandwidth (GBW) of about 3-4 GHz. In some cases, for very short length NbN HEBs, the
GBW can be extended to 7-9 GHz. The critical temperature of the used NbN films is about 9-11 K, and hence,
there is no much choice as to cool the devices to 4K or even below. Obviously, there is an interest if other
materials can be utilized for the HEB mixers with a competitive or even superior performance with a possibility
of operation at high temperatures.

In ref [2] we demonstrated that a short electron energy relaxation time can be achieved in thin magnesium
deboride (MgB,) films (T.>20K). Later [3, 4], a low noise temperature (600 K) and a wide GBW (3.4 GHz) was
reported for MgB, HEB mixers at 600 GHz.

In this contribution we will report on the MgB, HEB mixer performance above 1 THz, where a wide noise

bandwidth has been achieved. We will also discuss the progress and challenges in fabrication of high quality
and very thin MgB, films using a method of Physical Chemical Vapor Deposition.
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Performance of a 4.7 THz waveguide HEB mixer for SOFIA’s upGREAT
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We present the heterodyne performance characterisation of a waveguide-technology HEB mixer at 4.7 THz.
The HEB mixer was developed for the upGREAT focal plane array extension of the German Receiver for
Astronomy at Terahertz frequencies (GREAT), which currently is in operation on SOFIA. The High Frequency
Array (HFA) at 4.7 THz will consist of 7 pixels and will be combined with the 14 pixel Low Frequency Array (LFA)
at 1.9-2.5 THz, using similar waveguide mixers [1].

The HEB mixer is designed and fabricated at KOSMA, with the device utilizing normal metal planar circuitry
including a waveguide antenna, transmission lines and beamlead structures for DC and RF contact [2]. New for
our HEB device is the combination of in-house deposited NbN for the superconducting microbridge and a 2 um
thin silicon substrate, which is shaped from SOI wafers using MEMS front- and backside processes. The
broadband RF coupling measured with an FTS shows an excellent match with the circuit design. With a QCL
local oscillator operating at 4.745 THz, near the frequency of the [O I] line of astronomical interest, we
measure an uncorrected noise temperature Trec (Raleigh-Jeans) of 1200 K at 250 MHz IF using a HDPE dewar
window with 73% transmission and a 88 % signal transmission 13 um thick Mylar beamsplitter in horizontal
polarization and an evacuated signal path to the calibration blackbodies. The 3 dB IF noise roll-off is 3.3 GHz,
which is a significant increase in comparison to our previous NbTiN HEBs on silicon nitride membranes.

The waveguides are fabricated from a CuTe alloy by stamping techniques in the KOSMA in-house workshop.
The achieved accuracy, e.g. of the 48 um by 24 um waveguides, is 1 um. The waveguide mixer uses a smooth-
wall spline profile feedhorn, optimized and manufactured at Radiometer Physics GmbH. Our measurements
confirm the excellent quality of the beam pattern of the mixer, which is important for a focal plane array [3].

The heterodyne characterisation of the KOSMA mixer was performed in the (up)GREAT consortium test bed at
the MPIfR using a QCL based local oscillator developed by the DLR-PF for the GREAT H-Channel [4].
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MgB; Hot Electron Bolometers Operating Above 20 K
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Terahertz high-resolution spectroscopy of interstellar molecular clouds greatly relies on hot-electron
superconducting bolometric (HEB) mixers. Current state-of-the-art receivers use mixer devices made from
ultrathin (~ 3-5 nm) films of NbN with critical temperature ~ 9-11 K. Such mixers have been deployed on a
number of ground based, suborbital, and orbital platform including the HIFI instrument on the Hershel Space
Observatory. Despite its good sensitivity and well-established fabrication process, the NbN HEB mixer suffers
from the narrow intermediate frequency (IF) bandwidth ~ 2-3 GHz and is requires operation at near-liquid
helium temperature. As the heterodyne receivers are now trending towards “high THz” frequencies, the need
for a larger IF bandwidth becomes more pressing since the same velocity span at 5 THz becomes 5-times
greater than at 1 THz.

Our work is focusing on the realization of HEB mixers using ultrathin (8-20 nm) MgB, films. They are prepared
using a Hybrid Physical-Chemical Vapor Deposition (HPCVD) process yielding ultrathin films with critical
temperature ~ 38 K. This is a major advantage over previous experiments [1] of HEB devices using this
material. The expectation is that the combination of small thickness, high acoustic phonon transparency at the
interface with the substrate, and very short electron-phonon relaxation time may lead to IF bandwidth ~ 10
GHz or even higher. Currently films are passivated using a thin MgO layer which is deposited ex-situ via
sputtering. Micron-sized spiral antenna-coupled HEB mixers have been fabricated using MgB, films as thin as
10 nm. Fabrication was done using UV lithography and Ar lon milling, with E-beam evaporated Au films
deposited for the antenna. Measurements have been carried out on these devices in the DC, Microwave, and
THz regimes.

The devices are capable of mixing signals above 30 K indicating that operation may be possible using a
cryogen-free cooling system which may be the greatest impact of these devices on the future THz heterodyne
receivers for space. We will report the results of the measurements taken to indicate the local oscillator power
requirements, the IF bandwidth, IF impedance, and noise temperature of these devices. We will also discuss
the procedures necessary to mature this technology to the point of practical field receiver as well as discuss
trade-offs and advantages associated with this novel material for HEB mixers.
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Performance of twin-slot antenna coupled NbN hot electron bolometer mixers at frequencies
ranging from 1.4 to 4.7 THz
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For astronomical observations at frequencies beyond 1 THz, heterodyne detection with NbN hot electron
bolometer (HEB) mixers is preferable. In this research we improve the coupling of incoming radiation to the
HEB using twin-slot antennas. Our experiments focus on the performance of our antenna designs with
frequencies at interesting molecular emission lines corresponding to 1.4, 1.9, 2.7, and 4.7 THz. We make
detailed analysis of the performance of the 1.4 THz HEB and demonstrate an excellent measured receiver
noise temperature T,.. of 480 K with a noise bandwidth of 3 GHz.

Incoming radiation is coupled to the superconducting bridge quasi-optically. Often this is done by a spiral
antenna, which is convenient because of its large bandwidth. Using a twin-slot antenna should in principle
offer a better coupling efficiency, because it has the same linear polarization as the LO source (QCL). In
practice however, the performance of twin-slot antenna at frequencies has been below expectations. We
demonstrate improved antenna coupling at high frequencies beyond 1 THz. We compare the spectral response
and noise temperature of twin-slot coupled HEBs with design frequencies at the molecular lines at 1.4, 1.9,
2.67, and 4.7 THz. Furthermore we make a detailed analysis of the performance of 1.4 THz HEBs, including the
frequency response and the dependence on the resistance and geometry of the bridge.
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Testing of 166 to 664 GHz receivers prototypes based on discrete planar Schottky diodes
for ICl onboard MetOp-SG
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The ESA MetOp Second Generation (MetOp-SG) Programme is proposed by ESA/Eumetsat and follow-on to
the current, first generation series of MetOp satellites for meteorological observations. Ice Cloud Imager is one
of five instruments for the MetOp-SG. RPG has developed five receiver channels covering the frequencies for
ICI (183, 243, 325, 448 and 664 GHz) + 2 additional frequencies (166 and 229 GHz) required for some of the
MWS and MWI channels. All constitutive mixers and multipliers have been manufactured, and use Schottky
diodes devices from two European diode manufacturers (TCL and ACST). The RF measurements have been
successfully done over -20°C to +45°C operating temperatures and various LO pumped p owers in order to
assess the optimal LO range.

The 183 and 243 GHz receivers show Double Side Band mixer noise temperature between 450-550K and
Conversion Loss of approx. 5 dB, over a 0,5-8 GHz IF range. The 325 GHz channel shows DSB noise temperature
of approx. 900K and CL between 6-7 dB over an IF range of 0.5 -9 GHz. The 448 GHz channel shows DSB noise
temperature <1100K and CL < 7dB, over an IF range of 0.5-9 GHz. Finally, the 664 GHz channel shows DSB
noise temperature <2000K and CL < 9dB, between 1.6 GHz and 9 GHz of IF range. These results are for room
temperature operation. RF results show global compliance to the ICI requirements, and are for most of them
at the state-of-the-art.
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Fig.1. Top: vacuum RF test chamber developed to test receiver in the -20 to +45°C range (left), and 664 GHz
receiver under test (right). Bottom: DSB mixer conversion losses measurements of 664 GHz (left) and noise
temperature (right) over this temperature range.
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Scientific Requirements for Next Generation Space Terahertz Astronomy Missions
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After the success of Herschel and Planck new space missions with significantly improved characteristics for
terahertz astronomy are planned, in particular Spica and Millimetron. Here we review topical scientific tasks
for terahertz astronomy and corresponding requirements to the frequency coverage, angular resolution,
spectral resolution and sensitivity of such missions. The tasks include galactic and extragalactic research, in
particular star formation, galactic structure, astrochemistry, exoplanets, etc. Capabilities of different missions
for performing these tasks are compared.
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THz photometers for solar flare observations from space
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The concept, fabrication and performance of a double THz photometers system is presented. It is the first
detecting system conceived to observe solar flare THz emissions on board of stratospheric balloons. An
innovative optical setup allows observation the full solar disk and the detection of small burst transients at the
same time. The system, named SOLAR-T, has been fabricated, integrated to data acquisition and telemetry
modules for this application. The tests included the whole system performance, on ambient and low pressure
and temperature conditions. One artificial Sun setup was developed to simulate actual observations and
testing sensitivities. SOLAR-T uses two Golay cell detectors preceded by low-pass filters made of rough surface
primary mirrors and membranes, 3 and 7 THz band-pass filters, and choppers. SOLAR-T photometers can
detect small solar bursts (tens of solar flux units) with sub second time resolution. It is intended to provide
data on the still unrevealed spectral shape of the mysterious THz solar flares emissions. The experiment is
planned to fly on board of two long-duration stratospheric balloon flights over Antarctica and Russia in 2014-
2016.
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Atmospheric Profiling Synthetic Observation System at THz Wave Band
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In this paper, we will introduce a dual-THz-band SIS (Superconductor- Insulator-Superconductor) heterodyne
radiometer system which is under developing for the atmospheric profiling synthetic observation system
project (APSOS). This THz system is intended to have a durable and compact design to meet the challenging
requirements of remote operation at Tibetan Plateau. The system as well as its major components such as
antenna tipping, quasi-optics, cryogenics, SIS mixers and FFTS backend will be discussed thoroughly. Some
scientific simulation focusing on the atmospheric profiling componets at THz bands will also be investigated.

Keywords — THz, SIS mixer, Radiometer, Atmospheric profiling.
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Kinetic Inductance detectors have held a promise for the last decade to enable very large arrays, in excess of
10.000 pixels, with background limited sensitivity for ground- and Space Based sub-mm observatories. First we
present the development of the detector chips of the A-MKID instrument: These chips contain up to 5400
detector pixel divided over up to 5 readout lines for the 350 GHz and 850 GHz atmospheric windows. The
individual detectors are lens antenna coupled KIDs made of NbTiN and Aluminium that reach photon noise
limited sensitivity at sky loading levels in excess of a few fW per pixel using either phase readout or amplitude
readout. The ability to use phase readout is crucial as it reduces the requirements on the readout electronics
of the instrument. Cross coupling between the KID resonators was mitigated by a combination of numerical
simulations and a suitable position encoding of the readout resonance frequencies of the individual pixels.
Beam pattern measurements are performed to demonstrate the absence of any cross talk due to resonator-
resonator cross coupling. Second we present experiments on individual lens-antenna coupled detectors at
1.5 THz that are made out of aluminium. With these devices we have observed, as a function of the irradiated
power at 1.5 THz, the crossover from photon noise limited performance to detector-limited performance at
loading powers less than 0.1 fW. In the latter limit the device is limited by intrinsic fluctuations in the Cooper
pair and quasiparticle number, i.e. Generation-Recombination noise. This results in a sensitivity corresponding
to a NEP = 3.8-10™° W/V(Hz).

A 100 mm wafer with in its center a 5400 pixel array of background limited NbTiN-Al antenna coupled KIDs.
Clearly visible are the 10 bond pads used to connect the 5 lines that connect to 1080 pixels each.
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Normal Metal HEB Detector with Johnson Noise Thermometry Readout
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Next generation submillimeter telescopes will require more sensitive detectors for spectroscopy and imaging.
Several advanced concepts have been pursued in the recent years with the goal to achieve a detector Noise
Equivalent Power (NEP) of the order of 10%° - 10" W/Hzl/2 that corresponds to the photon noise limited
operation of the future space borne far-IR spectrometers under an optical load ~ 10™*° W. Our recent work has
been focusing on the hot-electron Transition-Edge Sensor (TES) where a much lower thermal conductance
than in a SiN membrane suspended TES has been achieved. This is due to the weak electron-phonon (e-ph)
coupling in a micron- or submicron-size hot-electron Ti TES. Using this approach, the targeted low NEP values
have been confirmed via direct optical measurements [1]. The kinetic inductance detector [2] and quantum
capacitance detector [3] demonstrated recently a similar sensitivity as well.

We see nevertheless the possibility to push the state-of-the-art even further. Increase of the operating
temperature and the saturation power, and simplification of the array architecture are believed to be
important areas of improvement not only for the ultrasensitive detectors but also for far-IR detectors intended
for use in photometers and polarimeters where the background is higher (NEP = 10 - 107 W/Hzl/z).
Recently, graphene has emerged as a promising material for hot-electron bolometers (HEB) due to its weak e-
ph coupling, very small volume of a single-atom thick sensing element and strong Drude absorption of far-IR
radiation. Since the monolayer graphene has a temperature independent resistance its readout is problematic.
In recent works [4, 5], Johnson Noise Thermometry (JNT) has been employed as the readout technique.

In this paper, we give a detailed analysis of the expected sensitivity and operating conditions in the power
detection mode of a hot-electron bolometer made from a few umz monolayer graphene flake which can be
embedded into either a planar antenna or waveguide circuit via NbN (or NbTiN) superconducting contacts with
critical temperature ~ 10 K. The most recent data on the strength of the e-ph coupling are used in the present
analysis and also the contribution of the readout noise into the NEP is explicitly computed. The readout
scheme utilizes the JNT allowing for Frequency-Domain Multiplexing (FDM) using resonator coupling of HEBs.
In general, the resonator bandwidth and the summing amplifier noise make a significant effect on the overall
system sensitivity. The analysis shows that the readout contribution can be reduced to that of the bolometer
phonon noise if the detector device is operated at 0.1 K and the JNT signal is read at about 10 GHz where both
the Johnson noise and the microwave photon mediated thermal conductivity weaken greatly. Beside the high
sensitivity, this bolometer does not have any hard saturation limit and thus can be used for imaging with
arbitrary contrast. By changing the operating temperature the bolometer sensitivity can be fine tuned to the
background noise in a particular application. Using a quantum noise limited kinetic inductance parametric
amplifier [6], 100s of graphene HEBs can be read simultaneously without saturation of the system output and
deterioration of the sensitivity. We will also compare the expected performance of graphene with several
conventional normal metal materials for HEB (e.g., W, TiN, Pd). A relative simplicity of the normal metal HEB
compared to the TES version (no need in bias, tuning of critical temperature, and dc SQUID amplifiers) can
make this approach an attractive alternative for the low-background far-IR arrays.
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Photon Statistics for Space Terahertz Astronomy

H. Matsuo

Advanced Technology Center,
National Astronomical Observatory of Japan
Email: h.matsuo@nao.ac.jp

Photon counting technology in terahertz frequency region will open a new field in astronomy that used photon
statistics as an observational tool. Electromagnetic wave has been treated as either stream of independent
photons in shorter wavelengths or as radio wave in longer wavelengths. However in far-infrared wavelengths
or terahertz frequencies, both characteristics of the photon and the wave appear. Photons in this wavelength
region are usually bunched, whose photon statistics tell us the physical states of emission sources, such as
thermodynamic temperature when the source is in equilibrium.

When one make use of the bunched photon measurements on two telescopes, one can measure their
intensity correlation, as demonstrated by the Hanbury-Brown and Twiss (HBT) experiment for the intensity
interferometry. Photon counting detectors would further improve the interferometer technology and realize
high sensitivity aperture synthesis interferometry for future space programs, which can be named as Photon
Counting Terahertz Interferometry (PCTI).

The technology is based on the intensity correlation which is the same as in HBT, and by using fast photon
counting detector, it would be possible to achieve high time resolution better than one wavelength passing,
which can be used as the phase information of intensity fluctuation. Furthermore, the element telescopes can
be independent and number of elements is not limited and very long baseline interferometry could be
realized.

Detector technology based on superconducting tunnel junction detector is proposed. Their fast quantum
response to terahertz photons enables wide bandwidth measurements to be used to obtain the phase
information of the intensity fluctuation. Series connected junctions coupled with high-impedance and low
noise amplifiers can be use to count each photon signal with enough signal-to-noise ratio when leakage
current of junction is less than an order of pico-ampere.

With the ultimate sensitivity under low-background condition in space, PCTI would image a few hundred Kelvin
sources with micro-arcseconds angular resolution using baseline length of several thousand kilometers in far-
infrared wavelengths.
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We report the experimental study of the off-chip detection of frequency multiplication in a distributed array of
Superconductor-Insulator-Superconductor (SIS) junctions. A test device consisting of a series array consisting
sixty eight Nb/AIl-AlOx/Nb tunnel junctions was designed for this study, and was fabricated using in-house Nb
thin-film technology.

The test device with SIS array was optimized for the study of second harmonic generation in 182-192 GHz
output frequency band. The SIS array was exited with microwave radiation at 3 mm band using a quasi-
optically coupled Gunn oscillator and the output response of the device was studied using a double sideband
SIS mixer operating in 163 — 211 GHz range with 4-8 GHz. The Josephson-effect for both the SIS multiplier and
the detector mixer was carefully suppressed using magnetic field. We observed very sharp second harmonic
spectral signals, due to frequency multiplication by the SIS array. We also observed distinct multi-photon
process in the SIS array tunnel junction response to the applied microwave signal, and the amplitude of the
multiplied signal shows dependence on the bias voltage of the SIS array. We observed that the output power
of the multiplied signal increases linearly with the power of the pumping signal up to certain level and them
saturates. Increasing the input power beyond this level results in the heating of the chip. When the output of
the test device was connected to the LO port of the SIS-mixer, an increase of 10 - 20% in the SIS -mixer dark
current was observed when the SIS mixer was voltage biased in the middle of first photon step below the gap
voltage. The device, although far from providing sufficient power to pump a practical SIS mixer, may be
considered as a first experimental step towards SIS frequency multipliers.
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The diversity of THz detectors is as wide as the range of applications for THz waves. Requirements for the
detectors vary and so do the detectors. Extremely high sensitivities (NEP<10 18 W/Hzo‘s) for the cosmic
microwave background and extragalactic observations can only be achieved with the detector cooling below
1K. Whereas, simplicity and robustness are required for generic THz detectors in a lab. Security imaging needs
THz detectors in large arrays, preferably at ambient temperature operation or with compact and lightweight
cooling. Until recently, such characteristics as good sensitivity (NEP<1 nW/HzO‘S), high speed (< 1 ms), potential
for integration in arrays (solid state technology), room temperature operation have been demonstrated only
with Schottky barrier diodes. Si FET detectors have also shown a good performance below 1THz. In our
previous work we demonstrated [1, 2] that with a micro- and nano- meter scale bolometers based on
YBa2Cu307-x, (YBCO) thin films, an NEP of 200 pW/HzO'5 is achievable at room temperature, with a response
rate as short as a few nanoseconds (2-5 ns).

In this contribution we will report on the YBCO nano bolometers as small as 100nm. It leads to a large increase
in the responsivity (>100V/W) for frequencies from 100GHz to 2THz. As the responsivity grows, the nano
bolometers become more sensitive to the external electrical disturbances, which can be confused with
intrinsic noise in the device. We will discuss the noise properties of the YBCO nano bolometers, their optical
characterization, as well as some of their application for the gas spectroscopy and prospects of the array
integration.
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Terahertz detectors based on the room temperature NbsNg microbolometers

X. C. Ty, L. Xu, Q. K. Mao, C. Wan, L. Kang, B. B. Jin, J. Chen*, and P. H. Wu

Research Institute of Superconductor Electronics (RISE)
Nanjing University, Nanjing 210093, China
*Email: chenj63@nju.edu.cn

Terahertz (THz) detectors based on the room-temperature (RT) microbolometers consisting of a Nb sNg thin
film microbridge and a dipole planar antenna are reported. Due to the high temperature coefficient of the
resistance(TCR), which is as high as -0.7% K'l, of the NbsNg thin film, such an antenna-coupled microbolometer
is quite suitable for detecting THz signals. Previously, THz detectors working at 0.1 THz have been reported [1].
Here, the properties at 0.22-0.33 THz will be presented.

The microbolometers consist of a gold dipole planar antenna and a microbridge, which is the core element and
is made of properly patterned NbsNg thin film. To effectively couple the applied THz power onto the NbsNg
microbridge, a resonant dipole antenna is used. The dipole antenna is inserted into a 120 um by 210 um stub,
which is also used to connect to the bias circuits. The software named HFSS is used to carry out numerical
simulations for this antenna structure and to optimize the sizes. In the process of NbsNg microbolometer chip
fabrication, a SiO,/Si (100) combination substrate is used, where SiO, with 100 nm thick, is deposited by
thermal oxidation on Si(100) substrate with high resistivity (p > 1000 Q-cm). Such a combination is chosen
because of its low loss at lower band of THz frequencies and ease of fabricating an air-bridge, underneath the
NbsNg microbridge. Then, we used radio frequency (RF) magnetron sputtering to deposit a NbsNg film (120 nm
thick) on the substrate. The film was patterned into microbridges using photolithography and reactive ion
etching (RIE). The dipole antenna was then integrated with the NbsNg microbridge by depositing a 5-nm-thick
aluminum film firstly, a 220-nm-thick gold one later, and then pattern the antenna into the right shape and
size as designed by the software. Finally, an air-bridge, which reduces the effective thermal conductance of the
substrate to further enhance the responsivity, was formed under the NbsNg microbridge by etching 1 um of
the Si part of the SiO,/ Si (100) combination substrate.

The DC responsivity at RT, calculated from the measured current-voltage (I-V) curve of the NbsNg
microbolometer, is about -760 V/W at the bias current of 0.19 mA. A typical noise voltage as low as 10 nV/VHz
yields a low noise equivalent power (NEP) of 1.3 x 10™" W/VHz at modulation frequency above 4 kHz. The best
RF responsivity at 0.28 THz, characterized using a normail measuring method for the infrared devices, is about
580 V/W, with the corresponding NEP being 1.7 x10™"" W/VHz. In order to further test the performance of
NbsNg microbolometer, we constructed a quasi-optical type receiver by attaching it to a hyperhemispherical
silicon lens and the result shows that the best responsivity of the receiver is about 320 V/W at 0.24 THz, which
corresponding the NEP of 3.1 x10™" W/VHz.

Using above detectors, an active imaging system at 0.22 THz has been constructed using a Cassegrain reflector
with the diameter of 30 cm. The special resolution of about 1.41 cm is obtained. Also, this work could offer a
candidate to develop a large scale focal plane array (FPA) with simple technique and low costs. The details will
be discussed in the presentation.
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Photothermoelectric Response in Asymmetric Carbon Nanotube Devices Exposed to Sub-THz Radiation

1,23 1,23

G. Fedorov™~, A. Kardakoval'z, I. Gayduchenko™"~, B.M. Voronovl, M. Finkell, T.M. Klapwijk1’4, and G. Goltsman™?

! Physics Department, Moscow State Pedagogical University, Moscow, 119991, Russia
Email: gefedorov@mail.ru
zDepartment of General Physics, Moscow Institute of Physics and Technology (State University),
9, Institutsky Lane, Dolgoprudny, 141707, Russia
*National Research Centre, Kurchatov Institute, 1, Kurchatov Sq., Moscow, 123182, Russia
* Kavli Institute of Nanoscience
Delft University of Technology, 2600 AA Delft, Netherlands

This work reports on the voltage response of asymmetric carbon nanotube devices to sub-THz radiation at the frequency of
140 GHz. The devices contain CNT’s, which are over their length partially suspended and partially Van der Waals bonded to a
SiO, substrate, causing a difference in thermal contact. Different heat sinking of CNTs by source and drain gives rise to
temperature gradient and consequent thermoelectric power (TEP) as such a device is exposed to the sub-THz radiation. Sign of
the DC signal, its power and gate voltage dependence observed at room temperature are consistent with this scenario. At
liquid helium temperature the observed response is more complex. DC voltage signal of an opposite sign is observed in a
narrow range of gate voltages at low temperatures and under low radiation power. We argue that this may indicate a true
photovoltaic response from small gap (less than 10meV) CNT’s, an effect never reported before.

While it is not clear if the observed effects can be used to develop efficient THz detectors we note that the responsivity of our
devices exceeds that of CNT based devices in microwave or THz range reported before at room temperature. Besides at 4.2 K
notable increase of the sample conductance (at least four-fold) is observed.

Our recent results with asymmetric carbon nanotube devices response to THz radiation (2.5 THz) will also be presented.
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Invited Talk

The Greenland Telescope

Abstract — The Greenland Telescope will consist of the ALMA
North America prototype antenna, repurposed and modified to
operate in the Arctic environment, with the principal scientific
goal of imaging the Super Massive Black Hole at the heart of the
M87 Galaxy. Many of the major antenna components and
subsystems are currently undergoing modification or redesign at
numerous facilities, worldwide. ~We expect to collect and
reassemble these into a working telescope in the northeastern US
during 2014 and 2015, and conduct science verification and
commissioning during the winter 2015 — 2016. These tests will
include Very Long Baseline Interferometry.

Index Terms —mm and sub mm wavelength instrumentation,
radio telescope facilities, Very Long Baseline Interferometry.

I INTRODUCTION

he potential use of mlillimeter wavelength Very Long

Baseline Interferometry for the highest angular resolution
observations of astronomical objects is well documented [1].
Several pioneering observations have been made, both on
quasars used for calibration, and on astronomical objects of
particular interest. Indeed, a number of radio observatories are
working towards the development of the Event Horizon
Telescope with the express purpose of studying in great detail
SgrA*, the Super Massive Black Hole (SMBH) at the center
of the Milky Way — one of only a few candidate objects large
enough to enable detailed observations from the ground.
Another such object is the SMBH at the center of M87, where
greater mass relative to SgrA* results in a longer dynamical
timescale accessible to observations constructed by Earth
rotation. The Greenland Telescope will be located at 72
degrees north, close to the peak of the Greenland ice sheet, in
order to provide the longest north-south baselines toward M87
when coupled to the Atacama Large Millimeter Array in
northern Chile. It will also provide a key link between
telescope facilities in Europe and the US; and will thus enable
the longest baselines in the east-west direction, and hence the
highest angular resolution. Furthermore, since the number of
telescope facilities that can operate at millimeter and
submillimeter wavelengths is limited, it will provide
significantly improved imaging capability over the current
array, which includes a maximum of 9 locations: The Plateau
de Bure Interferometer (France); The IRAM 30 metre (Spain);
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The Submillimeter Telescope (Arizona); The Large Millimeter
Telescope (Mexico); The Combined Array for Research in
Millimeter-wave Astronomy (California); The Submillimeter
Array (Hawaii); ALMA and/or the Atacama Pathfinder
EXperiment (northern Chile); the South Pole Telescope for
southern sources (Antarctica); and the MIT Haystack
observatory at the longest wavelengths.

Besides enabling the highest angular resolution
astronomical observations, the chosen location, at 72.5
degrees north, is also at high altitude with sufficiently
transparent skies to offer the potential of sumbmillimeter
single-dish astronomy observations — which may even extend
into the Terahertz regime.

I1. THE ANTENNA

The antenna, the ALMA North American prototype, was
awarded via an open call for proposals, to the Smithsonian
Astrophysical Observatory in 2011 by the National Science
Foundation Division for Astronomical Sciences, for the
express purpose of studying the Super Massive Black Hole at
the center of the M87 Galaxy. Being an ALMA prototype, it
was originally designed to operate from the high altitude site
at Chajnantor in the Atacama Desert of northern Chile. In this
environment it was specified to an exacting set of
requirements to operate efficiently from centimeter
wavelengths to about 0.3 mm. However, it was never

Fig. 1. The ALMA North American prototype antenna before disassembly
at the Very Large Array Site, New Mexico, August, 2011.



intended to operate under the extreme weather conditions that
exist in the Arctic. As a result, numerous modifications and
design changes are required in order to transform it for Arctic
operation. Many of these modifications have been completed
with guidance provided largely by our partner institute, the
Academia Sinica Institute for Astronomy and Astrophysics of
Taiwan. These include reworking the elevation bearings, the
replacement of the azimuth bearing, the design and fabrication
of a 6-point antenna base support to better enable an even
distribution of the antenna load to a wooden raft and snow
foundation, which is currently under design in consultation
with the Cold Regions Research and Engineering Laboratory
(CRREL) - the site recently selected for initial assembly and
testing of the refurbished antenna. Other elements that have
required significant redesign, or substantial rework include the
electronics enclosures to house power systems, cryogenic
compressors, and HVAC equipment; and the carbon fiber back
up structure, which was repaired and modified to accept
electrical wiring required to power a new reflector panel de-
ice system that was never envisioned in the original design.
The antenna drive motors / gearboxes, and the hexapod drive
system that is used to position the secondary mirror, were
redesigned for the Arctic environment. The quadrupod was
replaced as it had been damaged during the ALMA acceptance
testing of the prototype antenna. Insulating panels will be
added to the main mechanical structure of the antenna.
Additional insulation will be added to the receiver cabin,
along with an improved thermal control system, and access to
the cabin will be modified to better enable operations in the
extreme Arctic environment.

11 THE SITE

The site, Summit Station, Greenland is a dry arctic
environment ideally suited to millimeter, and submillimeter
astronomical observations. It is potentially feasible to conduct
observations in the supra-terahertz windows during the winter
months, when the precipitable water vapor drops to about 0.25
mm for 10% of the time. Furthermore, at 72.5 degrees north
and 38.5 degrees west, Summit Station is the ideal location to
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Fig. 2. Expected median and best decile atmospheric transmission versus
observing frequency during the October — May observing season at Summit
Station.
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enable the longest baseline interferometry to ALMA in
northern Chile, and provide the required additional, essential,
link in the coupling of telescopes in northern Europe to those
in the western US to better enable quality imaging. With
reference to Fig. 3, even though M87 only reaches a maximum
elevation angle of about 30 degrees, corresponding to two air
masses, the quality of the atmosphere above the site makes
Summit Station a viable proposition for VLBI observations at
345 GHz during the winter months.
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Fig. 3. Common visibility of M87 from millimeter and potential sub-

millimeter VLBI stations.

The Summit Station facility was established by the US
National Science Foundation (NSF) in 1989, and has been in
year-round use since 2003. The scientific activity of the
station includes the European Greenland Ice Core Project
(GRIP), and the US Greenland Ice Sheet Project 2 (GISP2),
which combined form the longest paleo-environmental record
in the northern hemisphere, and atmospheric studies which
rely on clean air and clean snow. The siting of a large
telescope facility at Summit Station is viewed as an
opportunity for the clean air, clean snow science to move
away from the Station, which has been in active use for more
than 20 years; and plans are being developed to enable such a
move. ldeally, these activities would continue a few km to the
south of the current Summit Station, close enough to the GRIP
and GISP2 records, but sufficiently distant from the telescope,
power generation equipment, ski-way used for aircraft access,
and other scientific activities of which there are many during
the summer months.

Access to the site is generally via LC-130, either from
Thule Air Base or Kangerluusuag, and fuel and cargo are
hauled to the site once a year via the Greenland Inland
Traverse (GrIT), operated by CH2M HILL Polar Services and
CRREL in collaboration with the NSF. The GrIT, made up of
a series of purpose-built sleds pulled by tractors equipped for
Arctic operation, typically leaves Thule in early April and
covers the 1,100 km distance to Summit Station in about 3
weeks. Each tractor can pull up to 80 tons, and they are used
in parallel when climbing steep inclines, or in tandem on the
descent. In order to reduce antenna assembly effort at the site,



we are planning to ship in the largest possible subassemblies
consistent with safe passage and capacity of the traverse.
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Fig. 4. The antenna may be broken down into large subassemblies to reduce
assembly at the top of the Greenland Ice Sheet: 1) Reflector, 2) Reflector
support cone, 3) Receiver cabin, 4) Yoke support, 5) Base.

V. INSTRUMENTATION

The antenna will be equipped with single pixel receivers for
the standard millimeter/submillimeter VLBI: 86 GHz, 230
GHz, and 345 GHz. In addition, and depending on the
evolution of the science requirements, the antenna will be
equipped with a variety of other heterodyne receivers, either
single pixel or multi pixel, operating throughout the traditional
submillimeter atmospheric windows from 230 GHz,
potentially up to 1.5 THz. Bolometric array receivers have
proven to be very successful in star formation studies and the
search for high red shift galaxies at the APEX telescope and
Herschel Space Observatory, and we anticipate similar
instrumentation to be developed for the Greenland Telescope.

Several groups, worldwide, are currently focusing on a new
class of receiver technology, which will enable arrays of
detectors to be fabricated with reasonable spectral resolution
(R~3,000). We recently began a collaboration with colleagues
at the University of Cambridge to develop the CAMbridge
Emission Line Surveyor (CAMELS) [2] that will demonstrate
on-chip spectrometer technology for mm-wave astronomical
observations. ‘On-chip’ spectrometers use a bank of narrow-
band electrical filters, integrated onto the detector chip, which
perform spectral channelization at signal frequency. This
technology has a number of attractive features, including
compactness and ruggedness compared with grating and FTS
spectrometers, and the ability to realize systems with wide
instantaneous bandwidths. On-chip spectrometers fabricated
using Kinetic Inductance Detectors (KIDs) are expected to
enable the construction of large format imaging arrays in
which each pixel is also capable of wide-band, medium
resolution, spectroscopy. This is a potentially revolutionary
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technology for galactic surveys, Cosmic Microwave
Background (CMB) studies, for the detection and
identification of high red shift objects, and for Earth
observation and atmospheric science.

CAMELS will cover the frequency range 103-114.7 GHz at
a resolution of R~3000, and will be tested first during the
commissioning phase of the Greenland Telescope. It will
target **CO(1-0) and **CO(1-0) line-emission from galaxies at
redshifts z < 1 and will map emission at kPc scales in the
nearest galaxies. A key aim of the project is to explore the
operational issues associated with making science-grade
observations using on-chip spectrometers, including flux- and
frequency- calibration, and coping with different sky
backgrounds and observing strategies. The full bandwidth
will be divided between two pairs of detectors, each with 256
channels. One pair will cover the 103-109.8 GHz frequency
range, the other will cover 109.8-114.7 GHz. Observing
conditions in the two sub-bands are very different, and will
allow us to investigate the detection of bright objects against a
high background at the edge of the atmospheric window, and
faint sources against a low background in the window centre.
A pair of pixels will be provided at each frequency to allow
for sky chopping.

The key technologies being developed in support of this
project are:

A. Optical Coupling Schemes for W-Band:

Aluminium (Al) is commonly used for the sensing regions
of KIDs where the optical photons break Cooper pairs.
Simulation work performed at Cambridge has shown that the
frequency of the optical signal must be well in excess of the
pair-breaking frequency of the superconductor for pair-
breaking to occur. In the case of Al, the pair-breaking
frequency is 90GHz at 100 mK, making it a borderline
absorber at the frequencies we are interested in. The group is
therefore investigating B-phase Ta as a sensing material, which
has a lower pair-breaking frequency (<70GHz) and a
resistivity more compatible with that of the NbN used for the
resonators. The coupler geometries currently under
investigation are discussed in [1].

B. Filter-Bank Technology:

Key to the operation of an on-chip spectrometer is the
design of the filter-bank at both the system and element level.
At the element level bandpass filters, based on half-
wavelength loop-resonators, have been developed which have
demonstrated the required R-values in simulation. At the
system-level, a statistical framework for analysing the
astronomical performance of a filter-bank, given the system
level design, (filter shape, overlap, number etc.) has been
developed based on maximizing the Fisher criteria.

C. Multichannel Readout:

Readout of a KID requires generating a comb of probe
tones, then monitoring the change in amplitude and phase after
transmission through the resonator arrays. We are currently
planning a solution based on the combination of fast
ADC/DAC cards and GPU cards as processors.



V. SCHEDULE

Many of the major antenna components are currently being
refurbished to enable reliable under in the harsh Arctic
climate, a number of other components are being replaced, and
several antenna subsystems are still in the design phase. As
noted above, we recently selected the Cold Regions Research
and Engineering Laboratory at Hanover (New Hampshire) as
the site for antenna reassembly and test, and anticipate the
arrival of significant sections of the antenna: base support,
azimuth bearing, yoke, receiver cabin, back up structure
support cone, back up structure support, and quadrupod during
the summer. In a parallel effort, we are working with staff at
CRREL to prepare a site plan consistent with the requirement
that the antenna be fully assembled, debugged, and tested
before shipping to Greenland.

Tests to be performed at CRREL include photogrammetry
and holography to set and verify the reflector surface, and
optical pointing and tracking. We will also test the de-ice
system and a new hexapod system to support and position the
secondary mirror assembly. Following assembly and
verification of performance, the antenna will be equipped with
single pixel heterodyne receivers, working at 86 and 230 GHz,
in order to perform on sky tests, including first light single
dish science verification observations, which will be followed
by a series of VLBI test observations.

We have also begun to work with the NSF and
subcontractors to define the infrastructure required to support
the telescope and telescope operations at Summit Station,
close to the peak of the ice sheet. While it seems entirely
possible that, with little new infrastructure, the current station
could support the additional staff required to assemble, test,
and operate the telescope. A telescope control area, increased
laboratory facilities, and additional power generation will be
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required, as well as a well-engineered snow foundation
capable of providing a stable platform to enable astronomical
observations with the telescope.

According to the current schedule, we anticipate that the
infrastructure required to support and operate the telescope
will be in place to enable telescope construction to begin
during summer of 2018, which should make first light science
observations possible from Summit during winter 2018 —
2019.
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We report on our recent results of double sideband (DSB) noise temperature and bandwidth measurements of
quasi-optical hot electron bolometer (HEB) mixers at local oscillator frequency of 3.8 THz. The HEB mixers used
in this work were made of a NbN thin film and had a superconducting transition temperature of about 10.3 K.
To couple terahertz radiation, the NbN microbridge (0.2 um long and 2 um wide) was integrated with a planar
logarithmic-spiral antenna. The mixer chip was glued to an elliptical Si lens clamped tightly to a mixer block
mounted on the 4.2 K plate of a liquid helium cryostat. The terahertz radiation was fed into the HEB device
through the cryostat window made of a 0.5 mm thick HDPE. A band-pass mesh filter was mounted on the 4.2 K
plate to minimize the direct detection effect [1]. We used a gas discharge laser irradiating at 3.8 THz H,0 line as
a local oscillator (LO). The LO power was combined with a black body broadband radiation via Mylar beam
splitter. Our receiver allows heterodyne detection with an intermediate frequency (IF) of a several gigahertz
which dictates usage of a wideband SiGe low noise amplifier [2]. The receiver IF output signal was further
amplified at room temperature and fed into a square-law power detector through a band-pass filter. The DSB
receiver noise temperature was measured using a conventional Y-factor technique at IF of 1.25 GHz and band
of 40 MHz. Using wideband amplifiers at both cryogenic and room temperature stages we have estimated IF
bandwidth of the HEB mixers used.

The obtained results strengthen the position of the HEB mixer as one of the most important tools for
submillimeter astronomy. This device operates well above the energy gap (at frequencies above 1 THz) where
performance of state-of-the-art SIS mixers starts to degrade. So, HEB mixers are expected to be a device of
choice in astrophysical observations (ground-, aircraft- and space-based) at THz frequencies due to its
excellent noise performance and low LO power requirements. The HEB mixers will be in operation on
Millimetron Space Observatory.
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Detectors in THz range with high sensitivity are very essential nowadays in different fields: space technology,
atmospheric research, medicine and security. The most sensitive heterodyne detectors below 1 THz are the SIS-
mixers due to its extremely high non-linearity and low noise level. Nevertheless, their effective range is strongly
limited by superconducting gap A (about 1 THz for NbN circuits). Above 1 THz the detectors based on HEB (hot
electron bolometers) are more effective [1]; their operation frequency is not limited from above and can be up to
70 THz [2]. HEBs can perform as both direct and heterodyne detectors (mixers). All HEB-mixers are used with
external heterodyne, most useful are synthesizer with multipliers, quantum cascade lasers or far infrared lasers and
backward-wave oscillators.

Superconducting integrated receiver (SIR) is based on implementation of both SIS-miser and flux flow oscillator (FFO)
acting as heterodyne at single chip [3]. Such receiver has been successfully applied at TELIS balloon-borne
instrument for study of atmospheric constituents [4] and looks as very promising device for other THz missions
including space research. Thus, there is a task to expand its operating range to higher frequencies. The frequency
range of the SIR the operation is limited by both the SIS-mixer and the FFO maximum frequencies. The idea of
present work is implementation of the HEB as a mixer in the SIR instead of the SIS traditionally used. We introduce
the first results of integrating the HEB-mixer coupled to planar slot antenna with the FFO on one chip. For properly
FFO operation the SIS harmonic mixer is used to phase lock the oscillator. The scheme of the SIR based on the HEB-
mixer is presented in fig. 1.

We have demonstrated the principal possibility of
integration of both the HEB-mixer and the flux-flow

LHe Cryostat oscillator on a single chip and succeed with sufficient
(FFO) local [ PLL [+ power coupling for properly receiver operation. We
oscillator measured the direct response of the HEB coupled to
2 Harmonic the antenna at THz frequencies by the FTS setup and
<] : [ Synthesizer . . .
g - mixer noise temperature of the receiver with standard Y-
= HEB-mixer . . .
] with planar factor measuring technique. The SIR operating range
E a""e’I‘"a 450-620 GHz was achieved with the best uncorrected
k= Y noise temperature of about 1000 K. One should note
o HEMT HEMT | |, i that it is still quite low f ies for effecti
amplifier amplifier | ® IF amplifier at it is still quite low frequencies for effective
operation of the HEB-mixer; therefore we expect to
ia:k'e"d {Dtigita' obtain the better results for frequencies above
— IF amplifier ——= F;T"S‘;o"e atoror 700 GHz (up to 1.2 THz). Another additional task is to

increase the FFO frequencies by using NbTIN

Fig.1. Block-diagram of the superconducting integrated  electrodes instead of NbN; currently we are working
receiver based on hot electron bolometer on this issue.
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High-quality NbN-MgO-NbN SIS junctions
and integrated circuits for THz applications

Pavel N. Dmitriev*, Maxim E. Paramonov*, Kirill 1. Rudakov*f, and Valery P. Koshelets

*The Kotel’nikov Institute of Radio Engineering and Electronics, Russian Academy of Science,
Mokhovaya St. 11, bldg 7, 125009, Moscow
Email: valery@hitech.cplire.ru
" Moscow Institute of Physics and Technology,
Institutskii per., 9, 141700 Dolgoprudny, Moscow Region, Russia

Superconductor - insulator-superconductor (SIS) mixers based on NbN films are considered as a promising
replacement for conventional Nb SIS mixers for realization of low-noise heterodyne terahertz receivers due to
high gap frequency of up to 1.4 THz. In order to realize wideband and low-noise mixers, high current density
and high-quality SIS junctions as well as extremely low-loss transmission lines are required.

New technique for fabrication of high-quality SIS tunnel junctions based on epitaxial NbN films with MgO
barrier has been developed. NbN films have been deposited on single-crystal MgO substrates placed on the
water-cooled substrate-holder. The NbN films are dc magnetron sputtered from a 5-inch diameter high purity
Nb target in a reactive mixture of argon and nitrogen, leading to good thickness uniformity on 3-inch diameter
substrates. Since deposited NbN films has cubic lattice structure with a lattice constant very similar to those
for single-crystal MgO substrates it was possible to obtain single-crystal NbN films even at deposition at
ambient temperature [1, 2]. The single-crystal NbN films deposited on an MgO single-crystal substrate in this
work show a high transition temperature (T, = 16.1 K) and reasonably low resistivity (p= 80 uOm*cm).

The tunnel barrier was created by oxygen plasma oxidation of extremely thin Mg layer (d = 1.5 nm) deposited
on the NbN electrode by DC sputtering. The plasma oxidation process is similar to well-known nitridization
process that was successfully used for fabrication of high current density NbN-AIN-Nb SIS junctions [3]; such
process provides both better current density control compare to traditional rf sputtering of the MgO target [1,
2] and perfect junction quality. As a result the NbN/Mg-MgO/NbN junctions with gap voltage V, = 5.2 mV and
quality barrier parameter R;(2mV)/Rn > 40 have been fabricated. Such junction parameters are very promising
for development of the Josephson oscillators and superconducting integrated receivers [4] for frequencies well
above 1 THz.

To design integrated circuits one should know the parameters of the films composed the integrated circuits
(e.g. - London penetration depth, the effective dielectric constant, etc.). Comprehensive studies of the
electrical parameters of superconducting microwave structures made with different materials of the wiring
electrode (Nb, Al, NbN, and NbTiN) have been performed and compared to numerical calculations in order to
determine the various microwave parameters of these integrated structures.

The work was supported in part by the RFBR, the grant HLLI-4871.2014.2, and the Ministry of Education and
Science of the Russian Federation.
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Fully integrated sideband-separating Mixers for
the NOEMA receivers

D. Maier, J. Reverdy, L. Coutanson, D. Billon-Pierron, C. Boucher and A. Barbier

Abstract—Sideband-separating mixers with wide IF band have
been developed for the NOrthern Extended Millimeter Array.
The development of a planar IF coupler chip made it possible to
design fully integrated sideband-separating mixers for two of the
four bands of the interferometer.

Index Terms—Superconductor-insulator-superconductor (SIS)
mixer, sideband-separating mixer, integrated mixer, wide IF
band

I INTRODUCTION

HE Plateau de Bure observatory run by the Institut de

RadioAstronomie Millimétrique in the French Alpes will

be upgraded during the next years to become the
NOrthern Extended Millimeter Array (NOEMA). This largest
millimeter project in the northern hemisphere consists of
doubling the number of antennas from six to twelve, extending
the baseline and installing new state-of-the-art dual
polarization receivers with four frequency bands, providing
each two approximately 8 GHz wide IF bands per polarization
by employing sideband separating mixers. Table 1 gives an
overview over the four frequency bands of the new NOEMA
receivers compared to the current PdBI receivers.

Table 1: Comparison of the four frequency bands of the NOEMA receivers
and the PdBI receivers.

PdBI NOEMA
Band Fr. range Mix. IF Band Fr. range Mix. IF Band
[GHz] type [GHZz] [GHz] type [GHZz]
1 83-116 SSB 4-8 72-116 2SB 3.872-11.616
2 129-174 SSB 4-8 129-179 2SB | 3.872-11.616
3 200-268 SSB 4-8 200-276 2SB | 3.872-11.616
4 277-371 1SB 4-8 275-373 2SB 3.872-11.616

Because of the atmospheric conditions on-site, Band 4 is of
lowest priority for the project, so that in a first phase no new
development will be started for this band. Instead the current
PdBI mixers will be used. These are sideband-separating
mixers with an IF band of 4-8 GHz initially developed for the
ALMA Band 7 cartridge [1], but with only one IF output
being further processed.

Bands 1 to 3 however will make use of IRAM’s more recent
mixer developments consisting of sideband-separating mixers
with wide IF band. Bands 1 and 2 will even be equipped with
fully-integrated sideband-separating mixers.

Manuscript received June 13, 2014. This work was supported in part by the
European Union through the Radionet program.

D. Maier, J. Reverdy, L. Coutanson, D. Billon-Pierron, C. Boucher and A.
Barbier are with the Institut de RadioAstronomie Millimétrique, Saint Martin
d’Heres,  France  (corresponding  author: +33476824916; fax:
+3347682515938; e-mail: maier@iram.fr).

1. IF COUPLER CHIP FOR 2SB MIXERS

Sideband-separating SIS mixers are nowadays commonly
used in radioastronomical receivers, in order to suppress
atmospheric noise in the image band. Most of these mixers use
waveguide structures for the realization of the 90° RF coupler,
the LO couplers and the in-phase LO splitter, which allows
these elements to be integrated together with the two DSB
mixers into one E-plane splitblock. The 90° IF coupler on the
other hand has not yet been integrated with the RF
components, but is still a stand-alone unit in today’s mixers,
regardless whether a commercially available or a custom-
made coupler is used. Mostly these couplers are based on
nonhomogeneous dielectric broadside coupled striplines,
which makes it impossible to integrate them into the
commonly used E-plane splitblock.

Therefore we developed a completely planar IF coupler
chip. It makes use of Nb striplines deposited onto a quartz
substrate. In order to achieve a very low gain imbalance over
the whole IF band of 4 to 12 GHz, three coupling sections are
employed. The middle section consists of a Lange-type
coupler, where the classically used bonding wires have been
replaced by microstrip bridges separated from the underlying
Nb lines by an SiO, layer. This Lange coupler is inserted
between two sections of coupled microstrip lines as can be
seen from the schematical layout shown in Fig. 1.

- AN AN J
Y Y Y~

Coupled
microstrip lines

Lange coupler with

SiO2 bridges and
Nb contact lines

Coupled
microstrip lines

Fig. 1. Layout of the IF coupler chip.

The coupling sections have been optimized using Sonnet [2]
yielding 20 um and 10 um for the finger width and spacing of
the Lange coupler, respectively, and 540 um and 160 pm for
the width and the spacing of the coupled lines, respectively.
The lengths of the coupling sections are each 5.49 mm. The
distance between the two inputs of the chip have been
matched to the distance between the two IF outputs of our
existing 230 GHz 2SB mixer (see below), i.e. 16.7 mm,
whereas the pitch of the two outputs had been chosen to be 18
mm to provide enough space for the IF amplifiers to be
connected directly to the IF coupler.

The simulation results of the coupler chip are shown in Fig.
2. The gain and phase imbalances of the optimized chip are



better than +0.3 dB and 1° respectively, and both input
reflection and isolation are better than —20 dB.
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Fig. 2. Simulated performance of the IF coupler chip.

M. BAND 3 MIXER

The newly developed IF coupler has been tested with our
230 GHz 2SB mixer developed within the European project
AMSTAR+ [3], [4] and installed since autumn 2011 in EMIR
(Eight MIxer Receiver), the receiver of IRAM’s 30m antenna
at Pico Veleta in Spain [5]. A photograph of one half of the E-
plane splitblock of this mixer is shown in Fig. 3 on the left-
hand side. With this mixer the coupler is used as a standalone
unit in a dedicated housing (see Fig. 3, right). It replaces the so
far used IF coupler based on nonhomogeneous dielectric
broadside coupled striplines and developed for the use at
cryogenic temperatures [6].

Moy 5
Fig. 3. Left: Photo of one half of the E-plane splitblock of the Band 3
sideband-separating mixer integrating RF coupler, LO splitter, LO couplers
and DSB mixers. Right: Complete 230 GHz 2SB mixer with newly developed
IF coupler.

The 2SB mixer has been fully characterized by measuring
its noise temperatures and image rejections in an IF band of
3.8 to 12 GHz with steps of 100 MHz and for LO frequencies
between 210 and 270 GHz. The results are shown in the plots
in Fig. 4. The obtained noise temperatures lie approximately
between 40 and 60 K over the whole band of 200 to 268 GHz
and the image rejections are almost always better than -10 dB
with an average value around -18 dB.

81

100 T

80+ i P
: : v 5o

NREY WV TSI NN

40+ it} G A SR i T

20

noise temperature [K]

ol ‘ i i i i
200 210 220 230 240 250 260 270 280
RF frequency [GHz]

image rejection [dB]

L - L . e, N } e i - ] ul
200 210 220 230 240 250 260 270 280
RF frequency [GHz]

Fig. 4. Measurement results of the 230 GHz 2SB mixer. Above: Noise
temperatures as a function of the RF frequency. Below: Image rejections as a
function of the RF frequency. LSB measurements are shown in green, USB
measurements are plotted in blue.

V. BAND 2 MIXER

So far only backshort tuned single sideband mixers have
been employed at IRAM in this frequency range [7].
Therefore a completely new sideband-separating mixer had to
be designed for the NOEMA receivers.

A. 2SB mixer assembly

A coupler/mixer block integrating now not only RF coupler,
LO splitter, LO couplers and DSB mixer blocks, but also the
IF coupler has been designed as an E-plane splitblock (see Fig.
5). All RF components of this block have been optimized
using CST Microwave Studio [8]. The results are shown in Fig.
6-Fig. 8.

Fig. 5. One half of the E-plane splitblock of the Band 2 sideband-separating

mixer.
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Fig. 8. Simulated performances of the Band 2 in-phase LO splitter (left) and
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B. DSB Mixer
The DSB mixer employs superconductor-insulator-
superconductor (SIS) tunnel junctions integrated in a

superconducting circuit on a quartz substrate. The layout of
one individual mixer chip with a size of 0.4 x 3.5 x 0.08 mm®
is shown in Fig. 9. These devices are fabricated by IRAM’s SIS
group [9], [10].

antenna

\

rf choke

contact pads

Fig. 9. Layout of the Band 2 mixer chip.

The mixer chip is placed in a channel perpendicular to the
waveguide axis and stretches partly across the waveguide as
shown in Fig. 10, left. The incoming radiation is coupled to the
chip through a full-height waveguide to microstrip transition
consisting of a suspended stripline structure at the end of the
chip (see Fig. 9 on the left). This structure has been optimized
using CST Microwave Studio [8] resulting in a slightly
capacitive antenna impedance of around 50 Q shown in the
Smith chart in Fig. 10 on the right.
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Zref - 50 Q

Fig. 10. Full-height waveguide to microstrip transition. Left: Mixer chip
placed in the waveguide. Right: Antenna impedance for frequencies between
129 and 179 GHz.

The mixing element consists of a series array of three Nb-
Al/AIOx-Nb junctions, each junction having an area of 1.7 x
1.7 um? and the normal state resistance of the array being 20
Q. Two of the three junctions are placed on an island structure
as shown in Fig. 11 on the right-hand side, which adds a small
series inductance to the capacitive junction array. The residual
capacitance of the structure is tuned out by means of a parallel
inductance realized as coplanar waveguide followed by a large
capacitance providing a virtual ground for RF frequencies (see
Fig. 11, left, and Fig. 12). Behind the capacitance, the rf choke
consisting of alternating coplanar waveguide sections and
capacitances blocks the rf signals and only lets pass the IF
signal. The circuit is completed by the MA/4-wavelength
transformer which matches the impedance of the junction
array with its tuning structure to the antenna impedance shown
in Fig. 10 on the right.

Fig. 11. Tuning structure and SIS junction array.

M4 transformer Ly, rf choke

antenna

Fig. 12. Schematic view of the tuning structure.

The achieved embedding impedance of the junction is
shown in the Smith chart in Fig. 13, left, for frequencies
between 129 and 179 GHz. It is quite close to the junction’s
RF impedance, so that the achieved coupling to the junction is
better than 98% (see Fig. 13, right).
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Fig. 13. Left: Embedding impedance of the junction for frequencies between
129 and 179 GHz. The Smith chart has been normalized to the junction’s RF

impedance. Right: The coupling to the junction is better than 98%.

C. Measurement results

Characterization of the fully integrated sideband-separating
mixer showed very good performances with noise
temperatures between 30 and 50 K over the whole band of 129
to 179 GHz and image rejections around -15 dB with only a
few points lying above -10 dB. The obtained noise
temperatures and image rejections measured in the IF band of
3.8 to 12 GHz with steps of 100 MHz and for LO frequencies
between 134 and 174 GHz are shown in Fig. 14.
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Fig. 14. Measurement results of the fully integrated 150 GHz 2SB mixer.
Above: Noise temperatures as a function of the RF frequency. Below: Image
rejections as a function of the RF frequency. LSB measurements are shown in
green, USB measurements are plotted in blue.

V. BAND 1 MIXER

The NOEMA Band 1 sideband-separating mixer is a further
development of the 100 GHz mixer employed in EMIR (Eight
Mixer Receiver) at IRAM’s 30 m antenna at Pico Veleta [11],
[12]. Just as for the Band 2 2SB mixer the RF coupler, LO
splitter, LO couplers, both DSB mixers and the IF coupler
have been integrated into one unit and realized as an E-plane
splitblock. And since the frequency range has been expanded,
now starting at 72 GHz compared to formerly 82 GHz, all RF
waveguide components have been redesigned to account for
this new frequency range using CST Microwave Studio [8].
The simulated performances of these components are shown
in Fig. 15-Fig. 17.
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Fig. 15. Simulated performance of the Band 1 90° rf coupler.
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Fig. 16. Simulated performance of the Band 1 LO coupler.
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Fig. 17. Simulated performances of the Band 1 in-phase LO splitter (left) and
the h-plane bend (right).

However, simulations of the mixer chip showed that it
should work down to 72 GHz, so that no new mixer design
was necessary.

One half of the E-plane splitblock of the new Band 1 mixer
with mounted mixer chips, IF coupler and waveguide loads is
shown in Fig. 18.

Fig. 18. One half of the E-plane splitblock of the Band 1 sideband-separating
mixer.



Tests of the new fully-integrated 100 GHz sideband-
separating mixer showed not only very good performances of
noise temperatures around 30 K and image rejections around -
15 dB over the extended frequency range of 72-116 GHz (see
Fig. 19), but also that the mixer can indeed operate for
frequencies between 70 and 122 GHz, i.e. it has a bandwidth
of around 55 %.
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Fig. 19. Measurement results of the fully integrated 100 GHz sideband-
separating mixer. Above: Noise temperatures as a function of the RF
frequency. Below: Image rejections as a function of the RF frequency. LSB
measurements are shown in green, USB measurements are plotted in blue.

VI. CONCLUSIONS

Wide-IF band sideband-separating mixers have been
developed for the Bands 1 to 3 of the NOEMA receivers. The
development of a planar IF coupler chip made it possible to
design fully-integrated sideband-separating mixers for Bands
1 and 2. All mixers show state-of-the-art performances with
very good noise temperatures and image rejections around -15
dB.
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The first new NOEMA antenna equipped with these
developments will be delivered in autumn 2014.
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SIS Frequency Multiplexers and RF-to-DC converters for Frequency Division
Multiplexed TES Read-out
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Frequency Division Multiplexing (FDM) is used for the read-out of large pixel number arrays of far-infrared and
X-ray Transition Edge Sensors (TES). Within FDM a pixel within a TES array is AC biased with a unique MHz-
frequency signal (with frequency spacing of order 10 KHz), where the frequency selection is achieved with
high-Q superconducting filters. The resistance change of several bolometers, caused by the incoming radiation,
is monitored simultaneously with a SQUID read-out. Because of the limited dynamic range of the SQUID, a
limited amount of pixels (~¥100) can be read-out by a single SQUID. For large arrays of TES bolometers
therefore many parallel channels of AC-biasing, SQUID feedback and SQUID read-out and biasing are
necessary. The wiring harness that is necessary to run between 300 K and cryogenic temperatures is a limiting
factor in the development of large pixel number arrays.

In order to reduce the wire count within the harness, we propose a novel use of SIS devices in the read-out of
TES arrays. In this read-out scheme the SIS devices are used as GHz to MHz frequency up- and down
converters. With frequency up- and down-conversion many parallel channels of a few MHz wide (where each
channel would require separate wiring), can be stacked in series on carriers at GHz frequencies. These GHz
signals can be sent over a single coaxial line. Furthermore we propose to use the SIS devices as RF-to-DC
converters that can supply the DC-biasing and flux-offset to the SQUID. In the proposed scheme tens of
thousands of TES pixels can be read-out over a single coaxial line.

We will present the read-out scheme, and discuss the feasibility and operating conditions of SIS devices as
GHz-to-MHz frequency converters and RF-to-DC converter.
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Experimental Study of Superconducting Microstrip
Travelling-wave Parametric Amplifiers

Wenlei Shan*, Ji. Yang*, Masakazu Sekine*, Yutaro Sekimoto*, Takashi NoguchiJr
Purple Mountain Observatory, Chinese Academy of Sciences
"National Astronomical Observatory of Japan

The emerging superconducting travelling wave parametric amplifiers1 (STWPA) bring an opportunity of
realizing heat-free cryogenic microwave amplifiers that are essential for future large format mm/sub-mm
superconducting heterodyne array receiver, in which there are large amount of in-plant IF amplifiers in the
frontend operating at cryogenic temperature’. Besides the merit of no heat generation, STPAs are also
believed to have lower noise than HEMT amplifiers and reasonable bandwidth (>1 GHz) that partly meets the
requirement of molecular line observation. A travelling wave parametric amplifier in form of CPW has been
demonstrated at 0.3 K'.
We have designed, fabricated and tested STWPAs based on microstrip line structure. The reasons for using
microstrip line instead of CPW are threefold: (1) the microstrip STPAs are more compact than CPW ones
because the travelling wave is slower in microstrip by a factor of 5 using a typical set of design parameters; (2)
it is practical to achieve 50 characteristic impedance by using microstrip, so that the standing waves trapped in
the transmission line can be prevented and flat gain in the working frequency band can be expected; and (3)
crosstalk in a microstrip meander line is weak, while it is often a problem in a CPW meander line. The
meandering STPA that we designed for this study is about 18 cm long, equivalent to 60 wavelengths at 3 GHz,
as shown in Fig.1. The conductive strip is in general 1.5 m wide but is perturbed by 3 m- wide sections located
at every one-sixth wavelength to prevent the 3" harmonic generation. The conducting strip and the ground
plane are both 30 nm NbTiN thin films and the dielectric layer is 50 nm SiO,. The Tc of NbTiN is about 13 K and
the resistivity at room temperature is about 130 cm. In order to measure loss and evaluate nonlinearity of the
microstrip line, testing chips containing capacitively coupled microstrip resonators are also fabricated and
tested.
Testing chips and STWPA devices have been measured at liquid helium temperature. The transmission loss of
the 60 wavelength long microstrip line results to be about 1 dB at 3 GHz and it shows apparent dependence on
temperature at 4 K, roughly one-third of T.. The loss of pump power along the amplifier weakens the
nonlinearity of the overall transmission line and thus should be minimized by reducing the temperature. When
a strong pump power of about -15dBm and a weak signal are applied, four-photon mixing phenomenon can be
observed. By switching on and off the pump, we estimated the parametric amplification of signal is about 4 dB.
Increase in the pump power can enhance the nonlinearity of the device and therefore increase the parametric
gain. However there is a maximum pump power of about -15 dBm for these samples, above which the
transmission line abruptly turns to a lossy state. The original state cannot be recovered by reducing the pump
power back to that value prior to the trigger point, and an irreversible dependence of the transmission line loss
on the pump power was observed.
‘H“Ii |
w\ ‘l i
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Fig.1 A microstrip line traveling wave parametric ampllfler of size 1.5mm x 2.4mm. left panel shows an
enlarged part.
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High Power Solid-State THz Source Development

Steven A. Retzloff, Jeffrey L. Hesler, and Thomas W. Crowe

Virginia Diodes Inc.
Email: hesler@vadiodes.com

This talk will describe recent work at Virginia Diodes on high power THz sources. In particular, one focus has
been on the development of high power varactor multipliers in the 50-250 GHz range for use in driving THz
multipliers covering 1-3 THz. Careful thermal design to remove heat from the diodes has allowed for
unprecedented output power from multiplier chains without the need for power combining, e.g. 2 W at
55 GHz and 175 mW at 220 GHz.

One application for this high drive power has been to allow the integration of the THz multipliers into the
cryogenic Dewar alongside the HEB mixer, thus simplifying the coupling of LO power to the mixer and reducing
losses. The high power drive multipliers are placed outside the Dewar, and then a waveguide vacuum feed-
thru and a thermal break are used to couple the power into the THz multipliers mounted on the cold-stage. By
generating excess drive power the losses in the waveguide feed-thru can be overcome, allowing for the proper
drive of the THz multipliers. One example of such a system is shown in Fig. 1 below, and more examples will be
discussed at the workshop.
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Fig. 1. (a) Photograph and (b) measured output power from a 1.3-1.5 THz source. The power is measured at

ambient with and without an attenuator between the varactor drivers and the THz multipliers.
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4-Pixel Frequency Multiplied Source
For High-Resolution Heterodyne Array Receivers at 1.9 THz

Imran Mehdi, José V. Siles, Robert Lin, Choonsup Lee, Peter J. Bruneau,
Erich Schlecht, Jon Kawamura and Paul Goldsmith

INASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA
*Contact: Imran.Mehdi@jpl.nasa.gov

There are many key tracers of the interstellar medium and the process of star formation in the submillimeter
region of the spectrum. Many of these, including C+, N+, CO, and H,0 have been successfully observed with
the Herschel HIFI instrument, which was a single-pixel system. The goal now is to develop and demonstrate
focal plane arrays that can image extended sources in a reasonable observation time frame. This will provide a
major enhancement of capability for high spectral resolution imaging of submillimeter lines with SOFIA and
future suborbital and space platforms.

We report on a compact 4-pixel frequency multiplied LO source to enable high-resolution heterodyne
receivers at 1.9 THz (see Fig. 1). It consists of a X3X2X3X3 multiplier configuration featuring a 2-way coax
power divider to split the signal generated by a Ka-band synthesizer, two Ka-band 30-dB gain power amplifiers
with 1-Watt output power. This is followed by two 2-way Ka-band waveguide splitters to divide the power into
four signal branches (one per pixel), four 105-120 GHz Schottky diode based frequency triplers based on a
novel on-chip power-combined topology providing around 20-25 % efficiency. The final two stages consist of a
225-GHz 4-pixel doubler module with a ~25 % efficiency. Final stage consists of four x9 multiplier blocks
consisting of a biasable 650 GHz tripler chip plus a biasless 1.9 THz tripler. Initial test of the LO subsystem
showed an output power greater than 5 uW from each pixel when operated at room temperature.

This work will directly benefit the development of future instruments for NASA’s.

Stratospheric Observatory for Infrared Astronomy (SOFIA) and sub-orbital platforms, such as the Stratospheric
Terahertz Observatory (STO-2).
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Fig. 1. General CAD scheme of the compact 4-pixel 1.9 THz source.

This work was carried out at the Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA
under a contract with National Aeronautic and Space Administration.
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Invited Talk

The Submm Wave Instrument on JUICE

Paul Hartogh* and the SWI team

"Max Planck Institute for Solar System Research
Email: hartogh@mps.mpg.de

The Submillimetre Wave Instrument (SWI) is one of the scientific instruments on the JUpiter ICy moon Explorer
(JUICE), [1-3]. JUICE is the first Large Class mission (L1) of the European Space Agency (ESA). SWI’s primary
scientific objectives are to investigate the middle atmosphere of Jupiter and the atmospheres and exospheres
of the Galilean satellites. SWI will contribute to the understanding of the circulation regime in Jupiter’s
stratosphere as a function of latitude and altitude, how the various atmospheric regions are dynamically
coupled, and how the energy originating in Jupiter’s interior vertically propagates to the upper layers to be
radiated in space. In this sense SWI complements NASA’s Juno mission. lo’s volcanic atmosphere will be
studied through lines of SO,, SO, NaCl, and perhaps other species. Water vapour and its sources and sinks will
be observed in Ganymede’s, Callisto’s and Europa’s atmospheres. Water isotopes and atmospheric properties
like temperature and wind profiles will be derived for Ganymede’s and Callisto’s atmospheres from highly
resolved simultaneous observations of at least two water lines. Depending on the final hardware design the
water ortho-to-para ratio (OPR) will be derived and provide information together with the isotopic ratios
about the formation region of the water ice the moons are made of. Furthermore thermophysical properties
of the Galilean satellite surfaces will be measured by radiometric observations.

In the baseline configuration SWI consists of two tunable submm wave receivers operating from 530 to 625
GHz. Alternatively one receiver may cover the frequency range of 1080 and 1275 GHz. The latter solution is for
instance required for the OPR determination, allows higher spatial resolution and extended altitude coverage
in Jupiter’s stratosphere and the detection of additional isotopes therein. The antenna of SWI has a diameter
of 30 cm and will be movable by + 76 and + 4.3 degrees along and cross track respectively. Two low power
consumption and low mass wideband high resolution Chirp Transform Spectrometers (CTS) with 1 GHz
bandwidth and 100 kHz spectral resolution are foreseen and complemented by 2 autocorrelation
spectrometers (ACS) with 5 GHz bandwidths and 20 MHz spectral resolution. The total mass/power of the
instrument design is < 10 kg/50W.

The definition phase (A/B1) for SWI started in April 2013 and will last until end of March 2015. ESA requires

the achievement of Technology Readiness Level (TRL) 5 until end of this phase. The JUICE implementation
phase is planned to start in April 2015 followed by the launch of the satellite in summer 2022.

This presentation will give an overview of the scientific objectives and the present technical status of SWI.
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Schottky-structures for Space THz Technologies

Presented by Oleg Cojocari

ACST GmbH, Hanau, Germany
www.acst.de
Email: oleg.cojocari@acst.de

A novel fabrication process, so-called “Film-Diode (FD) process” has been developed at ACST GmbH for
fabrication of discrete and monolithically-integrated Schottky-based structures. The process aims to achieve
ultimate performance at millimeter (MM) and Sub-millimeter (SubMM) wavelengths. Excellent performance
was realized in several MM/SubMM modules. Achieved results represent European state-of-the-art
performance at these frequencies. Most of developed structures are included in an ESA preliminary reliability
study for space qualification concerning MetOP SG mission.

This talk shall give a short overview on developed FD-process, fabricated Schottky-structures, and achieved
performance.

This work has mainly been performed in collaboration with RPG GmbH, ASTRIUM SAS, and ESA in frames of
several ESA contracts. The Authors acknowledge all officers, engineers, and technical stuff, which contributed
to this work, for excellent work and successful collaboration.
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THz Schottky Diode MMICs for Astronomy and the Physics of the Atmosphere

L.Gatiloval&z, J.Treuttell, F. Yangl&a, T. Vaceletl, C. Goldstein4, Y.Jinz, A. Maestrini*®®

Yobservatoire de Paris - LERMA,
2CNRS - Laboratoire de Photonique et de Nanostructures,
3’University of South West, Nanjing, China
“Centre National d’Etudes Spatiales,
®Université Pierre et Marie Curie — Paris 6

Among different technologies available to build THz and sub-THz devices for radio-astronomy, Schottky diodes
play a crucial role. In particular planar Schottky diodes on thin GaAs membrane remain key elements of
submillimetre-wave mixers and frequency multipliers dedicated to the instrumentation for astrophysics,
planetology, the science of the atmosphere and experimental physics.

We report on a 310-360 GHz frequency doubler that LERMA has designed as a demonstrator for the local
oscillator of the Submillimeter Wave instrument on JUICE (JUpiter ICy moons Explorer - ESA). This multiplier
features 4 anodes in a balanced configuration monolithically integrated on a 59m-thick GaAs membrane circuit
connected to a split waveguide-block by metallic beam-leads. The LERMA-LPN circuits have been tested at RF
with a 20-45 mW source provided by Radiometer Physics GmbH (RPG). A conversion efficiency of about 15-
22% has been measured in the 310-360 GHz band, in very good agreement with simulations. A lifetime test is
underway at LERMA since mid-December 2013. After more than 3 weeks of continuous operations at 45mW
input, the circuit shows no sign of aging. The design and fabrication process of LERMA-LPN 310-360 GHz
frequency doubler will be presented at the conference.

In addition, LERMA-LPN discrete anti-parallel diodes have been tested at RF by RPG on a 448 GHz and a
664 GHz sub-harmonic mixer and with an IF LNA in the 0.5-9 GHz band. The following table shows the
measured results [1].

RF Frequency T_mixer_DSB G_mixer_DSB P _LO

448 GHz ~1200K ~ -8dB 1.2 mW

664 GHz ~1550K ~-8dB 2.3 mW

Fig. 1. LERMA-LPN GaAs Schottky diode based 320-340 GHz frequency doubler MMIC circuit.
References
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Sub-millimeter-wave balanced mixers and
multipliers at the 5™ harmonic

Hugh J.E. Gibson !, Achim Walber?, Bertrand Thomas®

! Gibson Microwave Design EURL France *>RPG Radiometer Physics GmbH Meckenheim, Germany

Abstract— Balanced 3" harmonic multipliers and mixers have
been successfully realized for many years using anti-parallel and
series-connected Schottky diodes respectively. It is in principal
possible to use the same techniques to make sub-millimeter
wavelength devices using the 5™ harmonic as the design should be
similar. This work will discuss the problems involved with the
designs of a WR2.2 wideband balanced 5" harmonic mixer at
500 GHz and a WR2.2 balanced quintupler multiplier also at 500
GHz. Simulations and test results are shown. The efficiencies of
5™ harmonic devices are understandably significantly lower than
3" harmonic devices, but the 5™ harmonic allows an attractive,
direct way to 500 GHz from the relatively easy 100 GHz where
MMICs are nowadays readily available.

Index Terms—Quintupler, Harmonic-mixer, 5" harmonic,
WR2.2

I INTRODUCTION

ARROW-BAND multipliers and mixers at the 5™ harmonic

have been available for many years but there are very few
wideband designs or designs with reasonable conversion
efficiencies. The problem of 5™ harmonic generation and
filtering is similar in both harmonic mixers and multipliers, so
there is much in common between the two design concepts.
Section 11 will review a multiplier design and section I11 will
review a harmonic mixer design. The use of commonly
available European diodes is a key to both designs. ACST
GmbH Germany and Teratech Ltd UK have made custom-
designed diodes for RPG and GMD with special high-
frequency features which are critical to the successful
realization of conventional mixers and also to these 5"
harmonic designs at 500 GHz. Both multiplier and mixer

Gibson Microwave Design EURL (GMD) was founded in 2009 and is
based in Antony 92160, France. GMD is a one-man company and provides
significant design assistance. Contact gibson@radiometer-physics.de

Radiometer Physics GmbH, Meckenheim, Germany have been involved in
millimeter-wave instrumentation and radiometers for nearly 40 years. Now
majority owned by Rohde & Schwarz, it provides sub-millimeter support for
R&S instrumentation as well as retaining its own radiometer and sub-
millimeter instrumentation, including instrumentation for space missions.
Contact info@radiometer-physics.de or visit www.radiometer-physics.de

Advanced Compound Semiconductor Technologies (ACST GmbH) is a
spin-off company from TU Darmstadt. ACST produces high frequency diode
technology for mixers, multipliers and photodiodes. Contact contact@acst.de
or www.acst.de for further details.

Teratech Components Ltd is a spin-off company from the Millimeter wave
technology group at the STFC Rutherford Appleton Laboratory UK. Teratech
provides high frequency diode technology for Schottky mixers and
multipliers. Contact sales@teratechcomponents.com or visit www.
teratechcomponents.com for further details.

designs use pairs of Schottky diodes in predominantly
balanced, varistor mode configuration. This has many
advantages, including suppression of even harmonics and (for
the multiplier) isolation between input and output ports.

The general aim of this paper is to provide some
background information on successful wideband 5™ harmonic
designs and the problems encountered, as there is very little in
press about such attempts. Many people have considered such
5" harmonic designs but very few have published data. We
hope to cover the design issues and present data of working
devices. The performance of these designs is considerably
worse than 3™ harmonic designs but we found it interesting
that wideband 5" harmonic designs are indeed possible and
also to compare performance with 3" harmonic designs and
measurements.

1. MULTIPIER (QUINTUPLER)

Efficient x5 multiplier designs require very specific
impedances at the input, output and idler circuits which are not
easy to synthesize. Providing these impedances for the idlers
and coupling circuits is a major challenge and is considerably
more difficult than for a 3™ harmonic design. Most previous
efficient x5 multiplier designs have used series connected
devices or HBVs (Heterostructure Barrier Varactor). Various
groups have successfully made narrow-band designs,
including Chalmers University [7] and University of Virginia
[8]. In contrast, we want to concentrate on making full
waveguide-band devices.

We have used anti-parallel diodes because they generally
have less severe impedances than a pair of series-connected
diodes, which is beneficial for a wideband design, even though
the overall efficiency may not be as high. Anti-parallel diodes
are also widely available for sub-harmonic mixer use and
generally have lower parasitic reactance than series-connected
designs and are also slightly easier to solder.

Our x5 multiplier design is based on an existing x3
multiplier. A key part of the design is the efficient blocking of
the strong 3" harmonic in both input and output circuits. For a
WR2.2 full-band design, this requires a filter with steep
rejection below 300 GHz (highest 3" harmonic frequency),
but passing 325 GHz (lowest 5" harmonic frequency). Such a
filter is tricky to realize and many different types were tried.
Low loss is critical, as is simplicity. The solution finally
chosen for the RF output is to use a shorted-stub type
bandpass filter, with capacitive loading on the resonators.


mailto:gibson@radiometer-physics.de
mailto:info@radiometer-physics.de
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Fig. 1. 3D model of the 5™ harmonic shorted-stub bandpass filter.
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Fig. 2. S-parameter plot (dB scale) of the 5" harmonic bandpass filter.

The filter is further optimized to suit the impedances of the
multiplier. The design is low loss, simple and small. It
succeeds in passing the 5™ harmonic, while terminating the 3™
harmonic with a low impedance with short electrical length
which improves efficiency and gain flatness.

For the input circuit, a simpler filter based on low-pass
hammer-head filters and stubs is used.

Combined 3rd and 5th
Harmonic filters

Fig. 3. RF input filter design, with wideband LPF rejection.

Again, it is paramount to block unwanted harmonics as near
to the diode as possible to limit the electrical path-length of
reflections, which can cause large dips in the multiplier
efficiency.

The final design is quite similar to an earlier HBV
narrowband quintupler [1] which can be found in the
literature.

The simulation uses the conventional approach of pairing a
linear structure simulator and a non-linear harmonic-balance

simulator. The entire device is simulated with no division of
frequencies, and exported as a single S-parameter block so
that the complex interactions of the many harmonics could be
correctly simulated within the harmonic balance simulator up
to the 7" harmonic.
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Fig. 4. Simulation of the 5" harmonic multiplier The thick curves are

conversion efficiencies with varying input powers. The pink dotted line is the
unwanted 3 harmonic at the output and the grey dashed line is the 3"
harmonic leaking back into the input.

Fig 4 shows the simulation results of the multiplier. The
unwanted 3" harmonic signal (pink, dotted) is successfully
rejected below input frequencies of 100 GHz (i.e. 500 GHz, or
top of the WR2.2 band) as required. The conversion efficiency
is not strongly dependent on LO power and the conversion
plot is remarkably flat. For good efficiency, it is important to
use high LO pump powers, and the diode current conduction

angle should to be quite large.
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Fig. 5. Measured 5™ harmonic multiplier conversion loss (dB).

The 5™ harmonic multiplier was fabricated and measured by
RPG. Fig 5 shows the measured (uncorrected) conversion loss
(dB scale) against output frequency (GHz). The measurement
and simulation are in reasonable agreement but there are rapid
variations in power, in excess of 10 dB which is unaccounted
for in the simulation. Some of this is undoubtedly output
mismatch and has a characteristic periodic structure.
Nevertheless, a useful multiplier design was successfully
achieved with moderate efficiency over the entire WR2.2
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band, which was easily pumped from a wideband 100 GHz
source.

1. MIXER (USING 5™ HARMONIC)

Balanced mixer designs are possible at odd harmonics,
using a “cross-bar” mixer. This design is typically used for
fundamental balanced mixer designs [2][3] as it has high
intrinsic isolation from input and output due to the

arrangement of the diodes.

77 7 The small insert shows the

general arrangement, with

2/%’ —— the diodes (1) in series
?K across a rectangular TE10

/ LKL waveguide (2) but appearing

» . in anti-parallel to the co-

axial TEM input line (4).
Cross-bar mixers also work well at higher odd harmonics [6]
but the higher harmonics are of course not isolated from the
input, so extra filters need to be used. Even-harmonics are
generated in the output waveguide (but no odd harmonics).
The opposite happens (odd harmonics only) on the input
circuit. The simplicity of this design has some shortcomings;-
Because the diode is effectively the waveguide coupler, there
is no opportunity to filter out the even harmonics before the
waveguide, and the position of the diodes in the waveguide
dictates a minimum length of input transmission line before
input-filter components can be used (because of the length of
the waveguide backshort).

We have previously made mixers at the 3" harmonic using
the cross-bar concept with good results [4] and others have at
the 7" harmonic [6] so it seemed appropriate to adapt this
design to try it at the 5™ harmonic. Suitable series-connected
diodes were available from two European sources, Teratech
Ltd (UK) and ACST GmbH (Germany) both with very low
parasitic capacitances and small size. An example of the
Teratech “SC1” is shown below in Fig 6.

Fig. 6. Scanning Electron Microscope image of an “SC1” diode pair [ref?]

The design requires considerable filtering on the input
circuit to reflect the unwanted harmonics close to the diodes.
A combination of radial stubs, hammerhead and special
photonic-bandgap filters [4] [5] are used to achieve the
wideband filtering. The final design is similar to Fig 7.
Considerable time is required for optimization of the various
filters to achieve the desired results. Waveguide impedance
transformations and filtering are also optimized in the output
waveguide using stepped transformers and custom size cutoff
waveguide. One can also see in Fig 7 that it is not possible to
easily fit filters close to the diode, where they would be ideally
situated.

Fig. 7. 3D model of a generic 5™ harmonic mixer for the WR2.2 band.

Very high accuracy in the 3D model and simulation are
required to achieve results that are realistic at the 5" harmonic.
The harmonic balance simulator must be capable of accurately
simulating the multiple combination of mixing products. The
APLAC HB solver in Microwave Office (AWR Corp) is used
for these simulations.
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Fig. 8. Simulation of Conversion loss of 5" harmonic mixer (dB) against LO
input frequency. Plots show different input LO powers: Blue +14dBm,
Brown +12dBm and Pink +10dBm.

The simulated WR2.2 Mixer conversion efficiency (dB) is
plotted in Fig 8 against LO input frequency. The mixer is
quite flat from 65 to 100GHz input frequency (325 — 500GHz
at 5™ harm) but is quite sensitive to the LO power level.
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Fig. 9. Measured Conversion Loss (dB) against RF output frequency (GHz)
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The measured conversion efficiency in Fig 9 is quite similar
to the simulation, with the exception of a drop off in
performance above 450 GHz which needs further
investigation. There is also more variation in the conversion
than the simulation but the overall performance is generally as
predicted.

V. CONCLUSIONS

Wideband varistor-type  Quintupler (5™  harmonic
multipliers) can be designed using anti-parallel Schottky diode
pairs but efficiencies are expected to remain around 1%. The
input match is good, but high pump power is necessary to
produce the best efficiencies and flattest response. Biasing
high harmonic devices (mixers and multipliers) seems to be of
limited value, as a fast ‘snap’ turn-on is essential for efficient,
high harmonic generation.

For multiplier designs using anti-series diodes (or HBVS)
input impedance match seems to be the main limitation (being
both high-Z and reactive). HBVs are usually very narrow band
(5%), but can be relatively efficient.

Using anti-parallel diodes allows an easier impedance
match and varistor-type multiplier designs but overall
efficiency is lower.

Harmonic mixers at the 5" harmonic, using cross-bar
technology work well, but conversion efficiency is dependent
on the level of 5" harmonic generated, which can be quite
variable with frequency.

Designs for wideband multipliers and mixers are possible,
but the design effort required is very considerable compared to
3" harmonic designs. Control of the strong lower (3")
harmonic reflections is critical for a flat response and in some
cases, small amounts of attenuator damping are necessary to
achieve a flat conversion efficiency response.
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Schottky diode based components for TeraSCREEN

Hui Wang', Manju Henju', Matthew Oldfield", Jeff Powell’ and Byron Alderman®®?

IScience and Technology Facilities Council, Rutherford Appleton Laboratory, UK
’Teratech Components Ltd, UK

TeraSCREEN is an EU FP7 Security project aimed at developing and demonstrating in a live border control environment a safe,
privacy respecting, high throughput security screening system which automatically detects and classifies potential threat
objects concealed on a person. This will significantly improve both efficiency and security at border checks. TeraSCREEN will
develop passive and active operation at several millimeter and submillimeter-wave frequencies to achieve this. The system
developed will demonstrate, at a live control point, the safe automatic detection and classification of objects concealed under
clothing, whilst respecting privacy and increasing current throughput rates. This innovative screening system will combine
multi-frequency, multi-mode images taken by passive and active subsystems which will scan the subjects and obtain
complementary spatial and spectral information, thus allowing for automatic threat recognition. This technology was
developed for applications in Earth observation and astronomy and is now of increasing interest in ground based applications.
The TeraSCREEN project will be an important demonstrator of this technology migrating into the commercial sector.

This paper will describe the development work at RAL on the 4™ harmonic mixer operating at 360GHz for both active and
passive subsystem, likewise the frequency multiplier sources up to 360GHz for the active subsystem. These components are all
based on the Schottky diode technology. Simulation and measurement results of these components will be presented at the
conference.

The TeraSCREEN project has received research funding from the European Union Seventh Framework Programme under grant
agreement n2 312496
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Wideband Recelver Upgrade for the
Submillimeter Array

Cheuk-yu Edward Tong, Raymond Blundell, Chih-Chiang Han, Tse-Jun Chen, Wei-Chun Lu, and
Ming-Jye Wang

Abstract— The Submillimeter Array (SMA), a radio
interferometer of eight 6-meter telescopes on Mauna Kea,
Hawaii, has embarked on a wideband system upgrade, replacing
its original SIS receivers with wideband receivers, which double
the instantaneous bandwidth. The new SMA receivers are based
on distributed superconducting tunnel junction arrays,
comprising three SIS junctions connected in series. The use of a
series junction array reduces the impact of the geometrical
capacitance of the SIS junctions and increases the linearity range
of the receiver, both of which are important for wide IF design.
We here report on the design and performance of the upgraded
SMA receivers. Wideband 200 and 300 GHz receivers have been
installed in all eight antennas of the Array, and they are being
used for routine astronomical observations.

Index Terms—Distributed mixers, superconductor-insulator-
superconductor (SIS) mixers, submillimeter receivers, ultra-
wide-band receivers.

I INTRODUCTION

HE Submillimeter Array (SMA) is a radio interferometer

comprising of eight 6-meter radio telescopes on Mauna

Kea, Hawaii, operated by the Smithsonian Astrophysical
Observatory (SAQ) in partnership with the Institute of
Astronomy and Astrophysics of Academia Sinica (ASIAA),
Taiwan. Since its official dedication in 2003, the SMA has
been making radio astronomical observations with high spatial
and spectral resolution in the atmospheric windows between
200 and 420 GHz.

The instrument suite of the SMA was conceived in the
early 1990s. It was based on Double-Side-Band (DSB) mixers,
and the two sidebands are separated in the digital backend,
using phase switching techniques. The total bandwidth
capacity of the digital correlator is 4 GHz from each sideband.
In an effort to improve the throughput of the array, we
decided, a few years ago, to increase its instantaneous
operating bandwidth. This system upgrade calls for front-end
receivers with much wider bandwidth and a much faster
digital correlator. The increased bandwidth improves the total
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power (or continuum) sensitivity of the instrument.
Furthermore, it also increases the flexibility for spectral line
observation.

The wideband instrumentation is to be supported by a
wideband digital correlator, which is being developed in
house, using open source FPGA boards designed by the
Coalition for Astronomical Signal Processing and Electronics
Research (CASPER) with inputs from a 5 GSample per
second Analog-Digital Convertor. The new digital backend,
the SMA Wideband Astronomical ROACH2 Machine
(SWARM), will add multiple frequency slices, each of 2 GHz
wide to provide full IF coverage from 4 — 12 GHz. The front-
end receiver upgrade would involve the use of a new
generation of superconducting receivers based on distributed
superconducting tunnel junction arrays [1, 2]. In this report,
we will present the design and performance of the upgraded
SMA receivers.

I1. SERIES-CONNECTED SIS MIXERS

The first generation of Superconductor-Insulator-
Superconductor (SIS) mixer for the SMA employs a single
SIS junction [3, 4]. The IF bandwidth of such a mixer is
dictated by the resistor-capacitor (RC) network formed by the
load resistance of the mixer and the total capacitance from the
junction and parasitic capacitance introduced by the tuning
network [5]. Since the load resistance is typically 50 ohm,
reducing the mixer output capacitance is the key to increasing
the IF bandwidth. By using N series connected junctions, the
contribution of the junction capacitance is reduced by a factor
of N. Furthermore, with more junctions in series, the
impedance level of the mixer is also increased, reducing the
need for lower impedance elements. This, in turn, reduces the
parasitic capacitance of the tuning network. Therefore,
although the IF bandwidth of a series-connected distributed
SIS mixer does not rise linearly with N, it still offers
significant improvement in bandwidth as more junctions are
cascaded.

A second advantage for the series-connected mixer is the
increased dynamic range. As the IF bandwidth is increased,
the power output of the SIS mixer also rises. It is well known
that saturation effect in SIS mixers is caused by output signal
compression [6]. The wider IF bandwidth, therefore, should be
accompanied by a higher power handling capacity of the
mixer, which scales with N Consider an SIS mixer
terminated by an ambient load (T,m ~ 300 K) and its DSB
noise temperature, Tpsg, IS ~ 100 K. Assume further that the
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DSB conversion gain, Gpgg, is 0 dB and the IF bandwidth, By,
is 20 GHz. Thus, the IF power output of the mixer is given by
P =Gpgp *k(1,,,, + Tnsp) By D

Given that P ~10 pW, the IF voltage swing around the
bias point is ~70 uV rms across the 50-ohm load. Since we are
dealing with noise like signal in radio astronomy, the peak-to-
peak voltage swing is roughly 6 times the rms value, which
represents +3c of the Gaussian distribution. At an LO
frequency of 242 GHz, the width of the photon step in a single
SIS junction is 1 mV, which is only ~2.5 times the peak-to-
peak voltage swing. Clearly, mixer compression would not be
negligible. That is why we have chosen to use a 3-junction
array, which would improve the ratio of the photon step width
to the peak-to-peak IF voltage swing to > 7 across the RF
band.

The disadvantage of using a series array is the increased
LO power requirement, which also scales with N2. At the same
time, the output impedance level scales with N. As a result,
devices with higher critical current density and of slightly
bigger areas are desirable. A discussion of the properties of
series connected SIS mixer is given in [7].

1. DISTRIBUTED TUNING IN SERIES SIS ARRAY

The wideband SIS mixer chips are fabricated in the
fabrication facility of ASIAA in Taipei [8]. A photo of the
distributed mixer for the new SMA 300 GHz wideband
receiver is given in Fig. 1. The junctions are shown in more
details in the insert. The junctions are 1.5 um in diameter and
are spaced 8 um apart. The first 2 junctions are located on an
island, which forms the central conductor of a coplanar
waveguide (CPW) with characteristic impedance of ~50-ohm.
The inter-connecting CPW between the junctions add a
considerable amount of inductance to the mixer circuit, such
that no extra inductance is needed to tune the geometrical
capacitance of the junction. In this sense, the tuning of the
series-connected SIS junction array is distributed in nature.

Fig. 1 Photo of a distributed mixer chip used in the upgraded SMA 300 GHz
receiver. The insert shows the 3-junction series array in more details. The
junctions are 1.5 um in diameter. Note the absence of any external tuning
inductance to the junction array. The inductance is distributed in the inter-
connecting lines between the junctions.
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We have also found evidence of extra spreading
inductance in the junction array [9]. This spreading inductance
is caused by a “current crowding effect” [10] as part of the RF
current bends to enter the 1.5 um diameter junction from the 6
- 8 um wide CPW. The situation is depicted in Fig. 2. Since
the extra current path is incurred in a CPW, which has higher
characteristics impedance compared to that of microstrip, the
added spreading inductance can be quite substantial. HFSS
simulation shows that the spreading inductance is as much as
15% of the inductance introduced by the CPW lines
connecting a pair of series junction array.

Referring to Fig. 1, a capacitance is put in parallel to the
junction array to offset the higher total inductance in the
distributed 3-junction array. Located between the junction
array and the quarter wave microstrip transformer, which links
it to the waveguide feed point of the mixer, this added
capacitor helps to mitigate the effects of the extra circuit
inductance.

1
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Zepy~ 51182

1.5 pm diameter
SIS junction

Fig. 2 Effect of “current crowding” in series connected SIS junction array.
The additional RF current path introduces spreading inductance to both the
input and output CPW lines to the junction.

V. PERFORMANCE OF THE RECEIVER

The design and performance of the upgraded 200 GHz
receivers for the SMA has been reported previously [7, 11].
We here focus on the performance of the 300 GHz receivers.

As stated above, the diameter of the individual SIS
junction in the array is 1.5 um. The critical current density of
the device is about 7 kA/cm?®. For the 3-junction array, the
normal state resistance is in the range of 55 — 60 Q, such that
the ®CR product is ~ 4.5. The total IF output capacitance,
including capacitances from both the junction and the tuning
circuit, is ~ 0.18 pF. The expected IF bandwidth is 17 GHz,
for a 50-Q IF load impedance [5].

The mixer is connected to a wideband isolator that
provides isolation between 4 and 14 GHz [12]. Its insertion
loss is < 1.2 dB, with the highest value found at the top end of
the band. The isolator is followed by a low noise cryogenic
amplifier, which has a typical noise temperature of 4 — 8 K
over the frequency range of 4 — 16 GHz [13].

The current — voltage (I -V) characteristics of the junction
array in the presence of optimal magnetic field is plotted in
Fig. 3. The sub-gap leakage resistance is ~ 500 Q, yielding a
leakage resistance ratio of only 8.5. When compensated for the
series resistance from the 2-point measurement setup, the gap



voltage is found to be 8.1 mV with no magnetic field and 7.9
mV when operated with optimal magnetic field around the
second null. The photon step, induced by a Local Oscillator
(LO) at 300 GHz, is observed to be quite flat, indicating very
high output impedance. The isolator is, therefore,
indispensable. The receiver power outputs at an IF of 10 GHz
in response to both ambient and cold input loads are also
plotted in Fig. 3. At a bias voltage of about 6.5 mV, a Y-factor
of 2.51 was recorded, corresponding to a DSB receiver noise
temperature of 65 K. The estimated DSB conversion loss at
this setting is around 0 dB.
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Fig. 3 Current-Voltage (I-V) and Power-Voltage (P-V) curves of SMA 300
GHz mixer (Batch SAO300-2-2 #F1-29). The |-V curve was measured with a
2-point setup, and the added series resistance to the bias circuitry is 3.2 Q.
This device exhibits a sub-gap leakage resistance to normal state resistance
ratio of 8.5. When driven by an LO at 300 GHz, flat photon step was
observed. A Y-factor of 2.51 was recorded at a bias voltage of around 6.5 mV
atan IF of 10 GHz.

The receiver noise temperature as a function of IF for a
number of LO frequencies is displayed in Fig. 4. The
sensitivity is quite flat for IF between 4 — 12 GHz, rising
slightly above 12 GHz. This is mostly due to the higher
insertion loss and poorer insertion loss of the wideband
isolator. In spite of this, significant degradation of noise
temperature does not set in until the IF rises close to 16 GHz.
This demonstrates that the receiver presents a wide IF
bandwidth as designed. The best noise temperature is obtained
with LO frequencies of 300 and 324 GHz, around the center of
the SMA band of 255 — 350 GHz. Sensitivity roll-off is
observed towards the RF band edges but noise temperature
remains below 100 K over the IF of 4 — 12 GHz IF. Note that
the RF bandwidth would improve if devices with lower sub-
gap leakage resistance were available, as this would improves
the conversion loss at the band edges. Alternatively, a higher
critical current density of the SIS array would also help. At the
present current density, the expected percentage RF bandwidth
is ~ 1/wCR or about 22 % [13].
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Fig. 4 Double-side-band (DSB) receiver noise temperature as a function of
IF for different LO frequencies measured in the laboratory in Cambridge.

All 300 GHz SMA receivers have been upgraded with this
new generation of wideband receiver in 2013, following the
upgrade of the 200 GHz receivers in 2012. Both the 200 and
300 GHz receivers are being used for routine astronomical
observations. Although the full capability of these new
wideband receivers will not be available before the operation
of the new digital backend, SWARM, SMA users can now
access the higher IF using the Bandwidth Doubler feature of
the SMA. Fig. 5 shows a 10 GHz wide spectrum obtained with
the new receivers. In this observation, the Local Oscillator of
the receiver was fixed at 337 GHz. The Bandwidth Doubler
mode was used to map a 2 GHz wide spectrum from the 4-12
GHz IF to the SMA correlator in a sequential manner. Since
both sidebands are recovered in the SMA correlator, one can
use the new receivers to observe a pair of spectral lines that
are separated by up to 27 GHz in the 300 GHz band.
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Fig. 5 Upper sideband spectrum of Orion BN/KL for a single baseline taken
in a test observation in Dec. 2013. With a local oscillator frequency of 337
GHz, the 4-12 GHz portion of the receiver IF is stepped in frequency, 2 GHz
at one time for processing by the SMA correlator. The four spectra are merged
to produce this figure. During this observation, the weather was quite poor (~4
mm PWV) and the source was not very high in the sky. Integration time per 2
GHz spectrum is about 20 minutes).



V. CONCLUSION

A second generation of wideband receivers for the SMA
has been commissioned. These receivers are based on a series-
connected 3-junction SIS array which offers wide IF
bandwidth of up to 16 GHz, and higher dynamic range to
ensure good linearity for both observation and calibration.
These receivers offer competitive sensitivities and they are
being used in routine astronomical observations. Once the new
SMA digital backend is in full operation by late 2014, these
receivers will provide 4 — 12 GHz IF coverage in double-side-
band operation. Future expansion of the digital backend would
extend its coverage to 16 GHz.
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First mixer prototype results for Band L (455-495 GHz) of CHAI
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The Cerro-Chajnantor-Atacama-Telescope (CCAT) Heterodyne Array Instrument (CHALI) is a focal plane instrument containing 2
cartridges of heterodyne mixers at 2 frequency bands (Band L and Band H) that will be developed as a mapping instrument for
the future CCAT telescope. Each of sub-arrays will consist of 64 (goal 128) pixels. In the current baseline design the arrays will
be populated with balanced waveguide SIS mixers with a lateral pixel-footprint of 10mm x 10mm.

We will report measurements of a prototype mixer for 455-495GHz that fits the array footprint, with a balanced Si-chip that
contains a RF 90°-hybrid and the 2 SIS mixers, integrated in one block with an IF Wilkinson power combiner and 2 bias T’s on an
alumina substrate. To suppress the Cooper pair tunneling in the SIS mixers, small (1mm?®) permanent magnets are
implemented. The GPPO IF mixer output connector is connected via a short coaxial cable with the GPPO input of a miniature
(13.7 x 5 x 22.4 mm3) LNA based on SiGe MMIC technology with a bandwidth of 1-8 GHz and a noise temperature of
approximately 8K, at a dissipation of 10mW of DC-power.

Measured noise temperatures, using a 92% transmission HDPE windows and a Gunn-multiplier local oscillator source, are
around 100K at an operating temperature of 4.5K over an IF bandwidth of 1-6 GHz. We will present a detailed evaluation of the
usefulness of this mixer as an array pixel
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Characterization of the IF output impedance of
SIS mixers

P. Serres, A. Navarrini, Y. Bortolotti and O. Garnier

Abstract— We report on the development of a measurement
setup to characterize the IF output impedance of a SIS mixer.
The measurement method and the details of the test setup are
described.

Index Terms—SIS mixer, IF impedance, DSB and SSB tuning,
VNA measurements.

I INTRODUCTION

ODERN  low noise  Superconductor-Insulator-
Superconductor (SIS) receivers for mm- and sub-mm
radio astronomy operate over very wide instantaneous
Intermediate Frequency (IF) bands. For example, the current
generation of the IRAM Plateau de Bure Interferometer
(PdBI) mm-wave dual polarization receivers is being upgraded
for the NOEMA (Northern Extended Millimeter Array)
project [1] from backshort-tuned Single Side Band (SSB)
mixers delivering one 4 GHz wide IF band (across 4-8 GHz)
[2]-[3] to Sideband Separating (2SB) mixers delivering two
~8 GHz wide IF bands (across ~4-12 GHz) [4]-[5].
A cryogenic isolator is often used at the single IF output of
a SSB mixer (or at each of the two IF outputs of the 2SB
mixer) to decouple the SIS mixer IF output impedance from
the input impedance of the following IF cryogenic low noise
amplifier (LNA): by employing an IF isolator matched to 50 Q
in a SSB receiver chain, a constant 50 Q impedance is
presented at the LNA input independently of the output
impedance of the SIS mixer and, at the same time, a constant
50 Q impedance is presented at the mixer output
independently of the input impedance of the LNA. This allows
the LNA, which is typically optimized to deliver minimum
noise on a 50 Q input, to operate at itS optimum input
impedance and the SIS mixer to be optimized to provide best
receiver performance (simulated using Tucker’s theory of
quasi-particle mixing [6]) when its IF output is connected to a
50 Q load. In short, the optimization of the performance of a
SIS receiver chain can be optimized more easily by
decoupling mixer and LNA through an isolator.
However, isolators have large mechanical size and
non-negligible insertion losses which contribute to increase
the receiver noise temperature. Removing the isolator from the

All authors are with IRAM (Institut de RadioAstronomie Millimétrique), 300
rue de la piscine, 38406 Saint Martin d’Héres, France (P. Serres,
phone :+33476824915 ; fax : +33476515938 ; e-mail: serres@iram.fr).

chain is essential for the development of closely packed
receivers in a focal plane array, for which a miniaturized
footprint on their RF and IF sections is required. Moreover,
the direct connection of SIS mixer with cryogenic amplifier
through a suitable network, offers potential for improvement
of the receiver performance.

The IF output impedance of a SIS mixer, Z;r, depends on
several parameters, among which the RF embedding
impedance of the SIS junctions, the bias condition, and the
Local Oscillator (LO) pumping level. Such IF output
impedance plays an important role in the performance of a
receiver chain and must be known accurately to allow
optimization of the receiver performance across its RF and IF
bands. This is particularly true when the SIS mixer and
following IF low noise amplifier are directly connected
without isolator. Therefore, the design of modern wide IF
band SIS receiver can strongly benefit from experimental data
on the SIS mixer IF output impedance, which can be used for
verification and optimization of the following cryogenic IF
receiver section.

Here, we describe a measurement system to characterize the
IF impedance of SIS mixers, present experimental results, and
compare electromagnetic simulations combined with three-
port Tucker’s theory of quasi-particle SIS mixing with
laboratory data. The SIS junction, biased at three different
voltages of its unpumped IV characteristic, is used to obtain
three known calibration impedances that allowed calibrating
the measurement up to the on-chip SIS junction plane
(including the SIS junction specific capacitance).

1. TEST SETUP OF SIS MIXER IF IMPEDANCE WITH AVNA
A. Synoptic diagram of measurement setup

A synoptic diagram of the measurement setup, utilizing a
Vector Network Analyzer (VNA) and an SIS mixer cooled at
4 K inside a cryostat, is shown in Fig. 1. The synoptic shows
the reference measurement plane situated at the on-chip SIS
junction. The commercial VNA in its base configuration
(Agilent PNAx N5244A 43.5 GHz) would not have enough
dynamic range to measure the reflection coefficient of the SIS
mixer at IF frequencies, I'ir (or equivalently Z¢). Indeed, the
incident power at the VNA output must be very low, of
order -85 dBm, to avoid SIS mixer saturation. If the base VNA
configuration were used, a coupler internal to the VNA system
would replace the combination of circulator and low noise
amplifier (LNA) shown in Fig. 1: the coupler would inject a
fraction of the power reflected back from the mixer into the



return-wave VNA receiver. However, the combination of the
high-noise of the return-wave VNA receiver with the loss of
power due the internal coupler would strongly reduce the
detectable signal. The combination of circulator plus amplifier
allows at the same time to couple the required power to the
return-wave VNA receiver with minimum loss while masking
its noise. The bandpass filter situated after the LNA reduces
the noise bandwidth and suppresses higher harmonics.
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Fig. 1. Synoptic of SIS mixer IF impedance measurement system. The
cryostat and the VNA are shown on the left and on the right sides,
respectively. In the middle, the paths of the incident and backward waves
from the VNA, as well as the connections of the circulator with the cryostat
and the VNA are shown.

B. Measurement calibration

One of the main challenges in vector network measurements
at cryogenic temperatures is the calibration. To avoid
calibration uncertainties related to changes of electrical
lengths and of impedance discontinuities upon cooling, we
have used the properties of the IV characteristic of the SIS
junction at 4.2 K to generate the necessary calibration
standards: the junction was biased in three different regions
of its IV curve to obtain impedances close to the three
classical SOLT standards (see Fig. 2): Open Circuit (OC),
Short Circuit (SC) and Load. In choosing the SIS junction as
calibration kit, the measurement reference plane is necessarily
located at the SIS junction itself. Thus, the calibration
procedure calibrates out all IF circuitry of the measurement
setup (IF coaxial cables, SIS mixer external IF circuit, bias-T
etc..) including the on-chip SIS mixer intrinsic capacitance
and inductance. This procedure does not require to thermally
cycle and open the cryostat to locate and measure three
different calibration standards.

C. Backshort-tuned SSB SIS mixer

We carried out measurements across the 4-8 GHz IF band of
the IRAM 3 mm band backshort-tuned Single Side Band
(SSB) SIS mixers currently installed on the PdBI antennas.
The mixer backshort allows to reject the image side band
(typical gain ratios G/Gs~-10 dB), thus reducing the
contribution of the atmospheric noise in the image band and
improving the system sensitivity during spectroscopic
observations.

The SIS mixer chip used in the measurements is based on
two junctions in series, with an equivalent gap voltage at
~5.6 mV. The electrical distance between the two junctions is
very small compared to the wavelength and are considered to
be located on the same plane (the reference plane).
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Fig. 2. In blue, the I(V) curve of the SIS junction situated on the mixer chip.
The red double arrows show the three different impedance defining the three
SOLT (OC, SC, LOAD) calibration standard.

D. SIS IF impedance measurement bench

The IRAM test setup for characterizing the IF impedance of
the SIS mixer is shown in Figs. 3 and 4. The mixer is placed
inside a laboratory wet cryostat (from Infrared Lab Inc.) in
thermal contact with the 4.2 K stage cooled by liquid helium.
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frequency tripler

Fig. 3. Overview of the measurement bench showing the VNA, the cryostat
to cool down the SIS mixer at the physical temperature of 4.2 K, the backshort
motor to tune such SSB mixer in LSB or USB, the SIS junction bias box, the
SIS mixer Local Oscillator which is realized by a 40 GHz signal generator
combined with tripler and WR10 mechanical attenuator. The system is fully
controlled with a computer.
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Fig. 4. The cryostat component arrangement is shown. The SIS mixer,
located at its center, has is waveguide input connected to a waveguide LO
coupler, terminated to a WR10 waveguide load on the signal path, through a
WR10 copper waveguide. A WR10 stainless steel waveguide allows to inject
the LO signal generated outside the cryostat. The backshort mechanism is
connected to a fiberglass rod and controlled from outside the cryostat. The IF
SMA output of the SIS mixer is connected to the cryostat IF output through
coaxial cables (copper and stainless steel types) through a commercial bias-T.
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SIS Tunnel Junction’s Specific Capacitance
Direct Measurement

Parisa Yadranjee Aghdam, Hawal Rashid, Vincent Desmaris, Alexey Pavolotsky, Victor Belitsky

Abstract—The need for operating frequencies well into THz
region with higher sensitivity and wider bandwidth pushes
superconductor-insulator-superconductor ~ (SIS)  technology
towards junctions with more transparent barrier and higher
current densities. Obtaining accurate knowledge of the specific
capacitance, which is related to the transparency of the junctions,
leads to a precise design of the tuning circuitry. Previously,
characterization of the SIS junction’s specific capacitance
involved complex measurements providing data relying on
various model fitting. Herein, we present the characterization of
the specific capacitance by directly measuring the impedance of
the SIS tunnel junction at microwave frequencies (~3 GHz).

Index Terms—SIS junction,
specific capacitance.

S-parameter measurements,

. INTRODUCTION

uperconductor-Insulator-Superconductor  (SIS)  mixers

have been the workhorse in radio astronomy receivers. SIS
mixers with Nb/AI-AlO,/Nb trilayer are commonly recognized
for their lowest noise performance at operating frequencies
below Nb gap frequency (c.a. 700GHz) [1]. An SIS junction is
characterized by its intrinsic capacitance (C) being in parallel
with the nonlinear tunnel resistance (R). The linear part of R
in which the junction is biased above the gap is called the
normal resistance (R;). The R A product where A is the SIS
junction area, defines the SIS junction Q-factor value and if it
is reduced the junction operation band could be increased [2].
Additionally, the R A value is a measure of the transparency of
the barrier; the lower the R,A value the higher the critical
current density of the junction [3]. Since the tunnel barrier in
the Nb/AI-AlO,/Nb trilayer is formed by the thermal oxidation
of the Al layer, the non-uniformity of the insulator’s thickness
becomes more significant at thinner tunnel barriers. Therefore,
at very low barrier thicknesses, the junction quality degrades
which manifests itself in an increase of the sub-gap region’s
resistance and additional shot noise [4]. Since it is neither
possible to uniquely define a uniform barrier thickness, nor
assign a relative permittivity (&) to the barrier’s insulator
(AIO,), the junction capacitance is determined as a function of
R,A product. Its value can be measured from the DC IV
characteristics of the junction and using prior knowledge of
the junction area. Thus, the specific capacitance (C/A) is

Manuscript received June 13, 2014. The authors are with the Group for
Advanced Receiver Development (GARD), Chalmers University of
Technology, Gothenburg, Sweden (e-mail: parisa.aghdam@chalmers.se).

semi-empirically predicted to be inversely proportional to R,A
[2]. However, experiments have shown that at very low barrier
thicknesses, the specific capacitance deviates from estimated
values. Furthermore, depending on the trilayer deposition
techniques, inconsistent values of specific capacitance have
been reported. Therefore, there is a clear demand for the
method to accurately measure the capacitance.

So far, the most commonly used methods to estimate the
specific capacitance were based on analysis of Fiske steps [5],
SQUID structures [6] or McCumber parameter [7]. In these
methods, the capacitance is calculated by indirect
measurement of its effects, e.g. resonance. Thus, the estimated
value is accompanied with high uncertainty levels that depend
not only on the accuracy of the aforementioned measurements,
but also on the assumptions made in the employed models.

In another method, escape rate from the tilted washboard
potential is studied while microwave signal is applied to the
junction [8]. In this method, aka time-resolved measurement,
quite high accuracy is reported. However, for the SIS
junctions with R,A in the range of interest, this calls for
measurements at 100 GHz and above thus technically
challenging.

In this paper, we present a method for characterization of
the specific capacitance, which uses S-parameters direct
measurements and analysis of the junction. Since on practice,
the impedance of the junction is often very small compared to
the 50 Q impedance of a microwave measurement system and
stray impedances, the reflection coefficient from the junction
is rather masked by a very large mismatch. However,
nowadays, the progress in the measurement equipment and
calibration techniques allows this type of measurements to be
performed at satisfactory accuracy level. In this paper, the
measurement and calibration method is discussed and initial
results are presented.

Il.  JUNCTION FABRICATION AND DC CHARACTERIZATION

The Nb/AI-AIO/Nb SIS junctions were fabricated in-
house [9] with R,A product of 30 Q.um? A superconducting
microstripline of 50 Q on a high-resistivity Si substrate
mounted into a fixture, connects the junction to the SMA
connector. The junctions with various sizes were fabricated,
from which the resulting R,A value and device areas were
estimated. From the semi-empirical relation (1) and (2), the
approximate value of the specific capacitance (C;) and the
junction capacitance (C) can be predicted.

Cs =[0.3/In(R.A)] @)

C=CA )



I1l. ONE-PORT MEASUREMENTS

A voltage biased SIS junction equivalent circuit is represented
as a resistance (R) in parallel with the junction capacitance
(C). Accordingly, the admittance of the junction can be shown
as in (3). The S-parameter (S1;) can be measured with a Vector
Network Analyzer (VNA). The S;; is now converted to Yy,
see (4).

Yu=[1/R+ jCw] ©))
Yu=Y[@—Su)/(@+Su)] 4)

IV. MEASUREMENT SETUP

The first challenge in the measurement of the SIS junction’s
impedance is the calibration. The temperature gradient
through long stainless steel cables would alter the length and
propagation characteristics of the cables. Consequently, a de-
embedding method on top of the ambient temperature

calibration is required to exclude the aforementioned effects.
Cryostat

50 K Stage
DC

A B

Bias Tee Fixture

4 K Stage

Fig. 1. Cryogenic measurement setup with two thermal stages. A) Room-
temperature calibration plane. B) The DUT’s reference plane

V. CALIBRATION

Amongst calibration methods for one-port setups, the Short-
Open-Load (SOL) can calibrate out the unwanted effects and
move the reference plane of the measurements to the DUT’s
plane. However, this requires three cooling cycles in addition
to the DUT measurement. Herein, we have improved time
efficiency by an insignificant compromise of the calibration
accuracy. In this calibration method [10], short-open-load
calibration is performed at room temperature at the A plane
shown in Fig. 1. A short circuit standard, which replicates the
DUT geometry is fabricated by removing the AlO, layer, the
top and bottom electrodes are shortened. This short circuit cal-
unit is cooled down to 4K. Exploiting the Direct Fixture
Compensation (DFC) feature of the Rhode & Schwarz
ZVA40, the measurements reference plane is moved to the
DUT’s. Also, it should be noted that this calibration method,
which uses DFC, is considered to have decent accuracy only if
the setup is lossless.

VI. MEASUREMENT RESULTS

At the first iteration of the measurements, thin film
capacitors with known capacitance values were measured to
assess the accuracy of the measurements. Later, an SIS
junction with the estimated capacitance of ~ 0.9 pF was
measured, see Fig.2.

110

Capacitance (pF)

Frequency (GHz)

Fig. 2. Capacitance of a SIS junction (solid line) and its estimated value
(dashed line) shows a good agreement in the middle of the band.

VII.CONCLUSION

In this paper we have proposed a new measurement method
for the specific capacitance of SIS junction. Developing such
measurement method for a complex device parameter such as
SIS junctions’ specific capacitance requires extensive studies
and comparison of the measurements and models. Then, the
measurement uncertainties can be approximated and the
device parameter can be determined. The uncertainties of this
measurement method can mainly stem from the losses. This
can be improved by employing new techniques which are not
dependent on using terminated lossless transmission line
definition for input impedance.
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Image Rejection Ratio of 2SB SIS Receivers
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A number of sub-mm sideband-separating (2SB) SIS (superconductor-insulator-superconductor) receivers have been developed
in the past few years [1-6]. ALMA Bands 3 to 8 are equipped with receivers of this type. Image Rejection Ratio (IRR) is one of
the key parameters of any 2SB mixer. Achieving IRR better than 10dB in total RF band is a challenging technical problem [1-4].

We have developed a 2SB SIS receiver for the frequency range 600-720 GHz (ALMA Band 9) [5] and found that IRR dependence
on frequency is strongly determined by standing waves in the RF waveguide structure, which are caused by reflections from the
SIS mixers and the RF absorption load. Analyzing results of different 2SB receivers [2-5] we find similar periodic structures in
the IRR pattern.

Reduction of these standing waves, without modifying the RF and IF hybrids and SIS mixers, leads to significant improvement of
IRR level. In this report we present an effective method to estimate the standing wave amplitudes in an operating receiver
using the SIS junction properties. Moreover, we describe a mechanism of standing wave contribution to the final IRR. In
addition, an investigation concerning IRR pattern in the ALMA Band 5 receiver will be presented.
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Improved Quadrature RF Hybrid for 2SB and
Balanced THz Receivers

Hawal Rashid, Denis Meledin, Vincent Desmaris and Victor Belitsky

Abstract— We present the design and implementation of two
quadrature waveguide hybrids at mm-wave frequencies with
improved amplitude and phase imbalance. The measured
performance of the hybrids show good agreements, with
amplitude imbalance of = 0.15 dB and a phase imbalance of +2.5
degrees over the 166-208 GHz frequency range.

Index Terms— Waveguide hybrid, Millimeter and sub-millimeter
component, THz component, Directional coupler

. INTRODUCTION

n recent years, 2SB and balanced receivers have proved to

be a favorable option for Terahertz frontend providing
suppression of the sideband noise or the LO AM noise [1-3].
Correspondingly, the performance and the design of
quadrature RF hybrids has become of high relevance. The
amplitude and phase imbalance of the 90° RF waveguide
hybrid contribute to the degradation of the sideband rejection
and noise suppression [4] . It is therefore important to
minimize the imbalance of the RF hybrid for achieving
ultimate performance.
The two most often used waveguide hybrids are probably the
periodical and synchronous branch waveguide directional
couplers. For THz frequencies, the periodical branch
waveguide hybrid is the most feasible topology due to its ease
of fabrication. One of the major drawbacks of the branch
waveguide hybrids is that it exhibits the worst amplitude
imbalance at the design center frequency, which further
increases as the operational bandwidth is increased.
A typical design condition of a waveguide directional coupler
is a maximized directivity / isolation. As suggested in [5], by
relaxing the standard condition for maximum isolation, the
classical layout of the hybrids can be modified such that
interleaved ripples are introduced into S21 and S31 (cf. Fig.1
& 2), thus yielding minimum amplitude imbalance within the
operating frequency band. Such a modified hybrid is a trade-
off between the controllably degraded return loss and the
improved amplitude imbalance.
In this paper, we present two hybrid designs, periodical and
synchronous, based on the approach suggested in [5]

1. HYBRIDS DESIGN

The periodical branch waveguide hybrid design adopts the
topology presented in [5] (Fig. 1).

The synchronous branch waveguide directional coupler
consists of two four-branch 8.5 dB synchronous couplers,

All authors are with the Group of Advanced Receiver Development (GARD)
at Chalmers University of Technology, Gothenburg, Sweden.

(email:Hawal@chalmers.se)

which are cascaded with a connecting quarter wavelength
impedance-mismatched waveguide (Fig. 2). The hybrids were
designed to operate in frequency band 166-208 GHz. This
operation band was selected in order to measure the hybrid
performance with existing in-house Vector Network Analyzer
(VNA) extension modules, which operate from 140 GHz to
220 GHz.

PORT 1 li 1 ’_l = 1 PORT 2
AHHEEEEEE
PORT4|: T "t "t "t Tt Tt Tt PORT3
[

Fig.1. Cross section of the periodical eight branch waveguide hybrid
in [5]. The dashed line shows the symmetry plane.

L= )\/4

8.5 dB 8.5 dB

]DDDIZIEIEIEIDDEIE

Fig.2.Cross section of two four branch 8.5 dB synchronous
directional coupler with impedance mismatch at its geometrical
center, which is marked with red dashed lines. The port configuration
is the same as Fig.1.

1. MEASUREMENTS

The waveguide hybrid was measured with Agilent two port
Vector Network Analyzer (VNA) with OML 140-220 GHz
extension transmitter and receiver modules. The VNA was
calibrated with the OML standard TRL waveguide calibration
kit. Subsequently, Ports 1 and 3 (coupled) were connected and
measured while the remaining ports are terminated. Finally,
Ports 1 and 4 were connected and measured while the through
and coupled ports were terminated. In order to account for the
conductive loss in the leading waveguides, a two port fixture
with the exact shape and length as the hybrid through path was
fabricated. The S-parameters from the fixture were measured
and used to de-embed the losses (0.015 dB/mm) of the leading
waveguides (between the calibration planes at the output of
the extension modules to the input of the hybrid structure)
from the measured hybrid S-parameters. The insertion loss of
the hybrid itself is approximately 0.23 dB [5].

The time gated [6] performance of the synchronous coupler
shown in Fig. 3 does not agree as well with simulations due to
large dimensions offsets caused by malfunction of the CNC
milling machine. The depth difference between the main
waveguide (B) and branch guide (H) (refereed as step) was
approximately 28 um, while the K and H values was off by
approximately 10 pm. Figure 4 show the measured



performance and EM simulations for different steps. The red
solid line in Fig. 4 includes the average offset in the K and H
values of 10 um together with the step length of 28 um. With
these values, we were able to explain the reduced agreement
between simulation and measurement.

Fig. 5 and 6 show the simulated and time gated [7]
measurement performance of the periodical branch
waveguide hybrid manufactured with the CNC milling
machine after necessary service and repair. The measured
performance of the periodical hybrid demonstrates excellent
agreement with the simulations.
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Fig. 3. Measured amplitude and phase imbalance of the synchronous
hybrid shown in Fig.2.

160 168 176 184 192 200 208 218

- 25
% -—23 um step
b 2 - =28 um step
] a2 .
o = =33 um step
5 —measured imbalance
o 1,5
Q
E
) 1 -
o
2
= 0,5 -
&
0 -
-0,5

160 168 176 184 192 200 208 216
freq (GHz)
Fig. 4. Simulated performance for different step length lengths.

1 95
p—— e —

& 08 """ 90
=)
S :
s I — 3
§ os 85 E
2 Q
g 04 - 80 £
2 \ / @
£ 02 s &
< I\ ia)

\/" UNA"N

0 70
168 176 184 192 200 208
Freq (GHz)

Fig. 5. Simulated through and coupled performance of the modified
periodical waveguide hybrid [5].

113

1 95
—

= 08 /T\ / 90
g i ]
) @
E 0,6 85 2
£ E
?; 0,4 7 80 §
E- 0,2 I 75 E
< \ P ! ) I

0 _Hy U\ 70

168 176 184 192 200 208
Freq (GHz)

Fig. 6. Measured through and coupled performance of the modified
periodical waveguide hybrid [5].

V. CONCLUSIONS

We presented two implementation of the novel design concept
for the realization of 90° synchronous waveguide hybrid for
166 — 208 GHz band. The measured performance of the
periodical hybrid show excellent agreement with simulation,
with amplitude imbalance of £ 0.15 dB and a phase imbalance
of £2.5 degrees over the 166-208 GHz frequency range.
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A novel superconducting element, High-Harmonic Phase Detector (HPD), intended for phase-locking of a Flux
Flow Oscillator (FFO) in a superconducting integrated receiver (SIR) has been proposed and experimentally
tested. According to our concept a superconductor-insulator-superconductor (SIS) junction is implemented
both for down-conversion of the FFO frequency and for phase-locking of the FFO to an external reference by
applying the HPD output directly to the FFO control line. The cryogenic HPD can be placed in close vicinity to
the oscillator providing extremely large synchronization bandwidth (BW). To realize efficient phase-locking of
the FFO the HPD output signal should be maximized by the HPD bias voltage, frequency and power of the local
oscillator (LO) and input RF signal. Calculated 3D dependences of the HPD output signal power versus bias
voltage and LO power agreed well with experimental measurements.

For demonstration of the HPD operation we used additional SIS-mixer implemented for monitoring of the
phase locking effect. Regulation BW of the phase-locking loop (PLL) system based on the HPD as high as
70 MHz has been experimentally achieved; that value several times exceeds BW of any other regular PLL
systems used for cryogenic oscillators. Developed HPD system could synchronize up to 92% of the emitted FFO
power for free running FFO line as wide as 12 MHz.

In this work we also propose new method for estimation of a synchronization efficiency based on HPD dc
signal monitoring. We have developed experimental setup for measuring of the HPD output signal; it was
shown that for the HPD operation the Josephson mixing regime is more efficient then quasiparticle resulting
in increase of the output signal on 12 dB at moderate noise level raise on 4 dB. Detailed study of the HPD
output signal on the SIS junction parameter has been performed in order to optimize the HPD operation.

The HPD PLL system is simple and compact, that is why our concept is very promising for future applications,
especially for building of the multi-pixel SIR array and for phase-locking of the THz range FFO.

The work was supported by The RFBR and the Ministry of Education and Science of the Russian Federation.
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Design, fabrication and measurement of a
membrane based quasi-optical THz HEB mixer
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and J.-M. Krieg
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Abstract—In this paper we present our recent development
in quasi-optical membrane based superconducting hot
electron bolometer (HEB) mixers at 0.6 THz. The phonon-
cooled Niobium Nitride (NbN) HEB coupled to a double slot
antenna is processed on a 1.4 pm thick stress-less SizN,/SiO,
membrane. The mixer block uses an off-axes mirror to focus
the terahertz (THz) signal to the antenna and a back-short is
placed behind the membrane to increase the gain of the
antenna.

We have simulated the input impedance of the membrane
based double slot antenna and the radiation properties of the
quasi-optical mixer with the aid of the full wave
electromagnetic solver CST Microwave Studio. Measurements
have been performed to obtain the double sideband receiver
noise temperature and IF bandwidth. The measurement
results will be discussed and compared with those of a thick
substrate based HEB mixer.

Index Terms—Heterodyne detection, hot electron

bolometer, quasi-optical, membrane based HEB.

1 INTRODUCTION

HE phonon-cooled Niobium Nitride (NbN) HEB

coupled with an integrated lens-antenna on thick
dielectric substrate have demonstrated a high sensitivity for
the THz heterodyne detection [1] — [3]. However, some
losses remain inherent with this type of quasi-optical
structure. The signal must pass through the dielectric
material of the lens and the substrate which causes
reflection and substrate modes losses. One way to avoid
these problems is to use a metallic mirror to focus the signal
to the antenna and reduce the substrate under the planar
antenna. For a slot antenna it was shown that a dielectric
thickness less than 0.04 A4 [4] (with A4 the wavelength into
the dielectric) allows to consider the antenna as suspended
in free-space, so without dielectric losses. For this reason,
the antenna is deposited on a 1.4 pm thick membrane made
of SisN4/SiO, allowing a double slot antenna up to about 4
THz [5].
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This paper will begin by presenting the concept of our
quasi-optical mixer block using a mirror and a planar
antenna on the stress-less membrane. Then the design of the
planar antenna with CST Microwave Studio (CST MWS)
will be presented. Afterward, the measurements setup
employed to characterize the mixer's sensitivity and the IF
gain bandwidth will be detailed. Finally, the results
obtained with the membrane based structure will be
discussed and compared with a HEB coupled to a double
slot antenna on a thick substrate and integrated on a silicon
lens in the same measurement conditions.

1. CONCEPT AND DESIGN
A. Mixer block

The quasi-optical mixer block uses an off-axis parabolic
mirror to focus the radiation to the antenna (Fig. 20). The
mirror has a focal length of 12.7 mm, a diameter of
254 mm and focuses incident signal at 90°. Under the
membrane, a back-short is placed at a quarter of the
wavelength to increase the gain of the planar antenna. The
Back-short is a metallic plane reflector made on a silicon
substrate that has been thinned to allow the reflector at the
good distance behind the membrane. The intermediate
frequency (IF) signal produced by the HEB is transmitted to
the SMA connector by a microstrip line of 50 Q. The NbN
HEB is fabricated on the membrane made of 600 nm thick
of silicon nitride (SisN,) and of 800 nm thick of silicon
dioxide (SiO,). All the details of the fabrication process of
the membrane based HEB were explained in two previous
papers [6], [7].

Optical axis
Incident radiation

Antenna |

Membrane

<>
backshort / M4

i_ Parabolic mirror
Fig. 20. Schematic view of the quasi-optical mixer block. The parabolic
mirror focuses the THz signal to the antenna. The back-short placed

behind the membrane increases the gain of the antenna.




B. Antenna design

Different kind of planar antennas may be selected to
detect the THz radiation [8] — [11]. In this work, we have
chosen a planar antenna widely used for THz heterodyne
receivers: the double slot antenna (DSA). The DSA has
linear polarization, good frequency selectivity and high
directivity. Another advantage in our case is that the DSA
can have an impedance around 75 Q [12], which is the
impedance of our HEB. We wused a full wave
electromagnetic solver, CST Microwave Studio to simulate
the impedance of the DSA on membrane and its radiation
pattern.

Fig. 21. Simulated structure in CST MWS. The antenna is on the

membrane and the back-short is placed at a quarter of the wavelength
behind the HEB. The HEB is a discrete port of 75 Q and the IF output is a
discrete port of 50 Q.

A DSA can be determined by 3 parameters, the length
and the width (L and W) of the slots and the separation (S)
between the two slots. In a typical case the DSA is on a
thick dielectric substrate and the length L is governed by
the wavelength of the radiation and the material dielectric
constant. In this case, the length can be written [13]:

L = 0.842, 1)

Here, A, is the wavelength in vacuum and A is a factor
that depends on the effective dielectric constant (ee) and on
the W/L ratio [14].

A=———n )

Veers(1+7)

In our case, the membrane is thin enough (less than
0.04 2y) to consider the antenna as suspended in free-space,
SO & tends to 1. The ratio W/L is typically chosen to be
between 0.02 and 0.07. Finally, L is around 0.75 Ay when
the DSA is on a membrane, whereas it is around 0.3 A, for a
DSA on a thick silicon substrate. This means that the DSA
is larger on thin membrane, which allows an easier
fabrication process for higher frequencies. Concerning the
separation between the slots, S is generally chosen to be
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around 0.17 A,. These parameter values (L, W and S) are
chosen as point of departure for the design of the membrane
based antenna. The entire structure of the device including
the DSA, the RF choker filter, the membrane and the back-
MWS (

short is modeled with CST

Fig. 21). For the simulation, the HEB is replaced by a
discrete port of 75 Q and the IF output is represented by a
port of 50 Q. Optimizations of the parameters L, W and S
have been performed to minimize the return loss at the
desired frequency, here 618 GHz and also to have an
impedance of the antenna close to 75 Q. The size of the
back-short (named Bs on the picture) has also been
optimized in order to have the best radiation pattern. The
optimal size was found to be 600x600 pm? resulting an
antenna directivity of 9.2 dBi. The optimized parameters
are listed in the table 1 and the impedance of the DSA is
plotted in Fig. 22. We can notice that the antenna has an
impedance very close to 75 Q near 618 GHz, allowing a
good adaptation with the HEB.

TABLE 1. Parameters of the DSA and the back-short

L (pm) S (um) W (um) Bs (um?)
343(0.71%)  80(0.17%)  18.7(0.05L) 600x600
Impedance of the antenna
200

=12 real)

550 570 590 610 630 650 670
Frequency (GHz)

Fig. 22. Simulated impedance of the DSA. Around 618 GHz, the
imaginary part (red line) is close to 0 and the real part (blue line) is very
close to 75 Ohms.

The beam pattern of the membrane based DSA with the
back-short has been calculated by the transient solver of



CST MWS. This method is well adapted to calculate the
electromagnetic field near the antenna but is not suitable for
the calculation of large structures such as the mixer block
with the parabolic mirror. We thus used the Multi Level
Fast Multipole Method (MLFMM) in CST MWS to
simulate the beam pattern of the entire mixer block. The
off-axis parabolic mirror has been modeled and the beam
pattern of the membrane based antenna previously
calculated has been placed in the focal plane of the mirror
as an input source for the solver (Fig. 23). The result of the
simulation is shown in Fig. 24. The main lobe has a
magnitude of 36.5 dBi, an angular width of 1.3° at -3dB
and the side lobe level does not exceed

-248dB.

Tope

Multipole degree 18
Est. Source Radius 0.
origin

Farfield
1
9 (x
Theta (2~ axis) | (x
x

6

PhE (x'- axis)
Frequency

Fig. 23. The off-axis parabolic mirror is modeled to simulate the beam
pattern of the entire mixer block.

— farfield (F=618) [ffs2)

"\ /1 Frequency = 618

- Main lobe magnitude = 36.5 dBi

i H H Main lobe direction = 90.0 deg.

8 87 8 89 90 91 92 93 94 Angularwidth(3dB)= 1.3 deg.
Theta / Degree Side lobe level = -24.8 dB

Fig. 24. Beam pattern of the mixer block.

1l. MEASUREMENTS SETUP

The mixer’s performance has been investigated around
600 GHz. The double side band (DSB) noise temperature
and the IF gain bandwidth measurement has been
performed by using two different setup.

A. DSB noise temperature measurement setup
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Zitex G110 (x2)

Biastee
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low-noise
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(0.5 - 4GHz)
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HEB mixer

Room
temperature
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Power
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Spectrum
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Fig. 25. Illustration of the measurement setup. The hot and cold loads are
placed in front of the window of the cryostat for the Y-factor
measurement.

The mixer block is mounted on the cold plate of an
Infrared Labs cryostat. The RF and LO signals are sent into
the cryostat by an optical access through a 1 mm thick
HDPE window at room temperature. Two layers of Zitex®
G110 block the infrared radiation [14], one is glued on the
4 K shield and the other one is mounted on the cold plate in
front of the mixer block. A bias tee is used to feed the bias
to the mixer and to transmit the IF signal to the cooled low
noise amplifier (noise temperature 8 K, gain 30dB), which
is a Caltech amplifier operating between 0.5 and 4 GHz.
The IF signal comes out of the cryostat and is amplified by
two amplifiers (2x 30 dB) at room temperature operating
between 0.1 to 4 GHz. Then the output signal is filtered at
650 MHz with a bandwidth of 250 MHz.

The DSB noise temperature of the receiver is evaluated
by using the Y-factor method. The LO signal, fixed at
618 GHz, is provided by an electronic source driven by a
synthesizer. The LO source is placed in the focal plane of a
lens to collimate the signal into the cryostat. Two black
bodies made from Eccosorb are used as the hot and cold
load with a temperature of 295 and 77 K respectively. The
optical path between the LO source, the loads and the
cryostat was not air evacuated and a 50 pm thick mylar was
used as the beam splitter to combine the radiation from the
hot/cold load and the LO source.

B. IF gain bandwidth measurement setup

The measurement setup is quite similar to that of the
noise temperature measurement but we’ve taken care to
suppress all the elements that could limit the IF bandwidth.
The cooled low noise amplifier with a bandwidth from 0.5
to 4 GHz is removed and we don’t use any filter outside the
cryostat. Since the IF signal is very weak at the output of
the cryostat, we amplify it with two wide band room
temperature amplifiers (0.1 to 4 GHz). The output signal is
read with a spectrum analyzer.

The IF signal is generated inside the HEB by mixing
signals from two electronic sources, one as the LO and the
other one as the RF. We start to pump the HEB with the LO
around its optimal level which has been determined during
the DSB noise measurement. After what, we place the
second source, with a frequency very close to the LO



frequency, in front of the cryostat and we adjust carefully
the RF power in order to not over pump the HEB. The RF
power transmitted to the receiver is maintained unchanged
all along the measurement. The scanning along the IF band
is made by tuning the frequency of the LO and for each
point the power is adjusted in order to keep the same
pumping level of the HEB.

V. RESULTS AND DISCUSSION
A. DSB noise temperature receiver

We measured the DSB noise temperature of the
membrane based HEB in the off-axis mixer block. The
HEB consist of a 2 um wide, 0.2 um long and 5 nm thick
NbN bridge between the electrodes of the DSA designed
for 618 GHz. The HEB have a room temperature resistance
of 90Q and a critical current of 240 pA at 42K
(Ommodka! Hcrounuk ccblikd He Haiigen.). Different
pumping levels have been tried to find the best region to
have the minimum noise temperature of the receiver.

Membrane based HEB pumped with LO at 618 GHz
250 ; ; ; : : : :
: ) : without LO
optimal pumping | |

200f-- - R N

150 kLo N ]

Current (uA)

0k f-- e

SOff -

0 1 2 3 4 5 6 7 8
Voltage (mV)
Fig. 26. 1-V curves recorded at 4.2 K of the membrane based HEB without

LO (blue line) and at the optimal pumping of the HEB (red line). In the
circle, the optimal pumping region for the heterodyne measurement.

The IF output power of the HEB responding to the hot
and cold load is recorded as a function of the bias voltage.
Then, the Y-factor is calculated with: Y = Py,,./P.514, and
the DSB noise temperature (Tpsg) of the receiver can be
obtained by:

_295-77Y

Tpsp = ) 3
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Fig. 27. DSB noise temperature measured with the membrane based mixer
block. The blue and red lines represent the IF output power provided by
the HEB with the cold and hot loads as a function of the bias voltage.

An uncorrected noise temperature around 1200 K was
measured with the membrane based HEB (Fig. 27). In order
to compare this result with a HEB on thick substrate, we
used strictly the same measurement setup, only the mixer
block is replaced by the one with an integrated lens-antenna
and a HEB on a thick silicon substrate. This device on thick
substrate is chosen for its similarity with the measured
membrane based device. The HEB consist of a 2 um wide,
0.2 um long and 5 nm thick NbN bridge on a 350 um thick
silicon substrate. The HEB is coupled with the DSA
designed for 600 GHz. It has a room temperature resistance
of 83 Q and a critical current of 210 pA at 4.2 K. With this
device we measured an uncorrected noise temperature of
800 K. The measurement includes the optical losses
between the beam splitter and the input of the mixer. As
summarized in the table 2, the losses are estimated to be
2.85 dB. So, with an improvement of the optical path, we
could hope a noise temperature below 600 K for the
membrane based HEB and below 400 K for the HEB on a
thick substrate.

TABLE 2. Losses in the optical elements

element Loss (dB)
Beam splitter 15
HDPE window 0.45

Zitex filter (x2) 0.45 (x2)

B. IF gain bandwidth

Both membrane and thick substrate based HEB mixers
are measured in the same conditions (described above) to
obtain the IF gain bandwidth. As explained in the previous
chapter, we tune the LO frequency to sweep the IF band
between 0.2 and 5GHz. The resulting beat signal is
recorded by a spectrum analyzer for each frequency. The
normalized IF output powers are presented in Fig. 28. The
HEB on thick silicon substrate has an IF bandwidth at -3 dB
around 3 GHz as expected and the membrane based HEB
reveals an IF bandwidth much lower: around 0.9 GHz. That
could be explained by the difference between the lattice



parameters of the NbN film and the substrate. In the case of
the membrane based HEB, the lattice parameters of the
Si3N,4 and the NbN are quite different [15], which causes an
acoustic mismatch between the NbN film and the substrate,
so the relaxation time of the electron inside the
superconducting film is slowed [17] while in the case of
HEB on the silicon substrate, the lattice parameters of the
Si and the NbN are very close [15].

Frequency (GHz)

0 0,5 1 15 2 2,5 3 35 4 45 5

dB

| & Thicksi substrate

——fitthick Si substrate | |

az 4| = based

—fitmembrane based | |

N

Fig. 28. IF gain bandwidth measured for a membrane based HEB (red
dots) and a HEB on a thick silicon substrate (blue dots).

-15 : SR :

C. Discussion

The heterodyne measurements at 0.6 THz of the quasi-
optical membrane based mixer have demonstrated
promising results. Though the noise temperature is about
30% higher than that of the mixer with a HEB on a thick Si
substrate which has been fabricated with the very similar
process and measured in the same conditions, this work has
demonstrated the feasibility of the membrane mixer concept
and the fabrication process. Further improvements are
needed to increase the coupling efficiency between the
mirror, the antenna and the HEB. The IF gain bandwidth of
the membrane based mixer seemed quite limited compared
to the device on a thick silicon substrate revealing the need
of a better understanding of the thermal transfer at the
interface of the HEB and the Si3N4/SiO, membrane.
Changing the layer material or adding a buffer layer could
be a solution to increase the IF bandwidth.
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Wide RF band mixer -block design for waveguide-type HEB mixer
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A superconducting hot electron bolometer (HEB) mixer is the most sensitive heterodyne mixer above 1 THz,
and it is now being used for astronomical observations thanks to various developmental efforts during the last
decade. For example, it was employed for the Herschel space telescope, and was used to observe many
spectral lines of various fundamental atoms, ions, and molecules in the THz band, which give us rich
information about chemical and physical structures of interstellar clouds. For further observations with
ground-based telescopes at a higher angular resolution, our group has been developing superconducting HEB
mixers for the 0.9 and 1.3-1.5 THz band.

The HEB mixers can be classified into the two types by a coupling method to the incoming radiation; one is a
waveguide type and another is a quasi-optical type. We employ the waveguide-type coupling because of its
well-defined beam pattern and future extension possibilities for sophisticated receiver systems like a 2SB
receiver. As a drawback, the RF bandwidth of waveguide-type mixer is generally narrower than that of quasi-
optical type. In order to mitigate this weak point for the waveguide-type HEB mixer, we have tried to expand
the RF bandwidth as much as possible by optimizing the mixer design.

It is thought that the HEB mixer element can be treated as a resister for the RF signal input. Hence, the design
of the waveguide mixer block and the IF matching circuit is easier than other mixer elements such as an SIS
element, although actual fabrication of the THz HEB mixer is quite difficult due to very small dimensions. In
order to observe the 0.9, 1.3 and 1.5 THz atmospheric windows with a single mixer, we have tried to design a
mixer block which has a sensitivity in 0.9-1.5 THz range by using a computer simulation. The simulation is
carried out by using the commercial software HFSS. At first, we fixed the width of waveguide so as that the
basic mode can only propagate through it for the above frequency range. In order to reduce the frequency
dependence of choke filters, we have adopted Hammer filters instead of conventional quarter-lambda filters.
Then, | have tuned the impedance by changing the shape of the bow-tie antenna to match the impedance of
the HEB element. As a result, we have found that the waveguide HEB mixer sensitive to the RF signal from 0.9
to 1.5 THz is indeed possible. Actual testing of this mixer is in progress.
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We present new Hot-Electron-Bolometer (HEB) mixers designed for mid-IR spectroscopy targeting
astrophysical and geophysical observations where high sensitivity and spectral resolution are required. The
mixers are made of an ultrathin NbN film deposited on GaAs substrates. Two entirely different types of the
devices have been fabricated. The first type is based on a direct radiation coupling concept and the mixing
devices are shaped as squares of 5x5um’ (which corresponds to the diffraction limit at the chosen
wavelength) and 10x10 pm® (which was used to establish a possible influence of the contact pads on the
radiation absorption). The second type utilizes a spiral antenna designed with HFSS. The fabrication and layout
of the devices as well as the performance comparison will be presented.

During the experiments, the HEB mixer was installed on the cold plate of a LHe cryostat. A germanium window
and an extended semi-spherical germanium lens are used to couple the radiation. The cryostat is equipped
with a germanium optical filter of thickness 0.5 mm and with a center wavelength of 10.6 mp.

The incident power absorption is measured by using the isothermal method. As a Local Oscillator, a
10.6 micrometers line of a CO, gas laser is used. We further characterize the frequency response of the spiral
antenna with a FIR-spectrometer. The noise characteristics of the mixers are determined from a room
temperature cold load and a heated black body at ~600 K as a hot load.
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Development of an 8x8 Microwave Kinetic Inductance Detector Array at 850um
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Microwave Kinetic Inductance Detectors (MKIDs) are rather promising for astrophysical observations in the
THz regime. We are developing a terahertz superconducting imaging array (TeSIA) for the DATES telescope to
be constructed at Dome A, Antarctic. Here we report on the design, fabrication and characterization of a
prototype array for TeSIA, namely an 8x8 MKIDs array at 850um. Detailed experimental results and analysis
will be presented.
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We propose an on-chip spectrometer camera for sub-millimeter astronomy. The camera will be installed to the
focal plane of a telescope and be operated at 0.1 K. The camera is composed of three kinds superconducting
circuits, such as wideband antennas, band pass filters (BPFs), and Microwave Kinetic Inductance Detectors
(MKID) [1]. All components are fabricated on the same chip by the standard photolithographic techniques.
Sub-mm photons are introduced to the chip by the antenna, are divided into three colors by three BPFs. The
signal are finally measured with MKID by breaking cooper pairs in the superconducting film.

The slot log-periodic antennas and the microstrip filters are made from NbTIN films to reduce signal
transmission losses from the antenna to the detectors. MKID is a half-wave resonator at microwave range (3-
8 GHz) and consists of a co-planar waveguide line. With the intension to improve the optical efficiency of the
camera, only the middle area of the center line of the CPW is constructed with an Al film and the other parts
are manufactured by NbTiN [2].

We designed two types of BPFs. One is an open ring Chebyshev’s filter which has 15 % bandwidth in 150, 220,
and 440 GHz. The filters were modulated from the filter optimized for microwave signals [3]. The other is
lumped element filter [4] for 0.8, 1, and 1.3 THz. The former has good tolerance for production error up to 500
GHz. The latter has 10% bandwidth suitable for the atmospheric windows.

References

1. P. Day, H. LeDuc, B. Mazin, A. Vayonakis, and J. Zmuidzinas, “A broadband superconducting detector
suitable for use in large arrays,” Nature, 425, 2003, pp. 817-821.

2.S. Yates, J. Baselmans, A. Endo, R. Janssen, L. Ferrari, P. Diener, and A. Baryshev, “Photon noise limited
radiation detection with lens-antenna coupled microwave kinetic inductance detectors,” Appl. Phys. Lett. , 99,
2011, p 073505.

3.S. Kumar, A. Vayonakis, H. LeDuc, P. Day, Peter S. Golwala, and J. Zmuidzinas, “Millimeter-wave lumped
element superconducting bandpass filters for multi-color imaging,” IEEE Trans. of appl. Supercond., 19, 2009,
pp. 924-929.

4.)S. Hong, and M. Lancaster, “Design of highly selective microstrip bandpass filters with a single pair of
attenuation poles at finite frequencies,” Appl. Phys. Lett., 99, 2011, p 073505.


mailto:naruse@super.ees.saitama-u.ac.jp

126

Zero bias GaAsSb/InAlAs/InGaAs tunnel diodes for MMW-THz detection

Mikhail Patrashin*, Norihiko Sekine*, Akifumi Kasamatsu*, Issei Watanabe*, lwao Hosako*, Tsuyoshi Takahashi*,
Masaru SatoT, Yasuhiro Nakasha' and Naoki Hara'

“Terahertz and Millimeter Waves ICT Laboratory
National Institute of Information and Communications Technology, Tokyo 184-0015, Japan Email:
mikhail@nict.go.jp
! Fujitsu Laboratories Ltd., Atsugi 243-0197, Japan
Email: takahashi.tsuyo@jp.fujitsu.com

Heterostructure tunnel diodes based on IlI-V compound semiconductors are the promising detector
technology for MMW-THz systems. These devices demonstrate fast response, high cutoff frequencies due to
small device capacitances, good sensitivity and feasibility of the monolithic integration with other
semiconductor components and integrated circuits. This presentation describes on-wafer characterization of
GaAsSb/InAlAs/InGaAs tunnel diodes for direct detection in 220-330GHz band.

Schematic structure of the device is shown in Fig.1. The non-linear characteristics of the detector result from
the quantum-mechanical tunneling in the staggered band gap heterostructure of the device. Variable
resistance of the diode produces the square-law rectification of the input signal power. Voltage sensitivity of
more than 1000V/W was measured over 220-330GHz at room temperature (Fig.2). The inherent cutoff
frequency of the 0.8 um x 0.8 um mesa diode was fc=(21R sC,) " = 322 GHz.

The devices demonstrated enhanced temperature stability of the characteristics compared to the zero-bias
Schottky barrier diodes. The estimated variations of the zero-bias sensitivity at temperatures from 17K to 300K
were less than 2dB.
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Fig. 1. Schematic cross-section of the completed tunnel diode detector after device processing (dimensions are

not to scale).

Fig. 2. Measured voltage sensitivity of 0.8@mx0.8 @m mesa diode and the theoretical values Sy= Sco/Rs(2mfC J)Z
corresponding to the lossless impedance match at the detector’s input (solid line). Insert shows the equivalent
circuit model of the device consisted of the non-linear junction resistance R;, the parallel junction capacitance
C,, and the series resistance Rs. S¢g is the low-level current sensitivity at zero bias. The parameters of the model
were extracted from the measurements and were equal to Sco= 11A/W, Rs= 130Q and C,= 3.8 fF.
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Characterization of Ti superconducting transition edge sensors
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In this paper, we report the development of superconducting transition edge sensors (TES) based on Ti
superconducting films, which are deposited on silicon substrate by DC reactive magnetron sputtering. All
measurements are performed with a 0.3-K Chase He-7 cooler integrated with a two-stage 4-K Gifford-
McMahon refrigerator. The critical temperature of the Ti TESs (~30nm thick) is about 420 mK. Using a
commercial SQUID, we measure the current-voltage (I-V) characteristics of a Ti TES device at different bath
temperatures. Its thermal conductance is found to be approximately equal to 100 pW/K. The dark noise
equivalent power (NEP) is about 5x10™"7 pW/VHz in terms of the current noise measured at a bath temperature
of 388 mK. Detailed design and measurement results will be presented.
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Experimental study of a Josephson junction based thermometer and its possible
application in bolometry
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We characterise an Al/AIOx/Ti/AlOx /Al (SIS'IS) structure in terms of its zero bias slope. It shows a large
temperature dependence (dR,/0T~107 /K) close to the titanium superconducting transition. Sensitivity is
measured to be 2 pK/vHz rising of heterodyne measurement. Because of the low dissipation in the
supercurrent branch, we discuss the structure as a bolometer. We analyse noise and dissipation in this
system, allowing us to estimate the figures of merit. The electrical Noise Equivalent Power, limited by the
amplifier noise, is calculated to be around 2.107'® W/+/Hz. This is more than 20 times higher than the
thermodynamic noise limit, leaving some room for improvement. The short relaxation time To_,,~ 1.6 s
would allow faster operation than in the currently available Ti-Transition Edge Sensor. Furthermore, the tunnel
junctions allow to overcome the size limitation imposed by the proximity effect present in traditional
transition edge sensors, without sacrificing the sensitivity, making the SIS'IS structure a candidate for
bolometry.
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A Microwave Pumped HEB Direct Detector Using a Homodyne Readout Scheme
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We report the results of our study on the noise performance of a fast THz detector based on the repurpose of
hot electron bolometer mixer (HEB). Instead of operating with an elevated bath temperature, microwave
power is injected into the HEB device, which enhances the sensitivity of the detector and at the same time
provide a mechanism for reading out impedance changes of the device induced by the modulated incident THz
radiation [1]. We have demonstrated an improvement of the detector’s optical noise equivalent power (NEP).
Furthermore, by introducing a homodyne readout scheme based on a room temperature microwave mixer,
the dynamic range of the detector is increased.

The HEB devices used in this work were made of 4 nm thick NbN film. The detector chips were installed into a
waveguide mixer block fitted with a corrugated horn, mounted on the cold plate of a liquid helium cryostat.
The HEBs were operated at a bath temperature of 4.2 K. The signal beam was terminated on black bodies at
ambient and liquid

nitrogen temperatures. A chopper wheel placed in front of the cryostat window operating at a frequency of
1.48 kHz modulated the input load temperature of the detector. A cold mesh filter, centered at 830 GHz, was
used to define the input signal power bandwidth. Microwave was injected through a broadband directional
coupler inside the cryostat. Our experiments were mostly conducted at a pump frequency of 1.5 GHz. The
reflected microwave power from the HEB device was fed into a cryogenic low noise amplifier (LNA). The
output of the LNA was connected to the RF input port of a room temperature microwave mixer, which beat
the reflected signal from the HEB using a copy of the original 1.5 GHz injection signal in a homodyne
demodulation scheme. The amplitude of the detected power was measured by a lock-in amplifier, which was
synchronized to the chopper frequency.

Preliminary results yield an optical NEP of ~1 pW/ Hz"? which corresponds to an improvement of a factor of 3

compared to [1], driven mainly by a lowering of the system noise floor. The dynamic range was also increased
by similar amount.
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Laboratory based terahertz spectroscopy for ice desorption studies of the interstellar medium
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During the process of star formation in the interstellar medium (ISM), gas molecules, such as H,0, CO or CO,,
become trapped on the surface of dust particles (grains) and form ice layers. Within this medium, complex
molecules are created by chemical reactions (e.g. HCOOH or CH3;0H). The molecules thus formed are
subsequently released (desorbed) though predominantly thermal and non-thermal processes. Non-thermal
desorption1 is due to ionization of the ice by cosmic rays, UV photon absorption, collision between dust
particles and chemical reactions on surface (recombination). Studying the chemistry of desorbed species via
laboratory-based experiments, and which emulate the physical processes of desorption, provides valuable
additional astrophysical information which potentially supports and corroborates astronomical observations
and increases our understanding of the desorption mechanisms. This, in turn, increases our knowledge of star
formation and star forming regions. However, the majority of ice desorption experiments use absorption
spectrum analysis (reflection-absorption infrared spectroscopy); an experimental technique which does not
entirely reflect the astronomical observational method, e.g. as used by the Atacama Large Millimetre and
submillimetre Array (ALMA) which predominantly observes molecular species in emission. To provide a more
direct comparison with observational astronomy performed via ALMA, and to independently study interstellar
chemistry, we are developing a sensitive laboratory-based high-spectral-resolution terahertz spectrometer
that will allow us to directly observe the spectral emission signatures of molecular species under
representative environmental conditions, i.e. those found within the interstellar medium (ultra-high vacuum -
<10”mbar and low ambient temperature — 10 K).

As a first step towards the creation of a dedicated facility, we have modified a terahertz spectrometer
originally conceived for Earth atmospheric observation. The core of the instrument is a heterodyne radiometer
comprising a sub-harmonically pumped image rejection Schottky diode mixer’ (SHIRM), a local oscillator, and a
high-speed digital spectrometer®, and which we have interfaced with a low pressure 1m gas cell. Combined
together, these components provide a highly sensitive single-sideband detection system operating in the
region of [320 GHz — 360 GHz] and partially mirroring the spectral range of ALMA band [275 GHz — 373 GHz].
Molecular species are viewed through the cell by the radiometer against a cold (77K) background target and a
spectral resolution of 1 MHz, with an instantaneous bandwidth of 4 GHz/sideband, allows spectral profiles to
be characterized. We describe the instrument concept and construction, and present preliminary spectral
measurements.
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Dual Band MM-Wave Receiver for Onsala 20 m Antenna
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We present the design and the first light results for the new dual band receiver (4 mm and 3 mm bands) for
Onsala Observatory 20 m antenna. For single dish operation, the receiver uses innovative on-source/off-source
optical switch. Within the same optical layout, the switch, in combination with additional optical components,
provides 2 calibration loads and sideband measurements possibilities. The optics layout of the receiver uses
offset elliptical cold mirrors for both channels whereas the on-off switch employs flat mirrors only. The 3 mm
channel employs 2SB dual polarization receiver with OMT, 4-8 GHz IF, x 2pol x (USB+LSB). The cryostat has 4
optical widows made of HDPE with anti-reflection corrugations, two for the signal and two for each frequency
band cold load. The cryostat employs a two stage cryocooler RDK 408D2 and uses anti-vibration suspension of
the cold-head to minimize impact of the vibrations on the receiver stability. The LO system is based on Gunn
oscillator with PLL and two mechanical tuners for broadband operation, providing independently tunable LO
power for each polarization. At the conference, we will present details on the receiver optics, cryostat design
and the result of the first on-sky observations.
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Characterization of a Martin-Puplett interferometer of a 2.6THz heterodyne
receiver
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Abstract—In this proceeding we characterize the Martin-
Puplett interferometer (MPI) of a 2.6 THz heterodyne receiver. It
it is used to overlay the sky and the local oscillator signal before
the mixer. By measuring each component of the MPI and by
calculating the atmospheric losses, we could attribute the largest
losses in the MPI to the atmospheric transmission and irregular
spacings of the wires in a wire grid.

Index Terms— heterodyne receiver, optics, stability, THz

l. INTRODUCTION

Several recent projects in radio astronomy are dedicated to
heterodyne measurements in the THz field. For example,
the GREAT instrument [1], on SOFIA, which is designed to
observe some spectral lines between 1.5THz and 4.7 THz, or
Millimetron [2], which is an ambitious project for a future space
telescope mission aiming to observe between 0.1THz and 5THz.
In order to prepare a receiver for such projects, we built a test
receiver at 2.6 THz and characterized it. This heterodyne
receiver is composed of a local oscillator (LO), a Martin
Puplett interferometer (MPI), a Hot Electron Bolometer
(HEB) mixer, an intermediate frequency (IF) chain and a

digital Fourier transform spectrometer (DFTS) (see figure).

LO > MPI » HEB » IF chain

A l
RF DFTS
signal

Our local oscillator is a 2.6THz multiplier-amplifier chain
from VDI (Virginia Diodes, Inc) which emits a maximum of
about 2uW at 2.6THz. The HEB, using a twin slot antenna and
a silicon lens, was designed and produced at LERMA
(Laboratoire d'Etudes du Rayonnement et de la Matiére en
Astrophysique et Atmosphére) and LPN (Laboratoire de
Photonique et de Nanostructures) and it is optimized for
2.6THz [3]. It uses a NbN (niobium nitride) bridge on a silicon
substrate and is phonon cooled. The IF chain includes one
cryogenic amplifier from Caltech, two commercial warm
amplifiers and a 1.5GHz low pass filter. The DFTS (Digital
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Fourier Transform Spectrometer), from RPG (Radiometer
Physics GmbH), has 8192 channels and a bandwidth of
1.5GHz.

To characterize our receiver, we focused on two major
points. The Martin-Puplett interferometer that assures the
coupling between the local oscillator and the observed radio
frequency signal (RF signal), and the stability of the receiver.
Here we will describe our investigations of the Martin-Puplett
interferometer.

1. MARTIN PUPLETT INTERFEROMETER

A. Presentation of the Martin Puplett Interferometer

In heterodyne receivers the signal of the sky is mixed with
the LO signal. If the mixer has only one port, the signals need
to be superimposed optically before the mixer. Usually a beam
splitter is used to superimpose the LO signal and the RF
signal. However, 80% or 90% of the LO power is lost by the
beam splitter. As we don't have a lot of LO power, we couldn't
afford to lose that much power, so we decided to use a MPI
instead. A MPI is a polarization rotating interferometer. An
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signal
MPI has theoretically very little loss, but is a lot more difficult
to align than a beam splitter, because it is composed of several
elements.

MPIs have previously been used in heterodyne receivers,
such as the SMART receiver for KOSMA [4], the CONDOR
P.1. receiver for APEX [5] and the GREAT receiver on SOFIA
[1] besides others.

Our MPI is composed of two ellipsoidal mirrors, M1 and
M2, two wire grids, G1 and G2, and two roof top mirrors, T1
and T2 (see figure). The arrows indicate the propagation of the
beams in the MPI. The two squares at the top right of the
schematic show the orientation of the wires for both grids. The
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mirror T2 can be translated to adjust its distance to G2. A
detailed description of the principles of a Martin-Puplett
interferometer can be found in Martin and Puplett [6] or
Goldsmith [7].

To characterize our MPI we measured the LO power at the
output of the MPI with a Golay cell detector. As the measured
power was below 1.0uW, the Golay cell was near its detection
limit. However, this experiment revealed that the MPI was
losing about 40% of the LO power, without taking into
account the atmospheric losses. In order to improve the MPI,
we studied all the MPI's elements and characterized their
losses.

B. Ellipsoidal mirrors

The two ellipsoidal mirrors were designed at LERMA and
fabricated by RPG (Radiometer Physics GmbH). They were
specifically designed to match the (simulated) beam pattern of
the HEB at 2.6THz. As the reflection losses of an ellipsoidal
mirror are not very easily measurable (the beam changes its
waist and hence the coupling to the detector changes), we
started by verifying the mechanical properties of the
ellipsoidal mirrors. We used a profilometer to measure the rms
roughness of the mirrors' surface and found 400nm rms. The
roughness of the mirrors is responsible for the scattering of the
beam. According to Ruze's formula [8], the corresponding
directed reflection for a 115um wavelength signal is

2
—(4n p
R_e ( Srms/ )

Where Sy IS the rms roughness.

The losses due to the mirrors' roughness can be considered
as negligible. We also studied the shape of the mirrors and
characterized it by measuring the depth profile along their
major axis. There was less than 2.5% difference between the
theoretical and experimental one. In summary, the mirror
fabrication is good and the mirrors are in accordance with our
requirements.

C. Wire grids

The two wire grids have been manufactured by the
university of Erlangen. After measuring them with a scanning
electron microscope, we could confirm that the wires'
thickness was 10um, as requested (see figure).
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The average spacing measured between the wires was 37um
very close to the specification of 35 um. We used the formulas
from P.Goldsmith’s book [7] to calculate the reflection and
transmission efficiencies expected for perfect grids with these
parameters.

2
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Where Z, is the grid impedance and Z; the characteristic
transmission line impedance.
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Where g is the wire spacing and a, the radius of the wires,
oo ~ 0.85 is a dimensionless number, based on measurements.
It defines the location of the resonance that occurs when g is
close to A [9]. We calculated that our grids should have an
efficiency of 99% for both reflection and transmission.

However, with the scanning electron microscope, we
observed some important irregularities in the wire spacing (see
Figure).

OBSPM 1.00kV 67.5mm x190 SE

According to J.B. Shapiro [10], the reflection efficiency of
the grids also depends on the grid spacing regularity. Shapiro
defines the irregularity o as the standard deviation of the
spacings/notch. Their study showed that a value of /A = 0.085
resulted in a reflexion efficiency of 95% (the other 5% were
transmitted) and a value of o/A = 0.06 in 2% losses. Their
study was carried out at lower frequencies (< 600 GHz) and
for thicker wires and larger spacings, but the effects are
expected to scale with wavelength. A value of o/A < 0.05 is
necessary to approach the efficiency of an ideal grid [7]. From
the figure above we calculated an rms variation ¢ of 8.2um.
This corresponds to 6/A = 0.07 and we would expect losses of
a few percent.

To confirm these theoretical calculations, we used the
simulation software HFSS to calculate the reflection and
transmission expected for the grids. Perfect grids as well as
irregular grids were simulated and the results show that
irregularities in the grids can cause noticeable losses (table
below).



Measured Calculated (HFSS)

Real grid Regular grid  Irregular grid
Transmission 96% 98% 98%
Reflection 80% 98% 88%

In order to measure precisely the transmission and reflection
efficiency of our grids, the measurement has been performed
with a set of two grids. The first grid was used to eliminate the
cross polarization of the LO and the second grid was the one
we wanted to characterize. The power was measured by an IR
bolometer cooled with liquid helium (from IR labs). We found
a transmission of 96% and a reflection of 80%. It also enabled
us to measure the cross polarization of the LO, which we
found to be 8%. The difference between the simulated losses
and the measured losses, are due to 3 factors: 1) The
simulations cannot take into account an exact copy of the
grid, but works with a typical grid cell that is repeated to make
up the grid. This technique is used to reduce the calculation
time to less than a day. 2) A reflection angle of 90 degree has
not been taken into account. 3) Misalignments of the detector
can cause additional losses.

D. Air absorption

At 2.6THz, the water vapor contained in the air absorbs a
part of the signal. We used the software am (atmospheric
model) developed by Scott Paine [11]. For our optical path
length (50cm) and ambient temperature (20°C). It gave us
different values of transmission depending on the relative
humidity of the air (see figure below).
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As we see in the figure, for a relative humidity of 30%,
which is the average value for our laboratory, we have a
transmission of 80% through 0.5m of air.
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Il CONCLUSION

In summary, along with the grids, the water vapor in the air
seems to cause the biggest losses in our MPI. Let's estimate
the total losses of the MPI. The first grid is seen in
transmission for the RF signal and in reflection for the LO
signal. Then, the second grid is seen in reflection and in
transmission by both signals. The atmospheric absorption is
the same for both signals. It gives 49% transmission for the
LO signal and 59% transmission for the RF signal (or 61%
and 73% not including the atmospheric absorption). It is
consistent with our primary measurement, with the Golay cell
detector, which was 60% transmission without taking the
atmosphere into account. If we add the water vapor
absorption, we find a transmission of 48% for the LO signal.
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Terahertz imaging technology is actively being developed in response to the demand for security applications in recent
years. The advance in technology of terahertz (THz) has made possible the detection of THz radiation with solid-state
devices operating at room temperature. THz wave has also emerged as a more powerful tool in various areas such as
medical, communication, non-destructive inspection of various pharmaceutical, agricultural, and industrial products[1-
2].Terahertz imaging is being adopted for non-destructive evaluation (NDE) applications in aerospace and other
government and industrial settings[3-5].

Several works have been directed for security applications. Reference “A 600 GHz imaging radar for concealed objects
detection” presents the experimental results from a 600 GHz imaging radar with sub-centimeter resolution in all three
spatial dimensions. The radar system used a FMCW transceiver built on a back-end of commercial microwave
components-with a front-end of custom designed frequency multipliers and mixers. And the resolution is better than
one centimeter in all spatial dimensions.The system uses linear sweep frequency (FMCW) across a bandwidth of 30GHz
at the center of 580GHz to achieve a range resolution of about 0.5 cm has been demonstrated at Jet Propulsion
Laboratory in [6]. Reference [7] also describes how a 630 GHz single-pixel scanned imager was modified to achieve a
range resolution of about 2 cm at 4 m range.

All of these systems adopted the CW or FMCW terahertz signals. In the paper, the stepped frequency terahertz pulse
series is provided to get the high resolution in axial spatial direction, and other two dimensions are realized. Simulation
and experiment both have been finished. The bandwidth of 220GHz stepped-frequency imaging radar is 6GHz. The
theoretical resolution is 2.5cm. Some microwave anechoic chamber imaging experiments have been executed. While it
is applied in space detection, earth atmospheric composition, chemistry and dynamics of the troposphere, temperature
and pressure distribution, dynamics, volcanic activity and ice particles in clouds, surface parameters etc. can be
achieved , which will play valuable role in scientific research.
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For the ground support of the planned submillimeter wave space VLBI mission (“Millimetron”) an extended network of
ground-based facilities operating in this band is needed. Nowadays the number of such observatories is scarce and our
goal is to search for appropriate sites in Eurasia. For this purpose during the last two years we performed
measurements of atmospheric transparency at millimeter waves at several promising sites. The main measurement tool
was the mm-wave radiometric “tau-meter” developed at IAP RAS. It determines the total absorption of millimeter
waves at zenith by using the atmospheric dip method. [1]

The first expedition for the astroclimate exploration took place in July 2012. The absorption was measured at the foot of
the glacier Mus-Khaya at an altitude of 2000 meters above sea level. The value of absorption amounted to about 0.09
Nep for a few hours, that corresponds to about 5 mm of precipitated water vapor (PWV). Probably in the winter at -
50°C the absorption should be substantially lower.

In the central part of Russia, on the contrary, the absorption value does not drop below 0.12 Nep even in the clear
frosty day. The unsuitability of this climate zone for mm-wave observations was shown by measurements in Pushchino
in March 1013. [2]

Then we explored the site of the RT-70 radio telescope construction on the Suffa plateau in Uzbekistan at the altitude of
about 2400 m. The similar radiometric system, but functioning in dual-band (2 and 3 mm) mode, was commissioned in
the Suffa observatory in October 2013. The preliminary measurements in mid-November have shown the values of
about 0.1 Nep, that corresponds to about 4 mm PWV at an altitude of the Suffa plateau. The results of long-term
astroclimate monitoring are expected.

One of the promising locations for mm-waves observations is North Caucasus near the Special Astrophysical
Observatory. There are several areas in highland located higher than 2700 meters above sea level with a potentially
good astroclimate. The preliminary measurements during several days in December at different altitudes (2000-2700m)
have shown stable values of absorption and low amount of water. The regular astroclimate monitoring occurs at the
moment.

Furthermore the seasonal variations of PWV were approximately calculated for every place we traveled. Knowing the
PWV, the forecast of total absorption for other atmospheric windows (2.0; 1.3 and 0.87 mm) was calculated. Using
available information about measured absorption, PWV, height, etc., we can make conclusions about the suitability of
the place to locate mm- and sub mm- wave range observatory.

This work was partially supported by a grant of Ministry of Education by order of the Government of the Russian
Federation (contract number 11.G34.31.0029).
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Deposition of high-quality ultra-thin NbN films
at ambient temperatures

S. Krause, V. Desmaris, D. Meledin, V. Belitsky Senior Member IEEE, M. Rudzinski, E. Pippel

Abstract—This paper discusses the possibility of growing
NbN ultra-thin films on Si-substrates and Al,Ga;.,N buffer-
layers by means of DC magnetron sputtering without
intentional  substrate  heating.  Resistance-temperature
measurements were carried out and the superconducting
properties such as Tc, ATc and Ro were deduced while
HRTEM gave insight into the crystal structure and film
thickness. The adjustment of the partial pressure of argon
and nitrogen was found to be critical in establishing a reliable
deposition process. The quality of the interface between the
NbN film and the substrate was improved by optimizing the
total pressure while sputtering, and is therefore particularly
valuable for phonon-cooled HEB heterodyne receivers. NbN
films of 5 nm thickness were obtained and exhibited a Tc
from 8 K on Si-substrates, and up to 10.5 K on the GaN
buffer-layers. This result is significant since the absence of a
high-temperature environment permits the establishment of
more complex fabrication processes for intricate thin-film
structures without compromising the overall integrity of e.g.
dielectric layers, or hybrid circuitries with e.g. SIS junctions.

Index Terms— NbN ultra-thin films,
growth

HEB, epitaxial

l. INTRODUCTION

LTRA sensitive receivers based on superconducting

materials provide the basis for the detection of
terahertz radiation, both for ground-based and space-born
radio astronomical observations [1-2]. For more than two
decades, NbN has been used as material for hot electron
bolometers (HEB) due to its large energy gap and short
electron-electron and electron-phonon interaction times,
which yield a decent IF bandwidth of typically 4 GHz [3].
Ultra-thin NbN films with thicknesses 3.5 to 6 nm are
usually required and are typically grown by means of DC
magnetron sputtering at elevated substrate temperatures in
a reactive argon/nitrogen gas mixture. This process is
dependent on numerous parameters and has been
investigated with the purpose to maintain the quality of the
NDbN films while reducing their thickness. However, only
a few studies exist to date on the investigation of
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deposition techniques which do not require high substrate
temperatures. More complex processing techniques could
be applied by addressing this issue, hence enabling NbN to
be e.g. used in other receiver technologies such as SIS
junctions [4] or in general multilayer structures based on
superconducting materials.

This paper demonstrates the deposition of 5 nm NbN
films on Si-substrates and AlGaN layers with excellent
crystallographic properties on the GaN epi-layer,
confirmed by HRTEM microscopy. The suitability to grow
NbN on GaN buffer-layer, was recently demonstrated at
elevated temperatures [5] and is here applied for ambient
temperature depositions. Superconducting properties of the
ultra-thin films were determined by resistance-temperature
measurements and Tc, ATc and R, were deduced.
Furthermore, micro-bridges with dimensions ranging from
4*4 um to 4*20 um were fabricated and characterized.
The results of the NbN/GaN compound strongly point
towards prospective applications in THz electronics, taking
advantage of the enhanced superconducting properties of
epitaxially grown NbN films combined with the favorable
non-heat growth environment.

1. EXPERIMENT
A. Substrates

AlGaN epi-layers were grown by means of MOCVD on
sapphire substrates (0002) and exhibited a hexagonal
crystal structure. The Al content in the compound was
gradually increased in order to investigate the influence of
changing lattice parameter within the range of GaN and
AIN. The epi-layers exhibited similar thicknesses of
approximately 1.2 pm. Furthermore, bare silicon substrates
with native oxide layer served as a reference. All
substrates were ultra-sonically cleaned in acetone prior to
loading, and treated in an argon-plasma before the
sputtering of NbN.

B. Deposition

The deposition was carried out in an AJA Orion-6UD
DC magnetron sputtering tool. Particular attention was
paid to achieving optimal adjustment of the partial
argon/nitrogen pressure, and the total pressure while
sputtering from the Nb target. The optimal partial pressure
is dependent on the total pressure and had to be adjusted
accordingly.
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C. Characterization

All films were first characterized by R(T) measurements
in a dedicated four-point-probe measurement set-up. The
best films on silicon substrates and GaN buffer-layer were
used to fabricate micro-bridges using photo-lithography
techniques and dry etching in CF, to pattern the bridges.
Investigation of the structural properties and the
confirmation of the targeted thickness was conducted by
HRTEM.

I1. RESULTS
A. R(T) measurement

Characteristic properties of the deposited films were
extracted  from  resistance  versus  temperature
measurements. Ommoka! UcTOUYHHK CCHUIKM He Hal/IeH.
depicts the evolution of Tc for different Al content in the
AlGaN compound and relates it to the film properties on
bare silicon. A high Tc of 10.5 K has been obtained for
low Al content of up to 20 % in the AlGaN layer. Above
this, the Tc slowly deteriorated and approached the value
of bare silicon.
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Fig. 29. Critical temperature versus Al content on AlGaN and Si
substrates deposited at room temperature
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B. Structural properties - HRTEM

After their electrical characterization, specimens of the
NDbN films were prepared both on the Si-substrate and the
GaN epi-layer. Therefore, a thin Ti/Au layer was
evaporated on the silicon substrates and a Nb-layer on the
GaN sample in order to provide sufficient contrast.

The NbN film on silicon exhibits a poly-crystalline
structure, and is arranged in differently sized grains. The
ultra-thin NbN grown onto the GaN buffer-layer on the
other hand, features epitaxial growth, as seen in Ommu6ka!
HcToYHNK CCHUIKM He Hali/IeH..
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I

5nm

Fig. 30. Epitaxilly grown NbN films of 5nm thickness. Indicated
interface with very few defects. The Fourier transformed diffraction
pattern supports the lattice match to the underlying GaN buffer-layer.

The left-hand side confirms the thickness of 5 nm,
whereas the interface between the GaN layer and NbN
match perfectly within one atomic layer. Furthermore,
analysis of segments within the NbN and GaN layer yield
the Fourier transformed diffraction pattern which supports
the epitaxial nature of the NbN and its high quality.

V. CONCLUSION

The presented properties of 5nm thick NbN films
grown at ambient temperatures on GaN buffer-layer are in
accordance with the results from [5], presenting the growth
at elevated temperature above 525°C on GaN buffer-
layers. A critical temperature of 10.5 K was achieved on
AlGaN layer with Al content of up to 20% and is
therefore comparable with other lattice matched substrates,
such as MgO [6]. Apart from its advantageous
processibility over MgO, is it resistance to chemicals.
Optimization of both the total pressure and the partial
pressure of argon and nitrogen can improve the quality of
the interface to NbN, thus, may benefit the phonon-escape
in HEBs. The demonstration of the possibility to grow
NbN without intentional substrate heating on AlGaN layer
in high quality may pave the way for the integration of
NbN in more complex multi-layer structures.
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Study of NbN ultra-thin films for THz hot-
electron bolometers

Victor P. Afanas’ev, Sascha Krause, Alexander V. Lubenchenko, Alexander A. Batrakov,
Vincent Desmaris, Alexey B. Pavolotsky, Victor Belitsky

Abstract— Hot-electron bolometer (HEB) mixers based on
superconducting ultra-thin NbN films are largely used for THz
spectroscopy for space and ground-based observations.
Performance of the HEB mixers directly depends on the details of
the structure and composition of thin film surface, as well as the
nitrogen composition and its depth distribution. In this work, we
present the study of the composition and the surface oxidation
state of NbN films grown at two different temperatures and of 5
and 10 nm thickness.

Index Terms—Hot-electron bolometers, NbN, surface analysis,
thin films

l. INTRODUCTION

OT-ELECTRON bolometer (HEB) mixers based on

superconducting ultra-thin NbN films are largely used for
THz spectroscopy for space and ground-based observations
[1], [2], [3]. The performance of the HEB mixers directly
depends on the details of the structure and composition of the
thin-film surface, as well as the nitrogen composition and its
depth distribution.

The composition of the NbN film affects its
superconducting transition critical temperature and width of
the transition. Besides the effect on the superconducting
critical temperature itself, deviation from the stoichiometric
NbN composition causes an increase of the normal resistivity
of the film, as well as the precipitation of the second phases.
At its interface with the substrate, the NbN film composition
can be affected by the substrate material. It is natural to expect
the effect of the substrate material to be dependent on the
temperature, at which the NbN film was grown. Keeping in
mind that the NbN films are ultra-thin, typically 5 nm thick,
one could expect that, if present, the effect of the substrate
material on the NbN stoichiometry manifests differently for
films with different thicknesses. From the other side, at the
outer surface of the film, a natural oxide layer is unavoidable
when films are exposed to air. The latter eventually provides
additional and unwanted series resistance to the bolometer
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device, thus, the knowledge about the thickness and
composition of the natural oxide layer over the NbN film is
much desired.

In this work, we present the study of the composition and
the surface oxidation state of NbN films grown at two different
temperatures and of 5 and 10 nm thickness.

Il. EXPERIMENT

The NbN ultra-thin films were deposited on (100)-Si
substrates by means of DC magnetron reactive sputtering of
Nb in the N,-containing atmosphere using an AJA Orion-6UD
sputtering system. The system is evacuated by a turbo pump
and equipped with a load-lock thus achieving base pressure of
<2x10°® Torr. The 99.95% Nb 2-inch diameter magnetron is
placed about 10 cm away from the substrate and slightly off-
centered and tilted from the normal to the substrate table [4],
allowing highly uniform, <2% variation, deposition rate
across the 4-inch substrate table. The substrate holder was pre-
heated to either 650°C and maintained at this temperature
during the sputtering (further referred as hot deposition) or
kept at ambient temperature during the deposition (further
referred as cold deposition). The deposition rate was kept
about 1.2 4/s. The further details on the deposition process are
reported in [5], [6].

Thin film were analysed with a help of X-ray Photoelectron
Spectroscopy (XPS) and Reflected Electron Energy Loss
Spectroscopy (REELS). For the studies, the sources of
primary electrons (Kimball Physics EMG 4212 with BaO
cathodes), and X-rays (SPECS XR-50) were employed.
Electron energy spectra have been recorded using semi-
spherical energy analyzer SPECS Phoibos 225 with absolute
energy resolution of 0.3 eV within 0-15 keV range. The NbN
films have been studied by means of X-ray Photoelectron
Spectroscopy (XPS) and Reflected Electron Energy Loss
Spectroscopy (REELS).

I1. ResuLTs AND DISCUSSION

With XPS, we studied the oxidized layers at the NbN films
surface; the sort of the oxides and their thicknesses were
identified. Fig. 1 presents XPS spectra recorded on the studied
NbN films. The recorded spectra are represented as a
superposition of the peaks of Nb 3p3/2, Nb-O and Nb-N
bonds. From that, one can conclude that metallic niobium is
not present in the NbN film samples. The eventually residual



Nb 3p3/2 peak seen for the 5nm film deposited on the hot
substrate (Fig. 1a) is likely an artefact of the CasaXPS
software extracting individual peaks out of the measured
superimposed spectrum [7].
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Fig. 1. XPS spectra, recorded on the NbN films. Dots represent
experimental data; solid lines show results of representation of the spectrum
as a superposition of the peaks of Nb 3p3/2, Nb-O and Nb-N bonds (CasaXPS
software). (@) — 5 nm NbN film deposited on the hot substrate; (b) — 10 nm
NbN film deposited on the hot substrate; (c) — 5 nm NbN film deposited on the
cold substrate; (a) — 10 nm NbN film deposited on the cold substrate.
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The shift AE (Fig 1a-d) of the Nb-O peak position in respect
to the position of the Nb 3p3/2 peak gives the stoichiometry of
the natural oxide [8] at the NbN film surface. The observed
identical position of the Nb-O peaks for all four films indicates
the identical composition of the natural oxide films on top of
the NbN.

Accounting for the peak intensity ratio for NbN and Nb-O,
Inp—o/Inp—n , allows the evaluation of the oxide film
thickness:

I Ain

dpo, = €0S(¥) diny,,, In (%ﬁ + 1) ,

where A;, is inelastic mean free path (IMFP) calculated
following [9], y = 54.74° angle between the X-ray beam and
the direction towards the energy analyzer. The data on the
stoichiometry and thickness of the natural oxide films are
summarized in the Table I.

TABLE I STOICHIOMETRY AND THICKNESS OF NBOy FILMS

Oxide Oxide
Sample AE, eV composition Thlc;l::ess,
Nb 49 Nb,Os 15
NbN 5 nm,
cold substrate 41 NbO, 0.9
NbN 5 nm,
hot substrate 4.0 NbO, 0.6
NbN 10 nm,
cold substrate 41 NbO, 0.5
NbN 10 nm,
hot substrate 41 NbO, 0.6

Fig. 2 presents the REELS spectra recorded for NbN films,
as well as for thick Nb film and reference spectra from [10].
Comparing the REELS spectra for the NbN films of different
thickness and grown on hot and cold substrates, one can see
that the NbN plasmon peaks appear at the same electron
energy loss. This confirms that the stoichiometry for all NbN
films is identical for all deposition conditions. One can also
extract concentration of the valent electron n, from REELS
data. Energy of electron plasmon oscillation ¢, is defined by
the concentration of valent electrons n.:

ne

g, = he ——
where m, — electron mass, A - Planck constant, €, -
permittivity of free space.
The extracted valent electrons concentration in the studied
NbN films and thick Nb film as reference, as well as in their
natural surface oxides are summarized in the Table II.
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TABLE II CONCENTRATION OF VALENT ELECTRONS IN NB,
NBN FILMS AND THEIR SURFACE OXIDES

n,,102°m™3

Sample
Nb NbN NbO,
Nb 3.38+0.16 ; 1.440.6
NbN 5nm,
cold substrate - 4.7+0.4 1.6+0.6
NbN 5nm,
hot substrate - 4.740.4 1.6+0.6
NbN 10nm,
cold substrate - 4.7£0.4 1.5+0.6
NbN 10nm,
hot substrate - 4.7£0.4 1.5+0.6
V. CONCLUSION

We have studied the composition and the surface oxidation
state of NbN films grown at elevated and ambient
temperatures and of 5 and 10 nm thickness. We have found
that all the studied films have identical stoichiometry, with no
dependence on layer thickness. All studied films do not
contain metallic Nb, so the nitridation is complete; no
evidence of any second phase has been found. Stoichiometric
composition and thickness of oxidized surface layer has been

143

identified. For all NbN films, the natural oxide layer consists
of NbO,, in contrast to the one formed on Nb film, which
contains Nb,Os oxide. The concentration of valent electrons in
NbN films and their oxide layers have been extracted from
REELS data.
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The THz emission from the microcavities embedded in silicon nanostructures appears to be revealed by measuring
with the Bruker-Physik VERTEX 70 FT-IR spectrometer.

The device has been prepared on the n-type Si (100) surface within frameworks silicon planar technology. Making
a mask and performing photolithography after preliminary oxidation, the short time diffusion of boron was used to
obtain the ultra-shallow p+-n junctions [1]. The cyclotron resonance measurements as well as the infrared and
local tunneling spectroscopy data have shown that the p+-boron diffusion profile represent the ultra-narrow p-
type silicon quantum well (Si-QW), 2 nm, confined by the 6-barriers, 3 nm, heavily doped with boron,
N(B)=5-10""cmon the n-type Si (100) surface. The SIMS and STM studies have shown that the &-barriers represent
really alternating arrays of silicon empty and doped dots, with dimensions restricted to 2 nm. This extremely high
concentration of boron seems to indicate that each doped dot located between empty dots contains two impurity
atoms of boron. The EPR studies show that these boron pairs are the trigonal dipole centers, B(+) - B(-), that
contain the pairs of holes, which result from the negative-U reconstruction of the shallow boron acceptors, 2B(0)
=> B(+) + B(-).

This device appears to allow the THz emission of the dipole boron centers inside the 6-barriers which is caused by
the stabilized drain-source current along the Si-QW plane. The corresponding series of the electroluminescence
(EL) spectral lines are in an agreement with the values of the negative-U energy gap, 0.044 eV, and the excited
states of trigonal boron dipole centers [1]. This THz emission lines, 1.35, 2.9, 3.4, 5.3 and 10.6 THz, are found to be
enhanced by inserting the corresponding planar cavities, 4, 8 and 16 microns.

Besides, the 0093 THz and 0.129 THz emission spectral lines caused by also the radiation of the dipole boron
centers are revealed by measuring the Shapiro and Fiske steps, which are identified also as the modulation
frequency of the black body radiation of the device [2]. These findings seem to be due to the oscillations of the
heat capacity that are induced by the THz emission of the dipole boron centers inside the §-barriers confining the
Si-QW. Finally, by varying the values of the drain-source current and the lateral voltage applied in the Si-QW plane,
the phase shifts of the THz modulation of the black body radiation appear to be observed as a result of the
negative-U properties of the dipole boron centers.
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This work presents results of a recently developed frequency doubler at 440 GHz. The doubler is realized using a
balanced planar MMIC doubler approach with only one high breakdown-voltage varactor diode per arm. The
diodes are connected in anti-series (DC) and are suspended on thick beamleads directly in the input waveguide.
This approach allows a simple but very effective thermal coupling of the anode mesa trough massive metallic
beamleads to the WG-block, providing good heatsink for the dissipated power.

The doubler showed peak efficiency exceeding 21% and (simultaneously) an output power of nearly 12 mW at
440GHz. Of particular interest is the quality of the varactor, with near ideal breakdown voltage, very low RF series
resistance and optimal doping density, allowing a simple, well-heatsunk 2-diode design to be used.

This power and efficiency represents European state-of-the-art performance in this frequency range and is
comparable to the highest efficiency and power for a single device worldwide.
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A Schottky Diode Frequency Multiplier Chain at 380 GHz for a gyro-TWA Application
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In this paper, we report on the design of a Schottky diode doubler chain to generate 10 mW over 360-395 GHz to
drive a gyrotron travelling wave amplifier (gyro-TWA) . This chain consists of two frequency doublers; the first
stage is required to handle an input power of 200 mW at W-band. The doubler chain could potentially act as a
source to drive subsequent frequency multipliers to produce output power at terahertz (THz) frequencies; this is
highly attractive to meet the increasing demand on the local oscillator (LO) systems of THz heterodyne receivers.

The circuit topology of both doublers is based on a balanced configuration [1]. The physical and geometrical
parameters of the diodes in both doublers were optimized to ensure reasonable conversion efficiency and
sufficient output power at each stage. For the first stage, the diode chip with 6 anodes was designed to be
soldered onto a 50 um thick aluminum nitride (AIN) substrate, which provides better heat spreading than quartz
due to its higher thermal conductivity. As shown in Fig.2, with an input of 200 mW the first stage doubler can
produce around 50 mW of power to drive the second stage. The second doubler is an integrated structure on 12
pm thick GaAs with two diodes in an anti-series configuration. The fabrication is currently on-going and the
measurements results will be presented at the conference.
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Fig.1 Predicted performance of the first stage doubler.
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Abstract— We are developing a low noise heterodyne
receiver at 3THz band for applications of atmospheric and
astronomical research and for application of wireless
communications. We have developed a phase-locking system
of a terahertz quantum cascade laser (THz-QCL) by using a
hot electron bolometer mixer. The THz-QCL was locked to
terahertz reference generated by an optical frequency comb
and a photo mixer. The beat signal with IF frequency of
230MHz was compared with a microwave reference, and the
error signal was applied to a loop filter with feedback to the
bias current of the THz-QCL. The line width of the phase-
locked beat signal of narrower than 1Hz which is limited by
the resolution bandwidth of a spectrum analyzer was
achieved.

l. INTRODUCTION

We are developing a HEBM (Hot Electron Bolometer
Mixer) using a THz-QCL (quantum Cascade Laser) as a
local oscillator for atmospheric or astronomical
observations. For these applications, it’s important to
reduce the line width and the phase noise of the THz local
oscillator and to give it the absolute frequency. Although
the FWHM of free running THz-QCL is around 20kHz
within the short-period (several milliseconds) [1], [2], it’s
around 10MHz in the longer integration time due to the
instability of the temperature and the bias [2].

Several reports have been published for phase-locking of
the THz-QCL. They are phase-locking of THz-QCL by
using a harmonic mixer [3], [4], [5], that of 1.5THz QCL to
solid state oscillator and frequency multiplier chains [6],
that of 2.7THz QCL to the 15tn harmonic generated by a
semiconductor superlattice nonlinear devices [7], that using
a free-space THz-comb and HEBM [8], that using a PCA
(Photo Conductive Antenna) and a frequency comb [9], and
that using a EO sampling by ZnTe crystal and a frequency
comb [10]. Frequency-locking of 2.55 THz-QCL to
absorption line of methanol gas was also reported [11].

We have developed a phase-locking system of a THz-
QCL using a HEBM to detect a beat signal between a THz-
QCL and a THz reference. THz reference signal was
generated by photomixing two optical modes of a
frequency comb.

irimaji@nict.go.jp, phone +81-42-327-6089

Il. PHASE-LOCKING SYSTEM OF A THz-QCL

Figure 1 shows a system block diagram of a phase-
locking system of a THz-QCL. A beat signal detected by a
HEBM with IF frequency of 230MHz was compared with a
microwave reference, and the error signal was applied to a
loop filter with feedback to the bias current of the THz-
QCL.

THz-CW signal was generated by photomixing two
optical modes of a frequency comb. Figure 2 shows a
system block diagram of the THz-CW source. The CW-
THz source is composed of a Mach-Zehnder-modulator
(MZM)-based flat comb generator (MZ-FCG), a nonlinear
(NL) fiber, band pass filters, and a photo mixer [12]. Figure
3 shows a detailed system block diagram and photographs
of a phase-locking system of the THz-QCL.

Phase-locked LO l LHe Cryostat

—p>

THz reference > 1
Beam Splitter ’—\ 1 .
10GHz| | TTTTTTTTToo v Amp

QCL bias control

PLL

Microwave
reference

Spectrum analyzer

THz-QCL
(3 THz)
10MHz

Fig. 1. A System block diagram of a phase-locking system.

As for the THz-QCL, metal-metal type waveguide type
THz-QCL was fabricated in our clean room. The size of
waveguide structure is 40um in width and 1.5 mm in
length. Figure 4 shows a measured voltage and laser power
characteristics as a function of current. The operation
current and voltage is around 133mA and 11.4V,
respectively. Therefore, the electric power consumption is
about 1.5W. The laser output power is about 100uW at a
heat sink temperature of 15K in CW mode. Figure 5 shows
a measured spectrum using a Fourier transform
spectrometer.  The longitudinal mode oscillating
frequencies for the main modes are 3.07 THz and 3.09
THz. Frequency tuning sensitivities by the bias current is
~30MHz/mA.
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Fig. 2. (a) System block diagram of a CW-THz source composed of a modulator-based comb source. Broadband optical combs were generated
by a combination of a Mach-Zehnder-modulator-based flat comb generator (MZ-FCG) and a dispersion-shifted fiber (DSF). Optical two-mode
signals were extracted from the comb by using a pair of tunable bandpass filters (TBFs), and CW-THz signals were generated by a unitraveling
carrier photodiode (UTC-PD). LD: laser diode, SMF: single-mode fiber, EDFA: erbium-doped fiber amplifier. Spectra of comb signals (a)
generated by the MZ-FCG and (c) broadened by the DSF.
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mode by using a FTIR. The longitudinal mode oscillating frequencies for
the main modes are 3.07 THz and 3.09 THz.

I1. RESULTS

Figure 6 (a) and (b) show measured beat signals for PLL
OFF and PLL ON (span: 4MHz, RBW: 30kHz, VBW:
300Hz). The signal to noise ratio for phase locked signal is
more than 40dB. Figure 6(c) shows the phase locked beat
signal with resolution band width of 1Hz. The FWHM (Full
Width Half Maximum) is better than the limit of the
resolution of the spectrum analyzer of 1Hz.
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Fig. 6. Measured beat signals for PLL OFF (a) and PLL ON (span: 4MHz,
RBW: 30kHz, VBW: 300Hz) (b). The SN ratio for phase locked signal is
more than 40dB. Figure 6(c) shows the phase locked beat signal with
resolution band width of 1Hz. The FWHM is better than the limit of the
resolution of the spectrum analyzer of 1Hz.

As the next step, we actually used the phase-locked THz-
QCL as a local oscillator for a heterodyne receiver. Another
HEBM was installed in the same LHe dewar and a portion
of the THz-QCL radiation was coupled in to the HEBM.
We prepared a VDI 3THz CW source as a test signal and
confirmed that the heterodyne receiver with the phase-
locked THz-QCL worked properly. We will further
investigate the performance of the phase-locked THz-QCL
in terms of residual phase noise and frequency stability.
Figure 7 shows a system block diagram and a photograph.

V. SUMMARY

We have developed a phase-locking system of a THz-
QCL by using a HEBM as a detector and a THz-CW
generated by photomixing two optical modes of a
frequency comb. The FWHM of the phase locked beat
signal is better than 1Hz which is the limit of the resolution
band width of the spectrometer. The performance of the
heterodyne receiver using the HEBM and the phase-locked
THz QCL was preliminary evaluated. For future
application, low power consumption, reduction in size and
weight etc. are important issues.
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Spline Feed Horns for the STEAMR Instrument
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A smooth walled spline feed horn antenna at 340 GHz for STEAMR [1] has been designed, manufactured and
measured using a planar near-field scanner. The design was based on a method which, for a certain desired
beam waist, can be used to optimize the horn profile for high Gaussicity and ultra-low sidelobes. A beam waist
of 1.9 mm over the band 323-357 GHz with Gaussian coupling efficiency exceeding 98% and cross-polar
sidelobe levels below -28 dB was achieved in the simulations. In order to avoid de-focusing losses, the horn
design was optimized so that variations of the waist location inside the horn aperture were minimized.
Simulations reveal a variation less than 0.8 mm over the operating frequency band. The feed horns were
manufactured by drilling out the spline profile from a solid meal block using a custom-made broach. This
method is cost effective and ensures high repeatability.

Phase and amplitude of the feed horns were measured in a plane located approximately 70 mm from the horn
aperture. The results show a Gaussicity of approximately 97% and a waist radius of 1.9 mm located 11.8 mm
inside the antenna aperture.

——measured| ——measured|
- - -simulated - - -simulated

——measured| ——measured|
- - -simulated - - -simulated

Power [dB]
A
8

60

E ] _ T
Figures showing beam patterns in four different cuts from measurements (solid lines) and simulations (dashed
lines) and a photo of four prototype feeds, rectangular to quadratic waveguide transitions and the custom-
made broach used for manufacturing the feeds.
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1.9-2.5 THz and 4.7 THz electroformed smooth-wall spline feedhorns for the HEB mixers of the
upGREAT instrument onboard SOFIA aircraft
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The upGREAT instrument is the second generation of receivers currently being built for the GREAT project [1].
UpGREAT will extend the single pixel GREAT receivers to 14-pixel 1.9-2.5 THz (LFA) and 7-pixel 4.7 THz (HFA)
focal plane arrays for much increased mapping efficiency. In order to couple the incoming beam from the main
reflector into the waveguide based HEB mixers from KOSMA, it was decided to use smooth-wall spline feed horn
antennas similar to [2] and redesigned to match the upGREAT optical requirements. This type of horns has
performance comparable to corrugated feedhorn antennas in terms of directivity, return losses, side lobe and
cross-polarization levels, but are significantly easier to manufacture using conventional electroforming
techniques, as they have smooth side walls. The main challenge comes from the extremely small rectangular
waveguide size interface between the horn and the mixers (96 um x 48 um cross-section for the LFA horn, and
48 um x 24 um for the HFA horn). RPG has manufactured high precision mandrels featuring the smooth-wall
spline profile horn antenna and circular-to-rectangular transition with micron accuracy using beryllium-copper
milling. The mandrels have then been electroplated and etched in order to make the horn antenna. The post-
machining tolerance measurements are in-line with the requirements. The underlying design for both feedhorns
is similar and for the LFA frequencies a verification of the beam pattern is planned by MPIfR/KOSMA. If proven
successful, this will be, to the authors’ knowledge, the highest frequency for a electroformed feedhorn
manufacturing with performance comparable to that of a corrugated one.

Fig. 1. Left: mandrel for the 4.7 THz horn. Right: delivered 4.7 THz horn antenna.
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Condition of Optical systems Independent of
Frequency for Wide Field-of-View Radio
Telescope

Hiroaki Imada, Makoto Nagai, Masumichi Seta, Masaru Kino, Shun Ishii and Naomasa Nakai

Abstract—We present a condition of optical systems
independent of frequency. We have known the condition
independent of frequency in case of a single Gaussian beam on an
optical axis, but have not known one in case of a beam
propagated off the axis or tilted beam, which appears in a wide
field-of-view telescope. We first show relations between an
arbitrary electric field on an object and induced one after passing
through a lens with calculating Fresnel diffraction. If the lens
formula is met, there is a one-to-one correspondence between
points on the object and image plane. This result shows we can
use methods of the geometrical optics. The condition and
relations derived here are confirmed by simulation. We also
apply them to a wide field-of-view telescope.

Index Terms—Physical theory of diffraction
l. INTRODUCTION

IDE field-of-view (FOV) telescopes for observing in

sub-mm or THz region have been and are being
developed, e.g. SPT [1], ACT [2] and CCAT [3]. In optical
and infrared region, telescopes with FOV of more than 1
degree were developed e.g. Schmidt telescopes or designed
using geometrical optics, e.g. [4].

There are a few characteristics of a wide field of view. First,
in general, wide FOV systems have many mirrors to cancel the
aberrations, not only to transmit beams. Second, we can now
use a free-form surface e.g. [5], which allows us to have more
choice in designing optical systems. Finally, beams propagate
various paths, i.e. most of them are kept away from and tilted
against the optical axis. It means that a concept of “pupil”
grows greatly important.

We now focus on influence of diffraction seen in a wide
FOV system. It has not been studied sufficiently in both radio
and optical regions. In case of the Gaussian beam, according
to [6], the beam radius at specific positions does not depend
on frequency in case that the Gaussian beam propagates on the
optical axis. The conditions showed in [6] are not sufficient
when we apply them to a wide FOV system due to the
characteristics above. We have to find applicable conditions of
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a wide FOV system.

Reference [7] calculated an electric field induced by an
arbitrary electric field expanded into a summation of
fundamental and higher order mode Gaussian-Hermite beams.
Using beam-mode transfer matrices of quadratic surface
mirrors (lens), [7] showed that the distribution on the image
plane can be calculated by scaling or magnifying that on the
object plane without depending on frequency in case that the
two planes met the lens formula. Relation of wavefront
between the object and image plane, however, cannot be
acquired unless the electric field is expanded into a summation
of Gaussian-Hermite beams.

We can use the Fresnel diffraction integral instead of
expansion of the electric field and using beam-mode transfer
matrices. Reference [8] showed the calculation of the Fresnel
integral but did not integrate on the object plane or take into
consideration finally quadratic terms present in the phase
terms.

We would like conditions, relations or equations applicable
to a wide FOV system as simply as possible. It is shown that
an electric field on the image plane is calculated by Fresnel
diffraction integral on a single lens and the object plane and
that the relation is investigated between the object and image
plane in Section Il. Relations between the Geometrical optics
and the derivation in Section Il are treated briefly in Section
I11. Numerical simulations verify the condition and equation
derived here in Section 1V and shows in Section V that we can
apply them to a wide FOV telescope.

Il. CALCULATING FRESNEL DIFFRACTION INTEGRAL

Fig. 1 represents the model for calculating the Fresnel
diffraction integral. The xyz-coordinate is set as shown in Fig.
1 and an electromagnetic wave with a wavenumber of k
propagates from the negative region of z to the positive. There
is an axially symmetric lens at z = 0 with a radius of R, a
focal length of f > 0 and no aberrations. We refer to the plane
at z = a as an object plane and to the plane at z = b as an
image plane, respectively. We now consider only in case of
a <0andb > 0.(&,n,) and (&, n,) represent the coordinate
on the object and image plane, respectively. E,p,;(&1,74),
Eins(x,y) and  Ejmg(§2,m2) are the field expressed by a
complex number on the object plane, lens and image plane,
respectively. The time dependence is assumed as exp(—iwt),

where i = v—1.
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Fig. 1. Model for calculating the Fresnel diffraction integral. There is a lens
with a focal length of f at z=0. The plane at z=a and z = b is called
“object plane” and “image plane”, respectively. The coordinates
(x,y), (¢1,m1) and (&,,n,) are defined as shown.

Assuming the paraxial approximation which means
1/k K x,y,§,n,R < a,b,f, paying attention to the phase
transformation at the lens and using the Fresnel diffraction

integral, we express the fields as follows.
2

k 2+ 1,2
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Equation (1) shows that the field distribution E,,;(¢1,7,) on
the object plane and the wavenumber k define the distribution
Eimg(§2,m2) on the image plane. We seek conditions which
make the distribution  Ejng(&,,7,)independent of  the
wavenumber k, that is,

Eimg(fz'nz) = C(a,b)Eob]- (ag;, any)exp(ikd), (2)
where C(a,b) and A are real coefficients. Evaluating the
integral, we acquire

1+1 1—0 3
f a b ®
otherwise we cannot obtain the relation like (2). Equation (3)

represents the lens formula. Thus, the relation is acquired,

Eimg(fz; 12)

_a as; a772> . a&t+ 127

_onbj(b - exp(lk(b a)+zkb 2f NG
In case of any sign of a,b and f, (4) holds when the

position a and b meet the lens formula.

1. RELATION TO GEOMETRICAL OPTICS

When we have a closer look at (4), there is a one-to-one
correspondence between the points (¢;,1,) = (aé&,/b,an,/b)
and (&,,m,). It means that we can treat the field distribution
with the geometrical optics on the plane, where the lens
formula holds. Equation (4) saves us a lot of time to apply the
equations introduced in [6] and [7] to a wide FOV system with
many mirrors because geometrical optics allows us to know
the equivalent single lens system of it which is obtained by a
ray tracing simulation or by the formula combining two focal
lengths of f3, f5,
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where f.omp IS the equivalent focal length and d is the
distance between the two lens. In addition, we can apply to a
complicated system with free-form surfaces whenever the ray
tracing simulation tells us where the object and image plane is.
The “pupil” is one of the most important concepts in the
geometrical optics. In general, various beams each propagate
on their own paths in a wide FOV system except for the pupil,
where all of them are piled up on the same position. The lens
formula always holds on all of the pupils because they are
images of one another. In addition, it is most important that
the entrance pupil (Fig. 6) defines beam patterns of a
telescope. When we set an electric field distribution on a
specific pupil unrelated to propagating directions and apply
(4) to it and the entrance (exit) pupil, the electric field
distributions of all the beams are the same one and always
independent of frequencies on them. Thus, a frequency-
independent system is simply obtained. All we have to do is
investigate where the entrance and exit pupil are with a ray
tracing simulation or (5), and to determine beam parameters
on the pupil.

V. VERIFICATION OF THE RELATION

In this section, we verify the relation of (4). We apply to
one spherical mirror system with a focal length f = —
150 mm. We run an electromagnetic simulation by Grasp8 and
compare simulation results with the expected one by (4). Fig 2
shows the one mirror system. Three Gaussian beams enter the
mirror, on- and off-axis with a frequency of 500 GHz and off-
axis with a frequency of 1 THz. The beam waists of the 500
GHz beams are located at z = 450 mm in Fig 2. We first
investigate the field distribution of the incident beams on the
plane named obj1, obj2 and obj3 at z = 200, 300 and 600 mm,
respectively. The beams reflect and then we calculate the
distribution of the reflected beams on the plane named img1,
img2 and img3 at z = 600, 300 and 200 mm, respectively, by
Grasp8 and substituting the distribution on the obj1, obj2 and
obj3 for (4). Finally we compare the distribution by Grasp8
and (4).

Incident beam

objl  obj2 waist obj3

img3 img2 imgl

Spherical mirror

2=300 2=600

" :
2=0 2=200 =450

Fig. 2. One mirror simulation model. A beam propagates from the positive z
axis and reflects to the same positive region.

Fig. 3 and Fig. 4 show the results for the 500 GHz beams.
The electric distributions expected by (4) agree with that
calculated by Grasp8 very well. The finite size of the spherical
mirror affects the distribution distant from the center. The
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results of calculating the phase by (4) also agree with that by = beam have the same distribution and phase at the obj2. The
Grasp8 near the center. results are shown in Fig. 5. Expect for the region where the

We also confirm whether or not the electric distributions  effect of the finite mirror size exists, the distribution and phase
and phase on specific position are independent of the beam  of both frequencies at the img2 shows the same shape.
frequencies. The 500 GHz off-axis beam and 1THz off-axis
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Fig. 3. Calculated electric fields on the obj and img shown in Fig. 2. The red (solid) line is the incident beam, the green (dashed) line the reflected beam by
Grasp8. The blue (dashed-dotted) line is the expected distribution by (4) based on the incident beam distribution (the red-solid line). (a) 500 GHz on-axis beam
investigated on the obj1 and img1. (b) 500 GHz on-axis beam investigated on the obj2 and img2. (c) 500 GHz on-axis beam investigated on the obj3 and img3.
(d) 500 GHz off-axis beam investigated on the objl and imgl. (e) 500 GHz off-axis beam investigated on the obj2 and img2. (f) 500 GHz off-axis beam
investigated on the obj3 and img3.
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Fig. 4. Calculated phase of the electric fields on the obj and img shown in Fig. 2. The red (solid) line is the incident beam, the green (dashed) line the reflected
beam by Grasp8. The blue (dashed-dotted) line is the expected distribution by (4) based on the incident beam distribution (the red-solid line). (a) 500 GHz on-
axis beam investigated on the obj1 and imgl. (b) 500 GHz on-axis beam investigated on the obj2 and img2. (c) 500 GHz on-axis beam investigated on the obj3
and img3. (d) 500 GHz off-axis beam investigated on the obj1 and imgl. (e) 500 GHz off-axis beam investigated on the obj2 and img2. (f) 500 GHz off-axis
beam investigated on the obj3 and img3.
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Fig. 5. The distribution and phase on the obj2 and img2. (a) The red (solid) line and green (dashed) line represent the distribution of the 500 GHz and 1THz off-
axis incident beam, respectively. They are similar one. The blue (dashed-dotted) line and magenta (dotted) line is 500 GHz and 1THz off-axis reflected beam
distribution, respectively. (b) The red (solid) line and green (dashed) line represent the phase of the 500 GHz and 1THz off-axis incident beam, respectively. (c)
The red (solid) line and green (dashed) line represent the phase of the 500 GHz and 1THz off-axis reflected beam, respectively. They have the same shape.



V. APPLYING TO THREE MIRROR TELESCOPE

We apply (4) to the three mirror telescope as shown in Fig.
6. The primary mirror is an off-axis paraboloid with a diameter
of 300 mm. The secondary mirror is an off-axis ellipsoid. The
tertiary mirror is an off-axis hyperboloid. The telescope has a
focal length of about —1663 mm. This telescope has a wide
FOV of 1 degree at 1 THz without vignetting. There are three
pupils in this system. One of them is located at the secondary.
The others are images of the secondary, the entrance and exit
pupil in Fig. 6. The lens formula holds on the entrance and exit
pupil because they are the images of the secondary.

™

Entrance pupil

Pupil
(Secondary)
2 » Exit
K pupil

Fig. 6. Three pupils. One of them is located at the secondary.

We carry out calculations with Grasp8. Four beams pass
through the telescope from the focal plane. One of them is a
500 GHz on-axis beam, the second is a 500 GHz off-axis apart
from the center of the FOV, the others are the same beams as
the 500 GHz ones, except for the frequency of 1 THz. An edge
taper is set to be 15 dB at the secondary. According to (4), a
beam radius is estimated in order to meet 15 dB at the edge of
the exit pupil. A radius of curvature of wavefront is estimated
from a distance between the focal plane and the exit pupil.

Fig. 7 shows the distributions on the exit and entrance pupil
of the telescope. The 500 GHz and 1 THz distributions are
similar on the exit pupil and keep their own shape on the
entrance pupil. The fine dotted lines in Fig. 7 represent the
expected distribution by (4). In this case, an equivalent a and b
are —4248 mm and —1664 mm, respectively. It is shown that
the field distributions on the entrance pupil do not depend on
the beam frequencies. We also confirm beam patterns of this
telescope. Fig. 8 shows beam patterns of the four beams in Fig.
7 on the celestial sphere. They are axially symmetric beams
and have beam sizes expected from the diameter of the
entrance pupil.
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Design and Loss Measurement of Substrate Integrated Waveguides at Terahertz Frequencies
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At Terahertz frequencies, integration is a key aspect in the development of the next generation of high-sensitivity
receivers, for example, for multibeam receivers. In order to integrate superconductor- and/or semiconductor-based
devices, receivers will require low-loss waveguides and passive components integrated on a substrate. Substrate
integrated waveguides (SIWSs) are a suitable candidate for new THz receivers, because of the easy transition to two-
dimensional circuits (e.g. CPW, microstrip lines) and because they have the same fundamental propagation mode TE,, as
a rectangular waveguide. In this frequency range, although SIW can be fabricated, it is difficult to characterize their
electrical performance. Therefore, the design of a test fixture is necessary in addition to the design of the SIW.

We have designed a THz SIW and a test fixture to evaluate it. The SIW was designed using a 76-um-thick quartz substrate
with permittivity of 3.8 and loss tangent of 0.003 at 0.9 THz at room temperature. For the SIW, the diameter of all the
plated-through holes was set to 45 um and their spacing was chosen as 60 um. The distance between the holes used as
sidewalls is 187 um. These agree with the design rule described in [1]. 2-um-thick aluminum has been used for the top
and bottom metallization of the substrate. The test fixture for the mount and evaluation of the SIW consists of waveguide
flanges, impedance transformers, and waveguide to SIW transitions. In order to tolerate a small H-plane gap when the
SIW is mounted on the test fixture, a groove gap waveguide was used as the transmission line of the test fixture [2]. The
size of the waveguide is the same as WR-1.2 (0.304 mm x 0.152 mm), but the side wall is composed of periodically-placed
metal pins.

We evaluated the SIW using a vector network analyzer in the frequency range of 0.8 to 0.9 THz with a dynamic range of
more than 60 dB [3]. The test fixture including the SIW is put between the transmitter and the receiver and the insertion
loss is measured. Three SIWs with lengths of 5.0, 8.7, and 11.6 mm were evaluated to determine the associated insertion
loss. Results showed waveguide loss of about 3 dB/mm at room temperature. The loss is attributed to the imperfect
shape of the through holes. Proper fabrication will improve the loss.

Groove gap
waveguide

5 mm

Fig. 1 A scanning electron microscope image of the SIW and optical microscope image of the test fixture including the
SIW.
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The operation of SIS mixer as up- and down-convertor at low frequencies for frequency
multiplexing
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A feasibility study of a frequency multiplexed read-out scheme for large number Transition Edge Sensor arrays
is described in paper [1]. The read-out makes use of frequency up- and down-conversion with
Superconducting-Insulator-Superconducting (SIS) tunnel junctions operating at GHz frequencies, in
combination with an existing frequency multiplexed read-out at MHz frequencies. Such read-out scheme can
drastically reduce the wiring from room temperature to the cryogenic detectors.

Experimental measurements of a SIS tunnel junction operating as frequency up- and down-convertors at low
frequencies (< 10 GHz) were carried out. A possibility to implement a “traditional” SIS-mixer for down- and up-
conversion with acceptable conversion loss (well below 15 dB) has been demonstrated. Dependencies of the
conversion efficiency on the SIS-junction parameters, local oscillator (LO) power and SIS-bias have been
measured and compared with theoretical estimations. The best conditions for the SIS-mixer operation at low
LO frequencies have been determined. The transitions between different regimes of operations (quantum and
classical; quasiparticle and Josephson) have been studied in a wide bath temperature range by using specially
designed circuits with an integrated control line for the Josephson effect suppression. Preliminary conclusions
on the feasibility of the frequency-multiplexed TES read-out using superconducting tunnel junctions will be
presented.
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Development of Superconducting Low Pass Filter for Ultra Low Noise Measurement System of
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Microwave Kinetic Inductance Detector (MKID) is a cooper pair breaking superconducting detector [1]. MKID
consists of a superconducting resonance circuit which resonance frequency is typically designed around 2-
8 GHz where a HEMT low noise amplifier can be used for readout. MKID is a promising technology for
multiplexing, which can contribute to produce high-sensitive large-scale camera array for radio astronomy.

We developed MKID camera for astronomical observations such as CMB B-mode search or Antarctica
telescope. MKID performances were measured with 100 mK dilution refrigerator and the best Noise Equivalent
Power (NEP) we got was 6e-18 W/sqrt(Hz) [2]. However, this is slightly low-performance compared to the
world best NEP of MKID [3]. The sensitivity is probably limited by our measurement system. In particular, the
system is weak against stray light (or thermal radiation) coming through signal cables from higher temperature
stages of the refrigerator, as we have not installed any low pass filter before the 100 mK stage. The thermal
radiation coming through signal cables might generate excess quasi-particles on MKID causing the reduction of
the sensitivity.

In order to suppress such stray light, wide-band low pass filter is required and should be placed right before
the MKID device (i.e. on 100 mK stage). We developed superconducting low pass filter which can suppress
microwave in 10-100 GHz band down to more than 30 dB, while the insertion loss in 1-10 GHz range is smaller
than 1 dB. It consists of various sizes of microstrip stub filters. The material of these filters is niobium (Nb) on
silicon (Si) substrate and chassis, made of gold plated copper, acts as the ground plane of the microstrip
structure. The design of stub filters and chassis has been optimized using 3D electromagnetic simulator, HFSS.

We would like to present the design specifications and performance assessments of the developed
superconducting low pass filter. The effect of the filter on the noise performance of MKID will be also
discussed.
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A Superconducting Millimetre Switch with Multiple
Nano-Bridges

Boon-Kok Tan, Ghassan Yassin, Leonid Kuzmin, Ernst Otto, Hocine Merabet, and Chris North

Abstract—In this paper, we describe the design of a planar su-
perconducting on/off switch comprising a high normal resistance
nano-bridge deposited across a slotline transmission line. We
present preliminary experimental results measured at 220 GHz
range, and we discuss in detail the various parameters that
affect the performance of the planar on/off switch, including
the optimum thickness required for the nano-bridge to achieve
high dynamic range and low transmission loss. The analysis
is done by combining the accurate superconducting surface
impedance description with rigorous electromagnetic simulations,
and comparing the simulated results with the measured perfor-
mance of a previously fabricated on/off switch fed by a back-
to-back unilateral finline taper. Finally, we propose an improved
method to further increase the dynamic range of the switch,
by introducing a multi-bridge design to tune out the residual
inductance of the nano-bridges.

Index Terms—Superconducting integrated circuits, system-on-
a-chip, submillimeter wave devices, superconducting switches,
phase modulation.

I. INTRODUCTION

N important component for constructing an ultra-

sensitive polarimeter is the fast modulating of the input
signal’s polarisation state. It shifts the signal frequency away
from the 1/f noise, and separates the polarised signals from
the unpolarised foreground. More importantly, it allows the
measurement of both () and U Stoke’s parameters without
moving the polarimeter components [1]. Several technologies
has been considered for modulating the polarization signal
from the sky in various astronomical instruments, includ-
ing rotating quasioptical or waveguide half-wave plates and
Faraday rotators [2]. However, these techniques involve the
employment of moving parts, or require varying magnetic
fields.

A planar phase shift circuit that can translate the rapid on/off
switching mechanism into phase modulation is potentially a
much more efficient and elegant solution. A planar design
allows the switch to be easily integrated into the detector
circuit and eventually the realisation of a fully planar receiver.
Figure 1 shows how a planar phase shift circuit can be incor-
porated into a pseudo-correlator system to measure the polar-
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Fig. 1. (a) Schematic of a pseudo-correlator using phase shift circuits. The
incoming radiation is split into two linear polarizations by the OMT, which are
then combined using a quadrature hybrid to produce two circular polarizations.
A phase shift circuit is used to produce a phase difference of A¢p = |¢p1 —
¢2| between the circular polarised signals, before they are recombined by
another quadrature hybrid to produce two orthogonal linear polarizations. (b)
Schematic drawing showing how a phase switch circuit can be constructed
using two delay lines. Two on/off switches alternating in sync are utilised to
select which delay line the RF signal will pass through.

ization of the sky signal. The incoming signal is split into two
linear polarisations by the orthogonal mode transducer (OMT)
and converted into circular polarisations via the quadrature
hybrid. The two polarised signals are phase modulated with
respect to each other using the phase shift circuits, before they
are recombined through another quadrature hybrid to produce
two orthogonal linear polarisations, and fed to the detectors
D; and D». If the input RF signal is described by the Stoke’s
parameters I, ), and U, it can be shown that the outputs of
the two detectors Dy and D5 are [3]:

Dy =1—-QcosA¢ — Usin A,
Dy =1+ Qcos Ap + U sin A¢.

and

(1a)
(1b)

When the first phase shift circuit is set to modulate between
¢1 = 90° and 0°, and the second phase shift circuit modulating
between ¢, = 0° and 180°, the synchronous modulation
produces a phase difference of A¢ = |1 — ¢po| = 90° during
the first half of the duty cycle and A¢ = |p1 — ¢o| = 180°
during the second half. Therefore, by taking the difference of
the detector outputs D; — Do, the linear polarisation parameters
@ and U can be determine simultaneously for a single sky
pixel.

Figure 1 (b) shows a conceptual sketch of a phase shift



PROCEEDING OF THE 25" INTERNATIONAL SYMPOSIUM OF SPACE TERAHERTZ TECHNOLOGY, APRIL 27-30 2014 2

circuit where two delay lines of different lengths are used
to bridge the input and the output line. To select the desired
phase delay, two on/off switches that alternate in sync between
the two delay lines is required. The on/off switch can be
realised by depositing a narrow strip of high residual resistance
ratio (RRR) superconductor, such as Niobium Nitride (NbN)
or Niobium Titanium Nitride (NbTiN), across a slotline. By
changing the impedance of this nano-bridge from supercon-
ducting to normal state (and vice versa), the RF signal can
be directed to either branches of the phase shift circuit.
In each case, the RF signal sees two substantially different
complex impedance states, hence switched from one delay
line branch to another. The detail design of a planar super-
conducting on/off switch operating at millimetre wavelengths
can be found in [4], [5] and [6]. In this paper, we focus
on discussing the preliminary experimental results and the
various parameters that affect the performance of the switch,
including the optimum thickness required for the nano-bridge
to achieve high dynamic range and low transmission loss.
All the analysis presented below is done by combining the
accurate superconducting surface impedance description with
High Frequency Structure Simulator (HFSS).

II. PRELIMINARY EXPERIMENTAL RESULTS

Our superconducting on/off switch comprises a 22 nm thick
and 0.5 ym wide NbN nano-bridge deposited across a 5 pum
wide slotline, corresponding to a characteristic impedance of
69 Q. The RF signal is fed to the slotline via a unilateral
finline taper, and re-radiated back to the output port via another
finline, as shown in Figure 2. Both the finline taper and
the nano-bridge are made out of the same superconducting

8, ¢
U””ater Bond Wires 3ol
»"’ Finiine nn\\a\e‘a_Fm‘m R —
3 Slotliné Superconducting
_ Nano-bridge

000

x 2 pm/di
2 100.000 nm/div

Fig. 2. A planar superconducting on/off switch comprising a superconducting
nano-bridge deposited across the slotline section of a back-to-back unilateral
finline taper.

material, NbN, with resistivity p = 200 uf2cm, critical current
density J,,.;; ~ 15 kApm™2, and the London penetration depth
Az = 200 nm. The NbN finline taper was overlaid with a thin
layer of gold for bonding purposes and the whole structure is
supported by a 200 um quartz substrate. The reader is referred
to [5] for the detailed description of the fabrication process.

The finline chip is positioned at the E-plane of a rectangu-
lar waveguide, and a superconductor-insulator-superconductor
(SIS) device designed to operate at the frequency range of
180-260 GHz is placed after the finline chip to read the
transmitted RF power. Both the finline and the SIS detector
chips are housed within a split aluminium block, along the
waveguide connected to a millimetre horn to couple the local
oscillator (LO) signal to the finline chip, as shown in Figure 3.
The nano-bridge is modulated between the superconducting
(on) and the normal (off) states by applying a bias current
along the nano-bridge, causing it to become normal when the
bias current exceeds the critical current value. By measuring
the tunnelling current across the SIS device, we can therefore
obtain the response of the nano-bridge (as a switch) to the
LO signal. Figure 4 shows a typical DC IV curve measured
from the SIS devices, with and without the illumination of the
LO signal at 207 GHz. The difference between the pumping
level when the nano-bridge is biased above and below the
critical current is clearly seen in the inlet of Figure 4. This
demonstrates that the nano-bridge is in fact acting as a switch,
attenuating the LO signal coupled to the SIS detector, when
the nano-bridge is in the superconducting state.

In order to reduce the 1/f noise, we modulated the LO
signal entering the millimetre horn using a chopper wheel,
and employed a lock-in amplifier to measure the output from
the SIS detector. Figure 5 shows the lock-in timestream data of
the SIS device output and the demodulated switching signal,
at 234 GHz and 247 GHz. The nano-bridge is switched at
8.137 Hz, and the LO signal was chopped at 120 Hz. As
can be seen, the response of the SIS devices is clearly cor-
responding to the switching of the nano-bridge. Interestingly
though, the switching behaviour changes over the range of
frequencies, as shown in Figure 6 (a). At some frequencies,
the switching is inverted. Contrary to expectation, the power
transmitted to the SIS device is lower when the nano-bridge
is at normal state compared to the superconducting state i.e.,
Ar = S12,0n/S12,0ff > 0 dB. An example of this is shown
in Figure 5 (b) where a clear inversion effect is observed
at 247 GHz. Simulation done using HFSS' shows the exact
same effect, although in this case, the inversion occurs around
230 GHz instead of 247 GHz. Moreover, the HFSS simulation
predicts a dynamic range Ap of around +0.5 dB, which is
very close to the measured dynamic range of the fabricated
nano-bridge device.

It is obvious from Figure 6 (a) that the main reason the
tested design has a low dynamic range is because when the
nano-bridge in superconducting, it does not reject the LO
signal efficiently. When the switch is off (normal state), it
transmits approximately —0.5 dB of power through as ex-

'The nano-bridge is represented as a lumped element with surface
impedance of both normal and superconducting states calculated using Equa-
tion 2.
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Fig. 3. (a) A split aluminium block housing both the finline and the SIS detector chips. (b) Both the SIS detector chip and the finline chip are suspended
across the E-plane of a rectangular waveguide via the deep grooves in the waveguide wall. Two coplanar waveguide transmission lines are used to supply
the bias current to switch the nano-bridge from superconducting to normal state. The LO signal from the left is coupled to the slotline section with the
nano-bridge, and re-radiated towards the SIS detector chip via a back-to-back finline taper.
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Fig. 4. An example of the DC pumped and unpumped I-V curves of the
SIS device. The inlet shows the changes in the tunnelling current across
the first photon step, when the nano-bridge is being switched from normal
to superconducting state, therefore attenuating the LO power coupled to the
tunnel junction.

pected, where a negligible part of the LO power was rejected
due to the finite impedance of the nano-bridge. Therefore,
the main issue here is why the superconducting nano-bridge
presents a relatively large impedance value that does not short
the transmission line. Furthermore, at certain frequencies, the
impedance presented by the nano-bridge must be higher at the
superconducting state, compared to the normal state, causing
the inversion effect.

The impedance of a superconducting strip is determined by
the resistive part of its surface impedance R, s; the geometric
inductance Lgc,, and the kinetic inductance Ly;,. The later
inductance has a significant value only in the superconducting
state, whereas %,y = [, its thin film normal resistance in
the normal state, and Rg,rs ~ 0 in the superconducting state.
The value of these parameters are given by [3]:

Ry = pl/wt7 (2a)
1 21 '
Lyeo=021|5 +In | === | +0.11 % uH, (2b)

I t
Lisin = po—= coth —, (20)
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Fig. 5. Zoom in timestreams of a nano-bridge device with illumination
from the LO at two frequencies: 234 GHz (top) and 247 GHz (bottom). The
SIS tunnelling current is plotted as black, solid line, while the demodulated
switching signal is plotted as red, dashed line. The voltage across the nano-
switch is the green line at the bottom. The switching is in opposite senses at
these two LO frequencies, being inverted at 247 GHz.

where p is the resistivity of the superconductor, A\;, is the
London penetration depth, and w, [ and ¢ is the width, length
and thickness of the superconducting strip respectively. For an
RF/LO signal at an angular frequency of w = 27 f, the two
impedance states are thus given by [3]:

= ZW(L]“»,L + Lgeo)
Zst'r‘ip,off =Ry + iWLgeo'

(3a)
(3b)

Zstrip,on
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Fig. 6. (a) The power transmission ratio of the nano-bridge device between
the two states across the operating frequency range. The inset is a zoom of the
ratio at a narrow frequency range. (b) HFSS simulated response of the same
nano-bridge device, showing similar dynamic range and switching behaviour
as the measured results. The inversion in response is observed at 230 GHz,
instead of the measured 247 GHz.

Input transmission line

ZL:ZO‘ out

Fig. 7. Circuit diagram representing the input and output transmission line,
connected with a nano-bridge across the slotline, represented by Zs¢rip.

For an ideal switch: in the superconducting (‘switch-
on’ or closed) state, the nano-bridge has an impedance of
Lstrip,on << Zp, the characteristic impedance of the slotline
as shown in Figure 7. In this state, the load acts as a short,
and any waves propagating along the transmission line are
reflected, therefore no power is transmitted to the output
line. In the normal (‘switch-off” or opened) state, the surface
impedance is much higher (= Ry) and the nano-bridge has
an impedance of Zg.sp 055 >> Zo. This act as an open in
the circuit term, and the RF/LO signal will pass through the
transmission line with minimum loss.
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Fig. 8. The effects of the nano-bridge thickness on the dynamic range of the
on/off switch.

The successful operation of the nano-bridge as a super-
conducting on/off switch relies on the fact that Zs.ip on 15
significantly smaller than Z,;p, 7 ¢. From Equation 3, one can
see that this relation does not always hold true. Under certain
circumstances, ‘wLgi, could be larger or approaching Ry,
causing Zgirip,on = Zstrip,of f» and hence the inversion effect.
From Equation 2, we can see that Ly;,, is greatly dependent on
the term ¢/ Ay, due to the exponential function in the equation.
Small value of ¢/Ar, give rise to a large value of coth (¢/Ar).
Therefore, we believe that the main reason the current design
have a small dynamic range, and sometimes incurs the inver-
sion effect, is because the fabricated nano-bridge is too thin,
compared to the London penetration depth in the NbN thin
film. This effect is especially noticeable at high frequencies, as
shown in Figure 6. Take for example, the nano-bridge with the
dimension of w, [, = 0.5 x5 x 0.022 um and p = 200 u2cm
would have a value of Ry ~ 9 Q. At 240 GHz, and assuming
Ar = 200 nm, coth (¢/Ar) = coth0.11 = 9. This would give
a value of iwLg;, = 34.6 (2, four times higher than Ry. In
fact, as shown in Figure 8, the dynamic range of the nano-
bridge as an on/off switch improves significantly when the
thickness of the nano-bridge approaches Ar = 200 nm.

III. MULTIPLE NANO-BRIDGES DESIGN

It is obvious that the next generation of the on/off switch
design must employed a thicker NbN nano-bridge to reduce
the surface impedance in the superconducting state. However,
as shown in Figure 8, the dynamic range of a ¢ — Ar nano-
bridge is still limited to around 5 dB. The dynamic range
of the planar superconducting on/off switch can be improved
by depositing multiple nano-bridges along the slotline. The
utilisation of the multi-bridge design have a two fold effects.
First, the length of the transmission line between the nano-
bridges can be optimised so that the complex impedance
of one nano-bridge is transformed to the complex conjugate
impedance of the other nano-bridge, and therefore to tune out
the residual kinetic inductance of the nano-bridges. This is
largely similar to the twin-junction tuning network used for
cancelling out the junction capacitance of an SIS mixer [7],
[8]. As shown in Figure 8, by employing two nano-bridges
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separated by 50 pm slotline, we can double the dynamic range
of the switch to about 10 dB.
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Fig. 9. The non-linear relation between the surface impedance of the nano-
bridge and the power transmission. The was simulated using the HFSS model
of a single I, w,t =5 x 0.5 x 0.02 pm nano-bridge as the switch.

Secondly, by using a multi-bridge scheme, the total
impedance of the switch seen by the RF/LO signal at both
states, Zstrip,on aNd Zstripof £, can be altered, giving a degree
of freedom for selecting the optimum operating point of
the switch. As shown in Figure 9, the power transmission
allowed by the switch depends on the impedance of the
nano-bridge/s, and the relation is non-linear. This indicates
that the dynamic range of the switch relies heavily on the
difference of the nano-bridges resistances between the two
switching states. From the plot, it is clear that the dynamic
range improves with the lower impedance values, but this also
results in lower power transmission when the switch is in the
normal state (‘switch-off”). For example, if the difference in
impedance between the superconducting and the normal state
are AR = |Rno7‘mal - Rsuper| = 30 €, where Ryuormal 18
40 Q and Rgyper is 10 €, the dynamic range is about 4 dB.
However, in this scenario, when the switch is off, it only allows
—2 dB of power transmission. In order to improve the power
transmission at the switch-off state, we can operate the switch
at say 70 €, giving a transmission of approximately —1.5 dB.
However, if we retain the same Ar = 30 Q difference?, one
notice immediately that the dynamic range drops by 8-folds.
Therefore, there is an unavoidable compromise between the
optimum dynamic range achievable and the allowed power
transmission when the switch is off.

Figure 10 shows a HFSS simulated model of two and three
nano-bridges deposited to form the on/off switch. Each nano-
bridge is 0.5 ym wide, 5 pm long and is formed using a 50 nm
thick NbN film. The nano-bridges are separated by a 50 pum
long slotline, and fed by a back-to-back unilateral finline taper
as described before. Figure 10 (c) shows the HFSS predicted
power transmission and dynamic range behaviour of the on/off
switch with one, two and three nano-bridge/s. As can be seen,
the dynamic range improves almost linearly with the number

2The reason behind this is that if R is increased to give a higher R, 0rmal
value by say making the nano-bridge longer, it will inevitably increase the
value of Ly, as well, thus higher value of Rsyper. Therefore, A always
remain almost the same regardless of the switch-off impedance operating point
of the switch.
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Fig. 10. (a) & (b) Examples of the multi-bridge design, where two and three
nano-bridges are deposited along the transmission line, separated by a 50 pm
long slotline. The nano-bridges are 0.5 p wide, 5 pm long and 50 nm thick.
(c) The power transmission allowed by the multi-bridge switch during the
switch-off state, and the dynamic range, of the one-, two- and three-bridges
design.

of nano-bridges, but at the same times, the transmission in
the off-state drops almost proportionally as well. Hence, for a
specific application, the designer should carefully chosen the
number of nano-bridges and the dimension of the nano-bridge,
to find a balance between the dynamic range required and the
transmission loss.

IV. CONCLUSION

We have presented a design of a planar superconducting
on/off switch utilising a nano-bridge connecting the two elec-
trodes of a slotline. The preliminary experimental results have
been presented and discussed in detail, especially the various
parameters that affect the performance of the switch. The most
important result from the discussion is that the tested nano-
bridge is too thin, therefore preventing the nano-bridge to
present low impedance when it is biased below the critical
current value. In this paper, we have also proposed a new
design that can improve the dynamic range of the switch, by
utilising multiple nano-bridges along the same slotline. We
have shown that by carefully choosing the separation distance
between the nano-bridges, we can improve the dynamic range
by two fold. We are currently in the process of fabricating
a new batch of superconducting on/off switch using the
new multi-bridge design with a thicker NbN film, and the
experimentally obtained results from testing these devices will
be reported.
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C. Edward Tong*, Andrey Trifonov’, Raymond Blundell’,Alexander Shurakov' and Gregory Gol'tsman’

*
Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA
Email: etong@cfa.harvard.edu, avtrifonov@cfa.harvard.edu, rblundell@cfa.harvard.edu

Moscow State Pedagogical University, Moscow, Russia.
Email : alexandrus1986 @gmail.com, goltsman@rplab.ru

We have further studied the effect of subjecting a superconducting Hot Electron Bolometer (HEB) element
made from an NbN thin film to microwave radiation. Since the photon energy is weak, the microwave
radiation does not simply heat the film, but generates a bi-static state, switching between the superconducting
and normal states, upon the application of a small voltage bias. Indeed, a relaxation oscillation of a few MHz
has previously been reported in this regime [1]. Switching between the superconducting and normal states
modulates the reflected microwave pump power from the device. A simple homodyne setup readily recovers
the spontaneous switching waveform in the time domain. The switching frequency is a function of both the
bias voltage (DC heating) and the applied microwave power.

In this work, we use a 0.8 THz HEB waveguide mixer for the purpose of demonstration. The applied microwave
pump, coupled through a directional coupler, is at 1 GHz. Since the pump power is of the order of a few pW, a
room temperature amplifier is sufficient to amplify the reflected pump power from the HEB mixer, which beats
with the microwave source in a homodyne set-up. After further amplification, the switching waveform is
passed onto a frequency counter. The typical frequency of the switching pulses is 3-5 MHz. It is found that the
digital frequency count increases with higher microwave pump power. When the HEB mixer is subjected to
additional optical power at 0.8 THz, the frequency count also increases. When we vary the incident optical
power by using a wire grid attenuator, a linear relationship is observed between the frequency count and the
applied optical power, over at least an order of magnitude of power.

This phenomenon can be exploited to develop a digital power meter, using a very simple electronics setup.
Further experiments are under way to determine the range of linearity and the accuracy of calibration transfer
from the microwave to the THz regime.
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