PROCEEDINGS OF SPIE

Advanced Photon Counting
Techniques Vil

Mark A. ltzler
Joe C. Campbell
Editors

7-8 May 2014
Baltimore, Maryland, United States

Sponsored and Published by
SPIE

Volume 9114

Proceedings of SPIE 0277-786X, V. 9114

SPIE is an international society advancing an interdisciplinary approach to the science and application of light.

Advanced Photon Counting Techniques VIII, edited by Mark A. Itzler, Joe C. Campbell, Proc. of SPIE
Vol. 9114, 911401 - © 2014 SPIE - CCC code: 0277-786X/14/$18 - doi: 10.1117/12.2072633

Proc. of SPIE Vol. 9114 911401-1



The papers included in this volume were part of the technical conference cited on the cover and
fitle page. Papers were selected and subject to review by the editors and conference program
commiftee. Some conference presentations may not be available for publication. The papers
published in these proceedings reflect the work and thoughts of the authors and are published
herein as submitted. The publisher is not responsible for the validity of the information or for any
outcomes resulting from reliance thereon.

Please use the following format to cite material from this book:
Author(s), 'Title of Paper," in Advanced Photon Counting Techniques VIlI, edited by Mark A. Itzler,
Joe C. Campbell, Proceedings of SPIE Vol. 9114 (SPIE, Belingham, WA, 2014) Article CID Number.

ISSN: 0277-786X
ISBN: 9781628410518

Published by

SPIE

P.O. Box 10, Bellingham, Washington 98227-0010 USA
Telephone +1 360 676 3290 (Pacific Time) - Fax +1 360 647 1445
SPIE.org

Copyright © 2014, Society of Photo-Opfical Insfrumentation Engineers.

Copying of material in this book for internal or personal use, or for the internal or personal use of
specific clients, beyond the fair use provisions granted by the U.S. Copyright Law is authorized by
SPIE subject to payment of copying fees. The Transactional Reporting Service base fee for this
volume is $18.00 per arficle (or portion thereof), which should be paid directly to the Copyright
Clearance Center (CCC), 222 Rosewood Drive, Danvers, MA 01923. Payment may also be made
electronically through CCC Online at copyright.com. Other copying for republication, resale,
advertising or promotion, or any form of systematic or multiple reproduction of any material in this
book is prohibited except with permission in writing from the publisher. The CCC fee code is
0277-786X/14/$18.00.

Printed in the United States of America.

Publication of record for individual papers is online in the SPIE Digital Library.

SPIE &
Digital Library

SPIEDigitallibrary.org

Paper Numbering: Proceedings of SPIE follow an e-First publication model, with papers published
first online and then in print and on CD-ROM. Papers are published as they are submitted and
meet publication criteria. A unique, consistent, permanent citation identifier (CID) number is
assigned to each article at the time of the first publication. Utilization of CIDs allows articles to be
fully citable as soon as they are published online, and connects the same identifier to all online,
print, and electronic versions of the publication. SPIE uses a six-digit CID article numbering system
in which:
= The first four digits correspond to the SPIE volume number.
» The last two digits indicate publication order within the volume using a Base 36 numbering
system employing both numerals and letfters. These two-number sets start with 00, 01, 02, 03, 04,
05, 06, 07, 08, 09, OA, OB ... 0Z, followed by 10-1Z, 20-2Z, etc.
The CID Number appears on each page of the manuscript. The complete citation is used on the
first page, and an abbreviated version on subsequent pages. Numbers in the index correspond to
the last two digits of the six-digit CID Number.

Proc. of SPIE Vol. 9114 911401-2



Contents

v Conference Committee
vii Ultra-short gates improve the performance of high-speed gated single-photon avalanche

diodes (Invited Paper Summary) [9114-7]
T. Jennewein, E. Choi, B. Higgins, Univ. of Waterloo (Canada)
SUPERCONDUCTING SPDs I: FREE SPACE COMMUNICATIONS

911404 Cryogenic SiGe integrated circuits for superconducting nanowire single photon detector
readout (Invited Paper) [9114-3]
J. C. Bardin, P. Ravindran, S.-W. Chang, C. Mohamed, R. Kumar, Univ. of Massachusetts
Amherst (United States); J. A. Stern, M. D. Shaw, D. Russell, F. Marsili, G. Resta, W. H. Farr, Jet
Propulsion Lab. (United States)
QUANTUM COMMUNICATIONS

9211409 Ulira-short gates improve the performance of high-speed gated single-photon avalanche
diodes [9114-8]
A. Restelli, J. C. Bienfang, A. L. Migdall, Joint Quantum Institute of National Institute of
Standards and Technology and Univ. of Maryland (United States)
SINGLE-PHOTON IMAGING AND PHOTON-COUNTING ARRAYS

9211408 Photon-sparse heralded imaging (Invited Paper) [?114-10]
P. A. Morris, R. S. Aspden, J. Bell, Univ. of Glasgow (United Kingdom); D. S. Tasca, Federal
Univ. of Rio de Janeiro (Brazil); R. W. Boyd, Univ. of Glasgow (United Kingdom), Univ. of
Rochester (United States), and Univ. of Oftawa (Canada); M. J. Padgett, Univ. of Glasgow
(United Kingdom)

92114 0C Low-noise CMOS SPAD arrays with in-pixel time-to-digital converters (Invited Paper)
[9114-11]
A. Tosi, F. Villa, D. Bronzi, Y. Zou, R. Lussana, D. Tamborini, Politecnico di Milano (Italy);
S. Tisa, Micro Photon Devices S.r.l. (Italy); D. Durini, S. Weyers, U. Pashen, W. Brockherde,
Fraunhofer-Institut fUr Mikroelektronische Schaltungen und Systeme (Germany); F. Zappa,
Politecnico di Milano (Italy)

9114 0D Evaluation of GM-APD array devices for low-light-level imaging [9114-12]
K. Kolb, B. Hanold, J. Lee, D. F. Figer, Rochester Institute of Technology (United States)

9114 OF SWIR Geiger-mode APD detectors and cameras for 3D imaging [9114-14]

M. A. ltzler, M. Entwistle, U. Krishnamachari, M. Owens, X. Jiang, K. Slomkowski, S. Rangwala,

Princeton Lightwave, Inc. (United States)

Proc. of SPIE Vol. 9114 911401-3



SINGLE-PHOTON LIDAR

92114 0G

92114 0H

921140l

2114 0K

Advanced 3D imaging lidar concepts for long range sensing (Invited Paper) [?114-15]
K. J. Gordon, P. A. Hiskett, R. A. Lamb, SELEX ES Ltd. (United Kingdom)

Moderate to high altitude, single photon sensitive, 3D imaging lidars [9114-16]
J. J. Degnan, C.T. Field, Sigma Space Corp. (United States)

Long range 3D imaging with a 32x32 Geiger mode InGaAs/InP camera [7114-17]
P. A. Hiskett, K. J. Gordon, J. W. Copley, R. A. Lamb, SELEX ES Ltd. (United Kingdom)

HgCdTe e-APD detector arrays with single photon sensitivity for space lidar applications
[2114-19]

X. Sun, J. B. Abshire, NASA Goddard Space Flight Ctr. (United States); J. D. Beck, DRS RSTA,
Inc. (United States)

SOLID-STATE PHOTOMULTIPLIERS

92114 ON

92114 00

Study of silicon photomultipliers and applications [9114-22]

N. D'Ascenzo, V. Saveliev, Institute of Applied Mathematics (Russian Federation), Huazhong
Univ. of Science and Technology (China) and Deutsches Elekironen-Synchrotron
(Germany); L. Wang, D. Xi, Q. Xie, Huazhong Univ. of Science and Technology (China)

Low temperature performance of free-running InGaAs/InP single-photon negative

feedback avalanche diodes (Invited Paper) [9114-23]
B. Korzh, H. Zbinden, Univ. de Genéve (Switzerland)

VISIBLE AND UV SINGLE-PHOTON COMMUNICATIONS

2114 0P

2114 0Q

Underwater optical communications with a single photon-counting system [9114-24]
P. A. Hiskett, R. A. Lamb, SELEX ES Ltd. (United Kingdom)

Receiver dead time in non-line-of-sight uliraviolet communications [9114-26]
R. J. Drost, P. L. Yu, U.S. Army Research Lab. (United States); G. Chen, Univ. of California,
Riverside (United States); B. M. Sadler, U.S. Army Research Lab. (United States)

Author Index

Proc. of SPIE Vol. 9114 911401-4



Conference Committee

Symposium Chair

David A. Whelan, Boeing Defense, Space, and Security
(United States)

Symposium Co-chair

Wolfgang Schade, Technische Universitat Clausthal (Germany) and
Fraunhofer Heinrich-Hertz-Institut (Germany)

Conference Chair

Mark A. ltzler, Princeton Lightwave, Inc. (United States)

Conference Co-chair
Joe C. Campbell, University of Virginia (United States)

Conference Program Committee

Gerald S. Buller, Heriot-Watt University (United Kingdom)

Sergio Cova, Politecnico di Milano (Italy)

William H. Farr, Jet Propulsion Laboratory (United States)

Robert H. Hadfield, University of Glasgow (United Kingdom)

Majeed Hayat, The University of New Mexico (United States)

Michael A. Krainak, NASA Goddard Space Flight Center
(United States)

Robert A. Lamb, SELEX Galileo Ltd. (United Kingdom)

K. Alex Mcintosh, MIT Lincoln Laboratory (United States)

Alan L. Migdall, National Institute of Standards and Technology
(United States)

Michael Wahl, PicoQuant GmbH (Germany)

Hugo Zbinden, University of Geneva (Switzerland)

Session Chairs

1 Superconducting SPDs I: Free Space Communications
Mark A. lizler, Princeton Lightwave, Inc. (United States)

2  Superconducting SPDs Il: Quantum Information Processing
Eric A. Dauler, MIT Lincoln Laboratory (United States)

Proc. of SPIE Vol. 9114 911401-5



vi

Quantum Communications
Alan L. Migdall, National Institute of Standards and Technology
(United States)

Single-Photon Imaging and Photon-Counting Arrays
Gerald S. Buller, Heriot-Watt University (United Kingdom)

Single-Photon Lidar
K. Alex Mcintosh, MIT Lincoln Laboratory (United States)

Solid-State Photomultipliers
Joe C. Campbell, University of Virginia (United States)

Visible and UV Single-Photon Communications
Mark A. ltzler, Princeton Lightwave, Inc. (United States)

Novel Photon-Counting Technologies
Mark A. lizler, Princeton Lightwave, Inc. (United States)

Proc. of SPIE Vol. 9114 911401-6



Invited Paper Summary

Progress towards implementation of a quantum communication
receiver satellite

T. Jennewein, E. Choi, B. Higgins
Institute for Quantum Computing and the Department of Physics and Astronomy
University of Waterloo, 200 University Ave. W, Canada N2L 3Gl

The secure distribution of cryptographic keys has always been a crucial element for the task of protecting and
sharing important secrets. Today’s algorithmic key distribution makes assumptions on the computing power of a
possible hacker, which leads to fundamental problems for long-term security. Quantum key distribution (QKD)
establishes highly secure keys between distant parties by using single photons to transmit each bit of the key. Since
single photons behave according the laws of quantum mechanics they cannot be tapped, copied or directly measured
without disturbance. The huge benefit for users of such systems is the peace of mind of knowing that any attack,
manipulation or copying of the photons can be immediately detected and overcome. QKD solves the long-standing
problem of securely transporting cryptographic keys between distant locations. Even if they were to be transmitted
across hostile territory, their integrity could be unambiguously verified upon receipt.

Ground-based QKD systems are commercially available today. However, these current systems can only cover
distances of up to 200 km due to photon absorption in fiber optic cables. In principle, quantum repeaters would
allow the concatenation of several shorter quantum links and thereby overcome the limitations of direct long-
distance quantum transmissions, and much research is devoted to solving technical hurdles that prevent deployment
of these devices outside laboratory settings. Satellite-based quantum communication systems, however offer an
approach for surpassing distance limitations even with today’s technology, and a truly global network for quantum
communication becomes feasible in the near-term (Figure 1).

Network A Network B

Figure 1: A satellite can be used as a trusted node to bridge the large distance gap between two city-wide networks.

Over the past three years, our group has been working with industry partners to advance a proposed microsatellite
mission called QEYSSat (Quantum EncrYption and Science Satellite) through a series of conceptual and technical
studies funded primarily by the Canadian Space Agency (CSA) [1]. QEYSSat’s mission objectives are to
demonstrate the generation of encryption keys through the creation of quantum links between ground and space, and
also to conduct fundamental science tests of long-distance quantum entanglement [2].

The quantum signals are generated in photon sources located on the ground. An optical transmitter on the ground
will point the beam of photons towards the satellite. One important aspect of this mission concept is to keep the
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complex source technologies on the ground and ensure the satellite is simple and cost-effective. It also allows the
quantum link to be implemented using various different types of quantum sources, including entangled photons and
weak coherent pulses. Placing the quantum receiver in space, however, poses some additional technical challenges.
The expected link losses will be higher for the uplink than for a downlink. In addition, the dark counts of single-
photon detectors will rise due to radiation exposure in orbit.

The current platform for the QEYSSat mission proposal is based on a microsatellite, to be located in a low Earth
orbit (LEO) at an altitude of approximately 600 km. The payload would have an optical receiver with 40 cm
aperture as the main optics (Figure 2). In order to show the viability of this mission concept, we have conducted
several theoretical and experimental studies including a comprehensive link performance analysis, QKD
experiments over high transmission losses and over a rapidly fluctuating channel.

We are currently working on the main technical challenges, which are to advance existing quantum devices to make
them suitable for the space environment. The QEYSSat payload will include the capability to analyze and detect
single optical photons with high efficiency and accuracy, and is aimed for a micro-satellite platform. In addition, we
have considered the feasibility of nano-satellites, which could serve as an interesting technology demonstrator
mission. The underlying principle of such payloads is that all arriving photon are analyzed in a polarization analyzer
and detected in single-photon detectors. Onboard data acquisition will register all detection events and record their
time-stamps to sub-nanosecond precision, which will be processed at a later time on the ground. We are leading a
project with industry partners and the CSA to build and test a compact prototype for the main elements of the
quantum key distribution receiver (QKDR) that would be compatible with a microsatellite-class platform.

Figure 2: Left: Artist’s rendering of a quantum communications link between a ground station and the satellite. Right:
CAD drawing of the proposed QEY SSat spacecraft.
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