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Superconductive Nanowire 
Single-Photon Detector
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WHAT IS A PHOTON?
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Characteristics of Photon Detectors

• Efficiency

• Reset time

• Jitter

• Dark count rate
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Why are Superconductors Interesting?

• Zero resistance
• Exclusion of magnetic field
• Strong nonlinearity
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Why are SNSPDs Special?
● Infrared efficiency for single

photons: single photon sensitivity >
5 μm

● Jitter: nothing else can match it for
single photons

● Efficiency: Transition Edge Sensors
are similar, but have other
disadvantages

● Count rate (10x to 100x faster
reset than competing technologies)

● Dark-count rate: nothing else can
match it
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HISTORY OF PHOTODETECTION 
WITH SUPERCONDUCTORS
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Phys. Rev. Lett. 8, 438 – Published 1 June 1962
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Journal of Applied Physics 79, 7069 (1996)
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SNSPD Experimental Timeline
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SNSPD Theory Timeline
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Applications of SNSPDs
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Collaboration between BU, DCG Systems*, IBM, Photonspot, funded by IARPA
* Now Thermofisher

Image courtesy of DCG Systems

VLSI circuit
imaging and
debugging

SNSPD
enabled
performance
advances

VLSI Circuit Evaluation
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l��h���i Infrared single-photon LIDAR with SNSPDs
University of Glasgow, UK & partners 
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Zhu, J., Chen, Y., Zhang, L. et al. 
Demonstration of measuring sea fog 
with an SNSPD-based Lidar system. 
Sci Rep 7, 15113 (2017). 
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Alice· ! Bob

• Principle: a secret key is generated over a public channel with security
guaranteed by laws of Quantum Mechanics 

• Information encoded on the phase or polarization of individual photons

• Eavesdropping __ introduces _errors __________________________________________________________________________________________ _
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� U11iversity Quantum Communications Milestones 

� (}(Glasgow with SNSPDs 
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"Loophole-free" Bell test (20 I 5) NIST 
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Two high-efficiency WSi SNSPDs used to close loopholes in 

prior Bell's inequality experiments Slide courtesy of 

Sae-Woo Nam 
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Dark Matter Detection

● Not just matter that's hard to see!
● We know it's there because… gravity

○ Velocity vs. radius of galaxial matter
○ Explains observed gravitational lensing
○ Explains galaxial collisions

● Does it interact in any other way?
● What is it?
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Karl K. Berggren (co-Pl, MIT), Sae Woo 
Nam (co-Pl, NIST), Asimina Arvanitaki 
(Perimeter), I/ya Charaev (MIT), Jeffrey 

Chiles (NIST), Andrew E. Dane (MIT), Ken 
Van Ti/burg (NYUI/AS), Masha Baryakhtar 

(Perimeter), Robert Lasenby (Stanford 
University), Junwu Huang 

(Perimeter) 

Nanowire Detection of Photons from the Dark Side 

Dark-Matter Detector Concept 
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Nanowire Detection of Photons from the Dark Side
Karl K. Berggren (co-PI, MIT), Sae Woo Nam (co-PI, NIST), Asimina Arvanitaki (Perimeter), Ilya Charaev (MIT), Jeffrey Chiles (NIST), Andrew E. Dane (MIT), 
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Detecting Dark Matter with Superconducting Nanowires 

Yonit Hochberg1 ,* Ilya Charaev2 ,t Sae-Woo Nam3 ,i Varun Verma3 ,§ Marco Colangelo2 ,1 and Karl K. Berggren2
**

1 Racah Institute of Physics, Hebrew University of Jerusalem, Jerusalem 91904, Israel 
2 Massachusetts Institute of Technology, Department of Electrical Engineering and Computer Science, Cambridge, MA, USA and 

3 National Institute of Standards and Technology, Boulder, CO, USA 
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Bio applications: (towards) Fluorescence-lifetime 
imaging microscopy (FLIM) with SNSPDs 
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Becker, Wolfgang, et al. "4.4 ps IRF width of TCSPC with an NbN Superconducting 

Nanowire Single Photon Detector." 

Advantages of SNSPD as a FLIM detector 

• Fast instrument response function (IRF)

• Resolving fast decay fluorophores

• Enable use of new fluorophores
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Computational Imaging & Spectroscopy using SNSPDs 
Superconducting Quantum Electronics & Photon Noise-tolerant single-photon computational imaging 
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�:'- Scaling to Kilopixel Arrays ..__ -

• Demonstration of I 024-pixel imaging array with > 99% pixel yield
• 32 x 32 imager read out using only 64 readout lines
• 30 x 30 µm active area on 50 µm pitch - total area 0.92 mm2

NISI 
FABRICATED AT NIST 

TESTED AT JPL 

Emma E. Wollman, Varun B. Verma, Adriana E. Lita, William H. Farr, Matthew D. Shaw, Richard P. Mirin, and Sae Woo Nam, "Kilopixel array 
of superconducting nanowire single-photon detectors," Opt. Express 27, 35279-35289 (2019) 
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quantum-based address encoder integrated 
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How Do Superconducting 
Nanowires Switch and Reset?
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Critical Temperature ~ I I K 

Current Bias 

superconductor is biased near its 
transition 
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Critical Temperature ~ I I K 

4nm 

Absorption 

photon-induced hotspot forces bias 
current above critical density 
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Breakdown 

Critical Temperature ~ I I K 

resistive barrier spans nanowire 
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Acceleration/Heating 
Critical Temperature ~ I I K 

resistance grows from heating 
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Diversion of Current 

Critical Temperature~ 11 K 

current is diverted 
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current is diverted 

Critical Temperature ~ I I K 

Cooling 

superconductivity is restored 
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Reset 

Critical Temperature~ 11 K 

bias current is restored 
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What Limits Detector Jitter?

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2022. 
This plenary presentation was given at the virtual EUCAS 2021, September 5-10, 2021.

44



Timing jitter limited by detector geometry 
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Q: what is the equivalent circuit model of an SNSPD? 

Inductor 
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Slow-wave transmission line 
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AIN ----------1 

Al
2
0

3 ...__ _____ ___, 

Au 
SiO

2 

Si --
SiO

2 
______ _ 

Si ,___ _____ ___, 

Signal speed = 2. 7 µm/ps 
Zhu et al. (2018), unpublished 

In collaboration with Daniel Santavicca (UNF) 
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Engineering Microwave 
Properties of SNSPDs
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Spatial and temporal resolution in a wire 
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spatial resolution = timing jitter x speed of light 
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Two connectors for one imager (>500 pixels)

5 mm
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Detecting two-photon-firing events

time (ns)

vo
lt

ag
e 

(V
)

16 two photon 
detection events

16 two-photon firing events among 50,000 photon detection events 
(flood illumination over the entire area)
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single photon (1), two photon (6), 
three photon (4), four count (1)

Ch1

Ch2

Multi-photon detection

Photon number resolving!
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Increasing output voltage

3.6 x higher voltage
Equivalent to a 11 dB cryoamp

Time (ns)
Zhu, D., Colangelo, M., Korzh, B.A., Zhao, Q.Y., Frasca, S., Dane, A.E., Velasco, A.E., Beyer, A.D., Allmaras, J.P., Ramirez, E., 
Strickland, W.J., Santavicca, D., Shaw, M.D. and Berggren, K.K. -  Appl. Phys. Lett. 114(4), 042601 (2019)
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Photon Number Resolution
Photon number resolution 

Tapered readout has also enabled:
1. 25 ps jitter in NbN SNSPD without amplifier (measured at JPL)
2. sub-5 ps jitter in WSi using cryogenic amplifiers (Korzh et al. CLEO 2018, paper FW3F.3)

Jitter reduction

SNSPD
STaND

STaND

Reference
SNSPD

*Unpublished data
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Materials
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MoSi

NIST, Reddy et al., CLEO/QELS 2019 https://doi.org/10.1364/CLEO_QELS.2019.FF1A.3
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DETECT.SNSPD

Do We Even Need Nanowires?
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Operating range of SNSPDs
Korneeva, Y., Vodolazov, D., Florya, I., Manova, 
N., Smirnov, E., Korneev, A., Mikhailov, M., 
Goltsman, G., & Klapwijk, T. M. (2018). Single 
photon detection in micron scale NbN and 
α-MoSi superconducting strips. EPJ Web of 
Conferences, 190, [04010]. 
https://doi.org/10.1051/epjconf/201819004010
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Single-photon detection in short micro-scale NbN wires

Yu. P. Korneeva and et. al.,Phys. Rev. Applied 9, 064037, 2018

Goltsman’s group at MSPU

Suggested based on theory work by 
D. Y. Vodolazov, Phys. Rev. Applied 7, 034014, 2017
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Silicon-rich WSi microwires

J. Chiles and et al, Appl. Phys. Lett. 116, 242602 (2020)

● 2-3 nm WSi microwires by e-beam and photolithography
● Width: 400 nm - 2 μm
● Wavelength: 1330 and 1550 nm
● Operating temperature: 0.8 K
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Large-area microwire MoSi single-photon detectors 

Thin 3-nm MoSi film, up to 3 μm-wide, operating T = 0.3 K, λ = 1550 nm 

I. Charaev and et al,  Appl. Phys. Lett. 116, 242603 (2020)

•Thin 3-nm MoSi film + 2 Si capping
•Low TC = 3.1 K
•Large-area devices (up to 400 μm2)
•Width of wires: 0.5 – 3 μm
•Operating temperature: 0.3 K
•Wavelength: 1550 nm
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DETECT.SNSPD

How hot can we go?
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Operating Temperature of Superconducting Detectors

67

Gourgues, et al.  Opt. Express 
27, 24601-24609 (2019)

MgB₂ Velasco et. al CLEO (2017)

MgB₂ Shibata  et. al Ap. Phys. Exp (2013)
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Hiroyuki Shibata et al 
2013 Appl. Phys. Express 
6 023101 (2012)

4.2K testing
~ 225 nm wires
1550 nm light
Tc ~ 20 K

Past Work on Single-Photon Detection with MgB₂
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MgB
2
 films

T= 4 K

1534-nm wavelength

P1P4

F. Marsili, CLEO 2015, conference slides

S. Cherednichenko, and et.al., arXiv:1911.01652

- Sub-ns reset time
- T

C
~40 K

Single-photon detection at 20 K never demonstrated
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DC characterization

70
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Pulse, linearity, timing jitter

71

treset= 1.3 ns

T = 20 K      W = 1 μm       λ = 1550 nm
N

or
m
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ou
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s

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2022. 
This plenary presentation was given at the virtual EUCAS 2021, September 5-10, 2021.

71



DETECT.SNSPD

What Else Can a Nanowire Do for Us?
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Josephson Junctions: Solving most problems

• SQUID
– Magnetic sensors
– Qubits

• SFQ[1][2]

– Ultrafast computing
– Ultralow power

[1] Likharev, K. K. (2012). Physica C: Superconductivity, 482, 6–18
[2] Volkmann, M. H., et. al. (2013) Superconductor Science and Technology, 26(1), 015002.

(NGST/SUNY-Stony Brook/JPL)
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Some Challenges facing JJs

Magnetic noise

Selected applications (e.g. 
high-Z loads, fanout)

Tunnel 
barriers…
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The cryotron: magnetic suppression

• 1956, Dudley Buck at MIT
• Gate induces magnetic field

– Suppresses channel Ic

Buck, D. (1956). The Cryotron - A Superconductive Computer Component. Proceedings of the IRE, 44(4), 
482–493. doi:10.1109/JRPROC.1956.274
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heater-(h)Tron
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Thermo-Electric Switch

I

V

critical current, Ic

res
isti

ve

superconducting

bias point

add heat
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channel

gate

Thermal Cryotron: heater (h)Tron

gate channel
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hTron Switching Characteristics

current 
gain

5

Current in Heater (Gate) (μA)

Channel 
Switching 
Current

 (μA)
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13.06.24-pasadena-ltd15-80

nano-cryoTron

How it Works
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The nTron: Electrothermal suppression

• Suppression mechanism
– Cryotron: Magnetic

– nTron:  Electrothermal

• Energy diffusion from hotspot
– LD ≈  100 nm for NbN

• Hotspot highly resistive, but speed limited
by cooling

A. N. McCaughan and K. K. Berggren, Nano Letters 14(10), 5748 (2014)
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nTron geometry

A. N. McCaughan and K. K. Berggren, Nano Letters 14(10), 5748 (2014)
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Using the 
Nano-cryoTron
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Interface between RSFQ and Semiconductors

Experimental demonstration

2 mm
HEMT

nTron

SFQ

R
SFQ🡪nTron🡪HEMT

Josephson junction 🡪 nanowire 🡪 transistor

Collaborate with Thomas Ortlepp from CiS Research Institute for Microsensor Systems GmbH 
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Half-adder results
5 mm
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Nanowire neuron: circuit

● Two nanowire relaxation oscillators act analogously to the two ion channels of a biological neuron

● Able to replicate biorealistic characteristics (e.g. refractory period, threshold response)

● Can use nanowire slow-wave transmission line as an axon → preserve time-domain information
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Superconducting Nanowire Neuron

Emily Toomey, Ken Segall, Matteo Castellani, Marco Colangelo, Nancy Lynch, Karl K. Berggren 
“Superconducting Nanowire Spiking Element for Neural Networks” Nano Letters 20.11 (2020)
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“Pro”s and “Con”s of Nanowire-Based Electronics
• “Pro”s

– Can drive high-impedance loads
– Fast turn-on (~ 100 ps) and

excellent jitter (~ 3 ps)
– Low power consumption (tradeoff

with output impedance)
– Simple materials and process

• “Con”s
– Reset is slow (~ ns)
– Electron-beam lithography is

beneficial (maybe not required?)
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Thank You!
● To the hundreds (thousands?) of PIs, post-docs, students, technicians who have supported

this field over decades, and the thousands of administrators/facilities workers/family
members who have supported them.

● The major institutions that have been involved in this field include (in random order).
○ U. of Rochester, Moscow State Pedagogical University, Delft University of Technology,

Karlsruhe Institute of Technology, National Institute of Standards and Technology, Yale
University, University of Waterloo, University of British Columbia, Caltech Jet
Propulsion Laboratory, EPFL Lausanne, MIT Lincoln Laboratory, Michigan State
University, National Institute of Information and Communications Technology (NICT) in
Kobe Japan, Nanjing University, Shanghai Institute of Microsystem and Information
Technology (SIMIT), Heriot Watt University, Glasgow University, University of Roma
TRE, Italian National Research Council (Rome, Naples)*, KTH Royal Institute of
Technology, Los Alamos National Lab, Chalmers University, EPFL, Eindhoven
University of Technology, The Technion, and others that have slipped my mind...

Apologies in advance to anyone I neglected to mention.

berggren@mit.edu
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 Superconductivity Team in QNN Group
Graduated/Former

Brenden Butters 
(Grad Student)

Marco Colangelo 
(Grad Student)

Ilya Charaev
 (Post-Doc)

Di Zhu

Owen 
Medeiros

(Grad Student)

Glenn Martinez 
(Masters Student, 

BU)

Nathan Abebe 
Lucy Archer 
Reza Baghdadi 
Francesco Bellei 
Andrew Dane 
Ignacio Estay Forno 
Niccolo Calandri 
Yachin Ivry
Adam McCaughan 
Faraz Najafi 
Murat Onen 
Ashley Qu 
Kristen Sunter 
Emily Toomey 
Hao-Zhu Wang 
Qing-Yuan Zhao 

Emma Batson 
(Grad Student)

Tony Zhao 
(Post-Doc)

Dip Joti Paul 
(Grad Student)

Andres Lombo (U. of Toronto, Undergraduate)   Jesus Lares (MIT, Undergraduate)

Thank you to Lara Ranieri and Rinske Wijtmans for assistance in preparing these slides for presentation
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Collaborators

Boris Korzh 
(JPL)

Matthew Shaw
 (JPL)

Daniel Santavicca
 (UNF)

● Emma Wollman
(JPL)

● Angle Velasco
(JPL)

● Andrew Beyer
(JPL)

● Jason Allmaras
(JPL)

● Edward Ramirez
(JPL)

● Brian Noble (UNF)
● William Strickland (UNF)
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Sae Woo Nam Joshua Bienfang
 (NIST)

Ken Segall 
(Colgate)

● Varun Verma
(NIST)

● Jeff Chiles
(NIST)

● Adriana Lita
(NIST)
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MIT's 
Graduate Engineering-Physics Program

within Dept. of EECS
- https://gradapply.mit.edu/eecs

- Deadline December 15th

My Group
- https://www.rle.mit.edu/qnn

- berggren@mit.edu
To see related videos, please visit our website,

or look for us on YouTube
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SUPPORT
• Dept. of Energy
• U.S. Air force Office of Scientific

Research
• U.S. Office of Naval Research
• DARPA

• IARPA
• NASA
• NSF
• Many U.S. and international fellowships including NSERC
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END OF
 PRESENTATION
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