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Abstract: Quantum mechanics is a cornerstone of modern physics. Just as the 19th century was called the Machine Age and the 20th ce
Information Age, the 21st century promises to go down in history as the Quantum Age. Quantum Computing promises unprecedented s
solving certain classes of problems while Quantum Cryptography promises unconditional security in communications. In this talk, | will discu:
world of single and entangled photons and also discuss ongoing work towards quantum computing, quantum information and quantum cryptc
in our Quantum Information and Computing lab at the Raman Research Institute, Bengaluru. | will end with our broad vision for the future, 1
includes establishment of long distance secure quantum communications in India and beyond involving satellite based, fibre based as
integrated photonics based approaches towards the global quantum internet.

Zoom Link: https://pitp.zoom.us/j/94788493307?pwd=QTIUaTY4Nm1IS3hyeUFIbVFKV3RMQT09
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And so our journey began....
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Today's science is
tomorrow's technology.

-Edward Teller, The
Legacy Of Hiroshima

www.quoteslyfe.com
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Budget 2020 announced Rs 8,000 crore over the next 5-yrs in the

FoIT
iGN BlneEY 200 National Mission on Quantum technology and its applications

The areas of focus for the NM-QTA Mission will be in fundamental
science, translation, technology development and towards
addressing issues concerning national priorities

The mission can help prepare next generation skilled manpower,
boost translational research and also encourage entrepreneurship
and start-up ecosystem development.

Quantum principles will be used for engineering solutions to
extremely complex problems in computing, communications,
sensing, chemistry, cryptography, imaging and mechanics

) Their applications which will be boosted include those in
aero-space engineering, numerical weather predictions,
simulations, securing the communications & financial
transactions, cyber security, advanced manufacturing,
health, agriculture, education

() It can bring India in the list of few countries with an edge
in this emerging field will have a greater advantage in
garnaring multifold economic growth and dominent
leadership role

Perimeter 2022
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QuIiC
The Big Picture........

Our theoretical understanding of the universe very incomplete. We
don’t understand more than 80% of what the universe is made of.
How well do we understand the laws? A tiny modification of these
laws have deep implications in cosmology.

Eg. The Euler-Heisenberg Lagrangian leads to non-linear
modifications of electrodynamics and is known to be an important
modification in the context of the early universe.

Fundamental tests VERY important.

Perimeter 2022
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QuliC

® Quantum Computation is a very important research direction.
Quantum computers are projected to be able to solve certain
problems for which there is no efficient classical algorithm. Also,
some solutions will be exponentially faster than what is possible
in classical computation.

* Quantum Cryptography can guarantee perfectly secure
communication.

Our lab deals with experimental as well as theoretical problems
relating to fundamental tests of quantum mechanics, quantum
computation and quantum communication.

Perimeter 2022
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https://wwws.rri.res.in/quic

Quantum Optics lab ------ Class 10000 clean room.

Adjacent lab to be converted to Class 100 clean room - Towards
Hybrid Quantum Computing.

Highly modulated environment with precise control on
temperature and humidity.

Leading Quantum Optics lab of its kind in India - primarily

dedicated to research in Quantum Information, Computation
and Communication.

Perimeter 2022
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Hi 114.214.254155, Welcome to QuIC Lab

The Quantum Information and Computing (QuIC) lab at the Raman Research Institute, Bangalore is one of the first labs in India
to manufacture and establish the usage of heralded and entangled photon sources towards various applications in quantum
technologies. We are at present concentrating on four broad themes of research.

Quantum Quantum Quantum Quantum
Communication Computation Optics Fundamentals & QIP

Perimeter 2022
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(Most) Current members of QuIC lab

+ Shashank +
Madhumati

Perimeter 2022
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Current members:

1. Dr. Satyaranjan Behera
(Research Scientist C)

2. Dr. Kaumudibikash Goswami
(Research Scientist C)

3. Dr. Mandira Pal (senior post
doc)

4. Dr. Animesh S Roy (Post Doc)

5. Sourav Chatterjee( Research
Scientist C)

6. S. Narayan Sahoo (PhD)

7. R.Chatterjee (PhD)

8. S Chakraborti (PhD)

9. Saumya Ranjan Behera (PhD)

10. Mehak Layal (PhD)

11. Ashlin Jacob (PhD)

12. Prabhkaran S (Project engineer)

13. Bela S Dixit (senior engineer)

14. Melvee George (student visitor)

15. Shashank Ravi (student visitor)

16. Madhumati Seetharaman
(student visitor)

17. Sujatha S (Consulting engineer)

Pirsa: 22070000
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Former members:

Dr. Simanraj Sadana (post doc, Pavia/Fermilab)
Dr. Ashutosh Singh (post doc, Calgary, Canada)

Dr. Kausik Joarder (NCU, Poland)
Debadrita Ghosh (Gottingen, Germany)
A.Rengaraj (LMU)

U.Prathwiraj (QuTech, NL)

Eneet Kaur (LSU)

G Saha (Georgia Tech)

Sai Dheeraj Nadela (lIIT)

. Siva P(INRM, Italy)

. Karthik Joshi

. Animesh Aaryan (Japan)

. Pradeep N

. Anjali PS. (IT M)

. Shreya Ray (U Texas)

. Aravind H.V. (TIFR)

. Sunny Saurabh (Japan)

. Sudhi Oberoi (l1Sc)

. Reena Sayani (IPR)

. A.Nagalakshmi(Research Scientist B)
. Rakshita RM

. A. Anuradha (NCU, Poland)

. Nandini SG

. Neha K Nasar (CUSAT)

. Arghyajoy Mondal (TCS Innovations labs)

To name a few...

Perimeter 2022
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Current international collaborators

Prof. Rafael Sorkin, Perimeter Institute for Theoretical Physics, Waterloo, Canada.

Prof. Barry C. Sanders, Institute for Quantum Science and Technology, Director, University of Calgary,
Canada.

* Prof. Thomas Jennewein, Institute for Quantum Computing, Waterloo, Canada. (also Pl of satellite QKD
project in Canada).

* Prof. Sougato Bose, University College London, London, United Kingdom.

* Dr. Alexandre Matzkin, Centre National de la Recherche Scientifique (CNRS), France.
* Prof. A. R. P. Rau, Louisiana State University, Baton Rouge, USA.

* Prof. Anupam Majumdar, University of Groningen, Netherlands.

* Prof. Lorenzo Macconne, University of Pavia, Italy.

* Prof. Lorenzo Pavesi, University of Trento, Italy (through the India Trento Programme of Advanced
Research, DST-Italy bilateral programme).

Perimeter 2022
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Current collaborators in India

Prof. Dipankar Home, Bose Institute, Kolkata, India.

Prof. Guruprasad Kar, Indian Statistical Institute, Kolkata, India.

Prof. Prasanta Panigrahi, Indian Institute of Scientific Education and Research Kolkata, India
Prof. Arun K. Pati, Harish-Chandra Research Institute, Allahabad, India.

Prof. Aninda Sinha, Indian Institute of Science, Bangalore, India

Dr. Debashis Saha, S N Bose Centre for Basic Sciences, India.

Dr. Som Kanjilal, Harish-Chandra Research Institute, Allahabad, India.

R. Somashekhar, Raman Research Institute, Bangalore, India.

Perimeter 2022
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JOURNALS ~ PROCEEDINGS - OTHER RESOURCES ~ My Favorites ~ Recent Page

OSA Publishing > Optics and Photonics News > Volume 30 > Issue 9 > Page 32
Al

Single-Photon Sources

Urbasi Sinha, Surya Narayan Sahoo, Ashutosh Singh, Kaushik joarder, Rishab Chatterjee, and
Sanchari Chakraborti

Q Find other works by these authors «

Optics and Photonics News  vol. 30, Issua 9, pp. 32:39 (2019) - https://doi.org/10.1364/0PN.30.9.000032

Perimeter 2022
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RR Debbie Leung
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Results
from

|Coincidences in Type Il Collinear SPDC
our Lab |
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QuIC Fx
Fundamental tests of quantum Fundamental Quantum Optics.
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* Physical Review Research, 4 .022001, 2022.

* New Journal Of Physics 20 063049, 2018. . Physical Review A 100 013839, 2019.
* International Journal of Quantum Information « Physical Review Letters 125 123601

14 1650024, 2016. 2020
* Scientific Reports, 5 10304, 2015. * Physical Review X Quantum 3,
* Physical Review Letters, 113 120406, 2014 . 010307. 2022.

* Science, 329 5990418 — 421, 2010.
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Pirsa: 22070000 Page 26/115



RIMETER
e

High
Fidelity
Entangled
Photon
source in
our lab

arXiv:2001.07604

Journal of Optical Society of America B, 37 (1), 157 — 166, 2020
Journal of Optical Society of America B, 34, 681, 2017
Physical Review A 91, 012120;201%
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Physical Review A 99 022111, 2019.

Annals of Physics, 391 1-15, 2018.

Physical Review A 92 052120, 2015.

arXiv: 2201.11425 (under review)

Perimeter 2022
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Quantum
Computing/ QKD in

higher dimensions

arXiv:2201.00131 (2022)

arXiv: 2201.06188 (2022)

Physical Review A 101 022112, 2020
New Journal of Physics 21 113022, 2019.
OSA Continuum 1 (3), 2018.

Physical Review A 86 012321, 2012.

Perimeter 2022
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Quantum Communications overview

India’s first project on satellite based QKD

http://www.rri.res.in/quic/
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Communication

Quantum Experiments using Satellite
Technology

The age of quantum technologies is Imminent and the enhancement in the computational power can pose a threat 1o the
various cryplagraphic standards currently being used in secure communication, all ever the world. The security of most of

Perimeter 2022
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Quantum Communications overview

QuIC 4

Experimental quantum

India’s first project on satellite based QKD communications using integrated
http://www.rri.res.in/quic/ photonics: Project under the India
[ e—; ] Trento Programme on Advanced
T e o e _ Research (ITPAR): Indo-Italian bilateral

programme.

Communication

Quantum Experiments using Satellite
Technology

The age of quantum technelogies is imminent and the enhancement in the computational power can pose a threat 10 the
various cryptographic standards curmently being used in secure communication, all ever the world. The security of most of

Perimeter 2022
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Quantum Communications overview

QuiC

India’s first project on satellite based QKD

http://www.rri.res.in/quic/
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Cammunication

st o ot

Quantum Experiments using Satellite
Technology

The age of quanium technelogies is imminent and the enhancement in the computational power can pose a threat 10 the
variouss cryptogeaphic standards currently being used in secure communication, all over the world. The security of most of

Perimeter 2022

Experimental quantum
communications using integrated
photonics: Project under the India
Trento Programme on Advanced
Research (ITPAR): Indo-Italian bilateral
programme.

Project under Quantum Enabled
Science and Technology programme
of the Department of Science and
Technology on experimental
Quantum Teleportation.

Project under Centre for Excellence in
Quantum Technologies of the Ministry
of Electronics and Information
Technology on Device Independent
Random Number Generation.
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Some fundamental quantum questions

What do the non classical features of Quantum Mechanics
(QM) reveal about the nature of physical reality?

How to reconcile our everyday experience of the macroscopic
world with the weird behaviour of the microphysical world
described by QM?

To what extent is it possible to test QM in the macrolimit?

Perimeter 2022
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Realism

il
fRerimuTe

The classical realist world-view states that a system is in a definite state for
which all its observable properties have definite values, independent of
measurement.

Unlike a classical state, the specification of a Quantum state does not, in
general, give the values of dynamical variables possessed by a system. Thus, in
general, a dynamical variable is taken to have no definite measurement-
independent value.

In other words, a measurement according to quantum mechanics, in general,
does not reveal a pre existent value of a dynamical variable.

| like to think the moon is there even
if | am not locking at it.

perimeter 2022 A. Pais, Rev. Mod. Phys. 51, 863 (1979) p.907.
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Two key notions of our everyday macroscopic world

Local Realism Macrorealism = RRsGagsi.
Local Realist inequalities Macrorealist inequalities
Bipartite or Multipartite system Single system

Why is the notion of Realism important in the context of Quantum Mechanics?

—> Superposition Principle in Quantum Mechanics % ERT TR S Mt Mt O
s \
/w’ﬁ <,
Perimeter 2022
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Tools for probing aspects of quantum reality

£5y J
P /

Qu I C jo2iPermeter-A || anih
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* Bell’s inequality and its variants: Testable algebraic consequence
(TAC) of the combination of the notions of
Realism + Locality — incompatible with QM

* Leggett-Garg inequality and its variants: TAC of the combination of
the notions of
Realism + Noninvasive Measurability (NIM) - incompatible with QM

(Macrorealism)

Perimeter 2022
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Leggett-Garg Inequality (LGI)

QuiC R Rl b
* Leggett-Garg inequality (LGI) is a temporal analogue of Bell’s
inequality (BI) in terms of time-separated correlation functions
corresponding to successive measurement outcomes for a system

whose state evolves in time.

* Notion of Realism is invoked in deriving LGl by assuming that a
system, during its time evolution, is at any given time in a definite
one of the “macroscopically separated” available states.

* Noninvasive Measurability (NIM) is assumed which means that, in
principle, it is possible to determine which of the states the
system is in, without affecting the state itself or the system’s
subsequent dynamics. -1

Perimeter 2022
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QuIC A
* Original motivation for LGl was to use it for probing the possible
limits of QM in the mesoscopic/macroscopic regime, e.g.
experiments involving the rf-SQUID device.

Perimeter 2022
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* Inrecent years, the QM violation of LGl and its implications have
been extensively studied for various types of microsystems to
probe their non-classicality, ranging from solid-state qubits to
nuclear spins to electrons to photons...

Perimeter 2022
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* Inrecent years, the QM violation of LGl and its implications have
been extensively studied for various types of microsystems to
probe their non-classicality, ranging from solid-state qubits to
nuclear spins to electrons to photons...

* All this without involving the notion of locality....

Perimeter 2022
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PRX QUANTUM 3, 010307 (2022)

Loophole-Free Interferometric Test of Macrorealism Using Heralded Single
Photons

Kaushik Joarder®,' Debashis Saha®,? Dipankar Home,? and Urbasi Sinha®'-"

|
Raman Research Institute, C. V. Raman Avenue, Sadashivanagar, Bengaluru, Karnataka 560050, India
2 = = i .
" Center for Theoretical Physics, Polish Academy of Sciences, Aleja Lotnikéw 32/46, Warsaw 02-668, Poland
3 : :
Center for Astroparticle Physics and Space Science (CAPSS), Bose Institute, Kolkata 700 091, India

Perimeter 2022
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Key features of our experiment

* The first loophole-free experiment wherein both the LGl and the
WLGI inequalities have been decisively violated.

Perimeter 2022
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Key features of our experiment

=3,
;
IC — | Pl
o 28 o{Permeter-A TR

The first loophole-free experiment wherein both the LGl and the
WLGI inequalities have been decisively violated.

Comprehensive refutation of the classical realist worldview along
with measurements ensured to be non-invasive.

Perfect matching of these observed violations with quantum-
mechanical predictions incorporating experimental nonidealities,
again not analysed in earlier such experiments.

Powerful platform for harnessing this most general unambiguous
signature of nonclassicality of single photon states towards various
information theoretic applications wherein the single photon is a
ubiquitous workhorse.

Perimeter 2022

Page 43/115



Pirsa: 22070000

LE

Looj
elec

B. Hensen
R. N. Scha
S. Wehne1

More than
that obeys |
quantum

between o
an inequal
Numerous
all experii
tions to o
‘loopholes’

Loophole free Bell tests

PERIMETER

R » | p] INSTITUTE

|8 Selected for a Viewpoint in Physics ek ki
PRL 115, 250401 (2015) PHYSICAL REVIEW LETTERS 18 DECEMBER 2015

s

Significant-Loophole-Free Test of Bell’s Theorem with Entangled Photons

Marissa Giustina."*" Marijn A. M. \/ersn:-:gh.]‘2 Séren W'cngm'ov\f:,k}'.’'2 Johannes Handsteiner,"” Armin Hochrainer.,'”
Kevin Phelan,' Fabian Steinlechner,' Johannes Kofler,” Jan-Ake Larsson,* Carlos Abellin,” Waldimar Amaya.5
Valerio Pruneri,”® Morgan W, Mitchell,*® Jémn chcr,-’ Thomas Gerrits,® Adriana E. Lita.® Lynden K. Shalm,®

Sae Woo Nam,* Thomas Scheidl,"* Rupert Ursin,' Bernhard Wittmann,' and Anton Zci[.ingcr"z‘ k
'Institute Jor Quantum Optics and Quanitum Information {(IQ0Q{), Austrian Academy of Sciences,
Boltzmanngasse 3, Vienna 1090, Austria
2Quantum Opiics, Quantum Nanophysics and Quantum Informarion, Faculty of Physics, University of Vienna,
Boltzmanngasse 5. Vienna 1090, Austria
‘Max-Planck-Institute of Quantum Optics, Hans-Kopfermann-Strafe 1, 85748 Garching, Germany
*Instinutionen for Systemteknik, Linkdpings Universitet, 581 83 Linkiping, Sweden
SICFO - Institut de Ciencies Fotonigues, The Barcelona Institute of Science and Technology, 08860 Castelldefels, Barcelona, Spain
ICREA — Institucié Catalana de Recerca i Estudis Avangats, 08015 Barcelona, Spain
?Ph.\‘.s'iﬁxm_vr_‘h—Terhm.\‘t‘he Bundesansiall, Abbestrafie 1, 10587 Berlin, Germany
®National Instinwe of Standards and Technology (NIST), 325 Broadway, Boulder, Colorado 80305, USA
(Received 10 November 2015; published 16 December 2015)

Local realism is the worldview m which physical properties of objects exist wdependently of
measurement and where physical influences cannot travel faster than the speed of light. Bell's theorem
states that this worldview is incompatible with the predictions of quantum mechanics, as is expressed in

Rell’s inemialities Previons exnerimenrs ennvineinolv sunnnried the anantnm nredicrinne Yet  everv
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