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Preface
Welcome to PQE-2019. This is the 49th annual Winter Colloquium on the Physics of

Quantum Electronics, one of the longest running conferences on laser and quantum physics.
There are 279 talks scheduled over five days, including 39 plenary and 240 invited

talks, covering a wide range of physics including quantum optics, arrays of atoms and
photons, quantum dot lasers and nano-lasers, semiconduction quantum optics, plasmons,
QED, physics of acceleration and gravity, topological materials, photonics and nanopho-
tonics, fundamental studies, x-ray lasers and quantum optics, high-harmonic generation,
strong optical fields, and ultrafast phenomena, metamaterials and meta-surfaces, quantum
computing and simulation, quantum information science, 2d and quasi 2d materials, single-
photon sources, atom interferometers and cold atoms, biomedical imaging and optics, and
diamond sensors and quantum sensors. The program also includes a lively poster session
on Thursday.

Our setting, Snowbird, is one of the world’s premier ski resorts. Set in Little Cottonwood
Canyon in the beautiful Wasatch Mountain range, this breathtaking landscape is here to
inspire you. Your afternoons are free so you can take advantage of this setting.

No conference of this magnitude could ever be conducted without help from many
people. Without hesitation, I would like to acknowledge Prof. Marlan O. Scully, of Texas
A&M University. It is Marlan’s vision that makes this conference possible, and his insight
as a scientist that guides the formation of all the sessions. Furthermore, Olga Kocharovskaya
and Virgil Sanders put the program together, coordinated sessions, and made sure that all
possible constraints in scheduling were met. Their efforts were heroic.

On behalf of all the organizers, I would like to acknowledge and thank a large number
of session organizers who have invited and arranged most of the sessions. Kyungwon An,
Alexey Belyanin, Pierre Berini, Alexandra Boltasseva, Warwick Paul Bowen, Phil Bucks-
baum, Paul Corkum, Peter D. Drummond, Gadi Eisenstein, Stephen A. Fulling, Naomi
Halas, Zubin Jacob, Jacob Khurgin, Jeff Kimble, Howard Lee, Renbao Liu, Chaoyang Lu,
Svetlana Malinovskaya, Christopher Monroe, Frank Narducci, Peter Nordlander, Jian-Wei
Pan, Matthew Pelton, Johann Peter Reithmaier, Stephan Reitzenstein, Ralf Röhlsberger,
Wolfgang Schleich, Harald Schwefel, Marlan Scully, Denis Seletskiy, Vladimir Shalaev,
Gennady Shvets, Alexei Sokolov, A. Douglas Stone, Szymon Suckewer, Joachim von Zan-
thier, Dawei Wang, Lihong Wang, Vladislav Yakovlev, Yoshihisa Yamamoto, Lan Yang,
Linda Young, and Nikolay Zheludev all contributed their organizational skills to this pro-
gram.

I would also like to thank the highly skilled staff at Snowbird for making the conference
run smoothly. Jim Dixon helped with booking the facility, Craig Thomas is our lodging
coordinator, and Jared Jentzsch has done all the interfacing between us and the facilities
people in the Cliff Lodge.

It is my hope that this abstract book is useful and interesting.

George R. Welch, Texas A&M University
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1 Schedule

The conference takes place on January 6-11, 2019. The program consists of three parts:
there is a reception on Sunday evening, January 6; the technical sessions are on Monday
through Friday mornings and evenings, January 7–11; and the poster session with dinner is
on Thursday afternoon, January 10. All events take place in the Cliff Lodge at Snowbird.

Event When and Where

Reception Sunday evening, January 6
Time: 6:00 p.m.
Room: Golden Cliff
Notes: Includes pizza and crudités buffet dinner.

Continental Breakfast Monday-Friday mornings, January 7-11
Time: 7:00 a.m.
Room: Ballroom 2
Notes: Includes coffee and tea, juice, and pastries.

Technical Sessions Monday-Friday, January 7-11
Time: 7:30 a.m. – 1:00 p.m.,

7:00 p.m. – 10:30 p.m.
Rooms: Ballrooms 1 and 2

Magpie Rooms A and B
Wasatch Room A.

Notes: The technical sessions occur morning and evening.
Your afternoons are free to enjoy the atmosphere. See the
program for information about rooms for individual talks.

Poster Session and Buffet
Dinner

Thursday evening, January 10

Time: 5:30 p.m. – 7:00 p.m.
Room: Ballroom 3
Notes: Posters may be put up starting Wednesday morning,
January 9. The “official” session is listed above, and includes
a heavy buffet dinner.
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2 Location

All conference events are in the Cliff Lodge at Snowbird. Please refer to the diagrams on
the next page to determine the location of the various conference events.

Most events are on level B in the Cliff Lodge. For reference, this is the level with the
automobile entry-way, and the bell desk. The hotel reception desk is on level C. Level C is
directly above level B.

• Reception (Sunday evening): Golden Cliff room, Cliff Lodge level B.

• Plenary sessions: Ballrooms 1 and 2, Cliff Lodge level B.

• Breakout session 1: Ballroom 1, Cliff Lodge level B.

• Breakout sessions 2 and 3: Magpie rooms, Cliff Lodge level B.

• Breakout session 4: Wasatch A room, Cliff Lodge level C.

• Poster Session (Thursday afternoon): Ballroom 3, Cliff Lodge level B.

To reach the Snowbird Center, or other parts of Snowbird Village, it is common to take
the exit on the West end of the Cliff Lodge, and walk across the snow to Snowbird Center.
The Center is the building where the gentle “Chickadee” chair lift terminates. It may also
be possible to take a Snowbird Village shuttle to other parts of the resort. You can ask about
this at the concierge or bell desks.

A map of Snowbird Village follows the diagrams of the Cliff Lodge after this page.
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3 Information for Participants

3.1 Eating

The conference provides dinner on Sunday andThursday evenings, and breakfast onMonday
through Friday mornings. All other meals are the responsibility of the participants.

Dinner on Sunday will be served during the reception, starting at 6:00 p.m. We will
provide a pizza buffet, with cheese plates, fruit, and crudités. Soft drinks and two alcoholic
beverages per person will be free. Subsequent alcoholic beverages will be sold for cash. A
continental breakfast of coffee and tea, pastries, and juice will be provided each morning at
7:00 before the first plenary session. The breakfast will be in Ballroom 2. A buffet dinner
will be provided during the poster session on Thursday evening. This will commence at
5:30 p.m. in Ballroom 3.

Many participants choose to eat lunch each day in the Atrium restaurant, on level B of
the Cliff Lodge, just outside the ballrooms. This restaurant serves sandwiches and other
lunch fare in the spectacular setting of the Cliff Lodge atrium. The other lunch possibilities
in the Cliff Lodge are the El Chanate restaurant on level A and the Superior Snack Bar
on level 3 of the Cliff Lodge, just beside the outdoor pool. In Snowbird Center, there are
several lunch possibilities, including the Forklift restaurant, the Rendezvous cafeteria, and
a fresh pizza oven. Also in Snowbird Center is a small grocery store called General Gritts
located on the lower level.

For dinner, there are a large number of restaurants spanning the entire range from bar
food to fine dining, as well as several àpres ski possibilities. There will be a dining guide in
your hotel room, or the concierge at the Cliff Lodge level C can provide you with one.

3.2 Entertainment

It goes without saying that one of the most common afternoon entertainments during the
conference is skiing. Many people ask if there is any discount for lift tickets for conference
attendees. We do get a small discount of approximately 5–10% depending on the type of
ticket purchased. PQE attendees should show either a lodging card or a name badge to
receive the discount. The lodging card is issued to guests when they check in. The card
will identify them as being with the PQE conference. The name badges that you receive at
registration may work as well. Participants also receive a 50% off access to the Cliff Spa
and a 20% discount on spa treatments.

If you want more variety, you can also ski at the Alta ski resort – just a few miles up
Little Cottonwood Canyon from Snowbird. You can get a combined lift ticket, and reach
Alta via Snowbird lifts (weather permitting). Or, you can ride the UTA bus (at Snowbird
Center, or the East end of the Cliff Lodge, level 1) for free. Alta is one of the few ski resorts
in the country that does not allow snow-boarding, so plan only to ski there.

If you stay in the Cliff Lodge, you can ski on the Chickadee lift (between the Cliff Lodge
and Snowbird Center) for free. Just tell the vendor at the lift ticket window in the Cliff
Lodge level 1 that you have a room in the Cliff Lodge and want a free Chickadee pass.

PQE-2019 7



3.3 Information for Speakers

• Please try to attend as many sessions as possible. This means staying through Friday
evening. No one likes for their audience to be only the other speakers. The only way
the meeting can work is if all participants attend as many talks as possible.

• Talk duration:

– Plenary talks are 30 minutes, including questions and laptop setup.
– Invited talks are 20 minutes, including questions and laptop setup.

• The meeting rooms will have LCD projectors (aka beamers). Computers are not
provided. Please plan to use your own computer or share with another person in your
session.

• The LCD projectors (aka beamers) that are provided have standard XGA (1024x768)
interfaces. If you have a higher resolution laptop, please adjust it accordingly. The
connector is a standard VGA-style connector. If you have a Macintosh computer that
needs an adapter, please do not forget to bring it.

• If you plan to use your computer with the LCD projectors that are provided, please
learn to use your computer before your talk begins. The sessions must proceed on
time, so the time for configuring your laptop must be included in your speaking time.
The conference organizers cannot usually know how to connect your computer for you.
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4 Lamb Award

The Willis E. Lamb Award for Laser
Science and Quantum Optics.

The Willis E. Lamb Award for Laser Science and Quantum
Optics is presented annually at PQE for outstanding contributions
to the field. The award honors Willis E. Lamb, Jr., famous laser
scientist and 1955 winner of the Nobel Prize in physics, who gave
us many seminal insights and served as our guide in so many areas
of physics and technology.

The award is sponsored by the Physics of Quantum Electronics (PQE) conference and
presented at its Winter Colloquium in Snowbird, Utah. The award will be presented at
PQE-2019 at 10:50 a.m. on Wednesday morning, January 9, 2019. The 2019 winners are:

Paul Corkum, University of Ottawa
For attosecond physics.

Don Page, University of Alberta
For Page time.

William Unruh, University of British Columbia
For the Unruh effect.

Paul Corkum Don Page William Unruh
Corkum photo provided by Prof. Corkum, 2018. Used with permission.
Page photo provided by Prof. Page, 2018. Used with permission.
Unruh photo provided by Prof. Unruh, 2018. Used with permission.

More information: http://www.lambaward.org/
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5 Program

There are three sessions each day, Monday through Friday. Each session consists of several
plenary talks, followed by four parallel breakout sessions. The first session begins at
7:30 a.m. each morning, following the continental breakfast. After the first breakout session
there will be a coffee break, then the second plenary sessionwill begin. The second breakout
session ends at 1:00 p.m. The third plenary session starts at 7:00 p.m. each evening.

All plenary talks are in Ballrooms 1 and 2. The four breakout sessions are in Ballroom
1, Magpie A, Magpie B, and Wasatch A. These rooms are shown on the maps of the Cliff
Lodge on page 4.

The following five pages show a block-diagram guide to the sessions, one for each day.
After that is a detailed listing of all the talks.
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PQE-2019 Cliff Lodge, Snowbird, UT, USA

5.1 Block diagrams of sessions

Monday, January 7, 2019

7:00 Continental Breakfast— Ballroom 1 and 2

7:30 Morning Plenary Session 1— Ballroom 1 and 2

9:10 Invited Session:

Quantum Optics
with Arrays of
Atoms and
Photons

Ballroom 1

Invited Session:

Quantum Dot
Lasers

Magpie A

Invited Session:

Plasmon-Exciton
Coupling

Magpie B

Invited Session:

Time-Domain
Quantum

Electrodynamics

Wasatch A

10:30 Coffee Break— Ballroom 2

10:50 Morning Plenary Session 2— Ballroom 1 and 2

12:00 Invited Session:

Quantum
Plasmonics

Ballroom 1

Invited Session:

Physics of
Acceleration

Magpie A

Invited Session:
Optics and

Plasmonics of 2D
and Topological

Materials
Magpie B

Invited Session:

Quantum
Nanophotonics

Wasatch A

13:00 Afternoon is free

19:00 Evening Plenary Session— Ballroom 1 and 2

20:30 Coffee Break— Ballroom 2

20:50 Invited Session:

Topological
Phenomena in

Quantum Optics

Ballroom 1

Invited Session:

Coherent Ising
machines

Magpie A

Invited Session:

X-Ray Quantum
Optics

Magpie B

Invited Session:

Plasmon-Enabled
Processes

Wasatch A
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Tuesday, January 8, 2019

7:00 Continental Breakfast— Ballroom 1 and 2

7:30 Morning Plenary Session 1— Ballroom 1 and 2

9:10 Invited Session:

Physics of
Semiconductor
Nanolasers

Ballroom 1

Invited Session:

Quantum waves
and gravity 1

Magpie A

Invited Session:
Quantum

Computing and
Simulation with
Ions and Atoms

Magpie B

Invited Session:

Advanced Passive
and Active

Meta-Surfaces

Wasatch A

10:30 Coffee Break— Ballroom 2

10:50 Morning Plenary Session 2— Ballroom 1 and 2

12:00 Invited Session:

Plasmon-
Enhanced
Chemistry

Ballroom 1

Invited Session:
Advances in
Topological

Meta-Materials
across the EM
Spectrum 1
Magpie A

Invited Session:
Quantum

Simulation of
High-Energy

Physics
Magpie B

Invited Session:

Quantum waves
and gravity 2

Wasatch A

13:00 Afternoon is free

19:00 Evening Plenary Session— Ballroom 1 and 2

20:30 Coffee Break— Ballroom 2

20:50 Invited Session:

Metamaterials and
Exotic EM
Excitations

Ballroom 1

Invited Session:

Coherent and
Incoherent Soft
X-Ray Radiation

Magpie A

Invited Session:
Quantum
Biophysics
Imaging and
Technology
Magpie B

Invited Session:

Active
Nanophotonics

Wasatch A
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Wednesday, January 9, 2019

7:00 Continental Breakfast— Ballroom 1 and 2

7:30 Morning Plenary Session 1— Ballroom 1 and 2

9:10 Invited Session:

Optical Quantum
Computing

Ballroom 1

Invited Session:
2D and Quasi-2D
Materials for

Various Quantum
Systems
Magpie A

Invited Session:

Measuring Phase
Change via HHG

Magpie B

Invited Session:

Rydberg Atoms
and Single Photon

Sources

Wasatch A

10:30 Coffee Break— Ballroom 2

10:50 Lamb Award— Ballroom 1 and 2

11:20 Morning Plenary Session 2— Ballroom 1 and 2

12:00 Invited Session:

Acceleration
radiation

Ballroom 1

Invited Session:
Advances in
Topological

Meta-Materials
across the EM
Spectrum 2
Magpie A

Invited Session:

Quantum
Information
Science 1

Magpie B

Invited Session:

Attosecond Physics
1

Wasatch A

13:00 Afternoon is free

19:00 Evening Plenary Session— Ballroom 1 and 2

20:30 Coffee Break— Ballroom 2

20:50 Invited Session:

Semiconductor
Quantum Optics
and Laser Physics

Ballroom 1

Invited Session:

Condensed Matter
Electrodynamics

Magpie A

Invited Session:

Atom
Interferometers
and Cold Atoms 1

Magpie B

Invited Session:

Lithium Niobate
Resonators

Wasatch A
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Thursday, January 10, 2019

7:00 Continental Breakfast— Ballroom 1 and 2

7:30 Morning Plenary Session 1— Ballroom 1 and 2

9:10 Invited Session:

Special Lasers

Ballroom 1

Invited Session:
Transdimentional
Meta-Photonics:
Between 2D and

3D
Magpie A

Invited Session:

Atom
Interferometers
and Cold Atoms 2

Magpie B

Invited Session:
Molecular

Modulation and
Ultrafast

Phenomena
Wasatch A

10:30 Coffee Break— Ballroom 2

10:50 Morning Plenary Session 2— Ballroom 1 and 2

12:00 Invited Session:
Fundamental

Studies/Quantum
Vacuum using
High Intensity

Lasers
Ballroom 1

Invited Session:

Einstein’s Light
Quanta: Then and

Now

Magpie A

Invited Session:

Quantum
Information
Science 2

Magpie B

Invited Session:

Atom
Interferometers
and Cold Atoms 3

Wasatch A

13:00 Afternoon is free

17:00 Poster Session and Buffet Dinner— Ballroom 2 and 3

19:00 Evening Plenary Session— Ballroom 1 and 2

20:30 Coffee Break— Ballroom 2

20:50 Invited Session:

Frontiers in
Biomedical

Optical Imaging

Ballroom 1

Invited Session:

Nonreciprocity in
photonics and
electronics

Magpie A

Invited Session:
Frontiers of

Nonlinear X-ray
Interactions with

Matter
Magpie B

Invited Session:
Quantum Optics:

From
Fundamentals to
Applications
Wasatch A
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Friday, January 11, 2019

7:00 Continental Breakfast— Ballroom 1 and 2

7:30 Morning Plenary Session 1— Ballroom 1 and 2

9:10 Invited Session:

PT-Symmetry
Inspired Optical

Systems

Ballroom 1

Invited Session:

Diamond
Sensing-Materials
and Applications

Magpie A

Invited Session:
Novel Effects in

Collective
Light-Matter
Interaction
Magpie B

Invited Session:

Fundamental
Problems in

Physics

Wasatch A

10:30 Coffee Break— Ballroom 2

10:50 Morning Plenary Session 2— Ballroom 1 and 2

12:00 Invited Session:

Many-Body
Quantum
Dynamics

Ballroom 1

Invited Session:

Quantum
Information
Science 3

Magpie A

Invited Session:

Attosecond Physics
2

Magpie B

Invited Session:

Quantum Optics 1

Wasatch A

13:00 Afternoon is free

19:00 Evening Plenary Session— Ballroom 1 and 2

20:30 Coffee Break— Ballroom 2

20:50 Invited Session:

Quantum Sensing

Ballroom 1

Invited Session:

Quantum Optics 2

Magpie A

Invited Session:

Optical Resonators

Magpie B

Invited Session:

PT-Symmetry
Inspired Optical

Systems 2

Wasatch A
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Numbers in brackets refer to the page number of the abstract

5.2 List of all sessions in detail

Monday, January 7, 2019

Monday Morning Plenary Session 1
Location: Ballrooms 1 and 2 — Marlan Scully, Chair

7:30 Jeff Kimble, California Institute of Technology, “Quantum matter built from nanoscopic lattices of
atoms and photons” [ 189 ]

8:00 Johann Peter Reithmaier, University of Kassel, “Atom-Like Optical Gain Materials for Advanced
Optoelectronics” [ 280 ]

8:30 Matthew Pelton, University of Maryland, Baltimore County, “Cavity QED Using Single Quantum
Dots and Plasmon Resonances” [ 258 ]

Monday Morning Invited Session 1

Breakout Session 1: Quantum Optics with Arrays of Atoms and Photons.
Location: Ballroom 1 — Jeff Kimble, Chair

9:10 Ana Asenjo-Garcia, Columbia University, “Collective dissipation: going beyond two-level atoms”
[ 76 ]

9:30 Chen-Lung Hung, Purdue University, “Trapping and imaging single atoms on a microring photonic
circuit with optical tweezers” [ 173 ]

9:50 Alex Burgers, California Institute of Technology, “Engineering Atom-Light Interactions with Pho-
tonic Crystal Waveguides” [ 108 ]

10:10 Jeff Thompson, Princeton University, “Ytterbium atom arrays in optical tweezers” [ 334 ]

Breakout Session 2: Quantum Dot Lasers.
Location: Magpie A — Johann Peter Reithmaier, Chair

9:10 Yasuhiko Arakawa, The University of Tokyo, “Advances in quantum dot lasers for silicon photonics”
[ 74 ]

9:30 Gadi Eisenstein, Technion, “Carrier dynamics in InAs/InP quantum dot - tunneling injection gain
media” [ 133 ]

9:50 John Bowers, University of California Santa Barbara, “Mode-Locked Quantum Dot Lasers Epitax-
ially Grown on Si” [ 100 ]

10:10 Frederic Grillot, Telecom Paristech, “Quantum dot lasers for next generation optical networks”
[ 158 ]
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Numbers in brackets refer to the page number of the abstract

Breakout Session 3: Plasmon-Exciton Coupling.
Location: Magpie B — Matthew Pelton, Chair

9:10 Aaro Väkeväinen, Aalto University, Finland, “Bose-Einstein condensation in a plasmonic lattice”
[ 344 ]

9:30 MaikenMikkelsen,Duke University, “Plasmonic nanogap cavities for enhanced fluorescence-based
bio sensing” [ 238 ]

9:50 David Norris, ETH Zurich, “Defeating the Dark Exciton in Perovskite Nanocrystals” [ 251 ]
10:10 DenisBaranov,ChalmersUniversity of Technology, “Effects of strong coupling at the single nanopar-

ticle level” [ 81 ]

Breakout Session 4: Time-Domain Quantum Electrodynamics.
Location: Wasatch A — Denis Seletskiy, Chair

9:10 Jerome Faist, ETH, “Spatial and temporal electric field correlation measurements on a vacuum field
state in the THz” [ 139 ]

9:30 Bertrand Reulet, Université de Sherbrooke, “From eletronic noise in circuits to broadband quantum
radiation” [ 282 ]

9:50 Dmitri Horoshko, University of Lille, “Monocycle squeezed states of light” [ 170 ]
10:10 Shahaf Asban,University of California, “Ghost microscopy and image enhancement with entangled

photons” [ 75 ]

Monday Morning Plenary Session 2
Location: Ballrooms 1 and 2 — Anatoly Svidzinsky, Chair

10:50 Naomi Halas, Rice University, “New Nonlinear Optical Materials and Processes” [ 161 ]
11:20 Don Nelson Page, University of Alberta, “Aspects of Time in Physics” [ 254 ]

Monday Morning Invited Session 2

Breakout Session 1: Quantum Plasmonics.
Location: Ballroom 1 — Naomi Halas, Chair

12:00 Prineha Narang,Harvard University, “Excited-State Dynamics and Quantum Photonic Interactions
from First Principles” [ 246 ]

12:20 Yugang Sun, Temple University, “Quantum-sized metal nanoparticles: Bridging photons and chem-
ical transformations” [ 328 ]

12:40 Stephen Gray, Argonne National Lab, “Optical Detection and Storage of Entanglement in Plasmon-
ically Coupled Quantum Dot Systems” [ 157 ]
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Breakout Session 2: Physics of Acceleration.
Location: Magpie A — Don Nelson Page, Chair

12:00 Stephen A. Fulling, Texas A&M University, “Classical and Quantum Viewpoints on Radiation by
an Accelerated Charge” [ 146 ]

12:20 Andre Landulfo, Federal University of ABC, “Radiation from a Uniformly Accelerated Charge:
Classical and Quantum Aspects and the Surprising Role of Zero-Energy Rindler Modes” [ 199 ]

12:40 Guilherme Barbosa Barros, IFT-Unesp, “Traces of the Unruh effect in suface waves” [ 83 ]

Breakout Session 3: Optics and Plasmonics of 2D and Topological Materials.
Location: Magpie B — Alexey Belyanin, Chair

12:00 Marco Polini, Istituto Italiano di Tecnologia (IIT), “Topological and quantum plasmonics” [ 264 ]
12:20 Markus Raschke, University of Colorado, “Tip-enhanced strong coupling: broadband room tem-

perature cavity nano-optics with single emitter” [ 275 ]
12:40 Alexey Belyanin, Texas A&M University, “Bulk and surface polaritons in Weyl semimetals” [ 86 ]

Breakout Session 4: Quantum Nanophotonics.
Location: Wasatch A — Maria Chekhova, Chair

12:00 Andrei Faraon, California Institute of Technology, “Probing single rare earth ions in nano-photonic
resonators” [ 142 ]

12:20 Alexey Kalachev, Zavoisky Physical-Technical Institute, “Electromagnetically induced transparency
in isotopically purified rare-earth doped crystals” [ 183 ]

12:40 Tobias Kippenberg, EPFL SB IPHYS LPQM, “Quantum feedback of a Nanomechanical Oscillator”
[ 190 ]

Monday Evening Plenary Session
Location: Ballrooms 1 and 2 — Olga Kocharovskaya, Chair

19:00 Dawei Wang, Zhejiang University, “Simulating chiral dynamics in quantum optics” [ 346 ]
19:30 Yoshihisa Yamamoto, Japan Science and Technology Agency, “Coherent Ising Machine - Optical

Neural Network operating at the Quantum Limit -” [ 353 ]
20:00 Ralf Röhlsberger, DESY, Hamburg, “Quantum Optics with X-rays: Yesterday, Today and Tomor-

row” [ 288 ]
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Monday Evening Invited Session

Breakout Session 1: Topological Phenomena in Quantum Optics.
Location: Ballroom 1 — Dawei Wang, Chair

20:50 Bryce Gadway, University of Illinois at Urbana-Champaign, “Exploring topology, disorder, and
interactions with atom optics” [ 148 ]

21:10 Edbert Sie, Stanford University, “An Ultrafast Symmetry Switch in a Weyl Semimetal” [ 317 ]
21:30 Zhengwei Zhou, University of Science & Technology of China, “All-optical devices based on

manipulating photons in the synthetic dimensions” [ 370 ]
21:50 Yang Zhang, University of Science & Technology of China, “Electrically driven single-photon

superradiance from constructed long molecular chains in a plasmonic nanocavity” [ 364 ]
22:10 Han Cai, Zhejiang University, “Experimental observation of momentum-space chiral edge currents

in room-temperature atoms” [ 109 ]

Breakout Session 2: Coherent Ising machines.
Location: Magpie A — Yoshihisa Yamamoto, Chair

20:50 Alireza Marandi, California Institute of Technology, “Networks of Optical Parametric Oscillators:
From Ising Machines to Quantum Photonic Engineering” [ 230 ]

21:10 Peter McMahon, Stanford University / Cornell University, “Combinatorial optimization using net-
works of optical parametric oscillators with measurement feedback” [ 234 ]

21:30 Ryan Hamerly, Massachusetts Institute of Technology, “Quantum vs. Optical Annealing: Bench-
marking the Coherent Ising Machine and D-Wave 2000Q on NP-hard Ising Problems” [ 162 ]

21:50 Takahiro Inagaki, NTT Corporation, “Potts model solver with coherent Ising machine” [ 177 ]
22:10 Timothee Leleu, The University of Tokyo, “Correction of amplitude heterogeneity for solving com-

binatorial optimization problems efficiently using optoelectronics” [ 206 ]

Breakout Session 3: X-Ray Quantum Optics.
Location: Magpie B — Ralf Röhlsberger, Chair

20:50 Joachim von Zanthier, Univ. of Erlangen-Nuremberg, Germany, “X-ray superradiance in free
space” [ 372 ]

21:10 Henry Chapman, CFEL DESY, “Atomic Imaging of Molecules by Intensity Interferometry of X-ray
Fluorescence” [ 113 ]

21:30 Tim Salditt, Uni Göttingen - IRP, “X-ray optics on a chip” [ 291 ]
21:50 Jörg Evers, MPI for Nuclear Physics, Heidelberg, “Coherent x-ray-optical control of Moessbauer

nuclei with zeptosecond timing stability” [ 137 ]
22:10 Johann Haber, Stanford University, “The role of core electrons in a hard x-ray nonlinearity” [ 160 ]
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Breakout Session 4: Plasmon-Enabled Processes.
Location: Wasatch A — Naomi Halas, Chair

20:50 Teri Odom, Northwestern University, “Coherence of Ultrafast Plasmon Nanolasers” [ 252 ]
21:10 Shunping Zhang, Wuhan University, “Nanocavities for Strong Light-Matter Interaction” [ 363 ]
21:30 Jen Dionne, Stanford University, “Light- and electron-induced Raman spectroscopy for bacterial

identification and sub-cellular molecular mapping” [ 127 ]
21:50 Tigran Shahbazyan, Jackson State University, “Spontaneous emission mediated by cooperative

energy transfer to a plasmonic antenna” [ 305 ]
22:10 Nicolas Large, University of Texas at San Antonio, “Acousto-Plasmonic Interactions in Raman

Scattering” [ 200 ]

Tuesday, January 8, 2019

Tuesday Morning Plenary Session 1
Location: Ballrooms 1 and 2 — Mark Saffman, Chair

7:30 Shinji Matsuo, NTT Corporation, “Electrically driven photonic crystal nanocavity lasers using
embedded active region” [ 233 ]

8:00 Wolfgang Schleich, Ulm University, “Quantum waves and gravity” [ 296 ]
8:30 Christopher Monroe, University of Maryland and IonQ, “Quantum Computing and Quantum

Simulation with Atoms” [ 241 ]

Tuesday Morning Invited Session 1

Breakout Session 1: Physics of Semiconductor Nanolasers.
Location: Ballroom 1 — Shinji Matsuo, Chair

9:10 Gian Luca Lippi, Université Côte d’Azur, Physics Institute, “From spontaneous emission to lasing:
What do we learn from the small scale?” [ 216 ]

9:30 Jesper Mork, Technical University of Denmark, “On the quantum-limited intensity noise and
linewidth of nanolasers” [ 243 ]

9:50 Stephan Reitzenstein, TU Berlin, “Electrically Triggered Emission of Indistinguishable Photons by
Resonant Microlaser Excitation” [ 281 ]

10:10 Tao Peng, Texas A&M University IQSE, “Higher Order Spectral Line Distribution of the Laser”
[ 259 ]
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Breakout Session 2: Quantum waves and gravity 1.
Location: Magpie A — Wolfgang Schleich, Chair

9:10 Hansjoerg Dittus, German Aerospace Center, “Quantum Technology Application in Space” [ 128 ]
9:30 Hartmut Abele, TU Wien, “qBOUNCE, and an acoustic Ramsey-type Gravity Resonance Spec-

trometer” [ 66 ]
9:50 Yair Margalit, Massachusetts Institute of Technology, “Quantum complementarity of clocks in the

context of general relativity” [ 231 ]
10:10 Denys Bondar, Tulane University, “Towards quantum theory of entropic gravity: Can dissipative

interactions resemble potential forces?” [ 95 ]

Breakout Session 3: Quantum Computing and Simulation with Ions and Atoms.
Location: Magpie B — Christopher Monroe, Chair

9:10 Mark Saffman, University of Wisconsin-Madison, “Entangling atomic qubits with Rydberg interac-
tions” [ 290 ]

9:30 Norbert Linke, JQI, University of Maryland, “Quantum information scrambling and hybrid machine
learning with trapped ions” [ 215 ]

9:50 Hannes Bernien, Harvard/University of Chicago, “Exploring quantum many-body dynamics and
quantum information processing with reconfigurable arrays of atoms” [ 91 ]

10:10 John Bollinger, NIST, “Quantum control and simulation with large trapped-ion crystals” [ 93 ]

Breakout Session 4: Advanced Passive and Active Meta-Surfaces.
Location: Wasatch A — Howard Lee, Chair

9:10 Nanfang Yu, Columbia University, “Lenses & Holograms Based on Metasurfaces” [ 361 ]
9:30 Kun-Ching Shen, Academia Sinica, “Quantum Metaphotonics: Hyperbolic Metacavity Devices”

[ 311 ]
9:50 Arka Majumdar, UW-Seattle, “Metasurface Computational Imaging” [ 224 ]
10:10 Howard Lee, Baylor University, Texas A&MUniversity, “Metasurface and Epsilon-near-zero Optics

in Optical Fiber Platform” [ 202 ]

Tuesday Morning Plenary Session 2
Location: Ballrooms 1 and 2 — Alexey Belyanin, Chair

10:50 Peter Nordlander, Rice University, “Hot Carrier Generation, Relaxation, and Applications” [ 250 ]
11:20 Gennady Shvets, Cornell University, “Topological Photonics across the Electromagnetic Spectrum”

[ 314 ]
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Tuesday Morning Invited Session 2

Breakout Session 1: Plasmon-Enhanced Chemistry.
Location: Ballroom 1 — Peter Nordlander, Chair

12:00 Steve Cronin, University of Southern California, “Hot Electron Injection in Photocatalytic Plasmon
Resonant Nanostructures” [ 123 ]

12:20 Wei David Wei, University of Florida, “Plasmonic Ni-TiO2 Heterostructures for Visible-Light
Driven Photochemical Reactions” [ 351 ]

12:40 Henry Everitt, Army AMRDEC, “Quantitative Analysis of Catalytic Reactions using Gas Phase
Rotational Spectroscopy” [ 136 ]

Breakout Session 2: Advances in Topological Meta-Materials across the EM Spectrum 1.
Location: Magpie A — Gennady Shvets, Chair

12:00 Steve Anlage, University of Maryland, “Topologically Protected Photonic Modes in Composite
Quantum Hall/Quantum Spin Hall Waveguides” [ 73 ]

12:20 Tsampikos Kottos, Wesleyan University, “Photonic Structures with Spatio-Temporal Symmetries
and their Application to Photonic Limiters” [ 194 ]

12:40 Baile Zhang, Nanyang Technological University, “Spin-valley locking and topological phase transi-
tion in photonic crystals” [ 362 ]

Breakout Session 3: Quantum Simulation of High-Energy Physics.
Location: Magpie B — Joachim von Zanthier, Chair

12:00 Karl Jansen, DESY, “Open problems in high energy physics: the quantum simulation approach”
[ 180 ]

12:20 Christine Muschik, IQC Institute of Quantum Computing, “How to simulate high energy physics
on a quantum computer” [ 244 ]

12:40 M. Sohaib Alam, Rigetti, “Quantum Programming in pyQuil” [ 67 ]

Breakout Session 4: Quantum waves and gravity 2.
Location: Wasatch A — Wolfgang Schleich, Chair

12:00 Dennis Schlippert, IQ, Leibniz Universität Hannover, “Matter wave interferometry for inertial
sensing and tests of fundamental physics” [ 297 ]

12:20 Ernst M. Rasel, Leibniz University Hannover, “Twin-lattice interferometry” [ 276 ]
12:40 Gary Georgi Rozenman, Tel-Aviv University, Israel, “Quantum Mechanical Analogies in Surface

Gravity Waves” [ 287 ]
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Tuesday Evening Plenary Session
Location: Ballrooms 1 and 2 — Jorge Rocca, Chair

19:00 Nikolay Zheludev, Unv. Southampton, UK & NTU, Singapore, “Plasmonics in free space or can we
see λ/100 with a school microscope?” [ 368 ]

19:30 Szymon Suckewer, Princeton University, “High gain of CV 4.0nm line radiation in “water window””
[ 325 ]

20:00 Vladislav Yakovlev, 1965

Tuesday Evening Invited Session

Breakout Session 1: Metamaterials and Exotic EM Excitations.
Location: Ballroom 1 — Nikolay Zheludev, Chair

20:50 Alon Bahabad, Tel-Aviv University, “Observation of optical backflow” [ 79 ]
21:10 MarkDennis,University of Birmingham, UK, “Topological superoscillation in a dark focus: knotted

optical hopfions” [ 125 ]
21:30 Daniele Faccio, University of Glasgow, “Wave amplification in rotating reference frames” [ 138 ]
21:50 Astrid Müller, University of Rochester, “Advanced Pulsed-Laser-Modified Energy Nanomaterials”

[ 245 ]
22:10 David Smith, Duke University, “Theory and Simulation of Nanopatch Lasers” [ 320 ]

Breakout Session 2: Coherent and Incoherent Soft X-Ray Radiation.
Location: Magpie A — Szymon Suckewer, Chair

20:50 Jorge Rocca, Colorado State University, “Compact gain-saturated X-ray lasers down to 6.8 nm”
[ 283 ]

21:10 CarmenMenoni, Colorado State University, “Soft x-ray laser ablation and its application to isotopic
mass spectrometry imaging” [ 236 ]

21:30 Sharon Shwartz, Bar Ilan University, “Collective nonlinear interactions in x ray into ultraviolet
parametric down-conversion” [ 316 ]

21:50 Yuri Shvyd’ko, Argonne National Laboratory, “Towards X-ray Free-electron Laser Oscillators”
[ 315 ]

22:10 Olga Kocharovskaya, Texas A&M University, “Towards sub-fs x-ray plasma based lasers” [ 193 ]
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Breakout Session 3: Quantum Biophysics Imaging and Technology.
Location: Magpie B — Vladislav Yakovlev, Chair

20:50 Joel Bixler, Air Force Research Laboratory

21:10 Konstantin Dorfman, East China Normal Unversity, “Ultrafast diffraction imaging with quantum
light: phase-sensitive linear signals” [ 129 ]

21:30 Benjamin Strycker, Baylor University, Texas A&M University, “Raman spectroscopy of mold
spores” [ 324 ]

21:50 Narangerel Altangerel, Texas A&M University IQSE, “Raman spectroscopy as a rapid plant pheno-
typing technique for detecting plant stress responses and identifying drought tolerant plant genotypes”
[ 68 ]

22:10 Zhe He, Texas A&M University, “High-resolution plasmonic enhanced chemical mapping of RNA”
[ 166 ]

Breakout Session 4: Active Nanophotonics.
Location: Wasatch A — Peter Nordlander, Chair

20:50 Koray Aydin, Northwestern University, “Programmable and reconfigurable metamaterials based on
DNA-assembly of gold nanoparticles” [ 78 ]

21:10 Jonathan Fan, Stanford University, “Single and bi-crystal metal growth for applications in plasmon-
ics” [ 140 ]

21:30 Alejandro Manjavacas, University of New Mexico, “Metallic nanostructures and quantum emitters:
density of photonic states and forbidden transitions” [ 229 ]

21:50 Jason Valentine, Vanderbilt University, “Dynamic Huygens’ Metasurfaces Based on ENZ Media”
[ 340 ]

22:10 Jiming Bao, University of Houston, “Gold Implanted Plasmonic Quartz Plate as a Launch Pad for
Laser Driven Photoacoustic Microfluidic Pumps” [ 80 ]

Wednesday, January 9, 2019

Wednesday Morning Plenary Session 1
Location: Ballrooms 1 and 2 — Thomas Pfeifer, Chair

7:30 Chaoyang Lu, University of Science and Technology of China, “Toward quantum supremacy with
photons” [ 220 ]

8:00 Alexandra Boltasseva, Purdue University, “Two-Dimensional and Quasi-2D Materials for Appli-
cations in Plasmonics, Nanophotonics and Energy” [ 94 ]

8:30 Paul Corkum,University of Ottawa, “High harmonic generation with structured light beams” [ 120 ]
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Wednesday Morning Invited Session 1

Breakout Session 1: Optical Quantum Computing.
Location: Ballroom 1 — Chaoyang Lu, Chair

9:10 Dirk Englund,Massachusetts Institute of Technology, “Large-Scale Photonic Circuits for Quantum
Information Processing” [ 135 ]

9:30 Shuo Sun, Stanford University, “Engineering diamond for quantum optics and quantum simulation”
[ 327 ]

9:50 Sunil Mittal, University of Maryland, “Topological source of quantum light” [ 239 ]
10:10 Kai-Mei Fu, University of Washington, “Control and stabilization of nitrogen-vacancy centers in

photonic circuits” [ 145 ]

Breakout Session 2: 2D and Quasi-2D Materials for Quantum, Photonic, and Optome-
chanic Systems.
Location: Magpie A — Alexandra Boltasseva, Chair

9:10 Mark Brongersma, Stanford University, “2D Quantum Metasurface Components” [ 104 ]
9:30 Josh Caldwell, Vanderbilt University, “Leveraging the Large Crystal Anisotropy of 2D Materials

for Infrared Nano-Optics” [ 110 ]
9:50 Evgeniy Narimanov, Purdue University, “Hyperbolic modes of a metal-dielectric interface.” [ 248 ]
10:10 VinodMenon, City College - CUNY, “Control of light-matter interaction in van derWaals materials”

[ 235 ]

Breakout Session 3: Measuring Phase Change via HHG.
Location: Magpie B — Paul Corkum, Chair

9:10 Francois Legare, INRS-EMT, “Tracking the Phase Transition in VO2 using High Harmonic Spec-
troscopy” [ 205 ]

9:30 Álvaro Jiménez-Galán, Max Born Institute, “Topological strong field physics at sub-laser cycle
timescale” [ 181 ]

9:50 Stefano Bonetti, Stockholm University, “Terahertz metamaterials: accessing nonlinear spin and
phonon dynamics” [ 97 ]

10:10 Eleftherios Goulielmakis, University of Rostock, “Can visible light “see” electrons in bulk solids?”
[ 156 ]
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Breakout Session 4: Rydberg Atoms and Single Photon Sources.
Location: Wasatch A — Svetlana Malinovskaya, Chair

9:10 GeorgRaithel,University ofMichigan, “Measurement of the Rydberg constant with trappedRydberg
atoms” [ 272 ]

9:30 James Franson,UMBC, “Decoherence in Quantum Communications and the Use of the Heisenberg
Picture” [ 143 ]

9:50 Vladimir S. Malinovsky, US Army Research Laboratory, “Optimal entanglement distribution rates
for quantum networks” [ 227 ]

10:10 Svetlana Malinovskaya, Stevens Institute of Technology, “Control of entanglement in spin states of
Rydberg atoms” [ 225 ]

Wednesday Morning Plenary Session 2
Location: Ballrooms 1 and 2 — Virgil Sanders, Chair

10:50 Marlan Scully, Texas A&MUniversity, “Presentation of the 2019Willis E. LambAward forQuantum
Optics and Laser Science”

11:20 William Unruh, Univ BC, and Texas A&M, “Time, Gravity and Quantum Mechanics” [ 339 ]

Wednesday Morning Invited Session 2

Breakout Session 1: Acceleration radiation.
Location: Ballroom 1 — William Unruh, Chair

12:00 Marlan Scully, Texas A&M University, “Insights into (and gleaned from) the Unruh effect from
Quantum Optics, Quantum Statistics and the Equivalence Principle” [ 300 ]

12:20 Anatoly Svidzinsky, Texas A&MUniversity, “Excitation of cavity modes by a moving atom through
virtual transitions” [ 330 ]

12:40 Jonathan Ben-Benjamin, Texas A&MUniversity, “Transforming quantum states between reference
frames” [ 87 ]

Breakout Session 2: Advances in Topological Meta-Materials across the EM Spectrum 2.
Location: Magpie A — Gennady Shvets, Chair

12:00 Boubacar Kante, University of California San Diego, “Topological Light Sources” [ 184 ]
12:20 Bo Zhen, University of Pennsylvania, “Topological photonics in open systems” [ 369 ]
12:40 Ling Lu, Institute of Physics, Chinese Academy of Sciences, “Photonic bands in 230 space groups”

[ 221 ]
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Breakout Session 3: Quantum Information Science 1.
Location: Magpie B — Alexey Kalachev, Chair

12:00 John Howell, Hebrew University of Jerusalem, “Super Phase Oscillations” [ 171 ]
12:20 Margaret Reid, Swinburne University of Technology, “Testing macroscopic realism using time”

[ 277 ]
12:40 Maria Chekhova, Max-Planck Institute for the Science of Light, “Ultrathin source of biphotons:

phase-matching sacrificed for entanglement” [ 114 ]

Breakout Session 4: Attosecond Physics 1.
Location: Wasatch A — Eleftherios Goulielmakis, Chair

12:00 Brabec Thomas, physics, uOttawa, “Attosecond and strong field condensed matter physics” [ 332 ]
12:20 Uwe Thumm, Kansas State University, “Spatio-temporally resolved photoemission from surfaces

and plasmonic nanoparticles” [ 335 ]
12:40 Arvinder Sandhu, University of Arizona, “Multi-electron excitation and dissociation pathways in

oxygen” [ 292 ]

Wednesday Evening Plenary Session
Location: Ballrooms 1 and 2 — Mark Kasevich, Chair

19:00 Weng Chow, Sandia National Laboratories, “Mode locking and frequency comb generation in a
semiconductor laser: Sargent, Scully and Lamb ride again” [ 118 ]

19:30 Andrei Bernevig, Princeton University, “Topological Quantum Chemistry and the Topological
Periodic Table of Materials” [ 90 ]

20:00 Jian-Wei Pan, University of Science and Technology of China, “Atomic Spin Entanglement and
Anyonic Statistics in Optical Lattices” [ 255 ]

Wednesday Evening Invited Session

Breakout Session 1: Semiconductor Quantum Optics and Laser Physics.
Location: Ballroom 1 — Weng Chow, Chair

20:50 David Gershoni, Technion, Haifa, Israel, “A three folded faster knitting machine for deterministic
generation of cluster states of entangled photons.” [ 152 ]

21:10 Edo Waks, University of Maryland, Joint Quantum Institute, “Scalable quantum photonics using
quantum dots” [ 345 ]

21:30 Alexander Carmele, TU Berlin, “Characterizing and bypassing decoherence in semiconductor
quantum dot-based light-matter interfaces” [ 111 ]

21:50 Frank Jahnke, University of Bremen, Germany, “Excited-carrier effects in the optical properties of
monolayer transition metal dichalcogenide semiconductors” [ 179 ]

22:10 Francesco Basso Basset, Sapienza University of Rome, “GaAs Quantum Dots for Quantum Net-
working” [ 84 ]
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Breakout Session 2: Condensed Matter Electrodynamics.
Location: Magpie A — Zubin Jacob, Chair

20:50 Zubin Jacob, Purdue University, “Maxwellian Phases of Matter” [ 178 ]
21:10 Joseph Maciejko, University of Alberta, “From axions to photinos: exotic electrodynamics in

topological quantum materials” [ 223 ]
21:30 Tigran Sedrakyan, University of Massachusetts Amherst, “Emergent electrodynamics in a quantum

antiferromagnet” [ 302 ]
21:50 Stephanie Law, University of Delaware, “Topological insulator thin films as terahertz plasmonic

materials” [ 201 ]
22:10 Mohan Sarovar, Sandia National Laboratories, “Engineered Thermalization in Many-Body Quan-

tum Systems” [ 294 ]

Breakout Session 3: Atom Interferometers and Cold Atoms 1.
Location: Magpie B — Jian-Wei Pan, Chair

20:50 Kyle Matsuda, University of Colorado Boulder, “A Degenerate Fermi Gas of Polar Molecules”
[ 232 ]

21:10 PhilippHaslinger, TUWien, “Atom Interferometry: Gravity, BlackbodyRadiation andChameleons”
[ 164 ]

21:30 Daniel Petter, University of Innsbruck, “Probing the roton excitation spectrum of a stable dipolar
Bose gas” [ 260 ]

21:50 Yuao Chen, University of Science and Technology of China, “Strongly Interacting Bose Gases near
a d-wave Shape Resonance” [ 116 ]

22:10 Fuli Li, Xi’an Jiaotong University, “Three-photon emission and correlation via frequency down-
conversion in a Sagnac interferometer” [ 209 ]

Breakout Session 4: Lithium Niobate Resonators.
Location: Wasatch A — Harald Schwefel, Chair

20:50 Marko Loncar, Harvard University
21:10 Harald Schwefel, Dodd-Walls Centre & University of Otago, “Diamond turned Lithium-Niobate:

ultimate quality for frequency combs and up-conversion” [ 299 ]
21:30 Qiang Lin, University of Rochester, “Lithium niobate nanophotonic devices: properties and appli-

cations” [ 214 ]
21:50 Amir Safavi-Naeini, StanfordUniversity, “LithiumNiobate Devices for QuantumProcessors” [ 289 ]
22:10 Zhenhuan Yi, Texas A&M University IQSE, “Experimental demonstration of Rabi Oscillations

produced by adiabatic pulse due to initial atomic coherence” [ 358 ]
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Thursday, January 10, 2019

Thursday Morning Plenary Session 1
Location: Ballrooms 1 and 2 — Harry Atwater, Chair

7:30 Mordechai (Moti) Segev, Technion, “Topological Insulator Lasers” [ 303 ]
8:00 Vladimir Shalaev, Purdue University, “Transdimentional Meta-Photonics” [ 308 ]
8:30 Frank Narducci, Naval Postgraduate School, “Novel atom interferometers” [ 247 ]

Thursday Morning Invited Session 1

Breakout Session 1: Special Lasers.
Location: Ballroom 1 — Mordechai (Moti) Segev, Chair

9:10 Tal Carmon, Technion, “Water-wave lasers” [ 112 ]
9:30 Myoung-Gyun Suh, California Institute of Technology, “Soliton Microcombs and Applications”

[ 326 ]
9:50 J. Gary Eden,University of Illinois, “New Lasers Emitting Fractal Modes or Based on Biomolecules

or Free-free Transitions of Atomic Pairs” [ 132 ]
10:10 Kent Choquette,University of Illinois, “Non-Hermitian Coherent Microcavity Laser Arrays” [ 117 ]

Breakout Session 2: Transdimentional Meta-Photonics: Between 2D and 3D.
Location: Magpie A — Vladimir Shalaev, Chair

9:10 Harry Atwater, California Institute of Technology, “Nanophotonics in (2 + 1)D: Omnipolarization
Modes, Graphene Gain and Light Emission” [ 77 ]

9:30 Igor Bondarev, North Carolina Central University, “Transdimensional QuantumOptics with Finite-
Thickness Plasmonic Films” [ 96 ]

9:50 Natalia Litchinitser, Duke University, “Structured Light Matter Interactions in Nonlinear Metas-
tructures” [ 217 ]

10:10 Javier García de Abajo, ICFO, “2D plasmonics in atomically thin materials” [ 149 ]

Breakout Session 3: Atom Interferometers and Cold Atoms 2.
Location: Magpie B — Frank Narducci, Chair

9:10 Mark Kasevich, Stanford University, “Tests of gravity and quantum mechanics with atom interfer-
ometry” [ 185 ]

9:30 Matthias Zimmermann, Ulm University, “T3-interferometers probing a linear potential” [ 371 ]
9:50 Omer Amit, Ben-Gurion University, “$Tˆ3$ Stern-Gerlach Interferometer” [ 70 ]
10:10 Naceur Gaaloul, Leibniz University of Hanover, “Phase-sensitive atom interferometry with sizeable

large-momentum-transfer” [ 147 ]
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Breakout Session 4: Molecular Modulation and Ultrafast Phenomena.
Location: Wasatch A — Alexei Sokolov, Chair

9:10 Totaro Imasaka, Kyushu University, “Generation of a Vacuum-Ultraviolet Femtosecond Pulse via
Four-Wave Raman Mixing and its Application to Mass Spectrometry” [ 175 ]

9:30 Johannes Köhler, Max Planck Institute for the Science of Light, “Self-oscillation and coherent
control of flexural vibrations in dual-nanoweb fiber” [ 198 ]

9:50 Deniz Yavuz, University of Wisconsin, “Toward Continuous Wave Molecular Modulation Using
Glass Microresonators” [ 356 ]

10:10 Alexei Sokolov, Texas A&M University, “Molecular modulation with temporal and spatial shaping
of laser fields” [ 321 ]

Thursday Morning Plenary Session 2
Location: Ballrooms 1 and 2 — Mark Raizen, Chair

10:50 Phil Bucksbaum, Stanford University, “The Schwinger Threshold and Beyond: An experimental
program to rip open the quantum vacuum and study what’s inside” [ 106 ]

11:20 A. Douglas Stone, Yale University, “Einstein’s Light Quanta: Then and Now” [ 323 ]

Thursday Morning Invited Session 2

Breakout Session 1: Fundamental Studies/Quantum Vacuum using High Intensity Lasers.
Location: Ballroom 1 — Phil Bucksbaum, Chair

12:00 Sebastian Meuren, Princeton University, “Probing Strong-field QED at SLAC and Future Lepton
Collider” [ 237 ]

12:20 David A. Reis, Stanford PULSE Institute, “Strong-field QED in laser-electron beam collisions”
[ 279 ]

12:40 Gianluca Sarri, Queen’s University Belfast, “Experimental studies of strong field quantum electro-
dynamics in the field of a high-intensity laser” [ 295 ]

Breakout Session 2: Einstein’s Light Quanta: Then and Now.
Location: Magpie A — A. Douglas Stone, Chair

12:00 Steven Girvin, Yale University, “Quantum Control of Light and Sound at Microwave Frequencies”
[ 154 ]

12:20 Mark Raizen, University of Texas at Austin, “Cooling of Atoms near the Single-Photon Limit”
[ 273 ]

12:40 Shyam Shankar, Yale University, “To catch and reverse a quantum jump mid-flight” [ 309 ]
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Breakout Session 3: Quantum Information Science 2.
Location: Magpie B — John Howell, Chair

12:00 Stephen Colby Rand, Applied Physics, University of Michigan, “Optically-induced Magnetization
and Charge Separation for Quantum Information and Magneto-Photonics” [ 274 ]

12:20 Barry Garraway, University of Sussex, “From Spectral Densities to Emergent Quantum Networks”
[ 150 ]

12:40 Barnabas Kim, Texas A&M University, “Thermodynamic Analysis on Quantum System with Non-
equilibrium Steady State” [ 188 ]

Breakout Session 4: Atom Interferometers and Cold Atoms 3.
Location: Wasatch A — Frank Narducci, Chair

12:00 Philippe Bouyer, IOGS-CNRS, “Quantum Sensors in Weigthlessness” [ 98 ]
12:20 TimKovachy,NorthwesternUniversity, “NewDirections for Fundamental Physics Tests withMacro-

scopic Scale Atom Interferometers” [ 195 ]
12:40 Mark Havey, Old Dominion University, “Raman scattering and atom counting in cold Rubidium

samples” [ 165 ]

Thursday Evening Plenary Session
Location: Ballrooms 1 and 2 — Nina Rohringer, Chair

19:00 LihongWang, California Institute of Technology, “World’s Deepest-Penetration and Fastest Optical
Cameras: Photoacoustic Tomography and Compressed Ultrafast Photography” [ 350 ]

19:30 Andrea Alu, CUNY Advanced Science Research Center, “Magnet-Free Non-Reciprocity in Photon-
ics” [ 69 ]

20:00 Linda Young, Argonne National Laboratory/UChicago, “Frontiers of Nonlinear X-ray Interactions
with Matter” [ 360 ]

Thursday Evening Invited Session

Breakout Session 1: Frontiers in Biomedical Optical Imaging.
Location: Ballroom 1 — Lihong Wang, Chair

20:50 Li Lin, California Institute of Technology, “Single-breath-hold photoacoustic computed tomography
of the human breast in vivo” [ 213 ]

21:10 Mark Anastasio, Washington University in St. Louis, “Full-Wave Joint Inversion in Transcranial
Photoacoustic Computed Tomography” [ 72 ]

21:30 Song Hu, University of Virginia, “Multi-parametric Photoacoustic Microscopy” [ 172 ]
21:50 Joshua Brake, California Institute of Technology, “Optical Scattering in Biomedicine: Friend and

Foe?” [ 101 ]
22:10 Jinyang Liang, Institut National de la Recherche Scientifique, “Compressed ultrafast photography:

Imaging light-speed events in a snapshot” [ 212 ]
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Breakout Session 2: Nonreciprocity in photonics and electronics.
Location: Magpie A — Andrea Alu, Chair

20:50 Jacob Khurgin, Johns Hopkins University, “Non-magnetic optical isolators: what works and what
does not?” [ 187 ]

21:10 Francesco Monticone, Cornell University, “Do truly unidirectional (and topological) surface
plasmon-polaritons exist?” [ 242 ]

21:30 Shanhui Fan, Stanford University, “Impact of nonlocality on non-reciprocal plasmons” [ 141 ]
21:50 Kosmas Tsakmakidis, National and Kapodistrian University of Athens, Greece, “The time-

bandwidth “tyranny” in physics and engineering – and how to defeat it” [ 337 ]
22:10 Uriel Levy, Hebrew University of Jerusalem, “Non reciprocal chip scale photonic and plasmonic

devices integrated with hot vapors” [ 207 ]

Breakout Session 3: Frontiers of Nonlinear X-ray Interactions with Matter.
Location: Magpie B — Linda Young, Chair

20:50 ThomasPfeifer,MPI forNuclearPhysics, “XUVnonlinear optics and spectroscopy near resonances”
[ 261 ]

21:10 Daniel Rolles, Kansas State University, “X-Ray Multiphoton Ionization of Atoms and Molecules”
[ 285 ]

21:30 Nina Rohringer, DESY, “Stimulated X-Ray Emission Spectroscopy for Chemical Analysis” [ 284 ]
21:50 Gilles Doumy, Argonne National Laboratory, “Optical Detection of Impulsive Resonant X-Ray

Stimulated Raman Process” [ 130 ]
22:10 Tais Gorkhover, Stanford PULSE Institute, “First demonstration of attosecond soft x-ray diffraction

imaging within a single exposure” [ 155 ]

Breakout Session 4: Quantum Optics: From Fundamentals to Applications.
Location: Wasatch A — Robert Boyd, Chair

20:50 Robert Boyd, University of Ottawa
21:10 Sergey Polyakov, Physicist, “Resource-Efficient Communication via QuantumState Discrimination”

[ 265 ]
21:30 Zhenrong Zhang, Baylor University, “Advances in Tip-Enhanced Raman Spectroscopy: Molecular-

Semiconductor Interactions and Fiber-Plasmonic Probe” [ 366 ]
21:50 Dmitry Kurouski, Texas A&M University, “Elucidation of Tip-Broadening Effect in Tip-Enhanced

Raman Spectroscopy (TERS): A Cause of Artifacts or Potential for 3D TERS” [ 196 ]
22:10 Mariia Shutova, Texas A&M University, “Plasmonic nanostructures for subwavelength focusing of

light with orbital angular momentum” [ 313 ]
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Friday, January 11, 2019

Friday Morning Plenary Session 1
Location: Ballrooms 1 and 2 — Philip Hemmer, Chair

7:30 Pierre Berini,University of Ottawa, “Active parity-time symmetric and exceptional point structures”
[ 89 ]

8:00 Renbao Liu, Chinese University of Hong Kong, “Diamond sensing of critical nano-magnetism and
applications” [ 218 ]

8:30 Kyungwon An, Seoul National University, “Phase-controlled atom-field interaction: from superra-
diance to superabsorption” [ 71 ]

Friday Morning Invited Session 1

Breakout Session 1: PT-Symmetry Inspired Optical Systems.
Location: Ballroom 1 — Pierre Berini, Chair

9:10 Henri Benisty, IOGS - Lab Charles Fabry, “PT-Symmetry : laser diodes and generic coupled
oscillator ensembles” [ 88 ]

9:30 Demetrios Christodoulides, CREOL-UCF, “Parity-Time and other Symmetries in Optics” [ 119 ]
9:50 Alexander Schumer, Institute for Theoretical Physics, TU Vienna, “Chiral state transfer protocols

in the vicinity of an exceptional point” [ 298 ]
10:10 Jae Woong Yoon, ETRI, “Broadband time-asymmetry of light through parametric loops around an

exceptional point in a Si-photonic structure” [ 359 ]

Breakout Session 2: Diamond Sensing-Materials and Applications.
Location: Magpie A — Renbao Liu, Chair

9:10 QuanLi, The Chinese University of Hong Kong, “Investigatingmechanical property of soft materials
by diamond quantum sensing” [ 210 ]

9:30 Philip Hemmer, Texas A&M University, “How to grow diamond: From HPHT to LPLT, including
color-center engineering” [ 168 ]

9:50 Jean-Philippe Pellois, Texas A&M University, “Delivery of nanoparticles into live human cells”
[ 257 ]

10:10 Matthew Trusheim, Massachusetts Institute of Technology, “Emerging inversion-symmetric quan-
tum emitters in diamond” [ 336 ]
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Breakout Session 3: Novel Effects in Collective Light-Matter Interaction.
Location: Magpie B — Kyungwon An, Chair

9:10 Pablo Barberis Blostein, IIMAS-UNAM, “Superradiance and subradiance in atoms near a nanofiber”
[ 82 ]

9:30 Thomas Volz, Macquarie University, “Cooperative effects in single diamond nanocrystals at room
temperature” [ 343 ]

9:50 James K. Thompson, JILA, “Twists, gaps, and superradiant emission on a millihertz linewidth
transition” [ 333 ]

10:10 Yuki Miyamoto, Okayama University, “Coherence amplification of two-photon emission toward
neutrino mass spectroscopy” [ 240 ]

Breakout Session 4: Fundamental Problems in Physics.
Location: Wasatch A — Vladimir S. Malinovsky, Chair

9:10 Vaclav Spicka, Institute of Physics, Czech Academy of Sciences, “Non-equilibrium dynamics of
open systems, quantum transport theory and fluctuation-dissipation theorems” [ 322 ]

9:30 Peter D. Keefe, University of Detroit Mercy, “Size Dependency in the Phase Transition of Type I
Superconductors” [ 186 ]

9:50 Hakan Tureci, Princeton University, “Divergence-free Radiative Corrections in Circuit Quantum
Electrodynamics” [ 338 ]

10:10 Hichem Eleuch, Abu Dhabi University, “Non-Hermitian Formalism, width bifurcation and dynam-
ical phase transition in open quantum systems” [ 134 ]

Friday Morning Plenary Session 2
Location: Ballrooms 1 and 2 — Robin Cote, Chair

10:50 Peter D Drummond, Swinburne University, “The pathway to exponentially complex quantum cats”
[ 131 ]

11:20 Murray Sargent, Microsoft, “OfficeMath” [ 293 ]

Friday Morning Invited Session 2

Breakout Session 1: Many-Body Quantum Dynamics.
Location: Ballroom 1 — Peter D Drummond, Chair

12:00 Piotr Deuar, IFPAN, Warsaw, Poland, “Freeing semiclassical field theory of the UV divergence”
[ 126 ]

12:20 Gavriil Shchedrin, Colorado School of Mines, “Sign-definite coherence, coherent population trap-
ping, frequency doubling, and lasing without inversion in open driven three-level V and Lambda
systems” [ 310 ]

12:40 Nikolay Prokofiev, UMass, Amherst [ 267 ]
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Breakout Session 2: Quantum Information Science 3.
Location: Magpie A — Barry Garraway, Chair

12:00 John Reintjes, KeyW, “Spatial and Temporal Resolution in Entangled Ghost Imaging” [ 278 ]
12:20 Zheng-Hong Li, Shanghai University, “Exchange Unknown Quantum States Counterfactually”

[ 211 ]
12:40 Boris Braverman, University of Ottawa, “Nonlocal Aberration Cancellation with Entangled Pho-

tons” [ 102 ]

Breakout Session 3: Attosecond Physics 2.
Location: Magpie B — Uwe Thumm, Chair

12:00 Matthias Kling, LMU Munich, “Attosecond photoemission chronoscopy in molecules” [ 191 ]
12:20 Justin Peatross, Brigham Young University, “Polarization Effects in Thomson Scattering by Free

Electrons in a Strong Laser Field” [ 256 ]
12:40 Pavel Polynkin, University of Arizona, “Low-order harmonic generation an interference in mid-

infrared laser filaments in gases” [ 266 ]

Breakout Session 4: Quantum Optics 1.
Location: Wasatch A — Deniz Yavuz, Chair

12:00 Yuri Rostovtsev, University of North Texas, “An optical cavity with single atoms: from frequency
shifts to detection weak forces” [ 286 ]

12:20 Selim Shahriar, Northwestern University, “Prospect of Verifying Gravity-Induced Collapse of
Macroscopic Quantum Coherence Using a Schroedinger Cat Atom Interferometer” [ 306 ]

12:40 Robin Cote, University of Connecticut, “Ultra-long-range molecule engineering via Rydberg-
dressing” [ 121 ]

Friday Evening Plenary Session
Location: Ballrooms 1 and 2 — Marlan Scully, Chair

19:00 Warwick Paul Bowen, University of Queensland, “Quantum sensing: from single molecules to
quantized vortices” [ 99 ]

19:30 Denis Seletskiy, Polytechnique Montréal, “Time Domain Quantum Electrodynamics” [ 304 ]
20:00 Lan Yang, Washington University in St. Louis, “Whispering-gallery-mode resonators: a versatile

platform for light-matter interactions” [ 354 ]
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Friday Evening Invited Session

Breakout Session 1: Quantum Sensing.
Location: Ballroom 1 — Warwick Paul Bowen, Chair

20:50 Nergis Mavalvala, MIT/LIGO

21:10 Thomas Purdy, NIST / University of Pittsburgh, “Measuring and manipulating noise in optome-
chanical systems” [ 268 ]

21:30 Ania Bleszynski Jayich, UC Santa Barbara, “The NV center in diamond: a versatile quantum
sensor” [ 92 ]

21:50 Natascha Hedrich, Univeristy of Basel, “Diamond Parabolic Reflectors for Nanoscale Quantum
Sensing” [ 167 ]

22:10 Dan Oron, Weizmann Institute, “Quantum enhanced superresolution microscopy” [ 253 ]

Breakout Session 2: Quantum Optics 2.
Location: Magpie A — Yuri Rostovtsev, Chair

20:50 Dennis Raetzel, Humboldt University of Berlin, “Frequency spectrum of an optical resonator in a
curved spacetime” [ 271 ]

21:10 Alexandra Courtis, University of California Berkeley, “On some optical networks in precision
nanocrystals” [ 122 ]

21:30 Zhedong Zhang, Texas A&M University, “Quantum coherence effects in biology” [ 365 ]
21:50 Nicola Piovella, Università degli Studi di Milano, “Spatial Self-Organization of Cold Atoms via

Optical Binding” [ 262 ]
22:10 Kai Wang, Texas A&M University, “Femtosecond Pump-Probe Study of Two-photon Laser Induced

Fluorescence of Krypton” [ 349 ]

Breakout Session 3: Optical Resonators.
Location: Magpie B — Lan Yang, Chair

20:50 Xu Yi, University of Virginia, “Temporal solitons and optical frequency combs in microcavities”
[ 357 ]

21:10 Hong Tang, Yale University, “Superconducting cavity electro-optics: a platform for coherent photon
conversion between superconducting and photonic circuits” [ 331 ]

21:30 Hailin Wang, University of Oregon, “Mechanically-Mediated Spin-Photon Interfaces” [ 347 ]
21:50 Abraham Jaleel Qavi, Washington University in St. Louis, “Whispering Gallery Mode Sensors for

Patient Driven Photonics” [ 269 ]
22:10 Edward Fry, Texas A&M University, “Integrating Cavities, Ring-Down Spectroscopy and the First

Reliable UV Absorption Data for Pure Water” [ 144 ]
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Breakout Session 4: PT-Symmetry Inspired Optical Systems 2.
Location: Wasatch A — Pierre Berini, Chair

20:50 Yogesh Joglekar, IUPUI, “Conserved quantities in PT symmetric systems: theory and observation”
[ 182 ]

21:10 Min Xiao, University of Arkansas, US & Nanjing University, China, “Nonreciprocal parity-time
symmetry in coupled microcavities and chip-based optical isolator with bulk stimulated Brillouin
scattering” [ 352 ]

21:30 Ren-Min Ma, Peking University, “Chiral-reversing vortex radiation at the exceptional point of a
plasmonic nanocavity” [ 222 ]

21:50 Guoqin Ge,Huazhong University of Science & Technology, “Physics of electromagnetically induced
chirality and its applications” [ 151 ]

22:10 Ray-Kuang Lee, National Tsing Hua University, “Wigner flow of a non-Hermitian system with PT
symmetry” [ 204 ]
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5.3 Poster session

Tuguldur Begzjav, Texas A&M University
“On three-dimensional rotational averages of odd-rank tensors” [ 85 ]

Boris Braverman, University of Ottawa
“Near-Unitary Spin Squeezing with Ytterbium” [ 103 ]

Jeffrey Brown, University of Louisiana
“Calculations of the nonlinear response of air due to mid-infrared ultrashort laser pulses” [ 105 ]

Ivan Burenkov, JQI@NIST
“Quantum measurements for practical flow cytometry” [ 107 ]

Junxin Chen, Niels Bohr Institute
“Quantum Measurements of a Mechanical Resonator At and Below the Standard Quantum Limit” [ 115 ]

Yu-Hao Deng, University of Science and Technology of China
“Quantum interference between light sources separated by 150 million kilometers” [ 124 ]

Alexander Giles, US Naval Research Laboratory
“Tunable Light at the Nanoscale: Exploring the Boundaries of Nanophotonics with SiC” [ 153 ]

Ricardo Gutiérrez-Jáuregui, Texas A&M University IQSE
“Exchange of angular momentum between a single atom and a twisted beam of light” [ 159 ]

Zehua Han, Texas A&M University IQSE
“Reconstruction of Raman signatures from low signal-to-noise ratio spectra” [ 163 ]

Phay J. Ho, Argonne National Laboratory
“X-ray emission in Clusters Exposed to Intense X-ray Free-electron Laser (XFEL) Pulses” [ 169 ]

Tomoko Imasaka, Kyushu University
“How can we detect "Novichok"?” [ 174 ]

Totaro Imasaka, Kyushu University
“An Ultrashort Ultraviolet Optical Pulse for Ionization of Pesticides” [ 176 ]

Brian Ko, Baylor University, Texas A&M University
“Multipulse Generation of Cavitation Bubbles and Nanoparticle Aggregation Using MoS2 Nanoparticles”
[ 192 ]

Elena Kuznetsova, IQSE, Texas A&M University
“Spectral flux enhancement of X-rays via coherent control of Mossbauer nuclei” [ 197 ]

Jeffrey Lee, NRC/Naval Postgraduate School
“Progress toward an interferometer with Tˆ3 sensitivity scaling” [ 203 ]

Fu Li, Texas A&M University
“High order speckle sub-Rayleigh imaging” [ 208 ]

Zachary Liege, Baylor University, Texas A&M University

Xiaohan Liu, Texas A&M University
“Fiber-Optic Quantum Thermometry with Germanium–Vacancy Centers in Diamond” [ 219 ]

Svetlana Malinovskaya, Stevens Institute of Technology
“Quantum Control Methodology for creation of entangled states of Rydberg atoms” [ 226 ]

Michael Manicchia, U.S. Naval Postgraduate School
“Dual continuous cold atom beam accelerometer/gyroscope” [ 228 ]

Reed Nessler, Texas A&M University, Baylor University
“The general formula for rotational averages” [ 249 ]

Marc-Oliver Pleinert, FAU Erlangen-Nuremberg
“Towards quantum simulation with cluster states using multi-photon interferences” [ 263 ]

Vesna Radisic, Northrop Grumman
“Fully 3D Printed RF Structure” [ 270 ]
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Rob Scully, Texas A&M University
“A New Mobile Lab Will Have Multiple Uses” [ 301 ]

Mikhail Shalaev, Duke University
“Optically-tunable topological photonic crystal” [ 307 ]

Yanli Shi, Texas A&M University IQSE
“EIT in an Ensemble of the Ge-Vacancies in Diamond” [ 312 ]

Jean Olivier Simoneau, Université de Sherbrooke
“Exploration of the Photon Statistics of a Josephson Paramp via continuous microwave measurements” [ 318 ]

Robinjeet Singh, University of Maryland
“Probing Acoustic Baths in Nanomechanical Resonators: Quantum Thermometry and Cool Optomechanics”
[ 319 ]

Fumika Suzuki, University of Freiburg and University of British Columbia
“A Stern-Gerlach separator of chiral enantiomers based on the Casimir-Polder potential” [ 329 ]

Malte Vassholz, University of Göttingen
“Fluorescence X-Ray Emission in Waveguide Cavities” [ 341 ]

Stephane Virally, Polytechnique Montréal
“Quantum Electromagnetic Field in Time Domain” [ 342 ]

Jizhou Wang, Texas A&M University
“Wide-field Coherent Anti-Stokes Raman Scattering Microscopy Based on Picosecond Supercontinuum
Source” [ 348 ]

Li-Ping Yang, Purdue University
“Quantum Critical Detector” [ 355 ]

Xingchen Zhao, Texas A&M University IQSE
“Imaging through Scattering Media via Cross-spectrum” [ 367 ]
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Alexander Giles, US Naval Research Laboratory
Poster Session, abstract on page 153
“Tunable Light at the Nanoscale: Exploring the Boundaries of Nanophotonics with SiC”

Steven Girvin, Yale University
Thursday morning invited session 2, abstract on page 154
“Quantum Control of Light and Sound at Microwave Frequencies”

Tais Gorkhover, Stanford PULSE Institute
Thursday evening invited session, abstract on page 155
“First demonstration of attosecond soft x-ray diffraction imaging within a single exposure”

Eleftherios Goulielmakis, University of Rostock
Wednesday morning invited session 1, abstract on page 156
“Can visible light “see” electrons in bulk solids?”

Stephen Gray, Argonne National Lab
Monday morning invited session 2, abstract on page 157
“Optical Detection and Storage of Entanglement in Plasmonically Coupled Quantum Dot Systems”

Frederic Grillot, Telecom Paristech
Monday morning invited session 1, abstract on page 158
“Quantum dot lasers for next generation optical networks”

Ricardo Gutiérrez-Jáuregui, Texas A&M University IQSE
Poster Session, abstract on page 159
“Exchange of angular momentum between a single atom and a twisted beam of light”

Johann Haber, Stanford University
Monday evening invited session, abstract on page 160
“The role of core electrons in a hard x-ray nonlinearity”

Naomi Halas, Rice University
Monday morning plenary session 2, abstract on page 161
“New Nonlinear Optical Materials and Processes”
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Ryan Hamerly, Massachusetts Institute of Technology
Monday evening invited session, abstract on page 162
“Quantum vs. Optical Annealing: Benchmarking the Coherent IsingMachine and D-Wave 2000Q on NP-hard
Ising Problems”

Zehua Han, Texas A&M University IQSE
Poster Session, abstract on page 163
“Reconstruction of Raman signatures from low signal-to-noise ratio spectra”

Philipp Haslinger, TU Wien
Wednesday evening invited session, abstract on page 164
“Atom Interferometry: Gravity, Blackbody Radiation and Chameleons”

Mark Havey, Old Dominion University
Thursday morning invited session 2, abstract on page 165
“Raman scattering and atom counting in cold Rubidium samples”

Li He, University of Pennsylvania
No presentation

Zhe He, Texas A&M University
Tuesday evening invited session, abstract on page 166
“High-resolution plasmonic enhanced chemical mapping of RNA”

Natascha Hedrich, Univeristy of Basel
Friday evening invited session, abstract on page 167
“Diamond Parabolic Reflectors for Nanoscale Quantum Sensing”

Philip Hemmer, Texas A&M University
Friday morning invited session 1, abstract on page 168
“How to grow diamond: From HPHT to LPLT, including color-center engineering”

Phay J. Ho, Argonne National Laboratory
Poster Session, abstract on page 169
“X-ray emission in Clusters Exposed to Intense X-ray Free-electron Laser (XFEL) Pulses”

Michael Holmes, Advanced Research Systems
No presentation

Dmitri Horoshko, University of Lille
Monday morning invited session 1, abstract on page 170
“Monocycle squeezed states of light”

John Howell, Hebrew University of Jerusalem
Wednesday morning invited session 2, abstract on page 171
“Super Phase Oscillations”

Song Hu, University of Virginia
Thursday evening invited session, abstract on page 172
“Multi-parametric Photoacoustic Microscopy”

Chen-Lung Hung, Purdue University
Monday morning invited session 1, abstract on page 173
“Trapping and imaging single atoms on a microring photonic circuit with optical tweezers”
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Tomoko Imasaka, Kyushu University
Poster Session, abstract on page 174
“How can we detect "Novichok"?”

Totaro Imasaka, Kyushu University
Thursday morning invited session 1, abstract on page 175
“Generation of a Vacuum-Ultraviolet Femtosecond Pulse via Four-Wave Raman Mixing and its Application
to Mass Spectrometry”
Poster Session, abstract on page 176
“An Ultrashort Ultraviolet Optical Pulse for Ionization of Pesticides”

Takahiro Inagaki, NTT Corporation
Monday evening invited session, abstract on page 177
“Potts model solver with coherent Ising machine”

Zubin Jacob, Purdue University
Wednesday evening invited session, abstract on page 178
“Maxwellian Phases of Matter”

Frank Jahnke, University of Bremen, Germany
Wednesday evening invited session, abstract on page 179
“Excited-carrier effects in the optical properties of monolayer transition metal dichalcogenide semiconduc-
tors”

Karl Jansen, DESY
Tuesday morning invited session 2, abstract on page 180
“Open problems in high energy physics: the quantum simulation approach”

Álvaro Jiménez-Galán, Max Born Institute
Wednesday morning invited session 1, abstract on page 181
“Topological strong field physics at sub-laser cycle timescale”

Yogesh Joglekar, IUPUI
Friday evening invited session, abstract on page 182
“Conserved quantities in PT symmetric systems: theory and observation”

Alexey Kalachev, Zavoisky Physical-Technical Institute
Monday morning invited session 2, abstract on page 183
“Electromagnetically induced transparency in isotopically purified rare-earth doped crystals”

Boubacar Kante, University of California San Diego
Wednesday morning invited session 2, abstract on page 184
“Topological Light Sources”

Mark Kasevich, Stanford University
Thursday morning invited session 1, abstract on page 185
“Tests of gravity and quantum mechanics with atom interferometry”

Peter D. Keefe, University of Detroit Mercy
Friday morning invited session 1, abstract on page 186
“Size Dependency in the Phase Transition of Type I Superconductors”

Jacob Khurgin, Johns Hopkins University
Thursday evening invited session, abstract on page 187
“Non-magnetic optical isolators: what works and what does not?”
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Barnabas Kim, Texas A&M University
Thursday morning invited session 2, abstract on page 188
“Thermodynamic Analysis on Quantum System with Non-equilibrium Steady State”

Jeff Kimble, California Institute of Technology
Monday morning plenary session 1, abstract on page 189
“Quantum matter built from nanoscopic lattices of atoms and photons”

Tobias Kippenberg, EPFL SB IPHYS LPQM
Monday morning invited session 2, abstract on page 190
“Quantum feedback of a Nanomechanical Oscillator”

Matthias Kling, LMU Munich
Friday morning invited session 2, abstract on page 191
“Attosecond photoemission chronoscopy in molecules”

Brian Ko, Baylor University, Texas A&M University
Poster Session, abstract on page 192
“Multipulse Generation of Cavitation Bubbles and Nanoparticle Aggregation Using MoS2 Nanoparticles”

Olga Kocharovskaya, Texas A&M University
Tuesday evening invited session, abstract on page 193
“Towards sub-fs x-ray plasma based lasers”

Victor Kocharovsky, IQSE
No presentation

Tsampikos Kottos, Wesleyan University
Tuesday morning invited session 2, abstract on page 194
“Photonic Structures with Spatio-Temporal Symmetries and their Application to Photonic Limiters”

Tim Kovachy, Northwestern University
Thursday morning invited session 2, abstract on page 195
“New Directions for Fundamental Physics Tests with Macroscopic Scale Atom Interferometers”

Dmitry Kurouski, Texas A&M University
Thursday evening invited session, abstract on page 196
“Elucidation of Tip-Broadening Effect in Tip-Enhanced Raman Spectroscopy (TERS): A Cause of Artifacts
or Potential for 3D TERS”

Elena Kuznetsova, IQSE, Texas A&M University
Poster Session, abstract on page 197
“Spectral flux enhancement of X-rays via coherent control of Mossbauer nuclei”

Johannes Köhler, Max Planck Institute for the Science of Light
Thursday morning invited session 1, abstract on page 198
“Self-oscillation and coherent control of flexural vibrations in dual-nanoweb fiber”

Andre Landulfo, Federal University of ABC
Monday morning invited session 2, abstract on page 199
“Radiation from a Uniformly Accelerated Charge: Classical and Quantum Aspects and the Surprising Role
of Zero-Energy Rindler Modes”

Nicolas Large, University of Texas at San Antonio
Monday evening invited session, abstract on page 200
“Acousto-Plasmonic Interactions in Raman Scattering”
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Stephanie Law, University of Delaware
Wednesday evening invited session, abstract on page 201
“Topological insulator thin films as terahertz plasmonic materials”

Howard Lee, Baylor University, Texas A&M University
Tuesday morning invited session 1, abstract on page 202
“Metasurface and Epsilon-near-zero Optics in Optical Fiber Platform”

Jeffrey Lee, NRC/Naval Postgraduate School
Poster Session, abstract on page 203
“Progress toward an interferometer with Tˆ3 sensitivity scaling”

Ray-Kuang Lee, National Tsing Hua University
Friday evening invited session, abstract on page 204
“Wigner flow of a non-Hermitian system with PT symmetry”

Francois Legare, INRS-EMT
Wednesday morning invited session 1, abstract on page 205
“Tracking the Phase Transition in VO2 using High Harmonic Spectroscopy”

Timothee Leleu, The University of Tokyo
Monday evening invited session, abstract on page 206
“Correction of amplitude heterogeneity for solving combinatorial optimization problems efficiently using
optoelectronics”

Uriel Levy, Hebrew University of Jerusalem
Thursday evening invited session, abstract on page 207
“Non reciprocal chip scale photonic and plasmonic devices integrated with hot vapors”

Fu Li, Texas A&M University
Poster Session, abstract on page 208
“High order speckle sub-Rayleigh imaging”

Fuli Li, Xi’an Jiaotong University
Wednesday evening invited session, abstract on page 209
“Three-photon emission and correlation via frequency down-conversion in a Sagnac interferometer”

Quan Li, The Chinese University of Hong Kong
Friday morning invited session 1, abstract on page 210
“Investigating mechanical property of soft materials by diamond quantum sensing”

Zheng-Hong Li, Shanghai University
Friday morning invited session 2, abstract on page 211
“Exchange Unknown Quantum States Counterfactually”

Jinyang Liang, Institut National de la Recherche Scientifique
Thursday evening invited session, abstract on page 212
“Compressed ultrafast photography: Imaging light-speed events in a snapshot”

Zachary Liege, Baylor University, Texas A&M University
Poster Session

Li Lin, California Institute of Technology
Thursday evening invited session, abstract on page 213
“Single-breath-hold photoacoustic computed tomography of the human breast in vivo”

PQE-2019 51



Qiang Lin, University of Rochester
Wednesday evening invited session, abstract on page 214
“Lithium niobate nanophotonic devices: properties and applications”

Norbert Linke, JQI, University of Maryland
Tuesday morning invited session 1, abstract on page 215
“Quantum information scrambling and hybrid machine learning with trapped ions”

Gian Luca Lippi, Université Côte d’Azur, Physics Institute
Tuesday morning invited session 1, abstract on page 216
“From spontaneous emission to lasing: What do we learn from the small scale?”

Natalia Litchinitser, Duke University
Thursday morning invited session 1, abstract on page 217
“Structured Light Matter Interactions in Nonlinear Metastructures”

Han-Chun Liu, Advanced Research Systems
No presentation

Renbao Liu, Chinese University of Hong Kong
Friday morning plenary session 1, abstract on page 218
“Diamond sensing of critical nano-magnetism and applications”

Xiaohan Liu, Texas A&M University
Poster Session, abstract on page 219
“Fiber-Optic Quantum Thermometry with Germanium–Vacancy Centers in Diamond”

Leon Merten Lohse, University of Göttingen
No presentation

Marko Loncar, Harvard University
Wednesday evening invited session

Chaoyang Lu, University of Science and Technology of China
Wednesday morning plenary session 1, abstract on page 220
“Toward quantum supremacy with photons”

Ling Lu, Institute of Physics, Chinese Academy of Sciences
Wednesday morning invited session 2, abstract on page 221
“Photonic bands in 230 space groups”

Ren-Min Ma, Peking University
Friday evening invited session, abstract on page 222
“Chiral-reversing vortex radiation at the exceptional point of a plasmonic nanocavity”

Joseph Maciejko, University of Alberta
Wednesday evening invited session, abstract on page 223
“From axions to photinos: exotic electrodynamics in topological quantum materials”

Arka Majumdar, UW-Seattle
Tuesday morning invited session 1, abstract on page 224
“Metasurface Computational Imaging”

Antti Makinen, Office of Naval Research
No presentation
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Svetlana Malinovskaya, Stevens Institute of Technology
Wednesday morning invited session 1, abstract on page 225
“Control of entanglement in spin states of Rydberg atoms”
Poster Session, abstract on page 226
“Quantum Control Methodology for creation of entangled states of Rydberg atoms”

Vladimir S. Malinovsky, US Army Research Laboratory
Wednesday morning invited session 1, abstract on page 227
“Optimal entanglement distribution rates for quantum networks”

Michael Manicchia, U.S. Naval Postgraduate School
Poster Session, abstract on page 228
“Dual continuous cold atom beam accelerometer/gyroscope”

Alejandro Manjavacas, University of New Mexico
Tuesday evening invited session, abstract on page 229
“Metallic nanostructures and quantum emitters: density of photonic states and forbidden transitions”

Alireza Marandi, California Institute of Technology
Monday evening invited session, abstract on page 230
“Networks of Optical Parametric Oscillators: From Ising Machines to Quantum Photonic Engineering”

Yair Margalit, Massachusetts Institute of Technology
Tuesday morning invited session 1, abstract on page 231
“Quantum complementarity of clocks in the context of general relativity”

Reuble Mathew, M2 Lasers
No presentation

Kyle Matsuda, University of Colorado Boulder
Wednesday evening invited session, abstract on page 232
“A Degenerate Fermi Gas of Polar Molecules”

Shinji Matsuo, NTT Corporation
Tuesday morning plenary session 1, abstract on page 233
“Electrically driven photonic crystal nanocavity lasers using embedded active region”

Peter McMahon, Stanford University / Cornell University
Monday evening invited session, abstract on page 234
“Combinatorial optimization using networks of optical parametric oscillators with measurement feedback”

Vinod Menon, City College - CUNY
Wednesday morning invited session 1, abstract on page 235
“Control of light-matter interaction in van der Waals materials”

Carmen Menoni, Colorado State University
Tuesday evening invited session, abstract on page 236
“Soft x-ray laser ablation and its application to isotopic mass spectrometry imaging”

Sebastian Meuren, Princeton University
Thursday morning invited session 2, abstract on page 237
“Probing Strong-field QED at SLAC and Future Lepton Collider”

Maiken Mikkelsen, Duke University
Monday morning invited session 1, abstract on page 238
“Plasmonic nanogap cavities for enhanced fluorescence-based bio sensing”
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Sunil Mittal, University of Maryland
Wednesday morning invited session 1, abstract on page 239
“Topological source of quantum light”

Yuki Miyamoto, Okayama University
Friday morning invited session 1, abstract on page 240
“Coherence amplification of two-photon emission toward neutrino mass spectroscopy”

Christopher Monroe, University of Maryland and IonQ
Tuesday morning plenary session 1, abstract on page 241
“Quantum Computing and Quantum Simulation with Atoms”

Francesco Monticone, Cornell University
Thursday evening invited session, abstract on page 242
“Do truly unidirectional (and topological) surface plasmon-polaritons exist?”

Jesper Mork, Technical University of Denmark
Tuesday morning invited session 1, abstract on page 243
“On the quantum-limited intensity noise and linewidth of nanolasers”

Christine Muschik, IQC Institute of Quantum Computing
Tuesday morning invited session 2, abstract on page 244
“How to simulate high energy physics on a quantum computer”

Astrid Müller, University of Rochester
Tuesday evening invited session, abstract on page 245
“Advanced Pulsed-Laser-Modified Energy Nanomaterials”

Prineha Narang, Harvard University
Monday morning invited session 2, abstract on page 246
“Excited-State Dynamics and Quantum Photonic Interactions from First Principles”

Frank Narducci, Naval Postgraduate School
Thursday morning plenary session 1, abstract on page 247
“Novel atom interferometers”

Evgeniy Narimanov, Purdue University
Wednesday morning invited session 1, abstract on page 248
“Hyperbolic modes of a metal-dielectric interface.”

Reed Nessler, Texas A&M University, Baylor University
Poster Session, abstract on page 249
“The general formula for rotational averages”

Peter Nordlander, Rice University
Tuesday morning plenary session 2, abstract on page 250
“Hot Carrier Generation, Relaxation, and Applications”

David Norris, ETH Zurich
Monday morning invited session 1, abstract on page 251
“Defeating the Dark Exciton in Perovskite Nanocrystals”

Teri Odom, Northwestern University
Monday evening invited session, abstract on page 252
“Coherence of Ultrafast Plasmon Nanolasers”
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Dan Oron, Weizmann Institute
Friday evening invited session, abstract on page 253
“Quantum enhanced superresolution microscopy”

Don Nelson Page, University of Alberta
Monday morning plenary session 2, abstract on page 254
“Aspects of Time in Physics”

Jian-Wei Pan, University of Science and Technology of China
Wednesday evening plenary session, abstract on page 255
“Atomic Spin Entanglement and Anyonic Statistics in Optical Lattices”

Justin Peatross, Brigham Young University
Friday morning invited session 2, abstract on page 256
“Polarization Effects in Thomson Scattering by Free Electrons in a Strong Laser Field”

Jean-Philippe Pellois, Texas A&M University
Friday morning invited session 1, abstract on page 257
“Delivery of nanoparticles into live human cells”

Matthew Pelton, University of Maryland, Baltimore County
Monday morning plenary session 1, abstract on page 258
“Cavity QED Using Single Quantum Dots and Plasmon Resonances”

Tao Peng, Texas A&M University IQSE
Tuesday morning invited session 1, abstract on page 259
“Higher Order Spectral Line Distribution of the Laser”

Daniel Petter, University of Innsbruck
Wednesday evening invited session, abstract on page 260
“Probing the roton excitation spectrum of a stable dipolar Bose gas”

Thomas Pfeifer, MPI for Nuclear Physics
Thursday evening invited session, abstract on page 261
“XUV nonlinear optics and spectroscopy near resonances”

Nicola Piovella, Università degli Studi di Milano
Friday evening invited session, abstract on page 262
“Spatial Self-Organization of Cold Atoms via Optical Binding”

Marc-Oliver Pleinert, FAU Erlangen-Nuremberg
Poster Session, abstract on page 263
“Towards quantum simulation with cluster states using multi-photon interferences”

Marco Polini, Istituto Italiano di Tecnologia (IIT)
Monday morning invited session 2, abstract on page 264
“Topological and quantum plasmonics”

Sergey Polyakov, Physicist
Thursday evening invited session, abstract on page 265
“Resource-Efficient Communication via Quantum State Discrimination”

Pavel Polynkin, University of Arizona
Friday morning invited session 2, abstract on page 266
“Low-order harmonic generation an interference in mid-infrared laser filaments in gases”

PQE-2019 55



Nikolay Prokofiev, UMass, Amherst
Friday morning invited session 2, abstract on page 267

Thomas Purdy, NIST / University of Pittsburgh
Friday evening invited session, abstract on page 268
“Measuring and manipulating noise in optomechanical systems”

Abraham Jaleel Qavi, Washington University in St. Louis
Friday evening invited session, abstract on page 269
“Whispering Gallery Mode Sensors for Patient Driven Photonics”

Vesna Radisic, Northrop Grumman
Poster Session, abstract on page 270
“Fully 3D Printed RF Structure”

Dennis Raetzel, Humboldt University of Berlin
Friday evening invited session, abstract on page 271
“Frequency spectrum of an optical resonator in a curved spacetime”

Georg Raithel, University of Michigan
Wednesday morning invited session 1, abstract on page 272
“Measurement of the Rydberg constant with trapped Rydberg atoms”

Mark Raizen, University of Texas at Austin
Thursday morning invited session 2, abstract on page 273
“Cooling of Atoms near the Single-Photon Limit”

Stephen Colby Rand, Applied Physics, University of Michigan
Thursday morning invited session 2, abstract on page 274
“Optically-inducedMagnetization and Charge Separation for Quantum Information andMagneto-Photonics”

Markus Raschke, University of Colorado
Monday morning invited session 2, abstract on page 275
“Tip-enhanced strong coupling: broadband room temperature cavity nano-optics with single emitter”

Ernst M. Rasel, Leibniz University Hannover
Tuesday morning invited session 2, abstract on page 276
“Twin-lattice interferometry”

Margaret Reid, Swinburne University of Technology
Wednesday morning invited session 2, abstract on page 277
“Testing macroscopic realism using time”

Stephen Reinertson, Montana Instruments
No presentation

John Reintjes, KeyW
Friday morning invited session 2, abstract on page 278
“Spatial and Temporal Resolution in Entangled Ghost Imaging”

David A. Reis, Stanford PULSE Institute
Thursday morning invited session 2, abstract on page 279
“Strong-field QED in laser-electron beam collisions”
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Johann Peter Reithmaier, University of Kassel
Monday morning plenary session 1, abstract on page 280
“Atom-Like Optical Gain Materials for Advanced Optoelectronics”

Stephan Reitzenstein, TU Berlin
Tuesday morning invited session 1, abstract on page 281
“Electrically Triggered Emission of Indistinguishable Photons by Resonant Microlaser Excitation”

Bertrand Reulet, Université de Sherbrooke
Monday morning invited session 1, abstract on page 282
“From eletronic noise in circuits to broadband quantum radiation”

Jorge Rocca, Colorado State University
Tuesday evening invited session, abstract on page 283
“Compact gain-saturated X-ray lasers down to 6.8 nm”

Nina Rohringer, DESY
Thursday evening invited session, abstract on page 284
“Stimulated X-Ray Emission Spectroscopy for Chemical Analysis”

Daniel Rolles, Kansas State University
Thursday evening invited session, abstract on page 285
“X-Ray Multiphoton Ionization of Atoms and Molecules”

Yuri Rostovtsev, University of North Texas
Friday morning invited session 2, abstract on page 286
“An optical cavity with single atoms: from frequency shifts to detection weak forces”

Gary Georgi Rozenman, Tel-Aviv University, Israel
Tuesday morning invited session 2, abstract on page 287
“Quantum Mechanical Analogies in Surface Gravity Waves”

Ralf Röhlsberger, DESY, Hamburg
Monday evening plenary session, abstract on page 288
“Quantum Optics with X-rays: Yesterday, Today and Tomorrow”

Amir Safavi-Naeini, Stanford University
Wednesday evening invited session, abstract on page 289
“Lithium Niobate Devices for Quantum Processors”

Mark Saffman, University of Wisconsin-Madison
Tuesday morning invited session 1, abstract on page 290
“Entangling atomic qubits with Rydberg interactions”

Tim Salditt, Uni Göttingen - IRP
Monday evening invited session, abstract on page 291
“X-ray optics on a chip”

Virgil Sanders, Texas A&M University IQSE
No presentation

Arvinder Sandhu, University of Arizona
Wednesday morning invited session 2, abstract on page 292
“Multi-electron excitation and dissociation pathways in oxygen”
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Dave Sandison, Sandia National Labs
No presentation

Murray Sargent, Microsoft
Friday morning plenary session 2, abstract on page 293
“OfficeMath”

Mohan Sarovar, Sandia National Laboratories
Wednesday evening invited session, abstract on page 294
“Engineered Thermalization in Many-Body Quantum Systems”

Gianluca Sarri, Queen’s University Belfast
Thursday morning invited session 2, abstract on page 295
“Experimental studies of strong field quantum electrodynamics in the field of a high-intensity laser”

Wolfgang Schleich, Ulm University
Tuesday morning plenary session 1, abstract on page 296
“Quantum waves and gravity”

Dennis Schlippert, IQ, Leibniz Universität Hannover
Tuesday morning invited session 2, abstract on page 297
“Matter wave interferometry for inertial sensing and tests of fundamental physics”

Alexander Schumer, Institute for Theoretical Physics, TU Vienna
Friday morning invited session 1, abstract on page 298
“Chiral state transfer protocols in the vicinity of an exceptional point”

Harald Schwefel, Dodd-Walls Centre & University of Otago
Wednesday evening invited session, abstract on page 299
“Diamond turned Lithium-Niobate: ultimate quality for frequency combs and up-conversion”

Jim Scully, American Airlines
No presentation

Marlan Scully, Texas A&M University
Wednesday morning plenary session 2
“Presentation of the 2019 Willis E. Lamb Award for Quantum Optics and Laser Science”
Wednesday morning invited session 2, abstract on page 300
“Insights into (and gleaned from) the Unruh effect from Quantum Optics, Quantum Statistics and the Equiva-
lence Principle”

Rob Scully, Texas A&M University
Poster Session, abstract on page 301
“A New Mobile Lab Will Have Multiple Uses”

Tigran Sedrakyan, University of Massachusetts Amherst
Wednesday evening invited session, abstract on page 302
“Emergent electrodynamics in a quantum antiferromagnet”

Mordechai (Moti) Segev, Technion
Thursday morning plenary session 1, abstract on page 303
“Topological Insulator Lasers”

Denis Seletskiy, Polytechnique Montréal
Friday evening plenary session, abstract on page 304
“Time Domain Quantum Electrodynamics”

PQE-2019 58



Tigran Shahbazyan, Jackson State University
Monday evening invited session, abstract on page 305
“Spontaneous emission mediated by cooperative energy transfer to a plasmonic antenna”

Selim Shahriar, Northwestern University
Friday morning invited session 2, abstract on page 306
“Prospect of Verifying Gravity-Induced Collapse of Macroscopic Quantum Coherence Using a Schroedinger
Cat Atom Interferometer”

Mikhail Shalaev, Duke University
Poster Session, abstract on page 307
“Optically-tunable topological photonic crystal”

Vladimir Shalaev, Purdue University
Thursday morning plenary session 1, abstract on page 308
“Transdimentional Meta-Photonics”

Shyam Shankar, Yale University
Thursday morning invited session 2, abstract on page 309
“To catch and reverse a quantum jump mid-flight”

Gavriil Shchedrin, Colorado School of Mines
Friday morning invited session 2, abstract on page 310
“Sign-definite coherence, coherent population trapping, frequency doubling, and lasing without inversion in
open driven three-level V and Lambda systems”

Kun-Ching Shen, Academia Sinica
Tuesday morning invited session 1, abstract on page 311
“Quantum Metaphotonics: Hyperbolic Metacavity Devices”

Yanli Shi, Texas A&M University IQSE
Poster Session, abstract on page 312
“EIT in an Ensemble of the Ge-Vacancies in Diamond”

Mariia Shutova, Texas A&M University
Thursday evening invited session, abstract on page 313
“Plasmonic nanostructures for subwavelength focusing of light with orbital angular momentum”

Gennady Shvets, Cornell University
Tuesday morning plenary session 2, abstract on page 314
“Topological Photonics across the Electromagnetic Spectrum”

Yuri Shvyd’ko, Argonne National Laboratory
Tuesday evening invited session, abstract on page 315
“Towards X-ray Free-electron Laser Oscillators”

Sharon Shwartz, Bar Ilan University
Tuesday evening invited session, abstract on page 316
“Collective nonlinear interactions in x ray into ultraviolet parametric down-conversion”

Edbert Sie, Stanford University
Monday evening invited session, abstract on page 317
“An Ultrafast Symmetry Switch in a Weyl Semimetal”

Jean Olivier Simoneau, Université de Sherbrooke
Poster Session, abstract on page 318
“Exploration of the Photon Statistics of a Josephson Paramp via continuous microwave measurements”
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Robinjeet Singh, University of Maryland
Poster Session, abstract on page 319
“Probing Acoustic Baths in Nanomechanical Resonators: Quantum Thermometry and Cool Optomechanics”

David Smith, Duke University
Tuesday evening invited session, abstract on page 320
“Theory and Simulation of Nanopatch Lasers”

Alexei Sokolov, Texas A&M University
Thursday morning invited session 1, abstract on page 321
“Molecular modulation with temporal and spatial shaping of laser fields”

Vaclav Spicka, Institute of Physics, Czech Academy of Sciences
Friday morning invited session 1, abstract on page 322
“Non-equilibrium dynamics of open systems, quantum transport theory and fluctuation-dissipation theorems”

A. Douglas Stone, Yale University
Thursday morning plenary session 2, abstract on page 323
“Einstein’s Light Quanta: Then and Now”

Benjamin Strycker, Baylor University, Texas A&M University
Tuesday evening invited session, abstract on page 324
“Raman spectroscopy of mold spores”

Szymon Suckewer, Princeton University
Tuesday evening plenary session, abstract on page 325
“High gain of CV 4.0nm line radiation in “water window””

Myoung-Gyun Suh, California Institute of Technology
Thursday morning invited session 1, abstract on page 326
“Soliton Microcombs and Applications”

Shuo Sun, Stanford University
Wednesday morning invited session 1, abstract on page 327
“Engineering diamond for quantum optics and quantum simulation”

Yugang Sun, Temple University
Monday morning invited session 2, abstract on page 328
“Quantum-sized metal nanoparticles: Bridging photons and chemical transformations”

Fumika Suzuki, University of Freiburg and University of British Columbia
Poster Session, abstract on page 329
“A Stern-Gerlach separator of chiral enantiomers based on the Casimir-Polder potential”

Anatoly Svidzinsky, Texas A&M University
Wednesday morning invited session 2, abstract on page 330
“Excitation of cavity modes by a moving atom through virtual transitions”

Hong Tang, Yale University
Friday evening invited session, abstract on page 331
“Superconducting cavity electro-optics: a platform for coherent photon conversion between superconducting
and photonic circuits”

Brabec Thomas, physics, uOttawa
Wednesday morning invited session 2, abstract on page 332
“Attosecond and strong field condensed matter physics”
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James K. Thompson, JILA
Friday morning invited session 1, abstract on page 333
“Twists, gaps, and superradiant emission on a millihertz linewidth transition”

Jeff Thompson, Princeton University
Monday morning invited session 1, abstract on page 334
“Ytterbium atom arrays in optical tweezers”

Uwe Thumm, Kansas State University
Wednesday morning invited session 2, abstract on page 335
“Spatio-temporally resolved photoemission from surfaces and plasmonic nanoparticles”

Matthew Trusheim, Massachusetts Institute of Technology
Friday morning invited session 1, abstract on page 336
“Emerging inversion-symmetric quantum emitters in diamond”

Kosmas Tsakmakidis, National and Kapodistrian University of Athens, Greece
Thursday evening invited session, abstract on page 337
“The time-bandwidth “tyranny” in physics and engineering – and how to defeat it”

Hakan Tureci, Princeton University
Friday morning invited session 1, abstract on page 338
“Divergence-free Radiative Corrections in Circuit Quantum Electrodynamics”

William Unruh, Univ BC, and Texas A&M
Wednesday morning plenary session 2, abstract on page 339
“Time, Gravity and Quantum Mechanics”

Jason Valentine, Vanderbilt University
Tuesday evening invited session, abstract on page 340
“Dynamic Huygens’ Metasurfaces Based on ENZ Media”

Malte Vassholz, University of Göttingen
Poster Session, abstract on page 341
“Fluorescence X-Ray Emission in Waveguide Cavities”

Stephane Virally, Polytechnique Montréal
Poster Session, abstract on page 342
“Quantum Electromagnetic Field in Time Domain”

Thomas Volz, Macquarie University
Friday morning invited session 1, abstract on page 343
“Cooperative effects in single diamond nanocrystals at room temperature”

Joachim von Zanthier, Univ. of Erlangen-Nuremberg, Germany
Monday evening invited session, abstract on page 372
“X-ray superradiance in free space”

Aaro Väkeväinen, Aalto University, Finland
Monday morning invited session 1, abstract on page 344
“Bose-Einstein condensation in a plasmonic lattice”

Edo Waks, University of Maryland, Joint Quantum Institute
Wednesday evening invited session, abstract on page 345
“Scalable quantum photonics using quantum dots”
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Dawei Wang, Zhejiang University
Monday evening plenary session, abstract on page 346
“Simulating chiral dynamics in quantum optics”

Hailin Wang, University of Oregon
Friday evening invited session, abstract on page 347
“Mechanically-Mediated Spin-Photon Interfaces”

Jizhou Wang, Texas A&M University
Poster Session, abstract on page 348
“Wide-field Coherent Anti-Stokes Raman Scattering Microscopy Based on Picosecond Supercontinuum
Source”

Kai Wang, Texas A&M University
Friday evening invited session, abstract on page 349
“Femtosecond Pump-Probe Study of Two-photon Laser Induced Fluorescence of Krypton”

Lihong Wang, California Institute of Technology
Thursday evening plenary session, abstract on page 350
“World’s Deepest-Penetration and Fastest Optical Cameras: Photoacoustic Tomography and Compressed
Ultrafast Photography”

Wei David Wei, University of Florida
Tuesday morning invited session 2, abstract on page 351
“Plasmonic Ni-TiO2 Heterostructures for Visible-Light Driven Photochemical Reactions”

Min Xiao, University of Arkansas, US & Nanjing University, China
Friday evening invited session, abstract on page 352
“Nonreciprocal parity-time symmetry in coupled microcavities and chip-based optical isolator with bulk
stimulated Brillouin scattering”

Vladislav Yakovlev, 1965
Tuesday evening plenary session

Yoshihisa Yamamoto, Japan Science and Technology Agency
Monday evening plenary session, abstract on page 353
“Coherent Ising Machine - Optical Neural Network operating at the Quantum Limit -”

Lan Yang, Washington University in St. Louis
Friday evening plenary session, abstract on page 354
“Whispering-gallery-mode resonators: a versatile platform for light-matter interactions”

Li-Ping Yang, Purdue University
Poster Session, abstract on page 355
“Quantum Critical Detector”

Deniz Yavuz, University of Wisconsin
Thursday morning invited session 1, abstract on page 356
“Toward Continuous Wave Molecular Modulation Using Glass Microresonators”

Xu Yi, University of Virginia
Friday evening invited session, abstract on page 357
“Temporal solitons and optical frequency combs in microcavities”
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Zhenhuan Yi, Texas A&M University IQSE
Wednesday evening invited session, abstract on page 358
“Experimental demonstration of Rabi Oscillations produced by adiabatic pulse due to initial atomic coher-
ence”

Jae Woong Yoon, ETRI
Friday morning invited session 1, abstract on page 359
“Broadband time-asymmetry of light through parametric loops around an exceptional point in a Si-photonic
structure”

Linda Young, Argonne National Laboratory/UChicago
Thursday evening plenary session, abstract on page 360
“Frontiers of Nonlinear X-ray Interactions with Matter”

Nanfang Yu, Columbia University
Tuesday morning invited session 1, abstract on page 361
“Lenses & Holograms Based on Metasurfaces”

Baile Zhang, Nanyang Technological University
Tuesday morning invited session 2, abstract on page 362
“Spin-valley locking and topological phase transition in photonic crystals”

Shunping Zhang, Wuhan University
Monday evening invited session, abstract on page 363
“Nanocavities for Strong Light-Matter Interaction”

Yang Zhang, University of Science & Technology of China
Monday evening invited session, abstract on page 364
“Electrically driven single-photon superradiance from constructed long molecular chains in a plasmonic
nanocavity”

Zhedong Zhang, Texas A&M University
Friday evening invited session, abstract on page 365
“Quantum coherence effects in biology”

Zhenrong Zhang, Baylor University
Thursday evening invited session, abstract on page 366
“Advances in Tip-Enhanced Raman Spectroscopy: Molecular-Semiconductor Interactions and Fiber-
Plasmonic Probe”

Xingchen Zhao, Texas A&M University IQSE
Poster Session, abstract on page 367
“Imaging through Scattering Media via Cross-spectrum”

Nikolay Zheludev, Unv. Southampton, UK & NTU, Singapore
Tuesday evening plenary session, abstract on page 368
“Plasmonics in free space or can we see λ/100 with a school microscope?”

Bo Zhen, University of Pennsylvania
Wednesday morning invited session 2, abstract on page 369
“Topological photonics in open systems”

Zhengwei Zhou, University of Science & Technology of China
Monday evening invited session, abstract on page 370
“All-optical devices based on manipulating photons in the synthetic dimensions”
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Shiyao Zhu, Zhejiang University
No presentation

Matthias Zimmermann, Ulm University
Thursday morning invited session 1, abstract on page 371
“T3-interferometers probing a linear potential”
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7 Abstracts

The following pages contain the abstracts submitted by the participants.

7.1 Best abstract award.

This year’s “Best Abstract” award will be announced during the reception on Sunday evening, January 6,
2019. The selection committee for the 2019 best abstract award consisted of George R. Welch from Texas
A&M University, Frank A. Narducci from the Naval Air Systems Command, and Mark D. Havey from Old
Dominion University. The committee considered 3 factors in reaching their decision:

1. Clarity. The abstract should effectively communicate what the talk will be about. It should entice the
reader to come to the talk.

2. Presentation. The abstract should look good. This pretty much requires at least one nice figure.
Graphics are good. Clear, pretty, graphics are better!

3. Efficient use of space. PQE allows an 8.5x11 inch page (minus 2 cm margins). This is a lot of room,
and we would like to see it used well. One short paragraph leaving most of the page blank is bad. An
entire page crammed with single-spaced 8 point font is also bad.

The winner receives dinner at the Aerie Restaurant at Snowbird, and recognition in this book. The first
runner up receives recognition in the online program. We have had a “Best Abstract” award for many years
at PQE, and we believe it continues to be a success. Please note the high quality of many of the submitted
abstracts. The organizers thank all the participants who took the trouble to prepare good abstracts, and we
welcome all feedback on this effort.

7.2 Rendering of the abstracts.

The actual PDF files submitted by the participants were rendered into 600 dpi monochrome bitmaps using
the pdftoppm open source software, which is part of the xpdf software suite, and then printed for this book.
A separate version of this book including the original PDF submitted by participants, preserving color, is
available on the conference web site.

If you are interested in why this was done, keep reading.

Although the “P” in PDF stands for “Portable,” these files are often not as portable as some people would
like. Issues of font embedding are among the worst, but versioning issues also persist, and there are others. It
is our desire that when you submit your abstract, we show you exactly what it will look like when we print it.
If we attempt to print your PDF files directly, we will never be sure that what we print is what you expect. By
rendering the file to bitmaps immediately after they are submitted, and showing you the resulting bitmap, we
can at least make sure that you know what you will get.

None of that requires us to render the files to monochrome, but that is to save on printing cost.

Besides, the xpdf rendering software is very mature, open source, and really cool.

7.3 Abstracts

All the submitted abstracts follow.
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qBOUNCE, and an acoustic Ramsey-type Gravity Resonance Spectrometer 
 

H. Abele1 
 

1 Atominstitut – TU Wien, Stadionallee 2, 1020 WIEN, Austria 
Contact email: abele@ati.ac.at. 

 
 
This talk focuses on the control and understanding of a gravitationally interacting elementary quantum 
system using the techniques of resonance spectroscopy. It offers a new way of looking at gravitation at 
short distances based on quantum interference. The ultra-cold neutron reflects from a mirror in well-
defined quantum states in the gravity potential of the earth allowing the application of gravity resonance 
spectroscopy (GRS). GRS relies on frequency measurements, which provide a spectacular sensitivity.  

An acoustic Ramsey setup, currently under development, will set new standards in precision for the 
experiment qBOUNCE in many respects. 

 
Figure: Acoustic Ramsey setup for a measurement of quantum states of ultra-cold neutrons in the gravity 
potential of the earth. 

Speaker: Hartmut Abele, TU Wien
Session: Quantum waves and gravity 1
Schedule: Tuesday Morning Invited Session 1
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Quantum Programming in pyQuil 
M. Sohaib Alam 

 
We describe how to program gate based quantum computers using the QUIL (Quantum 
Instruction Language)[1] abstraction. More practically, we use pyQuil, an open source Python 
wrapper for QUIL to write quantum programs. This library/tool is particularly suited to implement 
classical/quantum hybrid algorithms, the class of algorithms which are themselves well suited 
for useful tasks on near-term NISQ[2] era quantum computers. We demonstrate an example of 
the implementations of such algorithms in the context of electronic structure calculations, using 
a variational eigensolver on a quantum processor, and discuss future directions. 
 
[1] R. Smith, M. J. Curtis and W. J. Zeng, "A Practical Quantum Instruction Set Architecture," 
(2016),  arXiv:1608.03355 [quant-ph], https://arxiv.org/abs/1608.03355 
[2] J. Preskill, “Quantum Computing in the NISQ era and beyond” (2018), arXiv:1801.00862 
[quant-ph], https://arxiv.org/abs/1801.00862 

Speaker: M. Sohaib Alam, Rigetti
Session: Quantum Simulation of High-Energy Physics
Schedule: Tuesday Morning Invited Session 2
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Raman spectroscopy as a rapid plant phenotyping technique for detecting 
plant stress responses and identifying drought tolerant plant genotypes  

Narangerel Altangerel and Philip Hemmer 

Texas A&M University 
 

Development of a phenotyping platform capable of non-invasive biochemical sensing 
could offer researchers, breeders, and producers a tool for precise response detection. In 
particular, the ability to measure plant stress in vivo responses is becoming increasingly 
important. In this work, a Raman spectroscopic technique is developed for high-
throughput stress phenotyping of plants. We demonstrated for the first time, the early 
(within 48 hours) in vivo detection of plant stress responses1 (Fig 1). Coleus (Plectranthus 
scutellarioides) plants were subjected to four common abiotic stress conditions, 
individually: high soil salinity, drought, chilling exposure, and light saturation. Plants were 
examined post stress induction in vivo where changes in the concentration levels of the 
reactive oxygen scavenging pigments were observed by Raman microscopic and remote 
spectroscopic systems. The molecular concentration changes were further validated by 
commonly accepted chemical extraction (destructive) methods. Raman spectroscopy also 
allows simultaneous interrogation of various pigments in plants. For example we found a 
unique negative correlation in concentration levels of anthocyanins and carotenoids 
which clearly indicates that plant stress response is fine-tuned to protect against stress-
induced damages (Fig.2). Furthermore, we were able to detect the drought tolerance 
levels among 5 genotypes of maize plants: 3 inbreds and 2 mutants.  The maize (Zea Mays) 
plays a critical role in feeding humans and livestock around the world and a wide array of 
industrial application. The use of Raman spectroscopy allowed us to screen drought 
tolerance rates between not only genetically different inbreds but also mutants, which 
are genetically identical save for one gene. This precision spectroscopic technique holds 
promise for the future development of high throughput screening for plant phenotyping 
and for the quantification of biologically or commercially relevant molecules such as 
antioxidants and pigments. 
 

       
1 N. Altangerel, G.O. Ariunbold, C. Gorman, M. Alkahtani, E. J. Borrego, D. Bohlmeyer,P. Hemmer, M.V. Kolomiets, J. S. 

Yuan, M.O. Scully, PNAS 114:3393-3396, 2017  

Speaker: Narangerel Altangerel, Texas A&M University IQSE
Session: Quantum Biophysics Imaging and Technology
Schedule: Tuesday Evening Invited Session
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Magnet-Free Non-Reciprocity in Photonics 
 

Andrea Alù 

 

Advanced Science Research Center, City University of New York, New York, NY 10031, USA 
 

In this talk, we will review our latest progress towards the concept, design and realization of magnet-

free non-reciprocal photonic nanodevices based on spatio-temporal modulation, nonlinearities, and/or 

opto-mechanical interactions. We will also discuss opportunities to induce topological order in arrays 

of these elements, aimed at realizing reconfigurable, broadband signal transport with large non-

reciprocal features. We will discuss opportunities, potentials, challenges and fundamental limitations 

enabled by these approaches to non-reciprocity, and their implications from basic science to 

technology. 

Speaker: Andrea Alu, CUNY Advanced Science Research Center
Schedule: Thursday Evening Plenary Session
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T 3-Stern-Gerlach Matter-Wave Interferometer

O. Amit1, Y. Margalit1, O. Dobkowski1, Z. Zhou1, Y. Japha1, M. Zimmermann2,
M. A. Efremov2, F. A. Narducci3, E. M. Rasel4, W. P. Schleich2,5 and R. Folman1

1Department of Physics, Ben-Gurion University, Be’er Sheva, Israel
2Institut für Quantenphysik and Center for Integrated Quantum Science and Technology (IQST ),

Universität Ulm, Ulm, Germany
3Department of Physics, Naval Postgraduate School, Monterey, USA

4Institut für Quantenoptik, Leibniz Universität Hannover, Hannover, Germany
5Hagler Institute for Advanced Study at Texas A&M University, Texas A&M AgriLife Research,

Institute for Quantum Science and Engineering (IQSE), and Department of Physics and Astronomy,
Texas A&M University, College Station, TX 77843-4242, USA

e-mail: oamitt@gmail.com

Already in the early years of quantum mechan-
ics, E. H. Kennard [1] showed that the wave function
of a particle of mass m exposed for a time T to a con-
stant linear potential with the associated accelera-
tion a accumulates a phase scaling as ma2T 3. Be-
ing position-independent, this phase does not con-
tribute to the phase shift of a conventional matter-
wave interferometer. More recently, several theoret-
ical and experimental works [2, 3, 4] have discussed
this cubic phase in the context of an interferometer.

In this talk I present our unique realization of
a T 3 matter-wave interferometer based on a Bose-

Einstein Condensate (BEC) near an atom chip and
utilizing the Stern-Gerlach effect in order to create
a state-dependent force [5]. We show that, in con-
trast to typical atom interferometers, this interfer-
ometer’s phase accumulation rate may be enhanced
significantly relative to the space-time area encom-
passed by the two arms. This enhancement can be
attributed to a lack of symmetry in the interferom-
eter’s kinetic energy. The large phase accumulation
from a small space-time area may open the door for
future applications with high sensitivity.

Figure 1: Experimental data (dots) and theory results (lines) for measurement of the cubic phase in the T 3-Stern-
Gerlach Interformeter (SGI). The phase accumulates at a rate proportional to T 3 which results in a chirp of the
signal.

References

[1] E. H. Kennard, Zeitschrift für Physik 44, 326 (1927).
[2] F. Fratini and L. Safari, Physica Scripta 89, 085004 (2014).
[3] G. D. McDonald et al, EPL 105, 63001 (2014).
[4] M. Zimmermann et al, Appl. Phys. B 123, 102 (2017).
[5] S. Machluf et al, Nat. Commun. 4, 2424 (2013).

Speaker: Omer Amit, Ben-Gurion University
Session: Atom Interferometers and Cold Atoms 2
Schedule: Thursday Morning Invited Session 1
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Phase-controlled atom-field interaction: from superradiance to superabsorption 
Kyungwon An 

Department of Physics and Astronomy, Seoul National University, Seoul 08826, Korea 
 

A novel platform for phase-controlled atom-field interaction is described. A nanohole-array atomic 
beam aperture placed in front of a high-Q cavity allows us to localize two-level atoms traversing the 
cavity at the desired positions [1]. Combined with a transverse pump laser positioned between the 
nanohole array and the cavity mode, we can prepare the individual atoms after going through the 
nanoholes in a superposition state of the ground and excited states with a prescribed phase. With a 
centered-square-lattice nanohole array with the hole spacing equal to the transition wavelength 𝜆 of the 
two-level atom, we can prepare every atom in the same superposition state (Fig. 1a). With this 
configuration, we have observed the coherent single-atom superradiance, where 𝑁# atoms traversing the 
cavity in the cavity-field decay time cooperatively emit photons into the cavity mode although there is 
only one atom or less in the cavity [2]. This interaction results in the cavity photon number growing 
proportional to 𝑁#$ and exhibiting a thresholdless lasing even when the so-called beta factor, the ratio of 
the spontaneous emission into the cavity mode to the total spontaneous emission, is much less than unity. 
Moreover, by using a square-lattice nanohole array with the hole spacing equal to 𝜆/2, we can prepare 
two group of atoms with the opposite phases interacting with the cavity simultaneously. This 
configuration results in a squeezed vacuum field in the cavity and a photon decay then results in a 
Schrödinger cat state with a large mean photon number [3]. Lastly, we have succeeded in reversing the 
superradiance in time to realize superabsorption for the first time (Fig. 1b). In superabsorption, the rate 
of atomic absorption is proportional to 𝑁$ in contrast to the ordinary absorption proportional to 𝑁. This 
feat is achieved by locking the phase of the superposition state of the traversing atoms exactly opposite 
to the phase of the pulsed input field. We experimentally observed that the number of photons completely 
absorbed for a given time interval is proportional to 𝑁$, a definitive evidence for superabsorption. 

 
 
 
 
 
 
 
 
 
 
 
 

 
References 
[1] M. Lee et al.,  Nat. Commun. 5, 3441 (2014).  
[2] J. Kim, D. Yang, S. Oh, and K. An, Science 359, 662 (2018). 
[3] D. Yang, J. Kim, M. Lee, Y.-T. Chough, K. An, Phys. Rev. A 94, 023826 (2016). 

Figure 1  a. Two-level atoms (barium 138) go through a centered-square-lattice nanohole-array aperture and then are 
excited by a pump laser to a superposition state with the same phase before they interact with a cavity. b. Cavity decay 
(Decay), ordinary absorption (GND) and superabsorption (SA, shaded region) in the presence of the cavity decay are 
compared. After the input light is completely absorbed by superabsorption, superradiance starts to occur (around 250ns), 
which can be suppressed by turning of the superposition-state pumping. Thick semi-transparent curves are theoretical fits 
based on the master equation. The mean number 𝑁 of atoms in the cavity was 6.8. 

a                  b 

Speaker: Kyungwon An, Seoul National University
Schedule: Friday Morning Plenary Session 1
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Full-Wave Joint Inversion in Transcranial Photoacoustic Computed Tomography  
Mark A. Anastasio, Joe Poudel, and Lihong V. Wang 

Washington University in St. Louis 
St. Louis, MO 63130 

 
Photoacoustic computed tomography (PACT) is an emerging computed imaging modality that 
exploits optical contrast and ultrasonic detection principles to form images of the absorbed optical 
energy density within tissue. In PACT, the biological tissue of interest is irradiated with a short 
laser pulse. Under the condition of thermal confinement, the absorption of the optical energy 
results in the generation of pressure waves via the photoacoustic effect. These pressure waves are 
subsequently detected using broadband ultrasound transducers. The PACT reconstruction problem 
corresponds to a time-domain inverse source problem, where the initial pressure distribution is 
recovered from the measurements recorded on an aperture outside the support of the source.  

Transcranial PACT holds great promise for human brain imaging  However, a major 
challenge in transcranial PACT brain 
imaging is to compensate for 
aberrations in the measured acoustic 
data due to the propagation of the 
photoacoustic wavefields through 
the skull. To properly account for 
these effects, a wave equation-based 
inversion method should be 
employed that can model the 
heterogeneous elastic properties of 
the medium. Previously, iterative 
image reconstruction methods for 3D 
transcranial PACT have been developed based on the elastic wave equation. To accomplish this, 
a forward model based on a finite-difference time-domain discretization of the elastic wave 
equation has established. Subsequently, gradient-based methods were employed for computing 
penalized least squares estimates of the initial pressure distribution that produced the measured 
photoacoustic data. The results in Fig. 1 show the need for compensating for skull-induced acoustic 
distortions and the ability of wave-equation-based iterative reconstruction algorithms to 
compensate for them. 

In the wave equation-based iterative reconstruction algorithm, accurately compensating for 
the distortions induced by the skull requires prior knowledge of the spatial distributions of the 
acoustic parameters within the skull. However, such information may be difficult to obtain in 
practice. To circumvent this, a joint reconstruction (JR) method for transcranial PACT is reported 
in this work. In the JR method, the spatial distribution of the skull’s acoustic parameters is 
reconstructed concurrently with the sought-after initial pressure distribution. This approach 
represents a paradigm shift in the way that images are reconstructed in transcranial PACT imaging 
systems. Because the spatial distribution of the skull acoustic parameters will automatically be 
accounted for in the joint-reconstruction procedure, the proposed method holds great promise for  
and maximizing image quality in transcranial PACT. 

 
Fig. 1. Reconstructed maximum amplitude projection (MAP) 
images corresponding to the cases: (a) reference image with skull 
absent; (b) image reconstructed by a backprojection algorithm that 
ignored the skull; and (c) image reconstructed by an iterative 
algorithm that compensates for the skull. 

Speaker: Mark Anastasio, Washington University in St. Louis
Session: Frontiers in Biomedical Optical Imaging
Schedule: Thursday Evening Invited Session
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Topologically Protected Photonic Modes in Composite  
Quantum Hall/Quantum Spin Hall Waveguides 

Shukai Ma,1 Bo Xiao,1 Yang Yu,2 Kueifu Lai,2 Gennandy Shvets,2 and Steven M. Anlage1,*  
1Physics and ECE Departments, University of Maryland, College Park, Maryland  20742-4111 USA 

2School of Applied and Engineering Physics,Cornell University, Ithaca, New York 14853, USA 
*Tel. +1 301 405 7321, Fax +1 301 405 3779, anlage@umd.edu 

 
Photonic topological systems, the electromagnetic analog of topological materials in 

condensed matter physics, create many opportunities to design optical devices with novel properties.  
We present an experimental realization of the bi-anisotropic meta-waveguide photonic system 
replicating both quantum Hall (QH) and quantum spin-Hall (QSH) topological insulating phases.  
With careful design, the combined photonic systems with multiple topological phases supporting 
reflection-free edgemodes are proposed and experimentally demonstrated. The effective spin degree of 
freedom of such topologically protected edgemodes determines their unique pathways through these 
systems, free from backscattering and able to travel around sharp corners. As an example of their 
novel properties, we experimentally demonstrate a 2-port isolator and a full 4-port circulator based on 
composite QH and QSH back-scattering free waveguides in the microwave domain.    

 
This work was supported by ONR under Grant No. N000141512134, AFOSR COE Grant 

FA9550-15-1-0171, DOE under grant DESC 0018788, the National Science Foundation (NSF) under 
Grants No. DMR-1120923, No. PHY-1415547 and No. ECCS-1158644. 
 

Measured edgemode transmission along the QH-QSH 
interface with ‘up’ magnetic field direction applied to the 
QH region. Blue/red arrow indicates the propagating 
direction of edgemodes.  The blue-dot (red-line) curves 
show transmission for the right (left)-going waves along 
the interface. The inset shows the locations of port A and 
B along with the direction of the applied B-field. The 
white arrow shows the expected edgemode propagating 
direction.  We find that the edgemode propagation 
direction is reversed when the field direction is inverted.  
The QH and QSH regions are designed to have a band gap 
near a frequency of 6 GHz. 
 
 

An open-plate view of the 
experimental set-up of the 4-port Bi-
anisotropic Meta-Waveguide (BMW) 
circulator structure. Stars on the left 
plate indicate the locations of the 
four ports.  The ferrites are biased 
with permananet magnets located 
outside the BMW structure.  In 
operation the plates face each other 
to define the QSH and QH regions 
and interfaces (between colored 
domains) that guide the microwave 
signals. 

Speaker: Steve Anlage, University of Maryland
Session: Advances in Topological Meta-Materials across the EM Spectrum 1
Schedule: Tuesday Morning Invited Session 2
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Advances in quantum dot lasers for silicon photonics 
 

Yasuhiko Arakawa 
 

Institute for Nano-Quantum Information Electronics, The University of Tokyo 
arakawa@iis.u-tokyo.ac.jp 

  
 

Abstract 
 

Since the first proposal of the concept of the quantum dot in 1982 by Arakawa et al., 
growth and physics of the quantum dots have been intensively investigated. Development of 
high-quality InAs/GaAs quantum dots has been already led to commercialization of the 
quantum dot lasers for telecom, silicon photonics, and other applications. In particular, high 
temperature operation and high feedback-noise tolerance of the quantum dot lasers are 
advantageous characteristics for light sources in the silicon photonics.  

Quantum dot lasers integrated into silicon circuit systems by the flip-chip bonding 
enabled high bandwidth-density over 15Tbps/cm2 at 125 °C in 2014(1), which was lead to 
realization of I/O Core chips of 5x5mm2 transceiver/receiver with 5mW/Gbps, 25Gbps/ch 
and 12ch parallel transmission. By using the wafer bonding method, a hybrid silicon quantum 
dot laser, evanescently coupled to a silicon waveguide, was demonstrated above 100°C(2). 
Moreover, we realized direct epitaxial growth of quantum dot lasers on ox-axis (100) silicon 
substrate only using MBE growth(3).  

In this presentation, we discuss the current states of the art for the quantum dot lasers 
integrated onto silicon photonic circuit systems, focusing our achievements. 
 
References 
 
1. Y. Urino, et al. Electronics Letters 50, 1377 (2014) 
2. B. Jang, K. Tanabe, S. Kako, S. Iwamoto, T. Tsuchizawa4, H. Nishi, N. Hatori, M. 

Noguchi, T. Nakamura, K. Takemasa,  Applied Physics Express 9, 318 (2017) 
3. J. Kwoen, B. Jang, J. Lee, T. Kageyama, K. Watanabe, and Y. Arakawa, Optics Express 

26, 11568 (2018)  
 

 

Speaker: Yasuhiko Arakawa, The University of Tokyo
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Ghost microscopy and image enhancement with entangled photons

Shahaf Asban,1 Konstantin E. Dorfman,2 and Shaul Mukamel1

1Department of Chemistry and Physics and Astronomy,
University of California, Irvine, California 92697-2025, USA

2State Key Laboratory of Precision Spectroscopy,
East China Normal University, Shanghai 200062, China

Since the introduction of quantum mechan-
ics, scientists were fascinated with the statisti-
cal properties of many-body states speci�cally,
nonlocal e�ects. Notably, quantum correlated
states of light o�er an intriguing observation win-
dow for imaging applications. Among the famous
classes of experiments utilizing photon entangle-
ment (transverse) are ghost imaging applications.
These employ such correlations between photons
to provide an image of a mesoscopic object as
depicted in Fig.(1), by scanning a photon that
does not interact with the object directly Wal-
born et al. [1], Howell et al. [2], Aspden et al. [3].
Despite the multiple virtues ghost imaging

techniques o�er, there are two signi�cant limi-
tations. First, the use of Fourier optics allows
the study passive-mesoscopic objects. Second,
the resolution is strongly dependent of the degree
of entanglement induced by the source.

Figure 1. A broad-band pump kp propagates through a

χ(2) crystal, generating an entangled photon pair denoted

as signal and idler . The photons are distinguished by po-

larization (type-II) or frequency (type-I) and are separated

by a beam-splitter (BS). The signal photon interacts with

the sample, then frequency dispersed and collected by a

bucket detector Ds with no spatial resolution. The idler is

spatially resolved in the transverse plane by the detector

Di. The two photons are detected in coincidence.

In this talk we present a novel di�raction-
based far-�eld imaging technique, extending
ghost imaging to microscopic systems. The
present approach captures the leading linear term
in the charge-density and therefore does not mix

summation over intermediate states of sponta-
neous charge density �uctuations as second order
process would for a dynamic object.

Furthermore, we o�er to enhance the imaging
resolution by two means:
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Figure 2. a. Schmidt spectrum using Hermite-Gauss
modes. b. Unraveling to few detection realizations

• A Schmidt decomposition of the di�raction
signal allows reweighing Schmidt modes
with high topological charge. These modes
otherwise are suppressed as depicted in
Fig.2a. The redistribution of modes raises
the entropy of light, while gaining mat-
ter information which is manifested by en-
hancement of �ner image details.

• Unraveling the image into single (or few)
di�raction events at a time can be applied
for the elimination of the point-spread-
function generated along the optical path
as illustrated in Fig.2b.

[1] S. P. Walborn, C. H. Monken, S. Pádua, and
P. H. S. Ribeiro, Physics Reports 495, 87 (2010),
arXiv:1010.1236.

[2] J. C. Howell, R. S. Bennink, S. J. Bentley, and
R. W. Boyd, Phys. Rev. Lett. , 1 (2004).

[3] R. S. Aspden, D. S. Tasca, R. W. Boyd,
and M. J. Padgett, New Journal of Physics
15 (2013), 10.1088/1367-2630/15/7/073032,
arXiv:arXiv:1212.5059v2.
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Collective dissipation: going beyond two-level atoms 
 
 

Ana Asenjo-Garcia 
Physics Department, Columbia University, New York, NY 10027, USA 

ana.asenjo@columbia.edu 
 

 
The generation of strong light–matter interactions advances our understanding  of 
fundamental science and enables the construction of reliable and  scalable quantum 
technologies. Ensembles of atoms  have traditionally served as the dominant 
platform to enhance these interactions.  However, spontaneous emission —in which 
photons are first absorbed by atoms and then re-scattered into undesired 
channels— imposes a fundamental limit to the interaction strength.  Interference, 
which is particularly strong in ordered atomic arrays, generates correlations among 
atoms, thus making dissipation a collective phenomenon and producing super- 
and/or sub-radiant decay [1]. In this talk, I will discuss the implications of multilevel 
(hyperfine) structure for collective dissipation. In particular, I will describe non-trivial 
effects on optical pumping [2] and subradiance. 

[1] A. Asenjo-Garcia, M. Moreno-Cardoner, A. Albrecht, H. J. Kimble, and D. E. 
Chang, Phys. Rev. X 7, 031024 (2017). 

[2] E. Munro, A. Asenjo-Garcia, Y. Lin, L. C. Kwek, C. A. Regal, and D. E. Chang, 
Phys. Rev. A 98, 033815 (2018). 
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Nanophotonics in (2 + 1)D: Omnipolarization Modes, 

Graphene Gain and Light Emission 
Harry A. Atwater  

California Institute of Technology, Pasadena, CA 91125 USA 
*corresponding author: haa@caltech.edu  

Two-dimensional materials, graphene, 
monolayer and multilayer transition metal 
dichalcogenides and black phosphorus, 
provide a platform for strong light-matter 
interactions, and new design opportunities.  

Tailoring near-field optical phenomena 
often requires excitation of surface plasmon 
polaritons (SPPs) or surface phonon 
polaritons (SPhPs), surface waves at the 
interface between media with electric 
permittivities of opposite sign. Despite their 
unprecedented field confinement, surface 
polaritons are limited by polarization: only 
transverse magnetic fields enable their 
excitation, leaving transverse electric fields 
unexploited. By contrast, guided modes in 
positive permittivity materials occur for 
both linear polarizations; however, they 
typically cannot compete with SPPs and 
SPhPs in terms of confinement. Here we 
show that omnipolarization guided modes in 
materials with high-permittivity resonances 
can reach confinement factors similar to 
SPPs and SPhPs, while surpassing them in 
terms of propagation distance. We explore the cases of silicon carbide and transition-metal dichalcogenides 
near their permittivity resonances, and compare with SPhPs in silicon carbide and SPPs in silver, 

The decay dynamics of excited carriers in graphene have attracted wide scientific attention, as its 
gapless Dirac electronic band structure opens up relaxation channels that are not allowed in conventional 
materials. We report bright, Fermi level-dependent mid-infrared radiative emission from graphene upon 
ultrafast optical excitation, which we attribute to outcoupled plasmon emission that arises from optically 
excited carriers. Our results are compared to recent theoretical predictions that plasmon emission is an 
efficient means of electron relaxation, leading to net optical gain, and we show that these relaxation 
processes can be effective in creating hot plasmon-induced light emission into the far field. This work 
provides a platform for realizing ultrabright, ultrafast mid-infrared graphene-based light sources. 

 

 
Figure 1. Guided waves in e < 0 and e > 0 material systems. 
(a) At the interface between media with electric permittivities 
of opposite sign, surface plasmon polaritons (SPPs) and 
surface phonon polaritons (SPhPs) are supported. (b) Drude 
(black) and Lorentz (red) dielectric response, supporting SPPs 
and SPhPs, respectively, when e < 0 (red shaded region). (c) 
Guided waves are supported in slabs with high e, when 
embedded between lower-e media. (d) Monolayer case of (c). 
(e) Electric permittivity of a polar dielectric material (red), 
where ωTO and ωLO are the transverse and longitudinal optical 
phonon energies, respectively, and electric permittivity of an 
excitonic material (cyan), for example, transition-metal 
dichalcogenides (TMDs). For omnipolarization surface-
confined propagation, we focus on the high- e regime (green 
shaded region). So lid lines, real parts; dashed lines, imaginary 
parts; γd is the phonon/exciton lifetime. 
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Programmable and reconfigurable metamaterials based on DNA-assembly of gold 
nanoparticles 

 
Koray Aydin 

Department of Electrical Engineering and Computer Science, Northwestern University 
	
Templated nanopatterning has great potential in various fields including nanophotonics, 
plasmonics and metadevices. The ability to predictably, rapidly, and precisely place individual 
NPs into desired arrangements—regardless of size, shape, or composition—over large areas on a 
surface in both two- and three-dimensions would represent a significant advance in structural 
control, dramatically expanding the range of nanomaterials that can be synthesized and enabling 
new properties, many of which have likely never even been contemplated because a lack of access 
to such structures.  
 In this talk, I will describe a novel fabrication method based on DNA-assembly of gold 
nanoparticles on a substrate, which can be used to design passive and active nanophotonic 
metamaterials and metasurfaces. In particular, 
a tunable broadband absorber is designed and 
fabricated using a multilayer gold 
nanoparticle superlattice metamaterial (Fig. 
1a). The gap distance between nanoparticles is 
dictated by the overall DNA length that bonds 
these particles together, which can be changed 
dynamically by using ethanol solution with 
varying concentrations. Simulated and 
measured absorption spectra shows that one 
can tune absorption band edge could be from 
650 nm (1.9 eV) to 775 nm (1.6 eV). The 125-
nm shift in wavelength represents a 
wavelength tuning figure of merit 
(wavelength shift divided by the initial band 
edge wavelength prior to tuning) of 19%.	 I 
will also discuss encoded metasurfaces and 
tunable nanoparticle superlattices based on 
DNA-assembly of gold nanoparticle 
superlattices. Our simulations and 
experiments show that one change the 
reflection angle dynamically by controlling the distance between gold nanoparticles and metallic 
substrate which induced phase change at the subwavelength scale.  
	 The synthesis of plasmonic NP architectures with structures and stimuli-responsive 
behavior that are not accessible in lithographically-defined plasmonic nanostructures provides an 
opportunity to design materials with emergent optical properties that offer new fundamental 
insights and previously inaccessible functionalities. DNA programmable assembly has been 
combined with top-down lithography to construct superlattices of discrete, reconfigurable 
nanoparticle architectures on a gold surface over large areas. The generality and potential of this 
approach are explored by identifying a broadband absorber with a solvent polarity response that 
allows dynamic tuning of visible light absorption, as well as a tunable metasurface.	

Figure 1. a, NP superlattice consists of a gold surface, 
circular disk, cube, and sphere. b, Cross-sectional SEM 
images of a single disk-cube-sphere architecture after 
immersing in 0% (left) and 80% (right) EtOH. Scale bar, 50 
nm. c, Simulated absorption spectra of the NP superlattice 
with 16-, 10-, 8-, 6-, and 4-nm gap lengths (from blue to 
red). d, Measured absorption spectra at 0, 40, 50, 60, and 
80% EtOH in H2O (from blue to red)	
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Observation	of	optical	backflow	
 

Yaniv	Eliezer,	Thomas	Zacharias	and	Alon	Bahabad	
Department	of	Physical	Electronics,	School	of	Electrical	Engineering,	Tel-Aviv	University,	Tel-Aviv	69978,	Israel	

 
Backflow is a surprising yet relatively unknown phenomenon discovered in 1969 in the context 

of the time-of-arrival problem in quantum mechanics [1,2]. In quantum backflow, the local 
probability current of a particle can become negative even if the state of the particle is a 
superposition of only positive momentum eigenstates (and vice versa). That is – even if the 
particle, overall, propagates in a given positive direction, locally it can propagate backwards.  

In more recent years Michael Berry explored the connection between backflow, weak 
measurements and superoscillations [3], all related to phenomena described by bandlimited 
functions which exhibit out-of-band local oscillations. Such functions can superoscillate: oscillate 
locally faster than their highest Fourier component [4], or suboscillate – oscillate locally slower 
than their slowest Fourier component [5].   

Interestingly, actual backwards propagation associated with backflow was never observed in 
any physical wave system (e.g. quantum mechanics, optics, acoustics). Although an important step 
was taken recently when the phase of an optical field associated with backflow was measured [6]. 

We now report on the experimental observation of actual backwards propagation associated 
with optical backflow (see Fig.1). We construct a light beam, based on a spectrally shifted 
suboscillatory function, made of the superposition of modes having negative transverse 
momentum relative to a chosen axis of propagation. While the expectation value of the transverse 
momentum of the beam is negative, in certain locations the local value of the transverse momentum 
is positive. Isolating these regions with a slit causes the local transverse momentum to be 
“projected” onto the expectation value of the beam’s transverse momentum, realizing a beam 
propagating at an overall positive angle relative to the propagation axis. 

 

 
Figure 1. Experimental observation of optical backflow. (Left) Fourier image of the backflow function. Each line 
represents a propagating mode with a well-defined negative transverse momentum. The dotted line represents zero 
transverse momentum.  (Center) Measured intensity distribution the of the backflow beam. The two dashed lines 
represent the width of a slit used to scan the beam. (Right) The measured beam image following slit-filtering and 2f 
propagation, averaged over the y coordinate for each slit position. dashed-dotted black line: center of the propagation 
axis. Continuous red line: measured expectation value of the beam position. Dashed blue line: analytically calculated 
expectation value for a theoretical infinite periodic backflow beam after it is slit-filtered. Dotted green line: expectation 
value derived numerically. Wherever these lines have positive values – we have a beam with a positive transverse 
momentum expectation value, although the original modes all had negative transverse momentum.  

[1]  G. R. Allcock, Ann. Phys. (N. Y.) 53, 253 (1969). 
[2]  J. G. Muga and C. R. Leavens, Phys. Rep 338, 353 (2000). 
[3]  M. V Berry, J. Phys. A Math. Theor. 43, 415302 (2010). 
[4]  M. V Berry, Quantum Coherence Real. 55 (1994). 
[5]  Y. Eliezer and A. Bahabad, Optica 4, 440 (2017). 
[6]  G. H. Yuan, E. T. F. Rogers, and N. I. Zheludev, ArXiv Prepr. ArXiv1805.11794 (2018).  
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Gold Implanted Plasmonic Quartz Plate as a Launch Pad for Laser Driven 
Photoacoustic Microfluidic Pumps 

 
Jiming Bao 

 
Department of Electrical and Computer Engineering 

University of Houston, Houston, TX 77204, USA 
 

Abstract 

Enabled initially by the development of micro-electro-mechanical systems, current microfluidic 
pumps still require advanced microfabrication techniques to create a variety of fluid-driving 
mechanisms. Here we report a completely new generation of micropumps that involve no 
moving parts and microstructures. This new micropump is based on a newly discovered principle 
of photoacoustic laser streaming and is simply made of an Au implanted plasmonic quartz plate. 
Under a pulsed laser excitation, any point on the plate can generate a directional long-lasting 
ultrasound wave which drives the fluid via acoustic streaming. Manipulating and programming 
laser beams can easily create a single pump, a moving pump and multiple pumps. The underlying 
pumping mechanism of photoacoustic streaming is verified by high-speed imaging of the fluid 
motion after a single laser pulse. As many light-absorbing materials have been identified for 
efficient photoacoustic generation, photoacoustic micropumps can have diversity in their 
implementation. These laser-driven fabrication-free micropumps open up a new generation of 
pumping technology and new opportunities for easy integration and versatile microfluidic 
applications. 

 
Figure 1. Mechanism of photoacoustic micropumping. (a) Typical long-lasting photoacoustic 
oscillation excited by a single laser pulse. (b) Schematic of photoacoustic wave and streaming. 
The absorption of incident laser makes the surface layer to expand thermally and vibrate 
mechanically, leading to a ultrasound wave. 
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Effects of strong coupling at the single nanoparticle level 
Denis G. Baranov

*
 

Department of Physics, Chalmers University of Technology, 412 96 Gothenburg, Sweden 

*denisb@chalmers.se 

 

Strong light-matter interactions in microcavities have been long known to provide means 

to alter optical properties of the coupled system. As a result of interaction, one typically 

observes the emergence of new polaritonic eigenstates of the coupled system, separated by 

vacuum Rabi splitting in the energy spectrum. Because of the hybrid nature of these states, not 

only the optical response, but also the electrical and chemical properties of the coupled system 

may be strongly modified. Here, we present observations of the strong coupling regime in 

various nanostructures at the single nanoparticle level, and show how it can affect both optical 

and chemical properties of the system. 

First, we study photo-oxidation of organic chromophores coupled to a plasmonic 

nanocavity. We show that a plasmonic nanoprism strongly coupled to excitons in J-aggregated 

chromophores, depicted in Fig. 1a, qualitatively modifies dynamics of the excited state of the 

system and, thus, its photochemical reactivity. In particular, the rate of photobleaching, one of 

the most fundamental photochemical reactions, can be effectively suppressed by two orders of 

magnitude by controlling the degree of plasmon-exciton coupling and detuning. 

In the second part, we report observation of strong coupling in a nanoobject made of a 

single material – transition metal dichalcogenide WS2, Fig. 1b. Nanodisks fabricated from 

exfoliated WS2 support pronounced optical Mie resonances and anapole states that can be 

tuned in wavelength over the visible and near-infrared spectral range. We show that these Mie 

resonances hybridize with the A-exciton of WS2, leading to an intriguing interaction regime 

characterized by anapole-exciton polaritons, which manifest themselves in an anti-crossing of 

scattering dips. Therefore, nanopatterned transition metal dichalcogenides offer a novel 

platform for studies of exciton-polariton physics in a simple nanostructure. 
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Superradiance and subradiance in atoms near a nanofiber

Pablo Barberis-Blostein
Instituto de Investigaciones en Matemticas Aplicadas y en Sistemas,

Universidad Nacional Autnoma de Mexico, CU, 04510, CDMX, Mexico.

We discuss in this talk super and sub radiance in atoms randomly distributed along a nanofiber.
Atoms interact between them through the field. Due to this interaction, one excitation shared by
an atomic ensemble can decay faster (superradiance) or slower (subradiance) than in the case of
independent atoms. When the atoms are near a nanofiber, they interact with each other through
the radiated and guided electromagnetic modes given by the nanofiber boundary conditions. The
interaction between each other through the radiated mode rapidly decreases with the distance
between atoms (at the order of a resonant wavelength), the interaction through the guided mode
is not limited by distance.

Figure 1: Super and sub radiance in atoms
interacting near a nanofiber. Adapted from
Figs. 1 and 2 of Solano P. et al. Nat. Comm.
8, 1857 (2017)

We study the decay of atoms, randomly dis-
tributed along a nanofiber, that are excited by a
weak pulse from the side (upper part of figure);
this pulse creates an initial state that consist of
a superposition of at most one atomic excitation.
The phases of this superposition depend on the
positions of the atoms. This initial state can be
written as a superposition of super and sub radi-
ant states with decay rates that depend on these
phases. The histogram of the times between the
excitation pulse and the measurement of a photon
through the guided modes gives the lifetime of the
initial state. The mean of the decay time for dif-
ferent realizations of randomly distributed atoms
is compared with experimental results. The sig-
nal shows superradiance at short times and sub-
radiance at larger times (bottom part of figure).
We show that superradiance is a signature of in-
teraction, through the guided modes, of atoms far
apart, and the large subradiance is due to the in-
teraction, through radiated modes, of atoms close
to each other.

Work done at JQI in collaboration with Pablo
Solano (currently at Massachusetts Institute of
Technology), Frederick K. Fatemi (Army Research
Laboratory), Steve L. Rolston and Luis A. Orozco,
and supported by NSF, JQI and DGAPA-UNAM.
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Traces of the Unruh effect in suface waves

Guilherme B. Barros1, André G. S. Landulfo2, George E. A. Matsas3, João
Paulo C. R. Rodrigues4

1,3,4Instituto de Física Teórica, Univerisdade Estadual Paulista
2Centro de Ciências Naturais e Humanas, Universidade Federal do ABC

1gb.barros@unesp.br, 2andre.landulfo@ufabc.edu.br, 3george.matsas@unesp.br,
4jp.rodrigues@unesp.com

One of the most interesting effects in quantum field theory is the Unruh effect1. Dis-
covered in the 1970s, it states that while an inertial observer in the Minkowski vac-
uum freezes to death at the absolute zero, a uniformly accelerated observer will see

Figure 1: Experiment
suggested by Ulf et al.
The red line represents
the sound cone, and the
blue hyperbola represents
the accelerated observer,
moving through a white
noise.

a thermal bath of particles with a temperature TU =
a~/(2πkBc). It was a revolutionary discovery in its own right,
and it corroborated the fact that the concept of particle itself
is observer-dependent2. Despite its conceptual importance, the
effect has never been directly measured3 , since the acceleration
required to generate a thermal bath at T = 1K is of the order
of 1020m/s2. On the other hand, analogue gravity in condensed
matter has received much attention since the 1980s, after Unruh
reached the conclusion that acoustic black holes emit phonon ra-
diation, just as black holes emit particles (the Hawking effect)4.
Recently, Ulf et al.5 found that introducing a Gaussian white
noise in the water (which is used as a classical analogue for the
inertial quantum vacuum), accelerated observers (Figure 1) see
not only white noise but also a kind of thermal spectrum, with
a characteristic temperature equivalent to the Unruh one. This
conclusion is particularly interesting, since it is does not rely on
any quantum effects.

In this talk we will revisit this problem giving emphasis to
the fact that real experiments in condensed matter will always
have to take into account the boundaries of the system. Our
work focuses mainly on trying to understand how the insertion
of boundary conditions in the problem affects Ulf et al.’s results.

1W. G. Unruh, Phys. Rev. D 14, 870
2S. A. Fulling, Phys. Rev. D 7, 2850
3G. Cozzella, A.G.S. Landulfo, G.E.A. Matsas, D.A.T. Vanzella, Phys. Rev. Lett., 118, 161 102

(2017)
4W. G. Unruh, Phys. Rev. Lett. 46, 1351
5U. Leonhardt, I. Griniasty, S. Wildeman, E. Fort, and M. Fink, Phys. Rev. A 98, 022118
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GaAs Quantum Dots for Quantum Networking 
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R. Trotta‡§ 

‡Nanophotonics Group, Department of Physics, Sapienza University of Rome, Piazzale A. Moro 

5, 00185, Italy 
§Nanophotonics Group, Institute of Semiconductor and Solid State Physics, Johannes Kepler 

University Linz, Altenbergerstrasse 69, 4040, Austria  

* Electronic Address: francesco.bassobasset@uniroma1.it  

 

Nowadays, most quantum optics experiments involving semiconductor-based quantum emitters are 

performed with Stranski-Krastanow InGaAs quantum dots (QDs). This material system has been 

instrumental in the fabrication of near-optimal single-photon sources and is considered to be an 

“established choice”. However, the performances of InGaAs QDs as sources of entangled photons 

have not yet reached the levels required for practical quantum networking.   

In this talk, I will focus on a system that has received limited attention so far: GaAs QDs fabricated 

by droplet etching epitaxy. After a brief introduction on the general properties of these QDs, I will 

show how they can generate highly indistinguishable photon pairs on-demand [1], with 

unprecedented purity [2], and with a near-ideal degree of entanglement [3], while not relying on 

the performance of a “hero” emitter [4]. Then, I will present our first steps towards the construction 

of a QD-based quantum network: I will discuss how photons from the same QD can be used to 

experimentally demonstrate quantum teleportation [5]. A discussion on future perspectives, based 

on our latest teleportation results and on our quantum interference experiments with photons 

emitted by two distant QDs [6], will conclude the talk. 

 

 
Figure 1. Polarization density matrix of entangled photon pairs emitted from an as-grown GaAs QD. 

 

  

[1] D. Huber, et al., Nature Comm. 8, 15506 (2017) 

[2] L. Schweickert, et al., Appl. Phys. Lett. 112, 093106 (2018) 

[3] D. Huber, et al., Phys. Rev. Lett. 121, 033902 (2018) 

[4] F. Basso Basset, et al., Nano Letters 18, 505 (2018) 

[5] M. Reindl, et al., (to appear in Sci. Adv.) (2019); F. Basso Basset, et al., (in preparation) 

[6] M. Reindl, et al., Nano Letters 17, 4090 (2017) 
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On three-dimensional rotational averages of odd-rank tensors

Tuguldur Kh. Begzjava, Reed Nesslera,b, Marlan O. Scullya,b,c, and Girish S. Agarwala

aTexas A&M University, College Station, TX 77843, USA; bBaylor University, Waco, Texas 76798, USA; cPrinceton

University, Princeton, New Jersey 08544, USA

In most nonlinear optical problems, we work in a lab-fixed frame of reference, but the molecules

comprising the system are oriented randomly with respect to that frame [1]. In this situation, averaging

molecular quantities over the random orientation of the molecules is usually of great interest. Moreover,

the three-dimensional rotational average of high-rank isotropic tensors often appears in the theory of

nonlinear spectroscopy and has been extensively examined in the physical and mathematical context in

the last half century. For example, coherent anti-Stokes Raman scattering in optically active medium

[2, 3] is a four-photon process that requires ninth-rank tensor averaging. Recently, this problem is

receiving renewed interest as the demand for developing nonlinear spectroscopic tools in optically active

medium increases.

In this work, we present a new method for finding the rotational average of odd-rank tensors in an

overcomplete basis of isotropic tensors. The method is applied to low-rank tensors n = 5, 7 as an example

and also applied to ninth- and eleventh-rank tensors that were not known before in explicit form. The

results of our method I
(n)
i1···in;λ1···λn

(rotational average of odd-rank tensors) are expressed in block diagonal

form in the overcomplete set of isotropic tensors. Fortunately, the number of independent coefficients

that determine I
(n)
i1···in;λ1···λn

is just three and four for ninth- and eleventh-rank tensors, respectively.

These coefficients are found in the present work. The obtained three-dimensional rotational averages of

odd-rank tensors can be used for calculation in various type of nonlinear spectroscopy in optically active

medium.

[1] Craig D and Thirunamachandran T 1998 Molecular Quantum Electrodynamics: An Introduction to

Radiation-molecule Interactions Dover Books on Chemistry Series (Dover Publications)

[2] Bjarnason J O, Andersen H C and Hudson B S 1980 J. Chem. Phys. 72 4132–4140

[3] Oudar J, Minot C and Garetz B A 1982 J. Chem. Phys. 76 2227–2237
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Bulk and surface polaritons in Weyl semimetals 
 

Alexey Belyanin 
Department of Physics and Astronomy 

Texas A&M University 
 

Weyl semimetals (WSMs) have attracted a lot of interest as a new class of gapless three-dimensional 
topological materials. Their Brillouin zone contains an even number of band-touching points, or Weyl nodes, 
that can be described by topological invariants defined as integrals over the two-dimensional Fermi surface. 
For each pair of Weyl nodes, these invariants can be viewed as topological chiral charges of opposite sign of 
chirality. The separation of Weyl nodes in momentum space leads to their topological protection and gives 
rise to surface states with so-called Fermi arcs. This separation also gives rise to strongly anisotropic and 
gyrotropic optical response. We determine the peculiar properties of both bulk and surface electromagnetic 
eigenmodes, or polaritons, in WSMs. We show how the information about electronic structure of WSMs, 
such as position and separation of Weyl nodes, Fermi energy, surface states, Fermi arcs, etc. can be extracted 
from the transmission, dispersion, reflection, and polarization of electromagnetic modes. We identify the 
most sensitive optical signatures of the electronic properties of WSMs and discuss the potential of WSM thin 
films for optoelectronic applications, such as giant Faraday rotation without an external magnetic field.  
 

      
 
Fig. 1. Left: Energy dispersion of bulk electron states in Weyl semimetals in the kz = 0 plane. The Weyl 
nodes are separated by 2b along the kx axis. Center: Faraday rotation. Spectra of real (a) and imaginary (b) 
parts of the polarization coefficient Kx = Ez/Ey for an incident wave linearly polarized in y-direction after 
traversing a 1-µm film in x-direction. Right: Anomalous surface plasmon dispersion due to Fermi arc states. 
Real part of the surface plasmon frequency as a function of the plasmon wavenumber in y-direction for two 
values of the electron Fermi momentum k_F = 0.5b (a) and 0.8b (b). The surface plasmon frequency for bulk 
metals neglecting surface states contribution is shown as a dashed line. All plots are for !vFb =100 meV.  

 

kF= 50 meV
kF= 80 meV

0 50 100 150 200 250 300 350
0.0

0.5

1.0

1.5

2.0

ω (meV)

R
e[
K
X
]

(a)

kF= 50 meV
kF= 80 meV

0 50 100 150 200 250 300 350

-1.0

-0.5

0.0

ω (meV)

Im
[K
X
]

(b)

With Surface Terms

Without Surface Terms

0 2x105 4x105 6x105 8x105 1x106

30

40

50

60

70

80

ck (meV)

(m
e
V
)

(a)

With Surface Terms

Without Surface Terms

0 2x105 4x105 6x105 8x105 1x106
60

70

80

90

100

110

ck (meV)

(m
e
V
)

(b)

Speaker: Alexey Belyanin, Texas A&M University
Session: Optics and Plasmonics of 2D and Topological Materials
Schedule: Monday Morning Invited Session 2

PQE-2019 86



Transforming quantum states between
reference frames

J. S. Ben-Benjamin
Texas A&M University

In the 1970s, Fulling, Davis, and Unruh have shown that
a  quantum  mechanical  state  must be  described
differently  in  different  refeerence  feramese  otherwise,
quantum mechanics would contain contradictions.   We
present a simple method feor transfeorming any quantum
state  between  the  Minkowski  and  Rindler  refeerence
ferames.   We  show  that  a  Wigner-like  distribution,
commonly used in quantum optics is usefeul feor treating
this problem.  To illustrate our method, we transfeorm the
Minkowski  vacuum  and  number  states  into  Rindler
space, and transfeorm the Rindler vacuum into Minkowski
space, as examples.  Our method could be generalized to
other cases as well.

Rindler wedges ofe Minkowski space

Right 
wedge

Left 
wedge
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PT-Symmetry : laser diodes and generic coupled oscillator ensembles    
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The introduction of Parity-time symmetry concepts in optics has prompted numerous re-examinations 
of a optical devices, notably integrated optics devices: waveguide couplers, lasers, multimode 
waveguides [1,2], etc. 
In this contribution, we will first discuss laser diodes operating with PT-symmetric Bragg gratings, in 
other words “PT-DFB laser diodes”, where experimental realizations could solve some long-standing 

issues such as feedback immunity of 
coherence in DFB laser diodes. To this end, 
we will start by revisiting the threshold 
discrimination criteria in the PT-symmetric 
context, taking into account both the grating 
phase and the facet phase, using Coupled 
Mode theory. An example of threshold gain 
studies for variable facet position is given 
in Fig.1. We will explain and extend it. 

In a second contribution, we will examine a set of “gainy” and “lossy” oscillators connected by a 
random graph with some constraints such as constant coupling constants for simplicity. The situation 
could arise for instance in a bunch of a few tens of fibers that couple to each other evanescently, half 
of them having gain and the other half losses (Fig.2). The question then arises of making the system 
“maximally PT-symmetric-like”, i.e. of reducing the imaginary part of the eigenvalue Im( )  as much 

as possible by reconfiguring the graph edges 
(the connections). We believe that such 
systems are also of interest in the broader 
framework of non-equilibrium 
thermodynamics, when units must collaborate 
to channel energy flux (solar, biological,…) 
by optimizing their organization in a complex 
system. We obtain for instance the kind of 
dependence of the minimum of Im( ) on the 
number M of edges after optimization from a 
random start for a fixed number of 16+16 
gain+loss units in Fig.2. We show the 
distribution for 200 random starts and 36,000 
iteration steps consisting of single-edge 
changes towards a minimal <Im( )>.  We will 
discuss the possible implications of such 
considerations in optics and possibly beyond. 

This work is supported by French ANR within the PARTISYMO project. 
[1] A. Lupu, V. V. Konotop, and H. Benisty, “Optimal PT-symmetric switch features exceptional point,” Scientific Reports 7, 

13299 (2016). 
[2] H. Benisty, A. Lupu, and A. Degiron, "Transverse periodic PT symmetry for modal demultiplexing in optical waveguides," 

Phys. Rev. A, 91, 053825 (2015).
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Active parity-time symmetric and exceptional point structures  

Pierre Berini 

1School of Electrical Engineering and Computer Science, University of Ottawa, 800 King Edward St., Ottawa, Canada,  2Centre for 

Research in Photonics, University of Ottawa, 25 Templeton St., Ottawa, Canada, 3Department of Physics, University of Ottawa

Synthetic optical materials having a carefully-

structured complex refractive index distribution, 

following non-Hermitian Hamiltonian analogs, 

have attracted significant attention because of their 

interesting optical behaviour [1]. Such materials 

enable functions such as uni-directionality, non-

reciprocity, and unconventional beam dynamics.  

The interplay between gain and loss, especially 

in low-loss (long-range) plasmonic systems is 

interesting because parity-time (PT) symmetric 

and exceptional point systems become readily 

accessible, leading to practical experimental 

demonstrations. We discuss plasmonic waveguide 

Bragg gratings incorporating structured and 

unstructured gain media, enabling distributed 

feedback lasing [2] and single-sided reflection [3]. 

We also discuss single-sided diffraction as a 

holographic lattice transitions through the 

exceptional point [4].    

    We show that interactions based on encircling-

an-exceptional-point, which are reciprocal in the 

linear regime, may become nonreciprocal in the 

nonlinear regime over a very broad optical 

bandwidth (limited mainly by the bandwidth of 

the nonlinearity) [5]. Recent experiments in 

passive Si-based optical waveguides confirm 

modal evolution that trace out adiabatic and anti-

adiabatic parametric paths around an exceptional 

point [6]. 

    Finally, we describe a plasmonic coupled-

waveguide structure that combines an encircling-

an-exceptional-point parametric evolution with a 

gain saturation nonlinearity (following the theory 

of [5]), and discuss progress on the experimental 

realization of the concept, aiming towards an 

integrated on-chip amplified optical isolator. 
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Musslimani, S. Rotter, D. N. Christodoulides, “Non-

Hermitian physics and PT symmetry, “Nature 

Photonics 14, 11 (2017) 

[2] E. Karami Keshmarzi, R. N. Tait, and P. Berini, 

“Single-mode surface plasmon distributed feedback 

lasers,” Nanoscale 10, 5914 (2018). 
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Topological Quantum Chemistry and the 
Topological Periodic Table of Materials 

 
Bogdan A. Bernevig 

Princeton University, U.S.A. 
 
One newly discovered characterization of insulators, metals and semimetals is 
based on their topological properties. Topological insulators do not conduct in 
the bulk but, unlike their non-Topological counterparts, exhibit perfect 
conduction on their surface. Topological metals conduct in the bulk, but, unlike 
their non-Topological counterparts cannot be gapped due to a special type 
of  protection that allows their low energy electrons to exhibit esoteric 
phenomena such as chiral anomaly or non-local transport. It was initially thought 
that the materials exhibiting these phenomena are very special and unique 
amongst all of the 140000 compounds known to humankind. We will present a 
review of these ideas and properties of topological materials. We will then show 
how, using a new theory called Topological Quantum Chemistry, we are able to 
now catalogue all the topological materials that can possibly exist in nature. We 
then apply our theory to find that more than 27% of all known compounds - 
including some of the most interesting materials in nature - are actually 
topological. We hence live in a topological world! 
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Exploring quantum many-body dynamics and quantum 
information processing with reconfigurable arrays of atoms 

 
Hannes Bernien, Harvard University/University of Chicago 

 
 
Controllable, coherent quantum many-body systems can provide insights into fundamental 
properties of quantum matter, enable the realization of exotic quantum phases, and ultimately 
offer a platform for quantum information processing that could surpass any classical approach. 
Recently, reconfigurable arrays of neutral atoms with programmable Rydberg interactions have 
become promising systems to study such quantum many-body phenomena, due to their isolation 
from the environment, and high degree of control.  
 

 
 

Using this approach, we demonstrate high fidelity manipulation of individual atoms and 
entangled atomic states. Furthermore, we realize a programmable Ising-type quantum spin 
model with tunable interactions and system sizes up to 51 qubits. Within this model, we observe 
transitions into ordered states that break various discrete symmetries. Varying the rate at which 
the quantum phase transition is crossed allows us to observe the power-law scaling of the 
correlation length, as predicted by the Kibble-Zurek mechanism. The scaling exponent observed 
is consistent with theoretical predictions for the Ising universality class when sweeping into a Z2-
ordered phase, and with the 3-state Chiral Clock Model for transitions into the Z3-ordered phase.  
 

 

Fig. 1. a) Individual atoms are trapped 
using optical tweezers and arranged 
into defect- free arrays. Interactions Vij 
between the atoms are enabled by 
coupling them to a Rydberg state |r>, 
with strength Ω and detuning ∆ [b)].  

Fig. 2. The experimental protocol consists of loading the atoms into a tweezer array (1) and 
rearranging them into a preprogrammed configuration (2). After this, the system evolves under 
U(t) with tunable parameters ∆(t), Ω(t), Vij . This can be implemented in parallel on several non-

interacting sub-systems (3). We then detect the final state by fluorescence imaging (4).  
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The NV center in diamond: a versatile quantum 
sensor 

Ania Bleszynski Jayich 
Physics Department, Univ. Of California Santa Barbara, Santa Barbara, CA, USA 

 
The nitrogen vacancy (NV) center in diamond is an atomic-scale defect that exhibits 
remarkably coherent quantum properties in a uniquely accessible way: over a wide 
range of temperatures (1K-300K) and in ambient and high vacuum conditions. By 
incorporating the NV center into a scanning probe microscope geometry, we have 
demonstrated a powerful tool for imaging nanoscale magnetism in condensed matter 
systems [1]. Here I discuss two novel functionalities of the NV center afforded by its 
unique nature as a quantum sensor. I present NV-based conductivity imaging on the 
nanoscale in a quantitative and noninvasive way [2]. We also extend recently 
developed NV sensing techniques to simultaneously probe both the nanoscale 
structure and fluctuation dynamics of skyrmions in a thin-film system. 
 

 
 
[1] M. Pelliccione et al, Nature Nanotehcnology 11, 700 (2016) 
[2] Ariyaratne et al, Nature Communications 9, 2406 (2018)  
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Quantum control and simulation with large trapped-ion crystals† 

John Bollinger 
Time and Frequency Div., NIST, Boulder, CO 

 

Trapped ions provide one of the best developed platforms for implementing numerous quantum 
technologies, including quantum computation, quantum simulation, and quantum sensing.  Most 
demonstrations have employed the linear radio frequency (rf) trap to form very well controlled 
1d crystals of up to ~50 ions in room temperature vacuum systems and even larger numbers in 
cryogenic systems.  I will describe efforts that utilize a different type of ion trap, the Penning trap, 
to generate and control larger 2d and 3d ion crystals.   This talk will focus on work with single-
plane crystals of several hundred ions that are used for quantum simulation and sensing.   

We isolate and control two internal levels or a “spin” degree of freedom in each ion with standard 
techniques.  Long-range interactions between the ions are generated through the application of 
spin-dependent optical-dipole forces that couple the spin and motional degrees of freedom of 
the ions.  When the frequency of the spin-dependent force is tuned to produce a coupling with a 
single motional mode (typically the center-of-mass mode), this system is described by the iconic 
Dicke model.  Long-range Ising interactions and single-axis twisting are produced through this 
spin-motion coupling.  To benchmark quantum dynamics, we measure spin-squeezing [1] and 
out-of-time-order correlations (OTOCs) [2] that quantify the build-up of correlations and the 
spread of quantum information.  The OTOCs are measured with the multiple quantum coherence 
protocol invented in NMR that requires time reversal of the interactions. 

We also employ spin-dependent optical dipole forces to sense center-of-mass motion that is 
small compared to the ground state zero-point fluctuations [3].  This enables the detection of 
weak electric fields, providing an opportunity to place limits on dark matter couplings due to 
particles such as axions and hidden photons that couple to ordinary matter through weak electric 
fields. 

 

†In collaboration with E. Jordan, K. Gilmore, M. Affolter, A. Safavi-Naini, A. Shankar, R. Lewis-Swan, M. 
Holland, A.M. Rey 

1. J. G. Bohnet, et al., Science 352, 1297 (2016);  2. M. Gärttner, et al., Nat. Phys., 13, 781 (2016);  3. K. A. 
Gilmore, Phys. Rev. Lett., 118, 263602 (2017). 

Fig. 1 Illustration of a 2d ion crystal 
confined by the static electric and 
magnetic fields of a Penning trap.  A 
moving 1d optical lattice generates a 
spin-dependent force that induces 
long-range spin-spin interactions.  The 
crystal rotates about the trap symmetry 
axis. 
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Two-Dimensional and Quasi-2D Materials  
for Applications in Plasmonics, Nanophotonics and Energy 

Alexandra Boltasseva and Vladimir M. Shalaev 
School of Electrical&Computer Engineering and Birck Nanotechnology Center, Purdue University  

Two-dimensional (2D)- and quasi-2D materials have enabled a variety of promising designs and 
demonstrations of miniaturized, tunable optical devices, owing to their extraordinary light 
confinement, tailorability of the optical properties and dynamic tunability. In this talk, our recent 
research progress on utilizing 2D materials such as graphene and MXene – a class of emerging 2D 
transition metal carbides, nitrides and carbon-nitrides – will be discussed.  
We have previously demonstrated that the surface plasmon (SP) resonance of a hybrid plasmonic-
graphene structure can be electrically modulated thus bringing a thought-after electrical tunability 
to the area of plasmonics. By utilizing the intrinsic graphene SPs excited in graphene nanoribbons, 
stronger electromagnetic field confinement and wider spectral tunability have been realized 
compared to purely plasmonic or hybrid metal-graphene structures. Being a gapless and excellent 
thermoelectric material, graphene also holds a great promise for ultra-wideband and ultra-fast 
photodetection. However, its performance is mainly limited by the poor optical absorption thus 
low photo-sensitivity in pristine graphene. We designed a snowflake fractal metasurface on a 
graphene layer that showed high absorption in the visible range that is non-resonant and 
polarization-insensitive, thus enhancing the sensitivity of graphene photodetector by an order of 
magnitude. With the photothermoelectric effect being the dominant photo-carrier generation effect 
in graphene, the approach to further enhancing graphene photo-sensitivity lies in creating a 
strongly localized temperature profile. We propose to utilize plasmonic systems for efficient 
conversion of optical energy to heat to further enhance the device sensitivity. 
MXenes, a class of 2D nanomaterials formed of transition metal carbides and carbon nitrides, are 
also a promising material platform for tailorable nanophotonics. They offer a number of unusual 
properties and are being applied to realize novel electromagnetic shields, metal-ion batteries, super 
capacitors, lasers, and sensors. We utilized the plasmonic response of titanium carbide (Ti3C2Tx) 
MXene thin films in the near infrared spectral window to create a metamaterial for broadband 
absorption. Optical losses inherent to bulk MXene together with strongly localized SP resonances 
in Ti3C2Tx nanostructures enable efficient broadband absorption. We also demonstrated random 
lasing behavior in a disordered metamaterial composed of 2D Ti3C2Tx MXene. In contrast to 
previously reported random laser systems where the optical property of scatterers is static, the 
relative permittivity of Ti3C2Tx MXene flakes can be engineered under optical pumping due to 
their strong saturable absorption. Our investigation indicates that this nonlinear response of 
Ti3C2Tx MXene flakes enables dynamically tunable random lasing. Considering the diversity of 
the MXene family, this metamaterial design opens a new avenue to advanced control of lasing 
properties for photonic applications.  
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Towards quantum theory of entropic gravity: Can dissipative interactions resemble
potential forces?

Denys I. Bondar1

1Tulane University, New Orleans, LA 70118, USA

Within classical statistical mechanics, a dissipative environment exerts a statistical force (also known as a
fluctuation induced force or entropic force) on a probe immersed in that environment. Statistical forces are
phenomenological forces that can be used to describe the statistical tendency of a macroscopic system to evolve
towards states with greater entropy. For example, consider a polymer that has many possible configurations of
equal energy. If such a polymer is immersed in a heat bath, then it will tend to arrange itself into configurations
that maximize its entropy. Since shorter configurations have greater entropy, the statistical tendency for the
polymer to increase its entropy results in a propensity for it to arrange itself in a shorter configuration. This
behaviour looks as though it were induced by an elastic force. Verlinde [J. High Energy Phys. 04 (2011) 029]
proposed the concept of entropic gravity to interpret gravity as an emergent statistical force.

We will discuss the extension of the notion of statistical forces into the domain of quantum physics. We will show
in general that it is hard to distinguish between the influence of dissipative and potential interactions, especially
when the evolution of the expectation values of coordinates and momentum of a quantum particle is concerned. A
quantum statistical force will be implemented to enhances a desired quantum dynamical property by mimicking a
potential force. We illustrate our approach on quantum tunneling. According to widespread belief, interaction with
a dissipative bath destroys the coherence of the quantum particle thereby suppressing tunneling rates. However,
we show that there exists a class of environments which significantly enhance tunneling rates . This effect is not
simply due to thermal excitation; these environments exert a quantum statistical force on the particle, which
opposes the force exerted by the potential barrier (see Figure). Generalizations to other effects (e.g., trapping,
effective mass assignment, and pseudorelativistic dynamics) will also be discussed [Shanon L. Vuglar et al., Phys.
Rev. Lett. 120, 230404 (2018)].

p
 (

a
.u

.)

−5

0

5

 

 

−0.05

0

0.05

p
 (

a
.u

.)

−5

0

5

 

 

−0.05

0

0.05

x (a.u.)

p
 (

a
.u

.)

−15 −10 −5 0 5 10

−5

0

5

x (a.u.)
−15 −10 −5 0 5 10

x (a.u.)

 

 

−15 −10 −5 0 5 10
−0.05

0

0.05

a) b) c)

d) e) f)

g) h) i)

FIG. 1: Wigner function plots for the coherent tunneling and dissipation assisted tunneling. Plots (a)-(c) depict the closed
system tunnelling: (a) as the wavepacket approaches the potential barrier, (b) as the wavepacket interacts with the potential
barrier, and (c) after the wavepacket is predominantly reflected from the potential barrier. Plots (d)-(f) depict the open
system coupled to an environment tailored to enhance tunneling (d) as the wavepacket approaches the potential barrier,
(e) as the wavepacket interacts with the potential barrier, and (f) after the wavepacket goes through the potential barrier.
The black lines depict level sets of the Hamiltonian. Plots (g)-(i) depict a coherent free particle (i.e., no barrier and no
environment).
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SPEAKER: Igor V. Bondarev 
SESSION: Transdimentional Meta-Photonics: Between 2D and 3D 

Transdimensional Quantum Optics with Finite-Thickness Plasmonic Films 
Igor V. Bondarev,1 Hamze Mousavi 1 and Vladimir M. Shalaev 2 

1Math and Physics Department, North Carolina Central University, Durham, NC 27707 
2Birck Nanotechnology Center, Purdue University, West Lafayette, IN 47907 

We report on the recent progress in the theoretical understanding of the optical properties of quasi-2D 
plasmonic nanostructures (metasurfaces and films) of controlled finite thickness (see Fig.1). While be-
ing constant for relatively thick films, the plasma frequency of ultrathin plasmonic films (a) acquires 
the spatial dispersion typical of 2D materials (b), gradually shifting to the red with the film thickness 
reduction [1]. This explains recent experiments (c) done on ultrathin TiN films of controlled variable 
thickness [2]. The confinement induced plasma frequency spatial dispersion and associated dielectric 
response nonlocality can result in the new features of the magneto-optical response of the film [3]. 
Specifically, the magnetic permeability exhibits a sharp resonance structure shifting to the red as the 
film aspect ratio increases. When tuned appropriately, the ultrathin films of finite lateral size can be 
negatively refractive in the IR frequency range. Compared to the thick film a dipole emitter near the 
ultrathin film shows a two-order-of-magnitude radiative decay rate enhancement (d) with inelastic 
electron scattering diminishing the effect, which can be understood in terms of the interacting image 
dipoles (a). We show that the overall light-matter interaction in close proximity to plasmonic films can 
be controlled not only by varying the chemical composition and material quality of the film but also by 
adjusting its thickness and aspect ratio as well as by choosing the deposition substrates and coating lay-
ers appropriately. We believe our findings open up entirely new avenues for potential applications of 
ultrathin plasmonic films in modern optoelectronics. 

Figure 1.   (a) Confined 
geometry for thick and 
ultrathin plasmonic films 
with oriented point dipole 
emitters and their images.  
(b) Film plasma frequency 
relative to the bulk plasma 
frequency as a function of 
in-plane plasmon wave 
vector k, thickness d and 
permittivity ratio (ε1+ε2)/ε 
as shown in (a).  (c) Ellip-
sometry data for plasma 
frequency of TiN films 
(inset) of varied thickness. 
(d) Orientation averaged 
dipole spontaneous decay 
rate ratio as a function of 
distance from the surface 
zA obtained with medium-
assisted QED for system 
in (a). Plasmon relaxation 
rates γ and thicknesses are 
shown on the graph. 

Acknowledgments:   NSF-DMR-1830874 (I.B.), DOE-DE-SC0007117 (H.M), ONR-N00014-16-1-3003 (V.S.) 

[1] I. V. Bondarev and V. M. Shalaev, Optical Mater. Express 7, 3731 (2017). 
[2] D. Shah, et al., Adv. Optical Mater. 5, 1700065 (2017). 
[3] I. V. Bondarev, H. Mousavi, and V. M. Shalaev, MRS Commun. 8, 1092 (2018). 
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Terahertz metamaterials:
accessing nonlinear spin and phonon dynamics

Stefano Bonetti
Department of Physics, Stockholm University, Sweden

Department of Molecular Sciences and Nanosystems, Ca’ Foscari University of Venice, Italy

The use of terahertz radiation to investigate different physical systems has been rapidly increasing in 
recent years. In condensed matter physics, collective excitations of lattice and spin degrees of freedom 
are typically found in these frequency range, offering a natural playing field for observing terahertz 
dynamics. The concomitant development of commercial, intense Ti:sapphire laser systems, as well as 
of nonlinear crystal allowing for efficient optical rectification, has allowed researchers to have easy 
access to terahertz electric (magnetic) fields as high as 1 MV/cm (0.3 T). Such large fields are strong 
enough to initiate nonlinear effects in both phonon [1] and spin dynamics [2]. However, it would be 
desirable  to  increase  such fields  by one or  two orders  of  magnitude in  order  to  fully  explore  the 
nonlinear regimes in solids. Terahertz metamaterials [3] offer a solution to this demand compatibly 
with the use of the same commercial laser systems, i.e. without the need of large scale facilities. In 
metamaterials, typically comprising of periodically arranged gold electrodes deposited on a dielectric 
substrate, the electric or magnetic field of the impinging radiation are concentrated in localized areas. 
These areas extend over as much as several square micrometers for the terahertz case, allowing for 
fabrication using inexpensive and reliable optical lithographic methods.

In  this  talk,  I  will  present  the  design  of  several  metamaterials 
aimed at enhancing either the electric or the magnetic field of the 
impinging terahertz radiation. In both cases, I will illustrate finite 
three-dimensional  element  simulations  detailing  the  spatial 
distribution  of  the  electric  and  magnetic  fields,  both  in  the 
frequency  and  time-domain.  The  latter  description  is  key  to 
properly estimate the near-field enhancement when the impinging 
field  is  a  broadband,  single-cycle  terahertz  pulse,  which  is  the 
most typical realization in table-top systems. I will also discuss 
preliminary experimental results showing evidence for nonlinear 
phonon dynamics driven by strong terahertz electric fields,  that 
can  be  enhanced  further  in  antennas  structure  such  as  the  one 
shown in the top panel of Fig. 1. Finally, I will discuss a novel 
scheme to drive highly nonlinear spin dynamics using “lollipop” 
metamaterials (showed in the bottom panel of Fig. 1), that would 
allow to reach the “ballistic” magnetization switching regime, so 
far only observed using terahertz radiation generated in mile-long 
particle accelerators, on table-top setups [4].

References
[1] I. Katayama et al, Phys. Rev. Lett. 108, 097401 (2012)
[2] S. Baierl et al, Phys. Rev. Lett. 117, 197201 (2016)
[3] W. J. Padilla et al., Phys. Rev. Lett. 96, 107401, (2006)
[4] D. Polley et al., Journal of Physics B: Atomic Molecular and Optical Physics 51, 224001 (2018)

Figure 1: Top: dipolar antennas for 
electric field enhancement. Bottom: 
“lollipop” metematerials for 
magnetic field enhancement. 

Speaker: Stefano Bonetti, Stockholm University
Session: Measuring Phase Change via HHG
Schedule: Wednesday Morning Invited Session 1

PQE-2019 97



Quantum Sensors in Weighlessness

G. Condon1, R. Rabault1, B. Barrett2, L.Chichet3, B. Battelier1, A. Landragin4, and P. Bouyer1

Abstract— Gravity is considered as a fundamental limit to
a large panel of experiments with ultra cold quantum gases
and space missions [1], [2] are considered to reach extremely
low temperature and long interrogation time inaccessible to
terrestrial laboratories. This is particularly relevant for quan-
tum technology based cold-atom interferometers that hold
great promise for inertial sensing applications in geophysics or
fundamental tests of general relativity. We present our Earth-
based microgravity operated quantum sensors using a new
simulator that can produce all optical BEC of 104 at 15 nK
every 12 s with an observation time of 500 ms in micro-gravity.

I. THE EXPERIMENT
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Fig. 1. (a) Overview of the experiment on the 0-g simulator. The trolley
slide on the vertical axis, air pillows compensate for gravity and two linear
motor sets the apparatus in motion. (b) Zoom on the vacuum chamber and
the dipole trap design.

Our experiment is designed specifically for mobile appli-
cations and inertial sensing in microgravity [3]. The vacuum
system is a hollowed Rhombicuboactedron. All the 780 nm
light (colling and Atom interferometry beams) is produced
by a single 1550 nm diode in a all fibered master-slave
architecture. We use an Electro-Optic Modulator to produce
sidebands at 1550 nm for the repumping light and the inter-
ferometry beams. After amplification the laser is frequency
doubled trough a PPLN and split in three different paths for
the MOT beams, Raman Beams and imaging beam. When
operated on the microgravity simulator, the apparatus is set
on a platform supported by two chariot on air bearings sliding
on two marble stages. The plate can then be set in motion
using two linear motor fixed on the pillars. Pistons attached
to each side of the plate create the gravity compensation
during the motion, which is controlled to follow a well-
defined acceleration profile : the acceleration increases from
1 g to 2 g in 250 ms, then goes down to 0 g in 150 ms before
the parabola begins. The deceleration of the apparatus is done

1LP2N, IOGS, CNRS and Univ. de Bordeaux, 33400 Talence, France
2now at iXBlue, 78100 Saint-Germain-en-Laye, France
3now at Teledyne e2v, Chelmsford, UK
4LNE-SYRTE, Observatoire de Paris, PSL Research University,CNRS,

Sorbonne Universités, 75014 Paris, France

in a symmetrical way. The simulator then needs to cool down
before launching a new sequence in about 12 seconds (Fig.
1).

II. ULTRACOLD ATOMS AND INETRFEROMETRY
IN MICROGRAVITY

For our atom interferometer, we create a sample of ultra-
cold atoms by first loading 108 87Rb atoms in a Magneto-
Optical Trap (MOT). The atoms are then sub-Doppler cooled
in two steps: first a short stage of red detuned optical mo-
lasses followed by grey molasses on the D2 line [4]. Atoms
are then transferred in an optical dipole trap (Fig. 1) using 23
Watts of 1550 nm light. An Acousto-Optic Modulator (AOM)
is modulating the amplitude and the position of the 35 µm
waist. About 107 atoms are loaded in the dipole trap thanks to
the position modulation of the waist, leading to an effective
capture volume of radius 200 µm. The atomic cloud is then
adiabatically compressed by ramping the spatial modulation
down to zero while increasing the laser power from 5 Watts
to 20 W in 50 ms. We then start the evaporation by reducing
the power by 1:400 in three steps during 2.9 seconds to
reach BEC with 104 atoms at 15 nK. We optimized the
cooling sequence so that most of the evaporation happens
during the acceleration and deceleration before the parabola
to optimally use the full microgravity time.

Atom interferometry is achieved by using double diffrac-
tion [5] since in weightlessness and with ultracold atoms,
when the resonance conditions for Raman diffraction is
satisfied, the two pairs of contra-propagating Raman beams
couple the initial state |1,0〉 to the two states |2,±2h̄k〉. Pre-
liminary experiments allowed us to test atom interferometry
in 0-g with this technique (Fig. 2).

Fig. 2. Left : Double diffraction of ultra-cold atoms in microgravity using
Raman double diffraction. Right : Interference fringes with ultra-cold atoms.

REFERENCES
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Quantum sensing: from single molecules to quantized vortices 
 

Catxere Andrade Casacio, Christopher Baker, Larnii Booth, Stefan Forstner, Glen Harris, Xin 
He, Lars Madsen, Nicolas Mauranyapin, Yauhen Sachkou, Andreas Sadawsky, Yasmine 
Sfendla, Michael Taylor, Muhammad Waleed and Warwick Bowen 
 

Australian Centre of Excellence for Engineered Quantum Systems, School of Mathematics and 
Physics, University of Queensland, Australia. 

It has been known for over a century that, in quantum physics, even the act of looking can 
have dramatic consequences. For instance, it kills the cat in Schrödinger’s famous thought 
experiment. However, it has proved extremely difficult to observe such effects in practice, 
except for the smallest atom-scale objects, let alone to use them as a tool to enhance 
technologies.  
Over the past decade, however, advances in nanotechnology have allowed us to engineer 
devices which exhibit this distinctive quantum behavior [1]. These “quantum optomechanical 
devices” consist of a nanoscale mechanical object – for example, a nanoparticle, molecule or 
cantilever – coupled to light via radiation pressure, often concentrated in a tiny optical 
cavity. In essence, they are miniature versions of the kilometer-scale interferometers that 
have enabled the extraordinary detection of gravitational waves from distant black hole 
collisions (see Figure). Quite remarkably, they can allow measurements of mechanical 
motion at the sub-attometre level – more than a thousand times below the width of an 
atomic nucleus. At the fundamental level, this allows us to ask new questions of quantum 
physics for macroscopic systems consisting of trillions of atoms. For applications, it provides 
a pathway to future quantum technologies and precision optical sensors that far outperform 
the current state-of-the-art.  
In this talk, I will provide an overview of quantum optomechanical sensing. I will focus on 
recent experiments in my laboratory which apply techniques from the field to probe 
biophysics [2], most recently the dynamics of single unlabeled biomolecules; and to observe 
and control elementary excitations in superfluid helium [3], a naturally occurring quantum 
fluid akin to a superconductor that was the subject of the 2016 Nobel Prize in Physics. 
 

 
Figure: Left, Laser Interferometric gravitational wave interferometer (LIGO). Right, 
miniaturised silicon chip based optomechanical sensor. 
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Mode-Locked Quantum Dot Lasers Epitaxially Grown on Si 

John Bowers, Justin Norman, Daehwan Jung, Songtao Liu, Yating Wan, Chen Shang, 
Robert Herrick*, Arthur Gossard 

University of California Santa Barbara, California, USA 
*Intel Corporation, Santa Clara, California, USA 

bowers@ece.ucsb.edu  

InAs quantum dot lasers epitaxially grown on Si show promise for achieving lower cost and higher 
performance photonic integrated circuits. The discrete density of states inherent to quantum dots reduces 
their sensitivity to crystalline defects, improves stability against optical feedback, and yields lower 
threshold currents and better high temperature performance [1]. Through optimization of the epitaxial III-
V buffer layers on on-axis (001) Si, dislocation densities have been reduced from 3×108 cm-2 to < 7×106 
cm-2 leading to an improvement in device lifetime of more than four orders of magnitude at 35°C [2].  

More recently, modulation p-doping has been added to the active region to improve high temperature 
and dynamic performance. Using these devices, accelerated aging studies have been conducted at 60°C and 
twice the threshold current density with extrapolated lifetimes >10,000 h for several devices with some 
devices showing >1,000,000 extrapolated lifetimes (Fig. 1a). The optimum performance is achieved with p 
doping of 10 holes per dot (5E17 cm-3 modulation doping).  In addition to longer lifetimes, the p-doping 
enhances the gain and dynamic properties [3] leading to the first demonstrations of high performance mode-
locked lasers epitaxially grown on Si. Both single-section devices with no absorber and traditional multi-
section devices have been demonstrated. Single-section devices show an ultrashort pulsewidth of 490 fs [4] 
while multi-section devices show non-transform-limited short pulses of a couple picoseconds. Repetition 
rates as high as 96 GHz were demonstrated in a fifth order colliding pulse configuration (Fig. 1b).  High 
capacity transmission was demonstrated using 20 GHz fundamentally mode-locked devices with 58 comb 
lines in a 3 dB bandwidth which were independently PAM-4 modulated for a total data rate of 4.1 Tb/s. 

 
Figure 1. (a) Extrapolated device lifetime of Quantum Dot lasers grown on Si for accelerated aging at 60°C for 
different active region p-modulation doping levels and current densities. (b) Intensity autocorrelation trace for a fifth 
order colliding pulse mode-locked laser on Si with repetition rate of 96 GHz. 
[1] J. C. Norman, D. Jung, Y. Wan, and J. E. Bowers, "Perspective: The future of quantum dot photonic 

integrated circuits," APL Photonics, vol. 3, no. 3, p. 030901, 2018. 
[2] D. Jung et al., "Impact of threading dislocation density on the lifetime of InAs quantum dot lasers on Si," 

Applied Physics Letters, vol. 112, no. 15, p. 153507, 2018. 
[3] Z. Zhang, D. Jung, J. C. Norman, P. Patel, W. W. Chow, and J. E. Bowers, "Effects of modulation p doping 

in InAs quantum dot lasers on silicon," Applied Physics Letters, vol. 113, no. 6, p. 061105, 2018. 
[4] S. Liu, D. Jung, J. Norman, M. Kennedy, A. Gossard, and J. Bowers, "490 fs pulse generation from passively 

mode-locked single section quantum dot laser directly grown on on-axis GaP/Si," Electronics Letters, vol. 
54, no. 7, pp. 432-433, 2018. 
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Optical Scattering in Biomedicine: Friend and Foe? 
 

How wavefront shaping can overcome scattering for improved penetration depth in tissue and better microscopy 
 

Joshua Brake1, Changhuei Yang1 
1Dept. of Electrical Engineering, California Institute of Technology, Pasadena, CA 91125 

 
In biomedical optics scattering is traditionally seen as a 

nuisance, placing a limit on the depths at which light can be 
focused in tissue. Wavefront shaping is a technique which enables 
scattered light to be harnessed instead of being discarded. In this 
talk I will discuss two applications of wavefront shaping that can 
be used to create powerful optical tools: time-reversed 
ultrasonically-encoded (TRUE) light focusing for improved 
optogenetic activation [1] and wavefront shaping with disordered-
engineered metasurfaces for high-resolution, wide field-of-view 
imaging [2].  

TRUE focusing combines the benefits of light and sound to 
enable focusing deep inside tissue. Focused ultrasound serves as a 
guidestar, tagging light that passes through it. Then, by measuring 
the wavefront of this tagged light with optical phase conjugation, 
the wavefront shaping system can focus light at the location of the 
ultrasound focus. One application for this technique is to improve 
light delivery for optogenetics, as shown in Figure 1. 

When trying to see deep in tissue scattering is almost always 
considered a nuisance. However, in some contexts optical 
scattering can be intentionally introduced with wavefront shaping 
to enable high quality optical focusing. If a scattering 
medium is very strongly scattering, it generates all the high 
spatial frequency components necessary to generate very 
tight foci. Combing wavefront shaping with this scattering 
material can therefore turn the scattering layer into a high-
quality, flexible optical component which can be used, for 
example, as a high-NA objective lens.  

Unfortunately, using traditional scattering samples such 
as ground glass diffusers for this purpose is stymied by a 
challenging measurement problem: to create a high-quality 
focus at a large number of points (i.e., to support a high 
space-bandwidth product), time-consuming measurements 
must be made to characterize the sample’s transmission 
matrix. To overcome this measurement problem, we 
designed and implemented a disorder-engineered 
metasurface, where the transmission matrix is known a 
priori. This device, coupled with a spatial light modulator 
as shown in Fig. 2, can be used to generate high-NA optical 
foci over a wide field-of-view without needing to measure the transmission matrix. Furthermore, this 
disordered metasurface exhibits excellent stability over time and a large memory effect range, qualities which 
make it particularly useful in the context of wavefront shaping. While scattering is traditionally seen to 
negatively impact optical focusing, the disorder-engineered metasurface demonstrates that sometimes a foe can 
be turned into a friend. 

 
[1] [H. Ruan, J. Brake], et al. "Deep tissue optical focusing and optogenetic modulation with time-reversed ultrasonically encoded 
light." Science advances 3(12), 2017. 
[2] [M. Jang, Y. Horie, A. Shibukawa], et al. “Wavefront shaping with disorder-engineered metasurfaces.” Nature Photonics 12(2), 
2018. 

Fig. 1: TRUE focusing for improved 
optogenetic activation. A combined 
wavefront shaping and electrophysiology 
system can be used to target neurons 
deep in tissue [1].  

 
Fig. 2: Wavefront shaping with a disorder-
engineered metasurface. The combination of a 
disordered metasurface and spatial light 
modulator enables high-NA, wide field-of-view 
focusing [2]. 
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Nonlocal Aberration Cancellation with Entangled Photons
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3Department of Physics and Max Planck Centre for Extreme and Quantum Photonics,
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4The College of Optics and Photonics, University of Central Florida, Orlando, FL, USA 32816

Entangled states contain nonlocal correlations that
enable technologies in quantum imaging, communica-
tion, and computation. For entangled photons, these
correlations can be used to nonlocally compensate for
dispersion in the evolution of one photon by applying
an appropriately tailored dispersion to the second one
[1]. This compensation can only be observed in the
joint detection results of the two photons, in accor-
dance with causality. Imaging aberration is the spatial
analogue of frequency dispersion, and can therefore be
similarly canceled [2].

Here, we experimentally investigate the cancellation
of both even and odd orders of spatial aberration.
We generate pairs of degenerate, near-collinear spa-
tially entangled photons at 810 nm with type-II phase
matching in a BBO crystal. The photons are spatially
separated, and the aberrations are applied as phase
shifts φs(ps) and φi(pi) in the Fourier (momentum)
plane of the photon states. The photons are re-imaged
onto a plane where 100 µm wide slits are translated
across each beam. By measuring the coincidence de-
tection rate, we reconstruct the joint spatial states of
the two photons (Figure 1).

Without any aberration, we obtain the joint state
shown in Figure 1(a), which is entangled: ∆x2−∆p2+ =

0.09 ± 0.01h̄2 < 0.25h̄2. Introducing aberration into
either photon path causes the coincidence spectra to
broaden, hiding the entanglement from being direct
observation (Figure 1(b) and (c)). However, intro-
ducing matched aberrations φs(p) = −φi(−p) into
both paths allows the recovery of entanglement, with
∆x2−∆p2+ = 0.16± 0.02h̄2 in Figure 1(d). Compensat-
ing even-order aberration requires an opposite phase
shift for both signal and idler photons, φs = −φi, while
odd orders require the same sign in both arms, φs = φi.

We demonstrate the nonlocal cancellation of both
second-order and third-order aberrations with entan-
gled photons. These results can be applied for the
nonlocal compensation of aberrations in ghost imag-
ing [3, 4].

Signal photon 
aberration

Idler photon 
aberration

Initial 
state

Aberration in 
both photons 
recovers 
entanglement

(a)

(b) (c)

(d)

FIG. 1. (a) Two photons are initially prepared in a spa-
tially entangled state. (b) and (c) Aberrations in the prop-
agation of either photon will conceal their spatial entangle-
ment. (d) Simultaneously introducing properly matched
aberrations into both photon paths recovers the entangle-
ment.

[1] J. D. Franson, Phys. Rev. A 45, 3126 (1992).
[2] C. Bonato, A. V. Sergienko, B. E. A. Saleh, S. Bonora,

and P. Villoresi, Phys. Rev. Lett. 101, 233603 (2008).
[3] T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A. V.

Sergienko, Phys. Rev. A 52, R3429 (1995).
[4] D. S. Simon and A. V. Sergienko, J. Opt. Soc. Am. B

28, 247 (2011).
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Near-Unitary Spin Squeezing with Ytterbium

Boris Braverman,∗ Akio Kawasaki,† Edwin Pedrozo, Simone

Colombo, Chi Shu, Zeyang Li, Enrique Mendez, and Vladan Vuletić
Department of Physics, MIT-Harvard Center for Ultracold Atoms and Research Laboratory of Electronics,

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

State of the art atomic sensors operate near the stan-
dard quantum limit (SQL) of projection noise, where
the precision scales as the square root of the particle
number. Overcoming this limit by using atom-atom
entanglement such as spin squeezing [1] is a major goal
in quantum metrology [2].

Spin squeezing can be realized with the techniques of
cavity quantum electrodynamics (cQED) by coupling
an atomic ensemble to a high-finesse optical resonator.
The resulting collective atom-light interaction allows
for both measurement [3] and cavity feedback squeez-
ing [4]. These methods for producing spin squeezing are
typically non-unitary and generate more anti-squeezing
than the minimum prescribed by the uncertainty princi-
ple, due to a residual entanglement between the atomic
ensemble and probing photons. We find that non-
unitarity significantly lowers the potential metrological
gain from squeezing in atomic clocks and other quan-
tum sensors [5].

We couple an ensemble of approximately 1000
171Yb atoms to a high-finesse asymmetric micromirror
cavity [6] with single-atom cooperativity η = 1.8 ± 0.1.
A laser pulse induces an effective one-axis twisting
Hamiltonian H = h̄χS2

z for the atoms, producing the
desired squeezed spin state (SSS). We detune the prob-
ing light from atomic and cavity resonance by several
linewidths to limit the undesirable entanglement be-
tween atoms and light [7].

We characterize the produced SSSs by state tomog-
raphy, measuring the Sz variance after a rotation by a
variable angle α, as shown in Figure 1. For moderate
normalized atom-atom interaction strength Q = Nχt,

we observe states with a nearly equal level of noise re-
duction and enhancement, confirming the production
of a near-unitary spin squeezed state.

This experimental platform will allow for the creation
of quantum states with metrologically useful entangle-
ment on the clock transition of 171Yb .
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FIG. 1. State tomography of spin squeezed states of N =
[1.0± 0.1] × 103 171Yb atoms for normalized state shear-
ing strength Q = {0.5, 2.1, 3.8, 6.2} shown in blue circles,
cyan squares, gold triangles, and red diamonds respectively.
Points are experimental measurements, while the curves are
fits to a two-parameter model yielding the shearing strength
Q and state area A. Note that the points displayed at
α = 0.01 were actually measured at α=0. The dashed hor-
izontal line at −15 dB indicates the precision limit of our
state detection. The inset schematically shows the uncer-
tainty ellipses of the produced quantum states for different
values of Q.
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2D Quantum Metasurface Components 
Mark L. Brongersma, Geballe Laboratory for Advanced Materials, Stanford University, 

Stanford, CA USA 94305, Fax: (650) 736-1984; Email: Brongersma@stanford.edu 

 
Since the development of diffractive optical elements in the 1970s research has focused 
on replacing bulky optical elements such as lenses and grating by thin counterparts. 
Over the last decade, nanophotonic metasurfaces rapidly advanced the development of 
flat optical elements based on the realization that resonant optical antenna elements 
enable local phase control. Present applications of metasurface flat optical elements 
include lenses, polarization control, and beam steering.  

Many next-generation applications of flat optics require dynamic control over optical 
functionalities. However, most nanophotonic structures are set in stone after their 
design and fabrication. Current approaches for dynamic control like electrical gating 
tend to exhibit limited tunability due to the finite few-nm extent of the depletion and 
accumulation layers as a result of screening. 

In this presentation, I will discuss why 2D semiconductor materials are excellent 
building blocks for active metasurfaces based on their unique quantum properties and 
strongly tunable optical response.  I will discuss how semiconductor Mie resonators can 
be used as an interface between free space light waves and 2D materials and to control 
radiative decay processes. I will also demonstrate actively-tunable and atomically-thin 
optical lenses by carving them directly out of monolayer transition-metal 
dichalcogenides. 

 

[1]  “Silicon Mie resonators for highly directional light emission from monolayer 
MoS2,” Ahmet Fatih Cihan et al., Nature Photonics 12, 284-290 (2018). 

 [2]  “Spatially controlled doping of two-dimensional SnS2 through intercalation for 
electronics,” Yongji Gong et al., Nature Nanotechnology 13, 294-299 (2018).  
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Calculations of the nonlinear response of air due to
mid-infrared ultrashort laser pulses

J. M. Brown1,2, D. Langevin2, A. Couairon2, M. B. Gaarde1

1Dept. of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803, USA
2Centre de Physique Théorique, École polytechnique, CNRS, Université Paris-Saclay, F-91128 Palaiseau,

France

Recent advances in mid-infrared (MIR) laser
technology [1] have led to the generation of laser
pulses that reach the nonlinear optics regime in
air (for example, a 83 fs pulse with central wave-
length 3.9 µm and a peak power 90 GW was gen-
erated [2]). With these new laser systems, we
enter a new frontier in ultrafast science, where
many applications in strong field physics benefit
greatly from an increase of the quiver energy of
the electron in the longer wavelength laser field
[3]. There are still many open questions regard-
ing the roles of various nonlinear processes that
drive the long range propagation of MIR pulses.
An accurate description of the linear and nonlin-
ear optical properties of air is therefore crucial
for predictive modeling in this new wavelength
regime. In this work we present calculations of
the linear (refractive index) and nonlinear (Kerr
& Raman-Kerr effects) optical properties for N2

and O2 in the 1 − 4 µm wavelength region.
For calculating the instantaneous electronic

response of the molecules, we perform time-
dependent density functional theory simulations
of the many electron response due to a few cycle
pulse with peak intensities near 5×1013 W/cm2.
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Fig. 1

From the full time-dependent dipole moment, we
extract the frequency-dependent susceptibilities

corresponding to the linear n0 and nonlinear n2

refractive indices. We find good agreement with
curves derived from experimental results for the
linear refractive index and with measurements
for the nonlinear refractive index up to 2.4 µm
(Fig. 1) [5]. Our calculations also add new val-
ues to the spectral region of 2.4 − 4 µm.

We also determine the delayed portion of
the nonlinear response due to the Raman-Kerr
effect. Using a rotational wavepacket model
[5], the time-dependent laser-induced molecular
alignment is calculated. The resulting change
in the refractive index is parameterized using a
damped harmonic oscillator function.

Fig. 2

By combining the linear and nonlinear responses
of N2 and O2, we produce an effective medium
model that will allow accurate calculations of the
long-distance propagation of intense MIR laser
pulses in air.
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The Schwinger Threshold and Beyond:  
An experimental program to rip open the quantum vacuum and study what’s inside  

Philip H. Bucksbaum 
Stanford PULSE Institute, Stanford University and SLAC 

The quantum vacuum is the most fundamental of all quantum optical systems, but it remains 
largely inaccessible to strong-field laser experiments because of the energy scales involved. Its 
minimum “ionization energy” is the mass of an electron-positron pair, about 105 times the 
binding energy for positronium.  Simple scaling shows that the laser intensity required to reach 
the strong-field ionization threshold for the vacuum must be more than 1029 𝑊𝑊/𝑐𝑐𝑐𝑐2, which has 
been called the “Schwinger threshold”  [1].  This talk will introduce a PQE symposium on the 
experimental methods that could be used to reach this regime, and what we might expect to find 
there. 

The experimental approach to breaking apart the quantum vacuum is based on petawatt-class 
lasers, one of the products of CPA technology recognized with half of the 2018 Nobel Prize in 
Physics awarded just last month to Strickland and Mourou.  Petawatt-class CPA scientific laser 
user facilities are in construction in Europe, China and elsewhere, and a recent National 
Academies Report, “Reaching for the Brightest Light,” recommends similar programs in the 
US  [2].   

Petawatt lasers have been focused to intensities of more than 1022 𝑊𝑊/𝑐𝑐𝑐𝑐2  [3], short of the 
Schwinger intensity threshold by more than one million.  This shortfall can be overcome, 
however, by backscattering the focused petawatt laser from an ultra-relativistic electron beam as 
shown by the SLAC E144 experiments (see figure)  [4].  The intensity in the CM frame increases 
on the order of the square of the Lorentz factor 𝛾𝛾, which may boost intensity by more than a 
billion at existing linear electron accelerators used for x-ray lasers such as the LCLS at SLAC.  

[1] A. Di Piazza, et al., Rev. Mod. Phys. 
84, 1177 (2012). 
[2] Opportunities in Intense Ultrafast 
Lasers: Reaching for the Brightest Light 
(The National Academies Press, 
Washington, DC, 2017). 
[3] V. Yanovsky, et al., Opt. Express, OE 
16, 2109 (2008). 
[4] C. Bamber, et al., Phys. Rev. D 60, 
092004 (1999). 
 

  

Progress in CPA focused intensities   Dots along the 
trend line: laboratory frame intensity. Highest dots: 
CM frame for a backscattering configuration from a 
counterpropagating ultra-relativistic electron beam. 
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Quantum measurements for practical flow cytometry
Ivan A. Burenkov∗, Javier Sabines-Chesterking (JQI@NIST) and Sergey V. Polyakov (NIST&UMD)
∗ivan.burenkov@gmail.com

Flow cytometry is the most widespread optical method
routinely used in the diagnosis of health disorders and
disease monitoring. In addition, flow cytometers are
successfully used for biotechnological research, devel-
opment, and manufacturing; drug and device develop-
ment. A flow cytometer optically excites single bio-
logical entities that contain fluorescent biomarkers with
a laser and analyzes the emitted light. Desired goals
are the discrimination of a cell containing a single tar-
get biomarker and enumeration of few such biomark-
ers. Although this ultimate sensitivity level is sought
for many practical applications, no unequivocal demon-
stration of that level of sensitivity was reported to date
due to a combination of factors including bright back-
ground and detection inefficiency. Low concentrations
of biomarkers produce faint levels of fluorescent non-
classical light. Thus, samples with low concentration
of biomarkers are naturally amendable to quantum mea-
surement.

The cross-correlation function measurement on emitted
light in a Hanbury-Brown-Twiss setup can unambigu-
ously resolve the number of emitters in the system and it
is resilient to loss. This measurement therefore enables
absolute self calibration of a flow cytometer via quantum
statistics of observed photons. Further, this method pro-
vides an absolute quantification, or direct count of fluo-
rophores per cell, much needed in practical applications
of flow cytometry. Finally, it serves as an indisputable
proof that the sensitivity limit of just one biomarker is
achieved.

Figure 1: Experimental setup.

The schematics of a home-built flow cytometer is pre-
sented in Fig. 1. The flow cell uses hydrodynamic fo-
cusing to confine diluted biological material in a narrow
channel ≈ 10 µm in diameter, surrounded by the flow

of distilled water (Sheath flow). In the proof of princi-
ple experiment we use single semiconductor nanocrystal
quantum dots with an emission maximum at 655 nm as
scatterers. We use pulsed excitation by a second har-
monic of Ti:Sapphire laser at 450 nm with a repetition
rate of 76 MHz and picosecond pulse duration. Scat-
tered light is collected in a direction perpendicular to
the pump laser beam with 0.5 NA aspheric lens and then
coupled to a multimode fiber. We employ a low-pass fil-
ter at 488 nm to reject pump photons, and a 40 nm band-
pass filter at 655 nm, to minimize contamination of a
signal with Raman scattering background. A Hanbury-
Brown-Twiss is comprised of a 50:50 beam splitter with
a single photon avalanche diode in each of its output
ports. We observe a nonclassical signal that is statis-
tically distinguishable over the classical noise, presum-
ably from Raman scattering in ambient water, Fig. 2.
We present a toy model that separates classical and non-
classical components of the detected light. With the help
of this model we perform first absolute quantum calibra-
tion of the average number of biomarkers in the active
interrogation volume.

Raman

domination

Q. Dots

domination

Noise

domination

2 4 6 8 10 12

0.95

1.00

1.05

0.5×106

1.0×106

1.5×106

2.0×106

Time delay τ, ns

C
ro
ss
co
rr
el
at
io
n
,
g
(2
) (
0)

T
em
po
ra
lp
ro
fil
e,
co
un
ts

Figure 2: Temporal profile of the detected signal (solid
line). Separation of Raman scattering and QD fluores-
cence based on measured time-resolved photon number
statistics (circles with error bars).

In conclusion, we have presented the first nonclassical
photonics measurement in a practical flow cytometer.
The implicaltions of this experiment are twofold. First,
we have demonstrated that the detection of single biomark-
ers in flow cytometry is possible. Particularly, this quan-
tum measurement unambiguously verifies that the signal
comes from an average of ≈ 1 active particle. Addition-
ally, we demonstrated the feasibility of the absolute cal-
ibration method for flow cytometers based on quantum
properties of single emitters.
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Engineering Atom-Light Interactions with Photonic Crystal Waveguides

A. P. Burgers, L. S. Peng, and H. J. Kimble

Norman Bridge Laboratory of Physics MC12-33,
California Institute of Technology, Pasadena, CA 91125.

Integrating cold atoms with nanophotonics enables
the exploration of new paradigms in quantum optics
and many body physics. Advanced fabrication capa-
bilities for low-loss dielectric materials provide power-
ful tools to engineer band structure and light-matter
couplings between photons and atoms. The current
system at Caltech to explore such phenomena consists
of a quasi-one-dimensional photonic crystal waveguide
whose band structure arises from periodic modulation
of the dielectric structure [1, 2]. The waveguide design
gives rise to stable trap sites for atoms at each unit
cell of the crystal (150 sites for the 1D waveguide).
Atoms localized in these traps will interact with one
another via guided modes of the waveguide creating a
versatile system that can be utilized for both quantum
memories and quantum simulation[3–5].

A detailed understanding of the atomic delivery
near the device is required before any trap sites within
the waveguide can be loaded [6]. To deliver atoms to
the structure they are first confined into a 1D lat-
tice using two counter-propagating, free-space dipole
beams. By chirping the frequency of a single lattice
beam the atoms are transported to the structure 2 cm
from the lattice loading site. A guided mode probe,
resonant with the atoms, in the photonic crystal struc-
ture signals the atom arrival to the device. The in-
tensity maxima of the 1D lattice (where the atoms
are trapped) pass through the device at a temporal
spacing given by the inverse of the chirp frequency.
So, by temporally registering the probe data between
the lattice intensity maxima we build a histogram of
the atom arrival in one lattice period. These time
vs. detuning spectra convey important information
about atomic trajectories near the device and inform
the ultimate goal of trapping along the photonic crys-
tal waveguide. To better understand the atomic deliv-
ery we conducted detailed simulations of atomic tra-
jectories near the structure including calculations of
the atomic spectra in the presence of guided mode
fields. These guided mode fields will ultimately be
used to create the desired trapping potentials, so a
detailed understanding of the atomic interaction with
such fields and drawing direct correspondence between
simulation and experiment is essential. Fig. 1 shows
the comparison between simulation and experiment

for a single guided mode field used to Stark shift atoms
interacting with different regions of the device. The
direct correspondence between simulation and exper-
iment is apparent in these data; moreover, the data
indicate a clear separation of the atomic sample into
different classes of atoms experiencing the Stark shift-
ing beam at different arrival times to the structure. I

FIG. 1. Comparison of data (left column) and simulation
(right column) for the atoms delivered to the waveguide
using a conveyor belt technique. By varying the power of
an off-resonant guided mode beam we observe the separa-
tion of different classes of atomic trajectories in time and
frequency

will present the more detailed approach to the simu-
lations, and how they are utilized to determine atom
position near the device. Additionally, we will present
recent efforts to achieve high fractional filling of trap
sites within the photonic crystal waveguide using the
optical lattice delivery system, and discuss future re-
search goals.

[1] C. Hung et al., New J. Phys. 15, 083026 (2013).
[2] S.-P. Yu et al., Appl. Phys. Lett. 104, 111103 (2014).
[3] J. S. Douglas et al., Nat. Photonics 9, 326 (2015).
[4] C.-L. Hung et al., Proc. Natl. Acad. Sci. U.S.A. ,

201603777 (2016).
[5] A. Asenjo-Garcia et al., Phys. Rev. X 7, 031024 (2017).
[6] A. P. Burgers et al., arXiv preprint arXiv:1810.07757,

Proc. Natl. Acad. Sci. (in Press) (2018).
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Quantum Simulation in Hot Atoms 
Han Cai 

Interdisciplanery Center for Quantum Information, Department of Physics, 

Zhejiang University, Hangzhou 310027, China 

 

One of the most important discoveries in condensed matter physics is the quantum Hall effect (QHE). At low 

temperature and with large magnetic field, the Hall conductivity of a 2D electron gas is quantized. The back-

scattering-free quantum Hall currents locate at the edges of the sample and they are immune to local defects. 

The observation of the QHE requires low temperature and large magnetic field or in rare cases at least one of 

them. Quantum simulation of the edge currents has been conducted in ultra-cold atoms with synthesized 

magnetic field. The quantum optics groups of Da-Wei Wang, Jun-Xiang Zhang and Shi-Yao Zhu from Zhejiang 

university (China) report the first experimental observation of chiral edge currents in atoms at room 

temperature, which is 8 orders of magnitude higher than the usual requirement. This work substantially 

lowered the threshold of observing topological physics in atoms (neither magnetic field nor low temperature is 

required). It also demonstrates a new way to achieve unidirectional reflectionless (invisible) mirrors, which have 

been an important topic in photonic structures such as the PT-symmetric materials. This work1  has been 

accepted in Physics Review Letters. 

 

 

                                                 
1 Han Cai, J. Liu, J. Wu, Y. He, S. Y. Zhu, J. X. Zhang*, D. W. Wang*, Experimental observation of momentum-space chiral edge 

currents in room-temperature atoms, arXiv 1807.11111. 

 

Fig 2: Experimental scheme. Fig 1: Synthetic mangnetic field in momentum-space lattice. 
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Leveraging the Large Crystal Anisotropy of 2D Materials for Infrared Nano-Optics 

Prof. Joshua D. Caldwell, Department of Mechanical Engineering, Vanderbilt University, Nashville, TN  

The current state-of-the-art in materials used for 
IR optical components (e.g. lenses, waveplates 
or prisms) offers significant material limitations. 
This is exacerbated by the long free-space 
wavelengths in this spectral region. Through the 
use of polaritons, one can surpass the diffraction 
limit and thus these limitations can be 
circumvented. However, the predominant types 
of polaritons employed, the surface plasmon 
(SPP) and surface phonon polaritons (SPhP), are 
typically realized within epitaxial 
semiconductors and dielectrics within this 
spectral range. This restricts the design space for 
their implementation due to lattice matching 
requirements and maintaining growth on 
compatible materials. In contrast, two-
dimensional materials offer a broad suite of 
alternative semiconductor, conductor and 
dielectric species with atomic-scale thickness 
control and “Lego-like” stacking enabling 
arbitrary heterostructure and superlattice 
designs. Further, the natural crystal anisotropy 
resulting from the strong covalent in-plane and 
weak van der Waals out-of-plane bonds gives 
rise to extreme birefringence and in many cases 
hyperbolicity, offering new pathways for on-chip 
photonics and compact optical components. 

In 2014, it was demonstrated that hexagonal 
boron nitride (hBN) was a natural hyperbolic 
material,1,2 whereby the in- and out-of-plane 
dielectric functions were opposite in sign.  
Hyperbolicity enables the potential confinement 
of light to arbitrarily small dimensions, while 
restricting the polariton propagation to 
frequency-dependent angles.  This has served as 
the basis for applications such as hyperlensing.3,4 
More recently, it was demonstrated that MoO3 
offers strong out-of-plane and in-plane 
hyperbolicity.5 This provides the potential basis 
for deeply sub-diffractional waveplates, 
polarizers and polarized thermal emitters.6 

 

Figure 1: scattering-type scanning near-field optical 
microscope map of hyperbolic polariton propagation in 
hexagonal boron nitride (hBN) over a single crystal of 
vanadium dioxide (VO2) at 78˚C during the dielectric-to-
metal phase transition.  Polaritons launched within the hBN 
over the dielectric VO2 phase (blue arrow) propagate with a 
different wavevector than those over the metallic domains 
(red arrow), thus at the domain boundary, the wavevector 
mismatch requires refraction of the polariton at an angle 
dictated by Snell’s law (black arrow). 

This talk will address the potential for leveraging 
such large crystal anisotropy within 2D materials. 
We demonstrate that the hyperbolic response of 
hBN can be implemented for realizing 
reconfigurable planar metasurfaces, as recently 
demonstred.7 This provides the potential to 
utilize heterostructures of hyperbolic and phase 
change materials for such devices, with our 
results illustrating that full control of hyperbolic 
polariton propagation, including reflection, 
transmission and refraction (Fig. 1) can be 
realized. In addition, we will highlight the 
potential for additional 2D materials, including 
non-traditional metal dichalcogenides for far-IR 
nanophotonics and MoO3 for long-wave infrared 
compact planar optical components offer 
significant promise for next generation nano-
optics within the infared spectral domain.  
1 Caldwell, JD et al., Nat Comm 5, 5221 (2014). 
2 Dai, S et al., Science 343, 1125-1129 (2014). 
3 Dai, S et al., Nat Comm 6, 6963 (2015). 
4 Li, P et al., Nat Comm 6, 7507 (2015). 
5 Ma, W et al., Nature 562, 557-562 (2018). 
6 Folland, TG et al., Nature 562, 499-501 (2018). 
7 Folland, TG et al., Nat Comm 9, 4371 (2018). 
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Characterizing and bypassing decoherence in semiconductor quantum
dot-based light-matter interfaces

Alexander Carmele∗
Inst. für Theoretische Physik, Nichtlineare Optik und Quantenelektronik, TU Berlin, Hardenbergstr. 36 EW 7-1, 10623 Berlin, Germany

Semiconductor quantum dots (QDs) have been demonstrated to be versatile candidates to study the princi-
ples of light-matter interaction [1]. In contrast to fundamental atom-photon interfaces, a key factor to the under-
standing of observed phenomena in semiconductor quantum electrodynamics is the interaction of electrons with
the semiconductor QD host material, cf. Fig. 1(a). The inherent many-body properties of a solid-state, in partic-
ular the electron-phonon interaction, lead to often undesired decoherence, where the superposition of otherwise
distinct quantum states becomes lost and information about the system is carried away into the surrounding of
the embedded QD.

For example, the Wigner delay of QD light emission is limited not only by twice the radiative lifetime as
in the case for isolated atoms but also by the phonon-scattering induced decoherence time to approximately
the lifetime of the exciton, cf. Fig. 1(b). This decoherence is, however, intrinsically non-Markovian with a
memory effect of the host material and the detuning dependence clearly shows an interplay between incoherent
and coherent electron-phonon processes, not captured with Lindblad-based dephasing models. A successful

Figure 1: (a): SEM image of a microlens with a single integrated QD. (b): Wigner time delay for a single
quantum dot. (c): Stablization of initial coherence via quantum feedback for different temperatures.

approach to model non-Markovian scattering processes relies on the semiconductor Bloch equation approach,
employing Born-factorization but including non-secular and non-Markovian effects self-consistently within this
microscopic-based approach [2]. In Fig. 1(b), the non-Markovian theory reproduces the experimental data while
Markovian models are of limited accuracy either for small or large detunings.

A microscopic theory at hand to characterize and identify the source of decoherence, proposals to counteract
decoherence become possible. Here, we propose to take the strongly entangled and non-Markovian properties
of the system-environment dynamics into account. By solving the dissipative dynamics exactly beyond the
Born-factorization approach, we theoretically demonstrate how reservoir engineering allows to stabilize initial
coherence in a QD system up to room temperature via quantum feedback or Pyragas-based control protocols.
In Fig. 1(c), we plot the coherence 〈η(t)〉 at 200 ps for different temperatures and feedback delay times. At
certain values for the delay (ω0τ/(2π) = 1.0), the initial coherence is almost fully recovered even at elevated
temperatures.

[∗] The presented work is done in collaboration with Nikolett Nemet, Max Strauß, Stephan Reitzenstein, Scott
Parkins, and Andreas Knorr.
References
[1] F. Jahnke (Ed.). “Quantum optics with semiconductor nanostructures”, Elsevier (2012).
[2] M. Strauß et al, arXiv:1805.06357.
[3] N. Nemet, S. Parkins, A. Knorr, and A. Carmele, arXiv:1805.02317.
Alexander Carmele ( alex@itp.tu-berlin.de )
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We experimentally demonstrate and test a new type of laser where emission is mediated by water 

waves. Our device is similar to Brillouin lasers, but exploits water-waves (instead of acoustical 

waves). In our study, we fabricate resonators that co-host capillary and optical modes, control them 

to operate at their non resolved sideband regime, and observe stimulated capillary scattering and 

coherent excitation of capillary resonances at kHz rates. In more details, we experimentally measure 

optical quality factor near million, capillary quality factor near 20 and lasing threshold at 70 

microwatt. Knee shaped power dependance, that is typical to lasers, is measured together with line 

narrowing as power increases. By exchanging energy between electromagnetic and capillary waves, 

we bridge interfacial-tension phenomena at the liquid phase boundary to optics, and might impact 

optofluidics by allowing optical control, interrogation and cooling of water waves. 
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Atomic Imaging of Molecules by Intensity Interferometry of X-ray Fluorescence 
H. N. Chapman1, F. Trost1, K. Ayyer1, R. Röhlsberger2, A. Classen3, and J. von Zanthier3


1. Center for Free-Electron Laser Science, DESY, Hamburg, Germany 
2. Photon Science, DESY, Hamburg, Germany 
3. Institut für Optik, Information und Photonik, Universität Erlangen-Nürnberg, Erlangen, Germany 




Following the concept of Hanbury-Brown Twiss 
intensity interferometry and the successful 
demonstration of recovering structures from X-ray 
scattering of incoherent light from a free-electron 
laser [1], we have been exploring the feasibility of 
measuring intensity correlations of X-ray 
fluorescence photons [2]. We have suggested that 
the information of the atomic arrangements of the 
emitting atoms in a sample can be determined from 
correlations of the angularly-resolved emission 
intensities, detected within the coherence time of 
the emission process.  This should be achievable by 
using the natural time-gating of X-ray free-electron 
laser pulses which can be made as short as the 2 fs 
coherence time that is set by the lifetime of the 
inner-shell X-ray fluorescence radiation.  We have 
referred to this method as incoherent diffractive 
imaging, but it can also be thought of (classically) in 
terms of the coherent interference of fluorescence 
emission from independent atoms.

	 We have explored this method on metal-
bearing proteins and metallic nanoparticles, by 
detecting XFEL-induced fluorescence using large-
area pixellated detectors.  A detector has about 
three million pixels, giving 5 x 1012 intensity 
correlations in a single shot. The correlation between 
a pair of pixels located at scattering wave-vector 
directions (relative to the sample) of k1 and k2 

encode the strength of the Fourier component of the object given by q = k1 - k2, mapping out a 
3D volume of reciprocal space (see Figure).

	 Some aspects of the imaging approach will be discussed and compared with 
conventional crystallographic techniques that have been in use for the last 100 years. 
Experimental results from the Linac Coherent Light Source will be reviewed, as will be plans for 
measurements at the European XFEL to measure fluorescence coherence times under a 
number of conditions. The method may have great impact for understanding the structure, 
dynamics, and energetics of proteins and other materials.

1. R. Schneider et al. Nature Physics 14, 126 (2018); doi:10.1038/nphys4301 

2. A. Classen, et al. PRL 119, 053401 (2017); doi:10.1103/PhysRevLett.119.053401
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A map of 3D correlations at locations q = 
k1 - k2 of simulated fluorescence 
intensities from a Fe-bearing protein 
crystal exposed to a single X-ray FEL 
pulse shorter than the Fe core-hole 
lifetime.  From the 4.6×1012 correlations, 
one already observes distinct Fourier 
components, indicating the (crystalline) 
structure.
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Ultrathin source of biphotons: phase-matching sacrificed for 

entanglement 
 

Andrea Cavanna, Cameron Okoth, Tomas Santiago Cruz, and Maria Chekhova, 
Max-Planck Institute for the Science of Light, Staudtstr. 2, 91058 Erlangen, Germany 

 
Spontaneous parametric down-conversion (SPDC) is the most convenient tool to produce 
entangled photon pairs (biphotons) for quantum technology applications. So far, SPDC has 
only been achieved with phase matching, that is, with the sum of the signal and idler 
wavevectors isk ,


equal to the pump wavevector pk


(Fig.1a). The necessity to satisfy the phase 

matching considerably restricts the choice of SPDC sources and results in a modest angular and 
frequency spectral width. Meanwhile, in a very thin layer the longitudinal phase matching is 
relaxed and the allowed mismatch isp kkkk  is given by the inverse layer thickness (Fig. 

1b). Despite the active search, SPDC is yet to be observed in ultrathin or monatomic layers [1].  
 

  
 
 
 
 
We propose to use, instead of a monolayer, a crystal as thick as a single coherence length 

k
Lc 




, or its odd multiple. We generate SPDC in an X-cut lithium niobate wafer whose 

thickness, 6.5 , is equivalent to cL5 . Without phase matching, we can use the highest nonlinear 

tensor component 33d , which exceeds typical values by roughly 30 times. The resulting SPDC 
has an ultrabroad (600 nm) spectrum, corresponding to correlation times of a few fs. We report 
a high coincidence-to-accidental ratio (CAR, Fig. 1c), a broad frequency spectrum measured 
via the dispersive spreading of biphotons in a fiber [2] and a high degree of frequency 
entanglement demonstrated through stimulated emission tomography [3].  
 
1. H. D. Saleh et al., Sci. Rep. 8 3862 (2018). 
2. A. Valencia et al., PRL 88, 183601 (2002). 
3. M. Liscidini and J. E. Sipe, PRL 111 193602 (2013). 

Figure 1. Unlike SPDC in a bulk crystal (a), SPDC in an ultrathin nonlinear layer (b) has relaxed 
longitudinal phase matching, which results in an extremely broad spectrum, both in angle and in frequency. 
(c) Two-photon coincidence peak acquired in 75 mins and the resulting correlation function depending on the 
single counts rate, generated without phase matching in a 6.5  lithium niobate, under 50 mW cw pumping.  

Speaker: Maria Chekhova, Max-Planck Institute for the Science of Light
Session: Quantum Information Science 1
Schedule: Wednesday Morning Invited Session 2

PQE-2019 114



Quantum Measurements
of a Mechanical Resonator

At and Below the Standard Quantum Limit
Junxin Chen1,2,∗, Massimiliano Rossi1,2,∗, David Mason1,2,∗, Yeghishe Tsaturyan1 &

Albert Schliesser1,2

1 Niels Bohr Institute, University of Copenhagen, 2100 Copenhagen, Denmark
2 Center for Hybrid Quantum Networks (Hy-Q), University of Copenhagen, 2100 Copenhagen, Denmark

In conventional interferometric measurements of displacement, there exists a tradeoff between imprecision
and quantum backaction noise. The noise added by the measurement is minimized when these two contri-
butions are equal. In the ideal case, this minimum sets the standard quantum limit (SQL), spectrally given
by S̄SQL

xx (Ω) = h̄|χm(Ω)|, where h̄ is the reduced Planck’s constant and χm(Ω) the mechanical susceptibility.
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Fig. 1: Quantum trajectory and sub-SQL measurement (a) Slow
quadratures (X ,Y ) of an exemplary quantum trajectory (red) and retro-
diction measurement (blue). (b) Experimental verification σ2 of the con-
ditional variance (violet). [3] (c) A mechanical mode of a soft clamped
membrane. [1] (d) Calibrated displacement spectra as measuring different
optical quadratures. The insert is the ratio between total noise spectrum
and the SQL of the sensitivity enhanced regime. [5]

In an optomechanical system al-
lowing strong and efficient measure-
ment, we achieve the closest ap-
proach to the SQL yet demonstrated
in interferometric motion measure-
ment. The key part of the system
is a millimeter sized soft-clamped
membrane (Figure 1(c)) [1], stacked
in between two mirrors. The total
measurement noise is as low as 33%
above the SQL at optimal frequency
[2]. Continuous monitoring of the ho-
modyne photocurrent corresponds to
a weak measurement of motion, lo-
calizing and purifying the quantum
state of the resonator. Driven pre-
dominantly by measurement quan-
tum backaction, the quantum state
traces out a “quantum trajectory”
through the state space. Starting from
the initial thermal mixed state, we
obtain a conditional coherent state
with purity 78% (comparable to a
displaced thermal state with occu-
pancy 0.14) by measurement [3]. Fig-
ure 1(a) shows the quantum trajec-
tory and its verification by quantum
state retrodiction [4], while Figure 1(b) shows the evolution of conditional variance. This is the first observation
of a pure quantum trajectory of a macroscopic mechanical resonator.
We also demonstrate the first sub-SQL displacement measurement. While the SQL sets a limit for conventional
continuous interferometric displacement measurement, it is not fundamental. There are various ways of beating
the limit, but all attempts so far have been hindered by excess imprecision noise. We solve the problem, with the
system described above. The result is shown in Figure 1(c). By measuring an optical quadrature different from
θ ≈ π/2, we harness quantum correlations between imprecision and backaction noise. At optimal angles, the total
measured noise, including thermal and zero point motion, reaches below the SQL by up to 1.5 dB [5].

References
1. Y. Tsaturyan, A. Schliesser, et al, “Ultracoherent nanomechanical resonators via soft clamping and dissipation dilution”, Nature

Nanotechnology 12, 776783 (2017)
2. M. Rossi, A. Schliesser, et al “Measurement-based quantum control of mechanical motion”, Nature 563, 5358 (2018)
3. M. Rossi, D. R. Mason, J. Chen, and A. Schliesser, “Observing and Verifying the Quantum Trajectory of a Mechanical Resonator”,

arXiv:1812.00928 (2018)
4. J. Zhang and K. Mølmer, “Prediction and retrodiction with continuously monitored Gaussian states”, Phys. Rev. A 96, 062131 (2017)

5. D. R. Mason, J. Chen, M. Rossi, Y. Tsaturyan and A. Schliesser, “Continuous Force and Displacement Measurement Below the
Standard Quantum Limit”, arXiv:1809.10629 (2018)

Speaker: Junxin Chen, Niels Bohr Institute
Schedule: Thursday Afternoon Poster Session

PQE-2019 115



Strongly Interacting Bose Gases near a d-wave Shape Resonance 

Yu-Ao Chen 

University of Science and Technology of China 

Many unconventional quantum matters, such as fractional quantum Hall effect and 

d-wave high-Tc superconductor, are discovered in strongly interacting systems. 

Understanding quantum many-body systems with strong interaction and the 

unconventional phases therein is one of the most challenging problems in physics 

nowadays. Gases of ultra-cold atoms provide an exquisite platform to study these problem 

since interactions are naturally created and well manipulated by bringing the system close 

to a scattering resonance. The studies have so far mostly been limited for s-wave 

resonance. In this talk, we report the experimental observation of a broad d-wave shape 

resonance in degenerate 41K gas. We have measured the molecular binding energy that 

splits into three branches as a hallmark of d-wave molecules, and find that the lifetime of 

this many-body system is reasonably long at strongly interacting regime. By analyzing the 

breathing mode excited by ramping through this resonance, we found that a quite stable 

low-temperature atom and molecule mixture is expected to be produced. Putting all the 

evidence together, our system offers great promise to reach a d-wave molecular superfluid. 
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Non-Hermitian Coherent Microcavity Laser Arrays 
K. D. Choquette 

Electrical and Computer Engineering 
University of Illinois 

208 N. Wright Street, Urbana, IL   61820 

Two coupled photonic oscillators can exhibit modal properties that have quantum mechanical analogs, such non-
Hermiticity and parity-time symmetry (PTS) [1, 2]. We discuss a coupled pair of vertical cavity surface emitting laser 
(VCSEL) diodes, such as shown in Fig. 1(a) to study these properties. The VCSEL array is designed to promote optical 
coupling while each element is electrically independent, allowing for variable gain or loss to be applied. To understand 
the supermode properties we have used coupled mode theory [2] and have recently extended the theory to 
semiconductor lasers by also incorporating the rate equations [3]. 

From our analysis Fig. 1(a) also shows the predicted modal behavior as a function of varying carrier injection 
and gain, which includes Hermitian, non-Hermitian, and PTS behavior at an exceptional point [4]. Fig. 1(b) shows an 
representation of the coupled array with independent carrier injection into cavity A and B, the carrier reservoir, the 
resulting stimulated emission producing the photon reservoirs that are coupled, and finally the resulting optical output. 
Fig. 1(c) and (d) shows the experimentally observed far-fields and near-fields, which are in agreement with our 
coupled rate equation analysis. This research is an important step to leverage non-Hermitian photonics into practical 
applications, examples of which will be discussed. 

References 
[1] L. Feng, R. El-Ganainy, and L. Ge, Nature Photonics 11, 752-762 (2017). 
[2] Z. Gao, S. T. M. Fryslie, B. J. Thompson, P. S. Carney, and K. D. Choquette, Optica 4, 323-329 (2017). 
[3] Z. Gao, M. T. Johnson, and K. D. Choquette, J. Appl. Phys. 123, 173102 (2018). 
[4] Z. Gao, B. J. Thompson, H. Dave, S. T. M. Fryslie, and K. D. Choquette, submitted to Appl. Phys. Lett. 

Fig. 1: (a) 2x1 coupled VCSEL array and simulated modal properties; (b) representation of various modal behaviors; (c) measured 
far-field and (d) near-field showing modal behaviors. 
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Mode locking and frequency comb generation in a 
semiconductor laser: Sargent, Scully and Lamb ride again 

 

Weng W. Chow 

Sandia National Laboratories, Albuquerque, NM 87185-1086, wwchow@sandia.gov 

 Mode-locked semiconductor lasers have the potential to radically change the next generation of time 

and wavelength division multiplexing systems used in telecommunications. While there are encouraging 

laboratory demonstrations, the transition to production requires better understanding of active 

medium nonlinearities. An example is the connection of bandstructure to mode competition, gain 

saturation, carrier-induced refractive index and creation of combination tones. When studying 

state-of-the-art mode-locked laser diodes, especially those operating with monolithic resonators 

and quantum dot active media providing both gain and mode locking, it is found that multimode 

semiclassical laser theory, [1] which is almost as old as the original homojunction semiconductor 

laser, is just what is needed for the job. 

[1] For textbook description, see M. Sargent III, M. O. Scully and W. E. Lamb, Jr, Laser Physics. 

Reading: Addison-Wesley, 1974. 
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Parity-Time and other Symmetries in Optics 

 
Demetri Christodoulides 

CREOL-The College of Optics and Photonics, University of Central Florida  

 

 

The prospect of judiciously utilizing both optical gain and loss has been recently suggested as a means to 

control the flow of light. This proposition makes use of some newly developed concepts based on non-

Hermiticity and parity-time (PT) symmetry-ideas first conceived within quantum field theories. By 

harnessing such notions, recent works indicate that novel synthetic structures and devices with counter-

intuitive properties can be realized, potentially enabling new possibilities in the field of optics and 

integrated photonics. Non-Hermitian degeneracies, also known as exceptional points (EPs), have also 

emerged as a new paradigm for engineering the response of optical systems. Such non-Hermitian 

degeneracies are by 

themselves interesting 

entities. As opposed to 

standard degeneracies, at 

an EP, not only do the 

eigenvalues coalesce but 

so do the corresponding 

eigenstates. In fact, at 

such bifurcations, the 

relevant eigenvectors collapse on each other and as a result, the dimensionality of the system is abruptly 

reduced. This in turn has a profound effect on how the system responds to a perturbation. In this case one 

can show that when a perturbation of strength ε acts on an Nth-order EP (when N eigenvalues and 

eigenvectors merge), the resulting eigenvalue (frequency) splitting is now proportional to 𝜀1/𝑁. This 

indicates that the sensitivity of a set-up can be enhanced by several orders of magnitude by exploiting the 

physics of EPs. Among many different non-conservative photonic configurations, parity-time (PT) 

symmetric arrangements are of particular interest since they provide an excellent platform to explore the 

physics of EPs for enhanced sensing applications. The enhanced response experimentally observed in a PT-

ternary sensing system is shown in Fig. 1.  

Another intriguing property of EPs is the way they respond if the system parameters vary in such a way so 

as to either enclose or not enclose such points. If the contour does 

encircle an EP in a quasi-static fashion, one can then show that the 

eigenvalues swap with each other and as a result, the eigenvectors 

follow suit. What makes this possible is the structure of the Riemann 

sheets in the complex domain upon which the eigenvalues move (Fig. 

2). The situation is entirely different under dynamic conditions. If the 

parameters (coupling, detuning, birefringence etc.) of a two-level non-

Hermitian system are dynamically varied in a judicious manner, in 

such a way that the contour enclosing the exceptional point follows a 

clockwise path, then only one of the local eigenvectors will appear at 

the output while the other eigenstate will be drastically suppressed. 

This adiabatic arrangement can faithfully convert any arbitrary 

mixture of states into one of the local states with a nearly unity 

transmission coefficient.  

In this talk, we provide an overview of recent developments in this 

field. The use of other type symmetries in photonics will be also 

discussed.  
 

Fig.  1. (a) A ternary PT-symmetric laser sensor. (b) its corresponding enhanced response. 
Images from Hodaei et al., Nature 548, 187–191 (2017). 

Fig. 2. Riemann sheet: eigenvalue 
surface in the complex space leads to 
an exchange of the initial eigenvalues 
when an EP is encircled. 

Speaker: Demetrios Christodoulides, CREOL-UCF
Session: PT-Symmetry Inspired Optical Systems
Schedule: Friday Morning Invited Session 1

PQE-2019 119



High harmonic generation with structured light beams  

Paul Corkum, Fanqi Kong, M. Sederberg, and Chunmei Zhang 
Joint Attosecond Science Laboratory 

University of Ottawa and National Research Council of Canada 
 

In the visible and infrared it is possible to transform a Gaussian beam into vortex beams – 
beams with orbital angular momentum. Such vortex beams are very important for advanced 
microscopy and for quantum optics.  But is orbital angular momentum conserved during high-
harmonic generation?  We show the conservation of orbital angular momentum [1] and show 
how it leads to a method for coupling a controlled orbital angular momentum on any harmonic 
[2]. Our results open a pathway for attosecond science with similarly structured light. 
 
Besides shaping the wave fronts, a Gaussian beam 
can also be transformed into beams with complex 
polarization states – so called vector beams.   
We use an 800 nm, 2 mJ pulse, 35 fs pulse and a 
Q-plate (illustrated in the inset) to produce a 
vector beam with each quadrant circularly 
polarized, with adjacent quadrants delayed in 
phase by π/2 and with different handedness for 
adjacent quadrants (encoded in red and blue in 
the figure).  As such a vector beam propagates, it 
transforms into a beam with linearly polarized 
segments as illustrated (bottom left) and measured (bottom, middle).   We transform this beam 
via high-harmonic generation to photon energy of 40 eV creating a new vector beam with 
linearly polarized segments and also with adjacent quadrants phase delayed by πn/2 where n is 
the harmonic order.  For symmetric nonlinear media, this beam likewise transforms as it 
propagates into a beam with circularly polarized segments as illustrated in the 3-dimensional 
figure.   
 
We also show that cylindrical symmetric vector beams can be efficiently compressed to few 
cycles in hollow-core fibers and we conclude by discussing an important new application for 
high-power vector beams.    
 
[1] G. Gariepy, J. Leach, K. T. Kim, T. J. Hammond, E. Frumker, R. W. Boyd, and P. B. Corkum, 
“Creating High-Harmonic Beams with Controlled Orbital Angular Momentum”, Phys. Rev. Lett. 
113, 153901 (2014) 
 
[2] F. Kong, C. Zhang, F. Bouchard, Z. Li, G. G. Brown, D. H. Ko, T. J. Hammond, L. Arissian, R. W. Boyd, E. 
Karimi, and P. B. Corkum, “Controlling the orbital angular momentum of high harmonic vortices”, Nat. 
Commun. 8, 14970 (2017) 
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Ultra-long-range molecule engineering via Rydberg-dressing

Jia Wang 1 and Robin Côté2

1Centre for Quantum and Optical Science, Swinburne University, Melbourne 3122, Australia
2Department of Physics, University of Connecticut, Storrs, CT 06269, USA

In 2000, the three seminal papers launched a new era in Rydberg physics, predicting the blockade
mechanism [1], exploring Rydberg dressed interactions [2], and foreseeing trilobite-like molecules [3].
Here, we explore how a new binding mechanism between ground state atoms, based on Rydberg-
dressing, can lead to ultra-long-range molecules. We show that by using far-detuned lasers to
couple a small but adjustable Rydberg component to the ground state atom, localized long-range
potential wells can be created that can support molecular bound levels (Fig. 1).
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Figure 1: Left: Sketch with dressing lasers. Right: (a) The dressed BO potential U (R) with lowest
level (Eb ∼0.72 MHz) and |ψ|2. In (b), Eb vs. Ω for a specific ∆, and in (c), vs. ∆ for a specific Ω.

Figure 2: Two-color BO-PES (x and y in 1000 a0)..

We consider dressing with s, p, and d Ryd-
berg states using different photon polarizations.
We find that each type can sustain bound levels,
with linear polarization leading to larger bind-
ing energies. We also extend the treatment to
polyatomic systems. Fig. 2 shows the BO-PES
for a two-color dressing scheme, with one laser
dressing with 30p3/2, and another with 35p3/2.
The potential exhibits two minima at R ≈ 1400
a.u. (θ = 0 and π), and another at R ≈ 2000
a.u. (θ ≈ π/2). The 3D-plot depicts the wells in
space based on the azimuthal symmetry of the system. This configuration could sustain a tetramer
state, with one atom in the center, one in the torus, and one in each sphere.

[1] D. Jaksch, J.I. Cirac, P. Zoller, S.L. Rolston, R. Côté,, and M.D. Lukin, PRL 85, 2208 (2000).

[2] L. Santos, G.V. Shlyapnikov, P. Zoller, and M. Lewenstein, PRL 85, 1791 (2000).

[3] C.H. Greene, A.S. Dickinson, and H.R. Sadeghpour, PRL 85, 2458 (2000).
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On some optical networks in precision nanocrystals 
Alexandra M. Courtis* 

Biophysics Graduate Group, University of California at Berkeley

*courtis@berkeley.edu


Precision nanomaterials, and higher order architectures thereof, will expand the scope of 
experiments that can be executed for outstanding and necessary tests of information transfer. 
Such materials can be manipulated to prepare and probe networks distinguished by varying 
degrees of complexity and disorder. While there are several classes of artificially prepared 
nanosystems which are relevant for these applications, colloidal nanocrystals are a useful 
experimental platform to manipulate and study responses to optical and magnetic 
perturbations, alongside some other conditions. These nanomaterials are appealing given that 
they can be designed with programmable atomic compositions, dimensionality, lattice 
connectivities, and surface geometries at the level of single digit nanostructures as well as 
highly-interacting ensembles thereof. We posit that leveraging this structural control can serve 
to benefit functional studies which explore light-matter interactions in the limit of strong and 
weak environmental coupling. 




Here, we demonstrate the relevance of colloidal

nanomaterials as model systems for fundamental 
studies on information transfer networks through 
playing an optical game. Focusing on the limit of 
materials which are explicitly designed for 
suppressed coupling to the external environment, 
we explore an experimental realization of Dexter’s 
proposal for approximate photon amplification 
(Figure 1). Optical networks comprised of 
lanthanide dopants are introduced into nanocrystals 
as a function of host geometry and identity. 
Through studying optical properties as a function 
of structural disorder we are able to establish some 
relevant design rules for so-called quantum cutting. 
The broader commentary addresses connections 
of these results to analogous efforts in the study 
these interactions in macroscopic systems. We 

then turn to address the properties of these designer nanomaterials in the limit of an extreme 
external perturbation achieved via an in situ study of cathodoluminescence in an electron 
microscope. In this context, we are able uncover conditions for information transfer that 
promote the enhancement of magnetic dipole transitions. We conclude by addressing some 
more general emerging directions in the field of topological nanomaterial design for the study 
of complex networks. 


Figure 1. An experimental realization of 
Dexter’s proposal via the study of 
lanthanide nanocrystals
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Hot Electron Injection in Photocatalytic Plasmon Resonant Nanostructures 

Prof. Steve Cronin (USC)  

Ming Hsieh Department of Electrical Engineering, Department of Chemistry, and Department of 

Physics and Astronomy, University of Southern California, Los Angeles, CA 90089, USA 

 
Plasmon resonant grating structures provide an effective platform for distinguishing 

between the effects of plasmon resonant excitation and bulk metal absorption via interband 

transitions. By simply rotating the polarization of the incident light, we can switch between 

resonant excitation and non-resonant excitation, while keeping all other parameters of the 

measurement constant. With light polarized perpendicular to the lines in the grating (i.e., TE-

polarization), the photocatalytic reaction rate (i.e., photocurrent) is measured as the angle of the 

incident laser light is tuned through the resonance with the grating. Here, hot holes photoexcited 

in the metal are used to drive the oxygen evolution reaction (OER), producing a measurable 

photocurrent. Using TE-polarized light, we observe sharp peaks in the photocurrent and sharp dips 

in the photoreflectance at approximately 9o from normal incidence, which corresponds to the 

conditions under which there is good wavevector matching between the incident light and the lines 

in the grating. With light polarized parallel to the grating (i.e., TM), we excite the grating structure 

non-resonantly and there is no angular dependence in the photocurrent or photoreflectance. In 

order to quantify the lifetime of these hot carriers, we performed transient absorption spectroscopy 

of these plasmon resonant grating structures. Here, we observe one feature in the spectra 

corresponding to interband transitions and another featured associated with the plasmon resonant 

mode in the grating. Both features decay over a time scale of 1-2 psec. The spectral responses of 

grating structures fabricated with Ag, Al, and Cu are also presented.1 2, 3 

 

 
Figure Caption: Schematic diagram of plasmon resonant grating structure illustrating the hot 

electron/hole injection mechanism. Photoreflectance and AC photocurrent plotted as a function of 

the incident angle for 633 nm light polarized parallel and perpendicular to the grating structure.  

 

References: 

1. Hou, B.Y., L. Shen, H.T. Shi, R. Kapadia and S.B. Cronin, Hot electron-driven 

photocatalytic water splitting. Physical Chemistry Chemical Physics, 19, 2877-2881 (2017). 

2. Shen, L., N. Poudel, G.N. Gibson, B. Hou, J. Chen, H. Shi, E. Guignon, W.D. Page, A. Pilar 

and S.B. Cronin, Plasmon Resonant Amplification of a Hot Electron-Driven Photodiode. 

Nano Research, DOI: 10.1007/s12274-017-1854-2 (2017). 

3. Shen, L., G.N. Gibson, N. Poudel, B. Hou, J. Chen, H. Shi, E. Guignon, W.D. Page, A. Pilar 

and S.B. Cronin, Plasmon Resonant Amplification of Hot Electron-Driven Photocatalysis. 

Applied Physics Letters, DOI: 10.1063/1.5048582 (2018). 
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Quantum interference between light sources separated by 150 million kilometers 

Yu-Hao Deng1, Da-Wei Wang2, Jonathan P. Dowling1,3, Sven Höfling1,4, 

Chao-Yang Lu1, Marlan O. Scully1,5, Jian-Wei Pan1 

1University of Science and Technology of China, Shanghai, China 
2Zhejiang University, Hangzhou, China 

3Louisiana State University, Baton Rouge, Louisiana, USA 

4Universitat Würzburg, Am Hubland, Würzburg, Germany 
5Texas A&M University, College Station, Texas, USA 

 

    Can any two photons in the Universe, no matter how distantly and independently they origin 

from, show quantum interference and entanglement? According to the quantum theory, when two 

quantum mechanically indistinguishable photons enter into a 50/50 beam splitter, they bunch out 

of the same output port together due to the bosonic statistics, known as Hong-Ou-Mandel (HOM) 

interference. The classical picture of electromagnetic field failed in understanding the interference 

of photons from independent sources with a visibility better than 50%, which can be explained by 

quantum interference of probability amplitude of the two-photon events.  

    Since the original HOM experiment that used two photons from the same parametric down-

converted pair, progressively more and more independent, dissimilar sources have been used to 

test the two-photon interference. Apart from fundamental interest, the quantum interference of 

photons emerging from independent sources can be harnessed for various quantum information 

protocols such as quantum teleportation, quantum repeaters, hybrid quantum networks, 

measurement-device-independent QKD, and boson sampling. All these experiments so far, 

however, were performed inside laboratories and relied on man-made light sources. 

     In this poster I’ll present our recent work on demonstrating non-classical interference between 

photons from the Sun and a semiconductor InAs/GaAs quantum dot on Earth which are separated 

by 1 astronomical-unit (Fig.1). We observe a raw visibility far above the classical limit (Fig.2). 

We are able to establish entanglement between photons from these two sources with a fidelity 

above 0.82, despite the remarkable independence between the two emitters by means of distinct 

intrinsic luminance mechanism, different photon statistics and an astronomical-scale separation. 

The generated entanglement between the photons sharing little common history is further used to 

test the Bell inequality with a violation of 3.3 standard deviations. 
 

     
Figure.1| Sketch of the experimental setup                 Figure.2| HOM Interference Curve 

Histogram of coincident events of photons from 

the Sun and quantum dot on the earth 
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Topological superoscillation in a dark focus:  
knotted optical hopfions 

 
Danica Sugic1 & Mark R Dennis1,2 

 
1 H H Wills Physics Laboratory, University of Bristol, Bristol BS8 1TL, UK 
2 School of Physics and Astronomy, University of Birmingham, Birmingham  
  B15 2TT, UK 
 
   Superoscillation is concerned with delicate interference patterns which can give rise to 
complex spatial structures at subwavelength scale.  This interference can either be designed 
by precise optical control or occur ‘naturally’. 
 
   An axisymmetric amplitude pattern in 
the aperture of a lens can give rise to a 
perfect, high order zero in the lens’ focal 
volume, in the paraxial regime.  Moving 
to the regime of tight focusing, however, 
the volume of perfect destructive inter-
ference is perturbed, in a ‘natural 
superoscillation’ sense, into a complex 
topological polarization texture within 
the focal volume.  Filaments of different 
transverse polarization states (i.e. 
constant linear or elliptic polarizations) take the form of torus knots, whose precise topology 
corresponds to the order of the original nodal point.   
 
   These polarization con-figurations in 
fact are optical analogues of hopfions: 
localized 3D topological textures (similar 
to better-known skyrmions).  arising as 
models of fundamental particles in high 
energy physics, and as excitations in 
condensed matter systems such as chiral 
liquid crystals. A hopfion topologically is 
characterized by its degree, an integer 
indicating the number of times the 
polarizations in the focal volume wind 
around the full Poincaré sphere. 
 
   In this talk I will describe how this 
topological phenomenon occurs gen-
erically in a tight, dark focus, and I will 
compare its structure with other knotted 
optical fields studied in topological and 
singular optics, as well as considering some potential applications. 

Figure 2. Polarization Hopfions within a focal volume.   
(a) Filaments of constant linear polarization, coloured as on 
inset Poincaré sphere.  (b) Cutaway surfaces swept out by 
filaments corresponding to polarizations of fixed ellipticity 
(as Poincaré sphere inset), demonstrating the hopfion’s 
characteristic nested torus geometry. 

Figure 1. Dark focus. An axisymmetric amplitude pattern is 
chosen to give, paraxially, a perfect zero (here of cubic order) 
within the focal volume of a lens.   
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Freeing semiclassical field theory of the UV divergence

Piotr Deuar∗, Joanna Pietraszewicz

Institute of Physics, Polish Academy of Sciences, 02-668 Warsaw, Poland
∗ Email: deuar@ifpan.edu.pl

Semiclassical matter wave descriptions are the widespread method of choice for nonperturbative and
thermal phenomena in ultracold gases, as well as further afield. This is because for large and realistic sys-
tems, often only this “classical field” approach remains tractable. However, calculations are continuously
harassed by the twin plagues of an ultraviolet catastrophe, and the resulting dependence on a technical
parameter - the cutoff. The problems are particularly severe in 2d and 3d.

We have developed a modified classical field approach that no longer suffers from these problems, but
whose computational efficiency scales the same way as standard classical field methods. To achieve this,
an SGPE-like reservoir coupling is mustered to act as a constraint on the high-energy part of the system.
The key to avoiding the UV divergence is then to preserve the quantum properties of this constraining
reservoir coupling. Examples in 1d and 3d will be given, including the famous case of collective modes that
have previously eluded accurate description with classical fields.

Overall this approach gives good prospects for c-field calculations that are quantitatively accurate with-
out tweaking arbitrary technical parameters.
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Figure 1: Single-partcle energy distributions in a
trapped 3d gas in thermal equilibrium. Kinetic en-
ergy density on the left, traping energy density on
the right. The top row shows the newly developed
regularized simulation, lower rows other attempts
using standard semiclassical field theory.

Figure 2: Frequencies of the m = 0 collective mode
at high temperatures, in the widely studied Jila ex-
priment [Jin et al. PRL 78, 764 (1997)]. Black tri-
angles: experiment, blue squares: regularized clas-
sical field simulation, color: historical classical field
attempts. Solid symbols: condensate, open symbols:
thermal cloud.
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Light- and electron-induced Raman spectroscopy for bacterial identification and sub-cellular 
molecular mapping  

J. A. Dionne, A. Saleh, S. Ho, N. Jean, D. Angell, S. Ermon, S. Jeffrey, N. Banaei 
Stanford University 

 
Surface enhanced Raman scattering (SERS) has been a key tool for biomolecular detection and 
identification, but is generally limited by its low reproducibility and substrate variability. Here, we show 
how SERS combined with novel nanophotonic ‘hardware’ and deep learning software can enable rapid 
identification of bacteria – including the species, strain, and antibiotic susceptibility – as well as sub-cellular 
molecular mapping.  
 
First, we combine SERS and deep learning to accurately classify bacteria by both species and antibiotic 
resistance in a single step. We have amassed the largest dataset of bacterial Raman spectra, enabling the 
application of state-of-the-art deep learning approaches to this difficult classification problem. We design 
a convolutional neural network (CNN) for spectral data and train it to identify 30 of the most common 
bacterial pathogens from noisy single-cell Raman spectra, achieving antibiotic treatment identification 
accuracies of 99.0±0.1% and species identification accuracies similar to leading identification techniques 
such as matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. Our 
approach distinguishes between methicillin-resistant and -susceptible isolates of Staphylococcus aureus 
(MRSA and MSSA) as well as a pair of isogenic MRSA and MSSA that are genetically identical apart from 
deletion of the mecA resistance gene, indicating the potential for culture-free detection of antibiotic 
resistance. Results from initial clinical validation are promising: using just 10 single-cell bacterial spectra 
from each of 25 isolates, we achieve 99.0±1.9% species identification accuracy. This combined Raman-
CNN system represents an important proof-of-concept for rapid, culture-free identification of bacterial 
isolates and antibiotic resistance. 
 
Next, we develop a method to map bacterial membrane receptors with sub-10nm spatial resolution. Our 
method, Electron and Light Induced Stimulated Raman 
Scattering (ELISR), utilizes optical Raman spectroscopy 
within a transmission electron microscope (TEM). 
Notably, an accelerated electron beam serves as a highly-
localized, Angstrom-scale source to locally excite 
molecular vibrational modes. This broadband Stokes 
excitation locally amplifies the Raman signal emerging 
from the monochromatic, diffraction-limited pump laser, 
akin to stimulated Raman scattering. To boost the signal-
to-noise ratio, we decorate the cell with arrays of ~10nm 
metallic nanoparticles. We use full-field electromagnetic 
calculations to model this process, optimizing the 
nanoparticle size, shape and electron-excitation conditions 
to maximize the signal-to-noise ratio and the spatial 
resolution. In parallel, we conduct proof-of-concept 
experiments an environmental TEM with an imaging 
spatial resolution of 0.07nm. Our initial experiments focus 
on Raman from gold spheres and rods functionalized with 
4-nitrothiophenol and membrane receptors such as 
PGRMC1, and on-going work is aimed at developing the 
first ELISR maps of cryo-cell slices.  

Figure 1: Principle of ELISR. a) two fiber optics and 
two parabolic mirrors enable light coupling into and 
out of the TEM. b) The electron beam locally stimulates 
Raman scattering, giving molecular information with 
nanometer-to-atomic-scale resolution. c) To boost the 
signal-to-noise ratio, cells are decorated with small 
metallic nanoparticles.     
d) local Raman spectra of the molecule 4-NTP 
measured with ELISR, compared with a molecular 
ensemble spectra obtained with confocal microscopy.  
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Hansjörg Dittus 

Quantum Technology Application in Space 

 

Spacecraft provide a fascinating insight into the world outside our own planet. But 
satellites are not only used as carriers of astronomical telescopes, camera systems, 
or sensors. They are even used as platforms for carrying out many experiments for 
fundamental research and serve as test masses for the ultra-precise observation of 
gravitational fields which has to be determined by measuring time, distances and 
accelerations, and by comparing the results in different inertial frames. During the last 
15 years quantum optics and quantum engineering seemed and seems to become a 
powerful tool for inertial sensing in space. Space provides the possibility of carrying 
out quantum experiments over very large distances, along spacecraft orbits with 
highly varying velocities, and under weightlessness conditions resulting in long 
interrogation times. On the other side, this technology whose development has been 
mainly driven by scientific needs is meanwhile used for earth observation, satellite 
navigation, satellite communication, and satellite geodesy. More and more, quantum 
sensors (not only atomic clocks) will be used onboard spacecraft utilized for daily 
services. 

As a result of fundamental research (quantum optics and gravitational physics), 
quantum technology are directly applied to the future GNNS-fleets and -
constellations, vice versa the increasing precision of GNNS-systems can be used for 
fundamental physics experiments as well.  

The talk will focus on present and future application fields f quantum sensors and 
quantum technology in space and will give an overview of recent and past 
experiments in space. 
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Ultrafast diffraction imaging with quantum light: phase-
sensitive linear signals 
 
Konstantin E. Dorfman1 
 

1 State Key Laboratory of Precision Spectroscopy, East China Normal University, 3663 N 
Zhongshan Rd, Shanghai, China, 200062 

 

Abstract 
 

Homodyne X-ray diffraction signals produced by classical light and classical detectors 
provide the modulus square of the charge density in momentum space |𝜎(𝒒)|2, missing 
its phase [1] which is required in order to invert the signal to real space. We show that 
quantum detection of the radiation field yields a linear diffraction pattern that reveals 𝜎(𝒒) 
itself, including the phase. We further show that repeated diffraction measurements with 
variable delays constitute a novel multidimensional measure of spontaneous charge-
density fluctuations to all orders. Classical diffraction, in contrast, only reveals even orders 
correlation [2]. Simulations of two dimensional signals generated by two diffraction events 
are presented for the amino acid cysteine. 

 

 Figure 2. Left: The (a) classical homodyne and (b) first order linear quantum 2D diffraction 
𝒒1 scattering pattern in the 𝒒1𝑧 = 1.89𝐴−1 plane. The first pulse 𝒌𝑝1propagates along z 

direction. Points A and B were used in the calculated diffraction signals. Middle: The real 
and imaginary parts of signals for (top) classical homodyne and linear quantum diffraction 
(bottom) in frequency domain. Right: The time-dependent charge density for 𝒒1 points  
marked in the left panels as A and B. 
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Optical Detection of Impulsive Resonant X-Ray Stimulated Raman Process 
 

Gilles Doumy 
Argonne National Laboratory 

 
The high intensities afforded by ultrashort x-ray pulses available at XFELs have created the 
opportunity to explore the behavior of matter undergoing non-linear interaction with x-ray fields.  
In analogy with optical techniques, the opportunity to greatly enhance the sensitivity of some 
spectroscopic techniques through stimulated emission or scattering has started to be explored 
[1].  While optical techniques mostly allow manipulation of vibrational and rotational levels, 
expanding into the x-ray regime makes it possible to address electronic levels, and thus the 
movement of electrons inside molecules or solids. 
 
Soft x-ray resonant inelastic scattering is proving to be a powerful method to investigate 
collective excitations of valence electrons, and to identify the transient products in photo-
induced reactions. Small signal strength could be enhanced by taking advantage of stimulated 
processes due to increased cross-sections and directionality of the emission [2]. One attractive 
option resides in performing the Raman scattering process ‘impulsively’, i.e. with one, short, 
pulse providing photon energies necessary for both resonant excitation and stimulated emission 
at a lower energy. Such broad bandwidth, attosecond pulses are just now 
becoming available at XFELs through new accelerator developments 
(XLEAP project at LCLS). The outcome of such an impulsive process would 
be the creation of valence excited states. If several orbitals are involved 
in the stimulated process, the resulting valence excitation should be 
localized at the site of the resonant excitation. Detecting this process is 
expected to be challenging due to the numerous competing processes, 
starting from ionization of inner and valence shells.  

 
I will present an effort to use optical transient absorption to detect 
valence excited states produced through stimulated x-ray Raman in 
Cu(II) centered porphyrins. Porphyrins present the high density of 
states necessary for the Raman process, and are also intense optical 
absorbers, such that even a low-density vapor can be probed using 
white light transient absorption. Using the strong resonant absorption 
feature near 930 eV and intense attosecond pulses (~500as, ~5eV 
bandwidth), a first attempt was performed in November 2018 at the 
LCLS.  

 
[1] S. Mukamel, D. Healion, Y. Zhang, and J. D. Biggs, “Multidimensional Attosecond Resonant X-
Ray Spectroscopy of Molecules:  Lessons from the Optical Regime,” Annual Review of Physical 
Chemistry 64,101 (2013). 
[2] V. Kimberg, and N. Rohringer, “Stochastic stimulated electronic x-ray Raman spectroscopy,” 
Structural Dynamics3,034101 (2016). 
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modelling of the CuPc L3-edge NEXAFS spectrum18 with those
reported herein for CuTPP and CuTPP(F) complexes offers the
following intriguing opportunities: (i) to further test the applicabil-
ity of the SO-ZORA TD-DFT-TDA method to look into the L2,3

spectral features of Cu(II) complexes; (ii) to get information about
the ligand-field strength and the symmetry-restricted covalency in
Cu(II) complexes sharing the same coordinative pocket; and (iii) to
verify the sensitivity of the adopted theoretical approach.

L2,3-edge NEFAXS spectra of CuTPP and CuTPP(F) recorded
in the EE region 927–960 eV are superimposed in Fig. 11 with
the CuPc L2,3-edge NEFAXS spectrum, while CuTPP, CuTPP(F)
and CuPc experimental (Exp) and theoretical (Theo) L2,3 EEs are
collected in Table 3. Moreover, the simulated L3

CuTPPf and
CuTPP(F)f distributions in the EE range 922–933 eV are reported
in Fig. 12 together with the CuPcf one.

The comparison of experimental and theoretical L3 values87

confirms the well-known EE underestimation (B6 eV, see
Table 3), which is ultimately due to XC potential deficiencies;37,42

nonetheless, SO-ZORA TD-DFT-TDA calculations successfully
reproduce both the coincident EE of the CuTPP and CuTPP(F)
Cu(II)L3-edge and the little shift toward a higher EE of the CuPc
Cu(II)L3-edge, indicative of a CuPc ligand-field strength slightly
stronger than the CuTPP/CuTPP(F) one.64

Even though NEXAFS absolute intensities of CuTPP/CuTPP(F)
and CuPc in Fig. 11 cannot be directly compared because of the

different thicknesses of CuTPP/CuTPP(F) (50 nm) and CuPc
(25 nm) films, f values associated with transitions generating
CuTPPL3, CuTPP(F)L3 and CuPcL3 (see Fig. 12) are consistent with a
very similar Cu–N symmetry-restricted covalency in the three
complexes, thus further supporting the conclusions reported in
ref. 18c. Similarly to the SO-ZORA TD-DFT-TDA 2pCu excitation
spectra of CuPc (see Fig. 12) and Cu(acac)2 (see the lower panel of
Fig. 3 in ref. 18b), both CuTPPL3 and CuTPP(F)L3 are characterized
by the presence of an evident shoulder on their lower EE side.

Before going on, it has to be remarked that this shoulder is
not revealed in the present measurements and this is likely due
to the overall shortening of the lifetimes of the excited states in
the condensed phase.18c The resulting broadening of the spectral
lines is well beyond the experimental resolution, which is
estimated to be ca. 0.5 eV in the present case.

Compositions, f values and EEs of transitions associated
with CuTPPL3 and CuTPP(F)L3 are reported in Table 4, where the
corresponding CuPc values are also included for comparison.88

The inspection of data reported in Table 4 reveals that CuTPP
and CuTPP(F) outcomes are, apparently, very similar to the
CuPc ones.18a,b In detail, CuTPPL3 and CuTPP(F)L3 features are
both generated by three excitations (hereafter, L1

3, L2
3 and L3

3)
whose energy spread is B1 eV in CuTPP and CuTPP(F) (0.72 eV
in CuPc); one transition contributes to L1

3, while three of them
are involved both in L2

3 and L3
3. Moreover, if we consider that the

CuTPP (CuTPP(F)) 350a1/2 (510a1/2) lowest unoccupied spinor is
reminiscent of the SR 12b1g (15b1g) CuTPP (CuTPP(F)) LUMO
and that the CuTPP (CuTPP(F)) 351a1/2–354a1/2 (511a1/2–514a1/2)
spinors are strongly related to the 13eg (22eg) MO (see Fig. 3),
corresponding to the lowest lying pmcp>* (feature L in Fig. 2),
all transitions reported in Table 4 have the same nature in
CuTPP, CuTPP(F) and CuPc. Nevertheless, data reported in
Table 4 clearly state that contributions provided to L2

3 by MLCT

Fig. 11 Cu L2,3-edge spectra of thick films of CuTPP (solid blue line) and
CuTPP(F) (dotted blue line) deposited on Au(111). The Cu 2p excitation
spectra of CuPc18a,b (red line) have also been included for comparison. The
929.5–933 eV EE range is displayed in the inset.

Table 3 Experimental and theoretical EEs (eV) for the 2pCu L2,3 core
excitation spectra of CuTPP, CuTPP(F) and CuPc

CuTPP CuTPP(F)87 CuPc18

ExpL3 931.2 931.2 931.4
ExpL2 951.2 951.2 951.4
TheoL3 925.35 925.30 925.75
TheoL2 945.64 — 946.00

Fig. 12 SO-ZORA TD-DFT-TDA 2pCu excitation spectra of CuTPP (blue
solid line) and CuTPP(F) (blue dotted line). The convoluted profiles were
obtained with a Lorentzian broadening of 0.25 eV. The SO-ZORA TD-DFT-
TDA 2pCu excitation spectra of CuPc18a,b (red solid line) have been also
included for comparison.
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Figure 1 Cu TPP 

Figure 2 X-ray absorption of CuTPP 
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The pathway to exponentially complex quantum cats 
 
Peter D Drummond 
Swinburne University of Technology, Melbourne, Australia. 
 
Quantum simulations in phase-space are useful for modern quantum technologies, which are often 
both highly dynamical and entangled. I will illustrate this with three examples. 
 
Boson sampling: Quantum Fourier transform interferometers (QFTI) are an intriguing new type of 
quantum interferometer, ultrasensitive to phase-gradients, that use quantum superpositions of 
nonclassical input states. I will give results for extremely large QFTI networks of up to 100*100 size. 
The prediction is that QFTI interferometers are remarkably robust and precise devices for measuring 
phase gradients, being immune both to phase noise and to detection losses, despite the known 
fragility of superposition states to loss. 
 
Mechanical Cats: I will simulate a protocol to transfer a photonic Schrodinger Cat state, generated in 
a quantum circuit, to an optomechanical oscillator. This is carried out using the positive-P 
representation, which can simulate the entire Cat state probabilistically, retaining all non-classical 
features. It is possible with this method to create a true mechanical cat state. Parameters used 
correspond to current experiments at Yale and JILA, although currently, mechanical losses in the JILA 
optomechanical devices will limit the maximum size. 
 
Atomic Cats: Finally, I treat 1000 atom mesoscopic bright solitons in ultra-cold gases. These 
experiments are underway at Rice University using 7Li. An exciting property of these systems is that 
they undergo a rapid, mesoscopic quantum decay to form a Schrodinger Cat. Systems like these need 
no manipulation to form a Cat, since this is their natural state. I show that a Wigner based quantum 
field simulation predicts spontaneous symmetry breaking into a superposition of asymmetric soliton 
fragments, with probability distribution given below. 
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NEW LASERS EMITTING FRACTAL MODES OR BASED ON BIOMOLECULES OR 
FREE-FREE TRANSITIONS OF ATOMIC PAIRS 

 
J. G. Eden, J. A. Rivera1, T. C. Galvin2, A. W. Steinforth, A. E. Mironov, and S. H. Park 

 
University of Illinois, Urbana, IL 61801 

1. Present Address: Department of Physics, University of California, Berkeley, CA 
2. Present Address: Lawrence Livermore National Laboratory, Livermore, CA 

 
Since its inception in the spring of 1960, the laser has taken on a stunning variety of forms. We 

describe here three new classes of lasers that introduce new physics and suggest multiple applications. 
Lasing has been demonstrated in the visible from flavin mononucleotide (FMN), a derivative of 

Vitamin B2, and R-phycoerythrin which is extracted from red marine algae [1,2]. Figure 1 is the laser 
spectrum, recorded in the 566-573 nm region, for an FMN: water solution photopumped at 532 nm. 
Introducing glycerol to the solutions dramatically increases the output power and efficiency while reducing 
the pump pulse energy threshold by a factor of three (< 40 µJ/mm2) because glycerol inhibits rotational 
diffusion. Furthermore, glycerol has the effect of blue-shifting the laser spectrum because the single pass 
gain-to-loss ratio rises. Because FMN is closely related to Vitamin B2, this laser is compatible with human 
tissue which raises the possibility of subcutaneous, micro-FMN lasers for internal biomedical diagnostics.  

Lasing has also been observed from R-
phycoerythrin (RPE), a phycobiliprotein molecule 
derived from marine algae. Each RPE molecule contains 
34 fluorophores, known as bilins, which are responsible 
for its extraordinary quantum efficiency (above 80%). 
Although RPE has been developed extensively for 
biomedical diagnostics as a fluorescent tag, lasing from 
the molecule has previously proven to be elusive. We 
obtained lasing in the orange-red region of the visible 
spectrum (peak at 610 nm, bandwidth of 21 nm) by 
photopumping RPE:water solutions, again at 532 nm. 

Fractal transverse laser modes have been 
generated from a new micro-resonator also capable of 
producing hundreds to thousands of microlaser beams 
from a modest aperture (several mm2) [3]. Four distinct 

fractal modes were observed when colloidal quantum dots served as the gain medium and a two-dimensional 
array of close-packed microspheres was situated on or near one of the mirrors in a Fabry-Perot cavity. One 
of these modes closely resembles the Sierpinski Triangle, a well-known exact fractal, and a second matches 
simulations. 

Lastly, we report the observation of lasing as a result of free-free transitions of alkali-rare gas atomic 
pairs. The presence of even small barriers (< 100 cm-1 in height) in the diatomic interaction potential allows 
for the Franck-Condon integral to be “engineered” in such a way that optical gain results from free-free 
transitions of atomic pairs at large values of interatomic separation (> 5 Å). This concept stands at odds with 
the conventional approach to diatomic molecular lasers in which bound-bound or bound-free transitions 
require at least one strongly-bound (≥ 1 eV) state. Broadband optical gain has been observed over the 853.5-
855.5 nm region in Cs/Xe mixtures when optically-pumped at 842.7 nm. Single-pass gains of ~1.17 are 
produced by exploiting the ~95 cm-1 barrier in the B2 Σ+ state of the molecule that is correlated, in the 
separated atom limit, with Cs(6 2P3/2) + Xe (5p6 1S0). This new approach to realizing diatomic lasers offers 
wide latitude in designing oscillators and amplifiers because interatomic barriers alter the free-particle 
wavefunctions of colliding atomic pairs in a predictable manner. 
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Carrier dynamics in InAs/InP quantum dot - tunneling injection gain media 
 

Gadi Eisenstein 
Electrical Engineering dept. and Russell Berrie Nanotechnology Institute 

Technion, Haifa 32000 Israel 
 

Carrier injection from a tunneling quantum well reservoir to a quantum dot (QD) gain medium is a complex 
process the details of which determine the improvement a tunneling injection (TI) structure has on the static 
and dynamic properties  of QD lasers. We present a numerical simulations of a pump probe investigation 
which sheds light on the bias and wavelength dependence of the carrier and gain dynamics. 
 
The simulation is based on a model developed to analyze pulse propagation in a QD optical amplifier where 
it induces quantum coherent interactions. This model calculates the population inversion as well as the 
refractive index at any point along the amplifier and at all wavelengths. Therefore, space can be translated 
to the time domain and the evolution following a pump perturbation can be calculated for a probe which is 
tunable across the gain spectrum. The TI QD structure is designed so that the confined state in the QW 
hybridizes with the first excited state of the QD which resides in term 50 meV above the ground state. The 
hybrid state has a width of 5 meV. The energy band diagram of the entire structure was calculated using a 
𝑘 ∙ 𝑝 model and the various time constants were calculated by overlapping corresponding wave functions. 

The energy band diagram and 
the moist important time 
constants are described in Fig. 
1. Within the bandwidth of the 
tunneling process, the capture 
time is about 1 ps. Far from the 
tunneling region, the capture to 
the ground state is a cascade 
process with an overall time  

      Fig. 1 Energy band diagram Fig. 2 Space and wavelength dependence  
of the inversion 

constant of 4 ps. An example of the population inversion distribution is shown in Fig. 2 which 
shows a 150 fs wide pulse that almost reached the output facet of the amplifier. The pulse was 
inserted at 1560 nm, propagation red shifts the pulse so it emerges at 1550 nm. The part of the 

pulse spectrum closer to the TI band recovers faster than the long 
wavelength part of the pulse. Fig. 3 shows broad band pump 
probe responses for different pump wavelengths and three probe 
wavelengths in each case. An important observation is that even 
for a pumps at the gain spectrum edges, the entire gain spectrum 
responds, the same holds for the carriers in the TI quantum well 
reservoir. 
 

Fig.3 probe response at three wavelengths  
for three different pump wavelengths 
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Non-Hermitian Formalism, width bifurcation and dynamical phase transition 
in open quantum systems 

 
Hichem Eleuch1,* and Ingrid Rotter2 

Department of Applied Sciences and Mathematics, College of Arts and Sciences,  
Abu Dhabi University, Abu Dhabi, UAE 

Max Planck Institute for the Physics of Complex Systems, 01187 Dresden, Germany 
 
 
The recent high-resolution experiments require a description of quantum systems by considering 
their embedding into the common continuum of scattering wavefunctions. 
This natural environment exists always. It can be changed by means of external fields, however 
it can never be deleted. The coupling of the open quantum system to the environment causes 
the Hamiltonian to be non-Hermitian. whose eigenvalues are complex, generally. They provide 
not only the energies of the states but also their lifetimes. Some non-trivial mathematical 
problems arise.  Exceptional points affect the dynamics of open quantum systems. They generate 
non-rigid phases and biorthogonality of the wavefunctions.  
 
The aim of this talk is to present generic features of open quantum systems at low and high level 
density via the environment of scattering wave functions.  
At high-level density where the resonance states overlap, the dynamics of the system is 
determined by exceptional points. At these points, the eigenvalues of two states are equal and the 
corresponding eigenfunctions are linearly dependent. It will also be discussed the effect of the 
coupling and how its real and the imaginary parts influence the system properties differently in 
the surrounding of exceptional points as well as the appearance of the width bifurcation.  
 
Width bifurcation and a splitting of the system into two parts with different characteristic time 
scales as well as the role of the observer states will be discussed. Interaction of exceptional 
points near each other (EPs clustering) will be highlighted. 
 
The critical dependence of the open quantum system dynamics on external parameters near the 
exceptional points presents potential applications to conceive small systems with desired non-
conventional proprieties.  
 
                                                                         
 
 
 
 
 
 
 
 
 
 
                                                                    Fig: the contour plot of the transmission  
                                                                                   for an open quantum system coupled  
                                                                                   to two different environments  
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Large-Scale Photonic Circuits for Quantum Information Processing 
 

Dirk Englund, Noel Wan, Donggyu Kim, Hyongrak Choi, Mihir Pant, Ryan Hamerly, Jacques 
Carolan, Darius Bunandar, Greg Steinbrecher, Tsung-Ju Lu, and Mikkel Heuck 

Research Laboratory of Electronics, Massachusetts Institute of Technology 
 

Photonic integrated circuits (PICs) have become increasingly important in classical          
communications applications over the past decades, including as transmitters and receivers in            
long-haul, metro and datacenter interconnects. Many of the same attributes that make PICs attractive              
for these applications — compactness, high bandwidth, and the ability to control large numbers of               
optical modes with high phase stability — also make them appealing for quantum information              
processing. Here we review our recent progress in developing PICs for quantum information             
processing.  

The first part of the talk will describe architectures for programmable PIC that can be               
programmed to implement arbitrary unitary linear-optics transformations. We recently applied these           
chips to applications ranging from deep neural networks1 to quantum transport simulations2, but this              
talk will focus on recent advances in entangled photon sources3 and proposals for on-demand single               
photon sources4, photon-photon nonlinear interactions, and neural neural network processors5.  

The second part of the talk will consider new PIC platforms that can be integrated directly with                 
atom-like quantum memories. In particular, we will discuss PICs based on the AlGaN-sapphire             
material system that are transparent in the UV-VIS spectrum, for applications in multiplexed             
quantum repeaters. This PIC platform now allows quality factors in excess of 20,000 for              
wavelengths as short as 369nm6 and the integration of diamond nitrogen vacancy color centers and               
superconducting single-photon resolving detectors7. Finally, we describe a blueprint for scalable           
cluster-state quantum computing that builds on large numbers of cavity-coupled diamond color            
centers networked by photonic switches and waveguides8.  
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Quantitative Analysis of Catalytic Reactions using Gas Phase Rotational Spectroscopy 
 

Henry O. Everitt,1,2 Sam Gottheim,3 Naomi J. Halas,2 Nicola R. Knowles,3 Minghe Lou,3  
Dane J. Phillips,4 Matt E. Reish,5 Jay G. Simmons,2 Dayne F. Swearer3 

 
1)  Army Aviation & Missile RD&E Center, Redstone Arsenal, AL 
2) ECE Department, Rice University, Houston, TX 
3) Chemistry Department, Rice University, Houston TX 
4) IERUS Technologies, Huntsville, AL 
5) Oak Ridge Institute of Science and Education, Redstone Arsenal, AL 

 
The composition and concentration of reactants, intermediates, and products of gas phase 
heterogeneous catalytic reactions has traditionally been monitored by two common analytical 
techniques, mass spectrometry and gas chromatography.  While these very mature technologies 
have many compelling attributes, they are both ex situ techniques that have difficulty 
discriminating isotopic and conformational isomers and are ill-suited for monitoring 
decomposition reactions since they themselves may also induce decomposition.   
 
We introduce gas phase rotational spectroscopy, a high resolution spectroscopic technique that 
nondestructively measures composition in situ with nearly absolute recognition specificity since 
the energy spacings of the quantized rotational motions are determined by the molecule’s moments 
of inertia.  We show how two techniques, modulation spectroscopy and free-induction decay 
spectroscopy, may be used for quantitative analysis of molecular concentrations during 
photothermal catalytic decomposition of various toxins and nerve agent simulants, then explore 
their use for monitoring the production of ammonia using a novel chemical looping technique. 
 
 
 
Figure.  Schematic 
diagram of a gas phase 
rotational spectrometer 
configured for in situ 
monitoring of catalytic 
decomposition of 2-
chloroethyl ethyl sulfide 
(2-CEES), showing the 
evolving spectra as the 
analyte is destroyed and 
several products are 
generated, partial 
pressures of which may 
be deduced from spectral 
line strengths and plotted 
as a function of time. 
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Coherent x-ray-optical control of Mössbauer 
nuclei with zeptosecond timing stability 
Jörg Evers (joerg.evers@mpi-hd.mpg.de)
Max Planck Institute for Nuclear Physics, Heidelberg, Germany

Some 150 years ago, Bunsen and Kirchhoff pioneered spectroscopy by exciting chemicals with
a flame. Despite its significance, from a modern perspective, their approach only involves 
uncontrolled excitation and passive observation. Since then, laser technology has led to a 
revolution in light-matter interactions, culminating in the possibility of controlling quantum 
dynamics using light. As a result, near-resonant light fields have become the primary tool to 
control electron dynamics. Such control requires a stabilization of the light's phase to fractions 
of the oscillation period of its field. For transitions in the visible range (E ~ 1 eV), this period is
of order h/E ~ 4 fs, thus motivating attosecond science. 

Modern x-ray facilities strive to continue this development even to hard x-rays, which is the
realm of resonances in Mössbauer nuclei that feature transition energies in the ~10 keV range.
However, current experiments with nuclei resemble the approach by Bunsen and Kirchhoff,
with excitation using fluctuating x-ray pulses  and passive observation.  Coherent control  of
nuclear dynamics has remained impossible, because of the short oscillation period h/E ~ 400
zs, which poses extreme stability requirements on the few-zs level (1 zs = 10-21 s).
 
 In this talk, I will show how to overcome these decisive factors. For this, we developed and
implemented a method to shape x-ray pulses delivered by modern x-ray sources into tunable
double pulses with the required few-zs stability. The double-pulse generation is based on our
recent approach to shape the spectra of x-ray pulses using suitable piezo motions [1]. In our
experiment,  we exploited the relative phase of the two x-ray pulses to coherently control the
dynamics of a nuclear target. Our results unlock coherent x-ray optical control for nuclei, and
pave the way for a number of promising techniques and applications.
  

[1] Heeg, Kaldun, Strohm, Reiser, Ott, Subramanian, Lentrodt, Haber, Wille, Goerttler, Rüffer,
      Keitel, Röhlsberger, Pfeifer, Evers, Science 357, 375 (2017).
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Wave amplification in rotating reference
frames

Daniele Faccio
School of Physics and Astronomy, University of Glasgow, UK

daniele.faccio@glasgow.ac.uk

In 1969 Penrose predicted that it is possible to extract energy from the angular momentum of
a rotating black hole. This same idea was developed by Zel’dovich who predicted that the same
effect could excite quantum fluctuations, a concept that eventually led to Hawking’s description of
evaporation of non-rotating black holes.
The amplification of waves from rotating black hole is often referred to as “superradiance” (not be
confused with Dicke superradiance) and is actually a very generic effect, encompassing very rich
physics that are still being investigated. Zel’dovich proposed a similar effect to occur for electro-
magnetic waves reflecting off a rotating metallic cylinder and recent measurements have uncovered
a hydrodynamical analogue [1], also referred to in the literature as “over reflection”, where water
waves are amplified in reflection from a vortex.
We will discuss opportunities for observing superradiance and amplification of waves with orbital
angular momentum from rotating systems. We will discuss in particular two examples.
The first is superradiance from a rotating 2D photon fluid. We have shown that it is possible to
create an effective superfluid using light in defocusing media and this can in turn be shaped so as
to form a vortex spacetime that exhibits both an ergosphere and a horizon for phonon modes (small
amplitude oscillations) propagating in the transverse plane of the beam [2]. Numerical simulations
also show evidence of superradiance through the formation of a negative (positive) current inside
(outside) the ergosphere.
The second example considers an acoustic beam with frequency ω and with OAM (winding num-
ber m) that is transmitted through a rotating, absorbing disk. This allows to probe the conditions
envisaged by Zel’dovich, i.e. amplification of waves from a rotating cylinder when the angular ro-
tation, Ω, rate satisfies ω < mΩ. We show how this condition leads to an inversion of the material
absorption to gain, i.e. energy extraction from the angular rotation energy of the system [3].

References

1. T. Torres et al., Nast. Phys. 13, 833 (2017).
2. D. Vocke et al., Optica, 5, 1099 (2018).
3. D. Faccio, E.M. Wright, arXiv:1809.03489v1 (2018).
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Spatial and temporal electric field correlation measurements on a vacuum field
state in the THz

Jérôme Faist,1 Cristina Benea Chelmus,1 Fabiana Settebrini,1 and Giacomo Scalari1

1ETH Zürich, Zürich, Switzerland

The electric field temporal correlations are conventionally performed using an interferometer
such as a Mach-Zehnder followed by an intensity detector, as the output of the latter will yield
an intensity as a function of the delay between both arms proportional to the real part of the
normalized autocorrelation function g(1)(τ).

We have recently investigated an alternative way to infer the statistics of Terahertz fields using
electro-optic sampling, in which a measurement of the polarization rotation of the near-infrared
laser pulse after propagation in a non-linear crystal, performed using a balanced detector, yields
an instantaneous measurement of the electric field [1], detecting even vacuum fluctuations [4].
Recently, we have modified this technique by co-propagating two femtosecond laser pulses in the
same crystal with a variable delay. As a result, the measurement of the field at two variable delay
times E(t) and E(t + τ) can be performed and the time averages 〈E(t)E(t + τ)〉. In a first set
of measurements, classical sources such as quantum cascade laser [2] or quantum cascade laser
combs [3] were investigated, and the classical correlation functions g1 and g(2) evaluated.

In recent experiments, we have applied this technique to thermal fields, down to the limit of
zero temperature. In order to achieve this, we have immersed the experiment in a cryostat cooled
at 4K in order to suppress efficiently the blackbody radiation in the bandbass of the detection
system, spanning roughly 200GHz to 2.5THz. The striking result is that correlations measurement
yield still a result even when performed onto vacuum, and peak at 6.2× 10−2V 2/m2 at zero time
delay. These correlation persists over a fraction of a picosecond as well as over a beam separation
of 400µm, both results in good agreement with theory.

This result arises from the successive evalutation of the field operators Ê(t) at two different
times, which will yield a term proportional to 〈â(t)â†(t)〉 that will yield a non-zero value even
applied onto the vacuum state. Using the formal analogy between a single mode of the field and a
harmonic oscillator, it is actually a well-known result that the two-time correlator of the position
is non-zero even in the ground state [5]. Our measurement can be interpreted as a non-continuous
weak measurement of the position of the oscillator.

We will also discuss recent measurements in which transport properties of two-dimensional
electron gases were probe while the system was in the ultra-strong coupling regime. This work is
supported by the European Research Council Advanced grant MUSIC.

[1] Q. Wu and X. C. Zhang, Applied Physics Letters 67, 3523 (1995).
[2] I.-C. Benea-Chelmus, C. Bonzon, C. Maissen, G. Scalari, M. Beck, and J. Faist, Physical Review A 93,

043812 (2016).
[3] I.-C. Benea-Chelmus, M. Rösch, G. Scalari, M. Beck, and J. Faist, Physical Review A 96, 033821 (2017).
[4] C. Riek, D. V. Seletskiy, A. S. Moskalenko, J. F. Schmidt, P. Krauspe, S. Eckart, S. Eggert, G. Burkard,

and A. Leitenstorfer, Science 350, 420 (2015).
[5] A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt, and R. J. Schoelkopf, Reviews Of Modern

Physics 82, 1155 (2010).
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Single and bi-crystal metal growth for applications in plasmonics 

Jonathan Fan 

Department of Electrical Engineering, Stanford University 

 

Metal structures on insulators are essential components in advanced electronic and nano-optical systems.  
For many of these properties, the study and elimination of grain boundaries results in dramatic 
enhancements.  In plasmonics, single crystal metal devices possess exceptional plasmon propagation 
lengths and electromagnetic field enhancements,1 which enable high performance waveguides, sensors, 
antennas, and metamaterials.  Metal crystal quality and grain boundary defects also play a major role in 
catalysis, photodetection, and energy harvesting,2 due to the dependence of hot carrier dynamics, 
molecular kinetics, and mechanical properties on defects and crystal orientation.   

I will discuss a method for creating patterned single crystal metal microstructures on amorphous 
insulating substrates, using liquid phase epitaxy.3  In this process, the patterned metal microstructures are 
encapsulated in an insulating crucible, together with a small seed of a differing material (Fig. 1).  The 
system is heated to temperatures above the metal melting point, followed by cooling and metal 
crystallization.  During the heating process, the metal and seed form a high melting point solid solution, 
which directs liquid epitaxial metal growth.  High yield of single crystal metal with different sizes is 
confirmed with electron backscatter diffraction images, after removing the insulating crucible.  We also 
show how liquid phase epitaxy can be used to produce metal bi-crystals with ideal tilt grain boundary 
defect of varying tilt angle.  These bi-crystals serve as a model system for the study of individual defects, 
and we show that we can use an ensemble of these structures to map the energy of tilt grain boundaries.   

 
Fig. 1.  Liquid metal epitaxy process with gold microstripes and platinum seed structures.  a) Schematic of 
the structures prior to processing.  b) Schematic of the fabrication process flow.  The images are cross-
sectional views of the gold stripe away from the platinum seed region.  c)  Large area EBSD image of 
processed gold stripes.  The color map (lower left) describes the orientations of the crystal plane normals.  
The coordinate system denotes the axes for EBSD analysis, x-axis along the stripe, y-axis transverse to the 
stripe, and z-axis normal to the stripe and substrate.  Scale bars: 20µm.   

References 

[1]  H. Ditlbacher, A. Hohenau, D. Wagner, U. Kreibig, M. Rogers, F. Hofer, F. Aussenegg, and J. Krenn, 

“Silver nanowires as surface plasmon resonators.” Physical Review Letters, 95, 257403 (2005). 

[2]  H. Chalabi, D. Schoen, and M. Brongersma. “Hot-electron photodetection with a plasmonic 

nanostripe antenna.” Nano Letters, 14, 1374 (2014). 
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Impact of nonlocality on non-reciprocal 
plasmons 

 
Shanhui Fan, Siddharth Buddhiraju, Yu Shi, Alex Song, Casey Wojcik, Momchil 

Minkov, Ian Williamson, and Avik Dutt  
Ginzton Laboratory, Stanford University, Stanford, CA 94305 

 
In the presence of an external magnetic field, the surface plasmon polariton that exists at 
the metal-dielectric interface is believed to support a unidirectional frequency range near 
the surface plasmon frequency, where the surface plasmon polariton propagates along one 
but not the opposite direction [1,2]. Recent works [3] have pointed to some of the 
paradoxical consequences of such a unidirectional range, including in particular the 
violation of the time-bandwidth product constraint that should otherwise apply in general 
in static systems [4-6]. Here we show that such a unidirectional frequency range is no 
longer present, once the nonlocal dielectric function of metal is taken into account [7]. Our 
calculation reveals that the surface plasmon polariton remains bi-directional for all 
frequencies. Our work overturns a long-held belief in non-reciprocal plasmonics, and 
highlights the importance of quantum plasmonic concepts for the understanding of non-
reciprocal plasmonic effects.  
 
[1] J. Brion, R.Wallis, A. Hartstein, and E. Burstein, Physical Review Letters 28, 1455 
(1972).  
[2] Z. Yu, G. Veronis, Z. Wang, and S. Fan, Physical Review Letters 100, 023902 (2008).  
[3] K. Tsakmakidis, L. Shen, S. Schulz, X. Zheng, J. Upham, X. Deng, H. Altug, A. 
Vakakis, and R. Boyd, Science 356, 1260 (2017). 
[4] M. F. Yanik and S. Fan, Physical Review Letters 92, 083901 (2004). 
[5] M. Tsang, Optics Letters 43, 150 (2018). 
[6] S. A. Mann, D. L. Sounas, and A. Alu, arXiv:1804.07420 (2018). 
[7] S. Buddhiraju, Y. Shi, A. Song, C. Wojcik, M. Minkov, I. Williamson, A. Dutt, and S. 
Fan, arXiv: 1809.05100 (2018). 
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Probing	single	rare	earth	ions	in	nano-photonic	resonators	
Andrei	Faraon	

T.J.	Watson	Laboratory	of	Applied	Physics,	
California	Institute	of	Technology,	

1200	E	California	Blvd,	Pasadena,	CA,	91125,	USA	
faraon@caltech.edu	

	
The	rare-earth	ions	exhibit	very	good	hyperfine	spin	coherence	(more	than	
millisecond)	which	makes	them	attractive	as	potential	optically	addressable	
quantum	bits.	However,	one	difficulty	in	working	with	rare-earths	is	their	low	
optical	emission	rate	(hundreds	of	microseconds	optical	lifetime).	By	coupling	to	
nano-photonic	resonators,	the	emission	rate	can	be	substantially	enhanced	and	
channeled	into	a	single	optical	mode,	which	enables	the	usage	of	single	rare-earth-
ions	for	practical	applications	in	quantum	networks.	I	discuss	our	recent	work	on	
optical	probing	of	single	neodymium	and	ytterbium	rare-earth-ions	coupled	to	
nano-photonic	resonators.	
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Decoherence in Quantum Communications and the Use of the Heisenberg Picture 
Jim Franson, UMBC 
 
 Photonic qubits can be transmitted over relatively large distances in optical fibers.  But 
the no-cloning theorem implies that an optical amplifier must introduce quantum noise, which 
greatly limits the range of quantum communication systems.  We recently showed1 that which-
path information left in the environment can cause an exponentially-large amount of decoherence 
in an optical parametric amplifier (OPA) even when the quantum noise is negligibly small.  Here 
we point out that the usual linear input/output relation for an optical amplifier does not correctly 
describe this situation due to limitations in the use of the Heisenberg picture. 
 The operation of an OPA is illustrated in Fig. 1, where pump photons are annihilated to 
produce pairs of photons, one in the signal mode and the other in the so-called idler mode.  The 
operation of the amplifier is usually analyzed in the Heisenberg picture, with the result that  

 ˆˆ ˆ .out inx gx N= +   (1) 

Here ˆinx  and ˆoutx  are the input and output quadratures of the field, g  is the gain, and  N̂  is a 
quantum noise operator.  Despite the widespread use of Eq. (1), we showed in Ref. [1] that there 
can be a large amount of decoherence due to entanglement between the signal and idler modes 
even when the quantum noise is negligible. 
 
 

 
 

 
 
  Fig. 1.  An optical parametric amplifier.                               Fig. 2.  Two successive transformations. 
 
 This surprising result can be understood by considering a situation where an operator x̂  
propagates through two unitary transformations 1Û  and 2Û  as illustrated in Fig. 2.  In the 
Heisenberg picture, the output 1̂x  of the first transformation is given by  

 †
1 1 0 1

ˆ ˆˆ ˆ .x U x U=   (2) 

One might then suppose that the output 2x̂  of the second transformation must be given by 

 † † †
2 2 1 2 2 1 0 1 2

ˆ ˆ ˆ ˆ ˆ ˆˆ ˆ ˆ( ) .x U x U U U x U U= =   (3) 

It is straightforward to show that Eq. (3) is incorrect and that instead  

 † † †
2 1 2 0 2 1 2 1 2

ˆ ˆ ˆ ˆ ˆ ˆˆ ˆ ˆ( ) ( )x U U x U U U x U= ≠   (4) 

This shows that the usual linear input-output relation for an OPA in Eq. (1) does not describe the 
physical input to successive devices, such as a homodyne measurement.  This raises some 
important issues regarding the usefulness and interpretation of the Heisenberg picture. 

1.  J.D. Franson and R.A. Brewster, Phys. Lett. A 382, 887 (2018). 
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Integrating Cavities, Ring-Down Spectroscopy and the First 
Reliable UV Absorption Data for Pure Water 

  
Edward S. Fry  

Physics & Astronomy Department, Texas A&M University, College Station, TX  77843-4242 
 

One of the most sensitive techniques for measurements of very weak spectral absorption is 
based on an integrating cavity – a closed container whose wall is a diffuse (Lambertian) reflector 
with very high reflectivity (Fig.1).  As a result of multiple reflections of the light from the cavity 
walls, the light makes many transits through the sample; for example, if the wall reflectivity is 
99.9%, the effective path length through a sample that fills a spherical cavity of radius 7.5 cm is 
~100 meters.  The result is a very high sensitivity to a very weak absorption.  But, in addition, 
since the diffuse reflecting walls of the cavity produce an isotropic illumination of the sample, 
absorption measurements are not affected by light scattering in the sample.  This new capability 
to measure optical absorption in the presence of scattering (even severe scattering) is a 
significant advance.  We have used this approach to make the first reliable measurements of the 
optical absorption of pure water in the blue region of the visible spectrum.1   

We have developed a new diffuse reflecting material for which the diffuse reflectivity is so 
high (e.g. we obtained a 99.92% reflectivity at 532 nm) that it is now possible to do Ring-Down 
Spectroscopy in an Integrating Cavity (ICRDS).  This new material has opened exciting research  
opportunities by providing very sensitive and accurate 
direct spectral absorption data for both a sample and 
any particulates suspended in it. Most importantly 
such absorption measurements are unaffected by the 
light scattering due to those particulates in the sample.  
As examples we have demonstrated the capability to 
measure (for the first time) the very weak spectral 
absorption of highly scattering biological samples 
(Fig.2),2 and we have made the first reliable 
measurements of the optical absorption of pure water 
at wavelengths down to 250 nm (Fig. 3 red points).3   

 
 
 
 
 
 
 
 
 
 

 
1) R. M. Pope and E. S. Fry, “Absorption Spectrum (380-700 nm) of Pure Water”, Appl. Opt. 36, 8710-8723 (1997). 
2) M. T. Cone, J. D. Mason, . . .  V. V. Yakovlev, and E. S. Fry, “Measuring the Absorption Coefficient of Biological 

Materials Using ICRDS”, Optica 2, 162-168 (2015) 
3) J. D. Mason, M. T. Cone, and E. S. Fry, “UV (250–550 nm) Absorption of Pure Water”, Appl. Opt. 55, 7163-7172 (2016). 
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Fig.2  Attenuation and absorption coefficients 
of retinal pigmented epithelium (RPE) cells. 

Fig.1  Integrating cavity cross-section 
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Fig.3  Absorption coefficient, α, of pure water measured in 
this study (red) along with results from several other studies. 
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Control and stabilization of nitrogen-vacancy centers in photonic circuits 
Kai-Mei Fu 

Dept. of Physics, Dept. of Electrical and Computer Engineering 
University of Washington, Seattle, WA 

 
We present our results integrating near-surface nitrogen-vacancy (NV) centers into gallium           
phosphide (GaP) photonic circuits toward photon-mediated spin-spin entanglement. The         
diamond NV centers are optically coupled to a GaP photonics layer bonded to the diamond               
surface. In addition to enabling the Purcell enhancement and passive photonic routing shown in              
this work, the GaP-on-diamond platform also exhibits a second-order optical nonlinearity which            
should enable active photonic routing and frequency conversion [1]. In passive devices Purcell             
enhancements of the zero-phonon line ranging from 12-26 are observed [2]. Further integration             
of the photonics with on-chip     
electrodes is used to demonstrate     
frequency control of the NV ZPL      
emission line. For select NV     
centers, tuning ranges exceeding    
150 GHz are obtained.    
Additionally, we achieve partial    
dynamic stabilization of the ZPL     
spectral diffusion [3]. However,    
even with these technologies, the     
optical transition of the    
device-integrated NV center must    
be further improved to realize     
entanglement. We will thus report     
on our recent work improving the      
NV spectral stability for    
near-surface NV centers which    
are compatible with GaP    
photonics device integration. 
 
[1] A.D. Logan, M. Gould, E.R. Schmidgall, K. Hestroffer, Z.Lin, W. Jin, A. Majumdar, F. Hatami, A.W.                 
Rodriguez, K.-M.C. Fu, “400%/W second harmonic conversion efficiency in 14 micron-diameter gallium            
phosphide-on-oxide resonators”, arXiv:1810.06393, accepted to Optics Express (2018)  
[2] E.R. Schimdgall, S. Chakravarthi, M. Gould, I.R. Christen, K. Hestroffer, R. Hatami, K.-M.C. Fu, “Frequency                
control of single quantum emitters in integrated photonic circuits,” Nano Letters 18, 1175 (2018) 
[3] M. Gould, E. Schmidgall, W. Dadgostar, F. Hatami, K.-M. C. Fu, “Efficient extraction of zero-phonon-line                
photons from single nitrogen-vacancy centers in an integrated GaP-on-diamond platform,” Physical Review Applied             
6, 011001 (2016) 
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Classical and Quantum Viewpoints on
Radiation by an Accelerated Charge

S. A. Fulling

Departments of Mathematics and Physics and IQSE, Texas A&M University

Radiation by an accelerated charge, especially a uniformly accelerated one, has been the

subject of debate for almost a century. It clearly has a family relationship to Unruh–Wald

radiation from an accelerated detector and Moore–DeWitt radiation from an accelerated

mirror, though the details of those relationships have never been entirely clear. In the early

’90s, Higuchi, Matsas, and Sudarsky, and then Ren and Weinberg, studied the quantum

radiation from a prescribed c-number charge by perturbation theory in both inertial and

uniformly accelerated frames; they found that consistency requires that in the latter case a

contribution of the Unruh thermal bath (via absorption and stimulated emission) must be

included. The precise relationship between these perturbative S-matrix results and the clas-

sical calculations in coordinate space based on exact solutions remained somewhat obscure.

Recently, Landulfo, Matsas, and I have reopened the investigation, making full use of the

“Unruh modes” basis that factors the Bogolubov transformation between Minkowski and

Rindler modes into a unitary transformation and a diagonal one. Details will be presented

by Landulfo in the follow-up talk. This analysis makes the consistency between classical

radiation and quantum transition amplitudes more manifest. An important observation is

that the radiation is visible as such only outside the Rindler wedge, in the sense that inside

the wedge the retarded and advanced solutions coincide. This is the classical counterpart

of the quantum observation that the transition probability vanishes except for Rindler zero-

frequency modes, which are localized on the horizon. It also is reminiscent of the conclusions

of Audretsch and Müller (1994) about the localization of Unruh–Wald radiation.
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Phase-sensitive atom interferometry with sizeable 
large-momentum-transfer 

Naceur Gaaloul, Jan-Niclas Siemß,  Florian Fitzek, 

Klemens Hammerer and Ernst M. Rasel

Leibniz University of Hanover, Germany

gaaloul@iqo.uni-hannover.de

Large momentum transfer (LMT) schemes for atom interferometry with Bose-Einstein condensates 
combining Bragg pulses and Bloch oscillations enabled state-of-the-art momentum separation in an 
atom interferometer with up to 408 photon recoils [1]. As their sensitivity is increasing with the spatial 
separation of the two interferometer arms, LMT techniques are likely to become integral parts in new-
generation sensors allowing for high-precision measurements of inertial and electromagnetic forces, 
accurate determination of fundamental constants as the fine structure constant 𝛼 or tests of foundational 
laws of modern physics as the equivalence principle.

In our work, we identify the fundamental limits of momentum separation in a phase sensitive atom 
interferometer using twin optical Bloch lattices. We evaluate the scalability of such a sensor up to 
thousand recoils separation with respect to systematic shifts as well as parasitic effects reducing the 
interferometric  contrast,  considering noise  sources  such as  laser  intensity  and phase noise  or  non-
adiabatic losses during the lattices acceleration/deceleration. 

To  analyse  such  interferometric  sequences,  we  perform semi-analytical  studies  when  possible  and 
created an efficient numerical time-dependent solver capable to deal with a wide range of realistic atom 
interferometry splitting processes. Indeed, real-life complications as finite pulse areas and fidelities, 
momentum width broadening of the cold clouds, atomic interactions or light fields distortions limit the 
measurements but more dramatically hinder a reasonable systematics study. This is mainly due to the 
limited number of analytical cases and to the realistic numerical calculations being intractable. 

We  present  here  an  efficient  numerical  solver  of  the  time-dependent  dynamics  of  atom-light 
interactions in position space. Is aimed to be cross-regime, valid for different types of beam splitters 
(Bragg, Raman and Bloch) and pulse arrangements. This universal atom interferometry simulator is 
designed  to  cope  with  a  wide  range  of  non-ideal  effects,  yet  being  free  from  commonly-made 
approximations incompatible with a metrological use. 

[1] S. Abend, PhD thesis, Leibniz University Hannover, 2017
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Exploring topology, disorder, and interactions with atom optics 
Fangzhao Alex An, Eric J. Meier, J. Ang’ong’a, and Bryce Gadway 

Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801-3080, USA 
 

Abstract 
 

Many of the properties of electronic band structures, which result from the hybridization of 
atomic orbitals in a densely-packed atomic crystal, can be directly mimicked in almost any system 
that supports a set of modes that can be weakly coupled. This simple connection has been 
exploited in a variety of settings – acoustics, mechanical devices, rf and microwave electronics, 
photonics, superconducting circuits, and ultracold atoms – to explore novel phenomena related 
to electronic band structures. While the direct analogy to electronic band structures would 
involve the direct evanescent coupling of spatial modes, i.e., tunneling, modes with distinct 
energies can also be parametrically coupled by applying a resonant drive to the system. This 
approach can be adapted to engineer so-called synthetic lattices, in which any particular set of 
(quantum) states may be resonantly coupled to create an effective tight-binding model. This 
approach has unique aspects, in that the effective Hamiltonian is engineered spectroscopically 
and the phase of tunneling terms may be controlled through the phase of the parametric drives. 
 

We discuss a realization of synthetic 
lattices based on atom optics [1] – 
i.e., a system of matter waves 
controlled by laser light, supporting 
analogues of linear optical elements, 
such as beam splitters, and nonlinear 
optical processes, such as cross- and 
self-phase modulation. The strength 
of this platform is that it combines 
the local parameter control of 
photonic simulators [2] with the 
collisional interactions found in cold 
atom experiments. We discuss one 
study relying on local parameter 
control that explores the interplay of 
disorder and topology in one-
dimensional chiral symmetric wires. 
Quench dynamics in this system 
reveal direct evidence for the 
disorder-induced topological 
Anderson insulator phase [3], as 
depicted in Fig. 1. 
 

[1] B. Gadway. Atom-optics approach to studying transport phenomena. Phys. Rev. A 92, 043606 (2015). 
[2] T. Meany, et al. Laser written circuits for quantum photonics. Laser & Photonic Reviews 9, 363 (2015). 
[3] E. J. Meier, et al. Observation of the topological Anderson insulator in disordered atomic wires. Science  
     362, 6417 (2018). 

Figure 1: (A) Topological phase diagram of one-dimensional chiral 
symmetric wires with off-diagonal (tunneling) disorder. The color 
depicts the winding number 𝜈𝜈 of wires with dimerized tunneling 
asymmetry 𝑚𝑚 and disorder strength 𝑊𝑊. The red line denotes a 
phase boundary between topological (𝜈𝜈 = 1) and trivial (𝜈𝜈 = 0) 
phases. (B) Experimental measurements of the time- and disorder-
averaged chiral displacement 𝐶𝐶, which relates to the winding 
number, as a function of disorder strength for 𝑚𝑚 = 1.12. The rise 
in this measure above 0.5 is indicative of a disorder-induced 
nontrivial topological phase, the topological Anderson insulator. 
Reprinted with permission from AAAS, figure adapted from Ref. [6]. 

𝜈𝜈 = 1 

𝜈𝜈 = 0 
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2D plasmonics in atomically thin materials 
 

F. Javier García de Abajo 

ICFO-The Institute of Photonic Sciences, The Barcelona Institute of Science and Technology, 08860 Castelldefels (Barcelona), Spain 

ICREA-Institució Catalana de Reserca i Estudis Avançats, Passeig Lluís Companys 23, 08810 Barcelona, Spain 

 

 

Two-dimensional polaritons have emerged as powerful tools to manipulate light at atomic scales in materials such as 

graphene, transition metal dichalcogenides, and atomically-thin metal films. In this talk, we will review recent experimental 

advances in the fabrication and performance of atomically-thin metallic films, as well as fundamental properties of these 

excitations, including their in/out-coupling to light and their potential for applications in sensing, nonlinear optics, and 

quantum physics. 
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From Spectral Densities to Emergent Quantum Networks
Barry M Garraway(∗)

Department of Physics and Astronomy, University of Sussex, Falmer, Brighton, BN1 9QH, United Kingdom
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Figure 1 – [left] Spectral density D (sometimes denoted J) as a function of frequency ω and shown about a
centre frequency and in arbitrary units. The structure shown has a broad Lorentzian background and several
narrow negative ‘dips’. [Right] The resulting emergent quantum network which is identified from the generated
master equation. An atom (green node) is coupled to four modes (shown as pink nodes) by couplings which
have a strength indicated by the width of the red lines. Modes are coupled to other modes in a similar way.
The four modes are themselves damped as indicated by the wiggly blue lines which run to four reservoirs (blue
rectangles). The thickness of the blue lines indicates the strength of the damping of the four modes.

In this presentation we will look at the dynamics of an atom which can be represented by a master equation in the case
of a non-trivial spectral density, or reservoir structure, and in the regime of strong coupling. The simplest case involves an
atom in a cavity, but more complex structures may result from engineering photonic structures (like bad-gaps). Reservoir
structures result from certain types of non-uniform bath spectral density with canonical examples such as that of an atom
in a cavity. When these structures are coupled to simple quantum systems the resulting decay can be analysed by the
method of ‘pseudomodes’, where the reservoir structure is replaced by one or more effective modes [1]. The approach is
useful for strongly coupled, i.e. non-Markovian problems, since exact master equations can be derived. The work presented
here (see Figure 1) arises from the decay of a single two-level atom in structures with greater complexity. However, in
earlier work the method has been generalised to multiple excitations and to some multiple level systems [2]. A particular
advantage is the possibility to examine the theoretical properties of the reservoir itself. We have used this approach to
investigate the location of ‘memory’ in a reservoir [3] and to define entanglement in the reservoir (or lossy mode) [4]. The
ability to analyse the bath has also allowed a description of quantum Darwinism, i.e. a description of multiple observers
of the quantum system [5].

∗ e-mail: b.m.garraway@sussex.ac.uk
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Physics of electromagnetically induced chirality and its applications 

Rafi Ud Din1, Guo-Qin Ge1, Xiaodong Zeng1,2, and M. S. Zubairy1,3 

       1 School of Physics, Huazhong University of Science and Technology, Wuhan, 430074, China 

     2 Department of Physics, Shanghai University, Shanghai, 200444, China 
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Texas A & M University, College Station, Texas 77843-4242, USA 

Abstract 

Chiral media have some unusual properties which are not possessed by naturally found materials. The 

reflection and transmission of a light ray passing through a boundary between two linear isotropic media is 

governed by Snell’s law. However, we show that this law takes a modified form in case of chiral media. 

There are different techniques to make a linear isotropic medium as chiral. One such is the application of 

external electromagnetic fields which couple to different atomic transitions of its molecules and atoms 

resulting in quantum coherence and quantum interference. These coupled modes induce magnetoelectric 

cross coupling which introduces chirality in the atomic ensemble. We consider a four-level double Λ-type 

atomic configuration of Rubidium D1 line and demonstrate the chirality under such a coherent treatment. 

We show that the system splits a linearly polarized light pulse into left-(LCP) and right-circularly polarized 

(RCP) beams which can be directly related to the optical activity of a medium. An important property of 

these schemes is their sensitivity to the phases of the driving fields due to their closed loop nature. Therefore, 

the medium’s responses can be efficiently tuned by varying the Rabi frequencies as well as phases of the 

applied fields. This enhanced tunability can be used to detect the exact position of the transmitted beams 

and images.  

Next, the strong chirality of such electromagnetically induced chiral media can be of particular interest 

in plasmonics. We show that surface plasmons (SPs) at the interface between such atomic medium and a 

dielectric can still exist even both the permittivity and permeability of the medium are positive. This is in 

contrast to the conventional case where the sign of permittivities of the two media along the interface must 

be opposite. Moreover, we show that the SPs at the interface are not purely transverse magnetic or 

transverse electric but are hybrid modes. As stated above, the medium responses are highly dependent on 

intensity and phases of the driving fields, therefore the properties of the SPs can be manipulated 

conveniently. 

Surface plasmons have always greater momentum than that of the incident radiation of the same 

frequency. To overcome this mismatch between the two momentums, different coupling schemes have been 

proposed. We demonstrate, further, that chiral media can be used as a prism-like coupler for the excitation 

of SPs both in Otto- or Kretschmann-type configurations. We find that there is a proper angle of incidence 

for the RCP light beam beyond which SPs are excited along an interface between gold and air. This angle 

can be related to the critical angle of a totally internally reflecting surface, i.e., a prism. Moreover, the 

direction and polarization control of the SPs can be achieved by making the gold film to have two columns 

of orthogonal slits which couple the two components of a circularly polarized light beam independently.  

We only consider the RCP beam from the chiral medium for excitation of SPs and show that their properties 

can be highly controlled by tuning a number of variables.  
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A three folded faster knitting machine for deterministic generation of 

cluster states of entangled photons.  

 
David Gershoni  

The Physics Department, Technion-Israel Institute of Technology, Haifa 32000, Israel  

E-mail: dg@physics.technion.ac.il 

Cluster states of photons are important resources for implementations of quantum 

computation and communication [1]. In a theoretical proposal Lindner and Rudolph 

suggested to use a confined electronic spin in a semiconductor quantum dot as a “needle” in a 

quantum knitting, repetitive process, which entangles sequentially emitted photons, thereby 

producing the fabric of cluster entangled photons. [2]  

Recently we have taken a major step toward implementations of photonic cluster states using 

the quantum dot confined dark exciton as the matter spin qubit (“needle”) which entangles 

the polarizations of the emitted photons in a deterministic way [3]. The dark exciton is an 

electron-hole pair that exhibits a very long lifetime and coherent time [4-5]. By optically 

exciting the dark exciton periodically, using timed laser pulses we deterministically generate 

each period a photon and, notably, also entangle its polarization state with the polarization 

state of the photons that have already been emitted previously. 

In Ref 3 each period was timed to ¾ of the dark exciton precession time of about 3 nsec. 

Here we report on a 3 folded faster repetition rate by timing the excitation to only ¼ of the 

dark exciton precession rate.  

The higher repetition rate is an important improvement because it demonstrates 

considerably higher entangled photon production rate (above 1 GHz). In addition, it results in 

a more robust entanglement within the cluster state. This is also because during a shorter 

repetition time the dark exciton loses its coherence much less [6].  

The robustness of the cluster state entanglement is characterized by the fidelity of the 

measured quantum process map to the ideal process map and by the localizable entanglement 

characteristic decay length [3].  

Acknowledgement: the work was done in collaboration with D. Cogan and G. Peniakov. The 

support of the Israeli Science Foundation (ISF), and that of the European Research Council 

(ERC) under the European Union’s Horizon 2020 research and innovation programme (grant 

agreement No 695188) are gratefully acknowledged. 
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Tunable Light at the Nanoscale:  
Exploring the Boundaries of Nanophotonics with SiC 

 
Alexander J. Giles1, Adam D. Dunkelberger1, Chase T. Ellis1, Daniel C. Ratchford1, Igor Vurgaftman1, 
Joseph G. Tischler1, James P. Long1, Orest J. Glembocki1, Jeffrey C. Owrutsky1 & Joshua D. Caldwell2  
 
1The United States Naval Research Laboratory, Washington, DC, USA               2Vanderbilt University, Nashville, TN, USA 

 
Email: alexander.giles@nrl.navy.mil 

\ 
Surface phonon polaritons (SPhPs) are attractive alternatives to infrared plasmonics for 
nanoscale confinement of infrared light. Our group has been exploring such phenomena in SiC 
structures which exhibit narrow, high quality resonances within the SiC Reststrahlen band (10.5 
- 12.3 µm). 
First, we report active tuning of SPhP resonances in 4H-SiC by photoinjecting free carriers into 
nanoresonators, taking advantage of the coupling between the carrier plasma and optic phonons. 
We demonstrate state-of-the-art tuning figures of merit upon pulsed excitation. This work 
demonstrates the potential for this method and opens a path towards actively tuned 
nanophotonic devices, such as infrared modulators and beacons, and identifies important 
implications of coupling between electronic and phononic excitations. 
Second, we will discuss recent work exploring coupling between dissimilar modes in such 
nanostructures, akin to previous work done in metal based plasmonics. Exploiting a nano-
dolmen architecture, we demonstrate direct hybridization between localized, subdiffractional 
modes. By controlling nanoscale geometry, spacing and excitation, we are able to obtain highly 
tunable optical responses resulting in strong phonon polariton hybridisation and large near-field 
enhancements in these high-Q resonators. This study can serve as a platform for other phonon 
mediated materials to suitably nano-engineer optical functionality for a broad range of IR-based 
applications including surface enhanced sensing and detection; thermal imaging and phonon based 
optical circuits. 

 
Fig 1. SiC nanoresonators (left, scale bar 
1µm) and corresponding mode shifts at 
various photon densities in optical pumping 
experiments (right). Here, we show unique 
modulation behavior as a function of mode 
type / geometry, as the higher energy modes 
are shifted with greater magnitude than their 
lower energy counterparts. 

 
 
 
Fig 2. SiC “Dolmen” nanostructures, exhibiting new 
hybrid modes created by coupling a pair of vertical 
antennas (right) to a horizontal antenna (left). The new 
modes appear at higher and lower energies and can be 
modeled with ideas borrowed from molecular orbital 
theory. These structures are similar to work done in metal 
based plasmonics, but have important differences with 
respect to field profiles and coupling strengths.  87
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Quantum Control of Light and Sound at Microwave Frequencies 
Steven M. Girvin 
Yale Quantum Institute 
PO Box 208 334, New Haven, CT 06520-8263 

Microwave photons have energies five orders of magnitude lower than optical photons but 
through modern techniques of ‘circuit QED,’ we have achieved far greater control over the 
quantum states of microwave light than is possible with optical light.  Circuit QED is an analog 
of cavity QED in which microwave signal generators play the role of lasers, optical cavities are 
replaced by superconducting resonators and the role of the atoms is played by Josephson 
junction circuit elements.  The artificial atoms have spectra simpler than those of natural atoms 
and can have transition dipole moments that are many orders of magnitude larger.  This leads 
to a regime of extremely strong light-matter coupling and highly nonlinear quantum optics at 
the single-photon level.   

This strong light-matter coupling opens up a new regime of quantum optics in which it is 
possible to have full quantum control over the states of microwave light and carry out full state 
and process tomography through measurement of multi-dimensional Wigner functions.   

Furthermore, it is now possible to use 
these same techniques for ‘quantum 
acoustics,’ controlling the states of 
individual phonons (sound quanta) in 
acoustic resonators.   In addition to 
producing new basic quantum 
science, these novel capabilities have 
important applications in quantum 

sensing to accelerate dark matter searches and in the creation of a modular architecture for 
universal quantum information processing based on photons as the information carriers.    

This talk will present an overview of recent experimental progress in the field including creation 
of error-corrected logical qubits based on photon states, teleportation of gates between logical 
qubits, a deterministic controlled-SWAP gate and the first realization of the exponential SWAP 
gate between two cavities 

 ˆ) exp{  SWAP} cos sin  SWA( PU i I iθ θ θ θ= = +  

Because both identity and SWAP work independently of the particular photon states in the two 
cavities, these results open up a route to creation of a photonic quantum processor that can 
carry out universal quantum computation tasks independent of the particular bosonic code 
being used.  We thus have a powerful marriage of gate-based and linear-optics for construction 
of fault-tolerant quantum computers. 
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First demonstration of attosecond soft x-ray diffraction imaging within a single 
exposure 

Tais Gorkhover 

Stanford PULSE Institute/SLAC National Accelerator Laboratory 

Novel X-ray Free Electron lasers (FELs) bear the 
potential to capture high-resolution images of the 
nanoscale world with high spatial and temporal 
resolutions in the native environment and at room 
temperature. One of major limiting factors for X-ray 
imaging is the inherent damage of the sample, which 
depends on the flux and pulse length, and is the 
subject of an ongoing debate. In principle, all matter 
exposed to intense X-ray flashes is highly ionized 
within femtoseconds. Rapid Auger electron emission 
and secondary electron cascades strip off the atoms 
from the inside out, especially in the case of heavy 
atoms [Young2010]. It has been demonstrated that 
sample explosion/degradation can be detected 
already on the femtosecond time scale 
(Neutze2000, Son2011, Chapman2011, Bostedt2012, 
Ferguson2016, Nass2015,). X-ray diffraction recorded with sub-femtosecond pulses beats the Auger 
processes clock and enters a novel regime before significant nuclear damage or electronic relaxation 
processes can occur.  
 
For the first time, we recorded high-resolution coherent X-ray diffraction images of Xe nanoparticles using 
single sub-femtosecond pulses now available at the Linac Coherent Light Source (LCLS) at SLAC. The X-ray 
Laser-Enhanced Attosecond Pulses (XLEAP) project produces sub-fs current spikes by modulating and 
compressing the electron beam [XLEAP2017]. We recorded a large single particle diffraction data set in 
the vicinity of the Xe M-shell absorption edge. Our data set includes a photon energy scan over 50 eV, 
different soft X-ray fluxes, a variety of X-ray pulse lengths. I will talk about the results of the initial analysis 
of our data, which indicates several surprising findings. First, even if structural damage is negligible, 
electronic damage seems to dramatically modify and reduce the scattering yield by a factor of almost 100 
near resonance for 200 fs pulses. Second, our data indicates that scattering cross sections above the 
absorption edge can increase compared to linear models if the sample is exposed to sub-fs pulses. Also, 
electronic damage seems to play a role even before any relaxation processes can occur. Third, the overall 
resonance shape changes seem to be characteristic for certain pulse lengths and might be used for a 
simple assessment of the FEL pulse length and flux in the focus.  
 
The outcome from our experiment is a significant step forward for time-resolved imaging studies of 
optical light induced dynamics such as plasmons, charge transfer and plasma heating mechanisms with 
sub-cycle precision. In addition, further understanding of transient scattering cross-sections will 
advance a variety of imaging methods based on near-resonance effects of heavy atoms, such as 
MAD [Sang-Kil2011a], and might soon become relevant for imaging experiments with future high-flux 
HHG sources. 
 
[Aquila2015] Aquila, Andrew, et al., Structur. Dyn. 2.4 (2015): 041701. [Ferguson2016] Ferguson, Ken R., et al., Sci. 
Adv. 2.1 (2016): e1500837.  [Nass2015] Nass, Karol, et al J. Synchrotron Rad.  22.2 (2015): 225-238. [Neutze2000] Neutze, R. et 
al.,  Nature 406, 752-757 (2000). [Son, Sang-Kil2011] Son, Sang-Kil, Henry N. Chapman, and Robin Santra., Phys.Rev.Lett. 107.21 
(2011): 218102. [Young2010] Young, Linda, et al., Nature 466.7302 (2010): 56-61. [XLEAP2017] Marinelli et al.,unpublished 
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Can visible light “see” electrons in bulk solids? 

Eleftherios Goulielmakis  

Institute	of	Physics,	University	of	Rostock,	Universitätsplatz	3,	D-18051	Rostock,	Germany 

The wavelength of visible light is often assumed to impose a fundamental frontier in optical 
microscopy. Indeed the Abbe limit constrains the resolution of optical techniques to tens or 
hundreds of nanometers and makes visible light inadequate for electron-level imaging of the 
materials. X-ray techniques provide the adequate resolution but lack sensitivity to valence 
electrons. Scanning electron microscopy, on the other hand, can probe valence electrons but it 
is limited to conductive surfaces leaving the bulk unexplored.  
 
 We will discuss how recent efforts in strong field, laser physics of solids allow us to overcome 
this limit  and to visualize valence electrons in solids with sub-Angstrom resolution for the first 
time.  We will show that  high harmonics[1-3]  generated in bulk solids by optical fields[4,5] 
embody essential information that allows the direct measurement of the periodic potential and 
electron density of crystalline materials. This enables the establishment of  a new kind of 
optical tomography of solids with a spatial resolution of abou4 four orders of magnitute beyond 
the abbe limit.  Representative examples of our study with various crystalline materials will be 
used to demonstrate resolution down to approximately 50 picometers [6].  
 

[1] Luu T.T. et al., Nature 521,498 (2015)] 
[2]Garg  M.  et .al., Nature 538, 359 (2016) 
[3] Garg M. et. al., Nat. Phot. 12,291(2018) 
[4] Wirth A. et al., Science 334, 195 (2011).  
[5] Hassan M. Th et al., Nature 530, 66 ( 2016)  
[6] Lakhotia H. et.al., in preparation (2018) 
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Optical Detection and Storage of Entanglement in Plasmonically Coupled Quantum Dot 
Systems 

 
G. V. Kolmakov 

New York City College of Technology 
The City University of New York 

Brooklyn, NY 11201 
 

M. Otten and S. K. Gray 
Center for Nanoscale Materials 
Argonne National Laboratory 

Argonne, IL 60439 
 
 
A system composed of two quantum dots coupled with a common surface plasmon mode is 
considered, with each quantum dot  also coupled to a separate photonic cavity mode, Figure 1. 
Cavity quantum electrodynamics calculations are carried out to show that upon optical excitation 
by a femtosecond laser pulse,  entanglement of the quantum dot excitons occurs, and the time 
evolution of the two-photon pair correlation function of the cavity photons is an indicator of the  
entanglement. We also show that the degree of entanglement is conserved during the time 
evolution of the system. Furthermore, if coupling of the photonic cavity and quantum dot modes 
is large enough,  the quantum dot entanglement can be transferred to the cavity modes to 
increase the overall entanglement lifetime. This latter phenomenon can be viewed as a signature 
of entangled, long-lived quantum dot exciton-polariton formation. The preservation of total 
entanglement in the strong coupling limit of the cavity/quantum dot interactions suggests a novel 
means of  entanglement storage and manipulation in high-quality optical cavities. 
 

 
Figure 1.  (a) Schematic diagram of the system considered.  (b) Energy levels and couplings 
associated with our cavity quantum electrodynamics model of the system. 
 

This work was performed, in part, at the Center for Nanoscale Materials, a U.S. Department of Energy 
Office of Science User Facility, and supported by the U.S. Department of Energy, Office of Science, under 
Contract No. DE-AC02-06CH11357.  
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Quantum dot lasers for next generation optical networks

Frédéric Grillota,b

aLTCI, Télécom ParisTech, Paris, France
bCenter for High Technology Materials, University of New-Mexico, Albuquerque, United States

The concept of introducing an atomic-like density of states surrounded by a conventional semiconductor material was
predicted to result in a revolutionary approach enabling the development of smaller devices with low-noise and increased
power efficiency [1]. Applications of QD lasers include but are not limited to coherent systems, optical interconnects within
multi-core architectures, radars as well as sensing components essential for oil and gas exploration [2,3]. In this work, we
bring novel insights in QD laser physics by focusing on the spectral linewidth and light complexity in the presence of
optical perturbations.

Investigation of the spectral linewidth is numerically performed using a semi-classical model in which the equations of
motion for carriers are microscopically motivated, whereas the electric field is modeled classically based on Maxwell’s
equations [3]. Fig. 1(a) shows a schematic of the QD laser model. The QD ground state (GS) is described by its occupation
probability ρ(t) whereas the excited and quantum well states are combined into a single reservoir charge carrier density
N(t). The complex electric field E = Aeiφ is described by its amplitude A and phase φ . Fig. 1(b) displays experimental
(symbols) and semi-analytical data (solid line) for the QD laser. At low injection currents below 1.5 ×Jth, the system is
dominated by spontaneous emission noise. At J ≈ 75mA ≈ 1.5× Jth, a minimal laser linewidth as low as 200 kHz is
unveiled whereas at higher injection currents, the laser line rebroadens, such that its value is doubled at J ≈ 3th ≈ 150
mA. We intuitively explain the linewidth rebroadening process in QD lasers through a dynamically growing linewidth
enhancement factor that is caused by the increasing scattering rates between the QD and the reservoir states. The effect of
the gain compression on the linewidth is also investigated. Fig. 1(c) shows the total linewidth as a function of the injection
current for various values of the gain compression factor ε . The rebroadening is found to strongly depend on ε and can be
predominantly attributed to the dependence of the scattering rates on the carrier density and the injection current.

Figure 1.

In a second part (results not shown here), we report on a system-
atic analysis of the influence of optical feedback in InAs/GaAs QD
lasers epitaxially grown on silicon [3,5]. The boundaries associated to
the onset of the critical feedback level corresponding to the first Hopf
bifurcation are extracted with respect to the onset of the first excited
state (ES) transition. Experiments reveal that such QD lasers are highly
stable under optical feedback due to the small linewidth enhancement
factor and the high QD size uniformity. On the other hand, we also
prove that the critical feedback level strongly depends on the ES-to-GS
lasing threshold ratio, which can be considered as a figure of merit, thus
a laser having a fast switching dynamics with respect to the injection
current is more susceptible to being highly destabilized by parasitic re-
flections. To sum, this work brings novel insights in understanding QD
physics which can be useful for designing the next generation of QD
lasers for data optical networks as well as for integrated photonics.
[1] M. T. Crowley et al., Semiconductors and Semimetals: Advances in
Semiconductor Lasers, 86, 371, Wiley, (2012).
[2] G. Eisenstein and D. Bimberg, Green Photonics and Electronics,
Springer, (2017).
[3] J. C. Norman et al., APL Photon. 3, 030901 (2018).
[4] C. Redlich et al., IEEE J. of Sel. Top. in Quantum Electron., 23, 1901110, (2017).
[5] H. Huang et al., J. of the Optical Society of America B, 35, 2780, (2018).
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Exchange of angular momentum between a single atom
and a twisted beam of light

R. Gutiérrez-Jáuregui∗
Institute for Quantum Science and Engineering, Texas A&M University, College Station, TX 77843, USA

Understanding the mechanical properties of the electromagnetic (EM) field has lead to
exquisite control over material systems, making a strong impact over countless fundamental
and interdisciplinary studies as remarked this year by the Nobel prize awarded to Arthur
Ashkin for “optical tweezers and their application to biological systems”. While the idea of op-
tical tweezers is rooted in the transfer of linear momentum between light and matter, it is also
possible to transfer other quantities such as angular momentum (AM). Angular momentum
is conserved for free systems and, for EM fields, can be divided into two components: spin,
associated to its polarization, and orbital, associated to its phase.

Both the nature of the material particles and local distribution of the EM field play a cen-
tral role in the associated rotational dynamics. For microparticles, orbital AM is transfered to
perfectly absorbing particles by altering the local field distribution; spin AM can be transfered
to birefringent microparticles by changing the polarization of the field [1]; and isotropic di-
electric particles with small absorption coefficients would not experience a perceptible change
of angular momentum. For atomic systems, it has been predicted [2], and experimentally
shown using trapped single ions and twisted light [3], that an interchange of orbital AM of
light involves either the atomic external degrees of freedom in regions of high field intensity,
or its internal degrees of freedom in regions of strong field gradients.

In this contribution we present a theoretical study of the evolution a single trapped atom
interacting with a Bessel beam. The motion of the atom is confined by an immaterial potential
displaying cylindrical symmetry. Bessel beams are selected since: (i) they propagate with an
invariant intensity along a given axis, and (ii) carry angular momentum along such axis.
Emphasis is given on the possible states the atom can transition to as it absorbs and emits
photons as well as their dependence on experimental parameters, e.g., atomic localization and
beam intensity. This set up presents immediate applications on multivariable entanglement
and naturally raises the question of chiral symmetry in the electrodynamic interaction.

References
[1] M. E. J. Friese, T. A. Nieminen, N. R. Heckenberg and H. Rubinsztein-Dunlop, Nature 394,

348-350 (1998).

[2] R. Jáuregui, Phys. Rev. A 70, 033415 (2004).

[3] C. T. Schmiegelow, J. Schulz, H. Kaufmann, T. Ruster, U. G. Poschinger and F. Schmidt-Kaler,
Nature Comm. 7, 12998 (2016).
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The role of core electrons in a hard x-ray nonlinearity  

Johann Haber1, Andreas Kaldun1, Jerry Hastings1, David Reis1 
1Stanford Linear Accelerator Center, 2575 Sand Hill Rd, Menlo Park, USA 

In the last years, the field of nonlinear x-ray physics has been the focus of intense attention. 

Largely driven by the development of hard x-ray free electron lasers, researchers have 

observed several important effects, such as second harmonic generation [1], x-ray-optical 

wave mixing [2], and two-photon K-shell absorption [3] as well as a nonlinear Compton 

effect [4].  

In this talk, we describe an experiment recently 

performed at the SACLA free electron x-ray 

laser. We initially intended to observe nonlinear 

two-photon excitation of the 14.4 keV 

Mössbauer resonance but failed in this aim. In 

the course of the experiment, however, we 

observed hard x-ray radiation at approximately 

twice the energy of the incoming photons. The 

intensity of this radiation depended 

quadratically on the intensity of the pump 

beam. The strength of the nonlinearity 

increased rapidly as the incoming photon 

energy was tuned across the Fe K-edge at 7.11 

keV. We also measured similar non-linear 

scattering at 7.1 keV in Copper and Aluminum, 

whose core electron levels are far-detuned 

from this photon energy.  

We show that the effect appears to be entirely 

different from x-ray nonlinearities observed 

previously. The precise mechanisms of the 

generation of this radiation is unknown, but we 

present several possibilities and the evidence for them. These include a Raman-scattering 

effect on the 2p-electrons of an already 1s-core excited Fe atom, as well as a two-electron 

excitation with a double-core hole filling afterwards. Finally, we discuss which information is 

required to exactly determine the nature of this effect, and how possible follow-up 

experiments could be designed to obtain that information.  

[1] S. Shwartz et al., Phys. Rev. Lett. 112, 163901 (2014) 
[2] T. E. Glover et al., Nature 488, 603 (2012) 
[3] S. Ghimire et al., Phys. Rev. A 94, 043418 (2016) 
[4] M. Fuchs et al., Nature Physics 11, 964 (2015) 

Figure 2: Possible mechanisms for generation of the 
higher energy 

Figure 1: Nonlinear dependence of higher energy on 
incoming intensity 
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New Nonlinear Optical Materials and Processes 

N. J. Halas, Rice University 

Harmonic generation of light was the first application of lasers.  Since those initial, early demonstrations, 

second-harmonic generation (SHG) and third-harmonic generation (THG) have become two standard 

ways to generate coherent light at wavelengths not accessible by existing coherent laser sources.  While 

conventional approaches of frequency doubling and tripling of light are now fairly advanced and 

optimized, each process has fundamental and practical limitations that require new approaches to extend 

to new wavelength regions. One key limitation is in the generation of deep UV and VUV radiation, where 

phase-matching crystals are no longer available and nonlinear 2nd and 3rd order media typically become 

light absorbing. In our talk we will examine dielectric metasurfaces that can be designed to generate VUV 

light by SHG (Fig. 1A),[1] and plasmonic metasurfaces with toroidal resonances that can enhance THG in 

an underlying film in the deep UV regime (Fig. 1B).[2] Finally, we will analyze the process of solar 

membrane distillation by elucidating its unusual nonlinear optical behavior (Fig. 1C), and show why 

focusing can substantially enhance the quantity of distillate flux produced in this strongly nonlinear optical 

process. [3] 

 

 

[1] M. Semmlinger et al., “Nonlinear Generation of Vacuum Ultraviolet Light with an All-Dielectric 

Metasurface”, Nano Letters 18, 5738-5743 (2018). 

[2] A. Ahmadivand et al.,  “Toroidal Dipole-Enhanced Third Harmonic Generation of Deep Ultraviolet Light 

using Plasmonic Meta-Atoms”, submitted. 

[3] P. Dongare, A. Alabastri et al., “Solar Thermal Desalination is a Nonlinear Optical Process”, submitted. 

 

 

Figure 1. A. SHG of VUV light by a dielectric metasurface. B. THG of underlying ITO film greatly 

enhanced by toroidal plasmon resonance.  C.  Flux of distilled water produced by solar membrane 

distillation is greatly enhanced by focusing incident sunlight.  
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Quantum vs. Optical Annealing: Benchmarking the Coherent Ising Machine 
and D-Wave 2000Q on NP-hard Ising Problems 

 

Ryan Hamerly1,2, Takahiro Inagaki3, Peter L. McMahon2,4, Davide Venturelli5,  

Alireza Marandi4, Eleanor Rieffel5, Hiroki Takesue3, and Yoshihisa Yamamoto4,6 
1MIT RLE  2NII  3NTT BRL  4Stanford University  5NASA Ames  6JST 

 

This talk discusses a benchmarking study [1] between two physical annealers: Coherent Ising 

Machines (CIMs) built from networks of optical parametric oscillators [2, 3], and the D-Wave 

2000Q (DW2Q) quantum annealer [4].  The CIM is an optical gain-dissipative system, whereas the 

DW2Q is a superconducting lattice of qubits.  Both physical annealers exhibit quantum features, but 

under fairly general conditions they can be simulated using semiclassical models, so the compu-

tational role of the quantum elements is a source of controversy [5, 6]. 

We consider two canonical problems: the Sherrington-Kirkpatrick (SK) spin glass [7] and MAX-

CUT.  For SK and MAX-CUT problems defined on dense graphs, we observe a scaling difference in 

success probability between the CIM, (𝑃 = exp(−𝑂(𝑁))) and the DW2Q, (𝑃 = exp(−𝑂(𝑁2))). 

This leads to a several-orders-of-magnitude performance penalty for the DW2Q for dense problems 

of size 𝑁 ≥ 50 (Fig. 1(a)).  On the other hand, for sparse graphs (Fig. 1(b)), the DW2Q performs 

slightly better than the CIM.  We attribute this contrast to the overhead of embedding problems in 

the DW2Q’s native Chimera architecture.  Dense graphs incur significant embedding overhead [7] 

when run on the DW2Q (Fig. 1(c)), which leads to a performance penalty.  This overhead is smaller 

[8] for sparse graphs (Fig. 1(d)), where the DW2Q is competitive.  The importance of embedding 

overhead strongly motivates ongoing efforts to increase the connectivity in quantum annealers. 

 

Fig. 1 CIM and DW2Q success probability for MAX-CUT problms.  (a) Dense MAX-CUT.  (b) MAX-CUT 
on sparse graphs of degree d ≤ 9.  (c-d) Embedding dense and cubic graphs into the Chimera. 
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Reconstruction of Raman signatures from low signal-to-noise ratio spectra 

Zehua Han and Alexei Sokolov 

Institute for Quantum Science and Engineering, Texas A&M University, 

College Station, Texas 77843, USA 

Raman spectroscopy is a robust and label-free tool for detecting molecular vibrational modes, 

and can be used to characterize and identify molecules. However, the cross section of Raman 

scattering is typically very small, which may result in difficulties to distinguish Raman peaks from 

noise. It is still an open challenge to resolve Raman signal from spectra with low signal-to-noise 

ratio (SNR). Shuo Chen and coworkers proposed a method based on Wiener estimation to resolve 

the Raman peaks from noise [1]. One disadvantage of their approach is that high SNR spectra 

have to be known, which limits applications for unknown targets. Herein, we propose an 

algorithm based on principal component analysis (PCA) to overcome the drawback. In our 

method, a threshold is needed to discard small singular values which are always regarded as noise 

components, but the main features of spectra are maintained by linear combination of column 

vectors corresponding to large singular values. These column vectors behave like Raman spectra. 

The improved signal compared with raw noisy data as well as reference are shown in Figure 1. 

 

Figure 1. Comparison of the reference spectrum, noisy spectrum, and PCA-filtered spectrum of a single 

polystyrene bead with a diameter of 3 µm. The reference spectrum (yellow curve) was obtained with 

acquisition time of 2 s and average of 4 times. The noisy data (red curve) was acquired with acquisition 

time of 0.2 s and one accumulation; 10 similar spectra was obtained for de-noising. The filtered result 

(blue curve) of 10 noisy spectra was obtained using the PCA algorithm while keeping the column vector 

corresponding to the largest singular value. All spectra were scaled for comparison. 

This work is supported by the Welch Foundation (award A-1547) and ONR (award N00014-16-1-2578). 

[1] Chen, S., Lin, X., Yuen, C., Padmanabhan, S., Beuerman, R. W., & Liu, Q. (2014). Recovery of Raman spectra with 

low signal-to-noise ratio using Wiener estimation. Optics Express, 22(10), 12102-12114. 
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Atom Interferometry: Gravity, Blackbody Radiation and Chameleons 
 

P. Haslinger1,2, V. Xu2, M. Jaffe2, O. Schwartz2, M. Sonnleitner3, M.Ritsch-Marte4, H. Ritsch3, and H. Mueller2 

 

1VCQ, Atominstitut, TU Wien, Vienna, AUT 
2Department of Physics, University of California, Berkeley, USA 
3Institute for Theoretical Physics, University of Innsbruck, AUT 

4Division for Biomedical Physics, Medical University of Innsbruck, AUT 

 

Atom interferometry has proven within the last 

decades its surprising versatility to sense with 

high precision tiniest forces. In this talk I will give 

an overview of our recent work using an optical 

cavity enhanced atom interferometer to sense 

with gravitational strength for fifths forces1,2 and 

for an on the first-place counterintuitive inertial 

property of blackbody radiation3.   

Blackbody (thermal) radiation is emitted by 

objects at finite temperature with an outward 

energy-momentum flow, which exerts an 

outward radiation pressure. At room 

temperature e. g. a cesium atom scatters on 

average less than one of these blackbody 

radiation photons every 108 years.  Thus, it is 

generally assumed that any scattering force 

exerted on atoms by such radiation is negligible. 

However, particles also interact coherently with 

the thermal electromagnetic field4 and this leads to a surprisingly strong force acting in the opposite 

direction of the radiation pressure3. Using atom interferometry, we find that this force scales with 

the fourth power of the cylinder’s temperature. The force is in good agreement with that predicted 

from an ac Stark shift gradient of the atomic ground state in the thermal radiation field4 (see Fig.1).  

If dark energy, which drives the accelerated expansion of the universe, consists of a light scalar field 

it might be detectable as a “fifth force” between normal-matter objects. In order to be consistent 

with cosmological observations and laboratory experiments, some leading theories use a screening 

mechanism to suppress this interaction. However, atom-interferometry presents a tool to reduce this 

screening5 on so-called chameleon models. By sensing the gravitational acceleration of a 0.19 kg in 

vacuum source mass which is 10-8 times weaker than Earth´s gravity, we reach a natural bound for 

cosmological motivated scalar field theories and were able to place tight constraints1,2.    

 

[1]  P. Hamilton et al. Atom-interferometry constraints on dark energy, Science. 349 (2015) 849–851.  

[2]  M. Jaffe et al., Testing sub-gravitational forces on atoms from a miniature, in-vacuum source mass, Nat. 

       Phys. 13 (2017) 938-942 

[3]  P. Haslinger et al., Attractive force on atoms due to blackbody radiation, Nat. Phys. 14 (2018) 257–260.  

[4]  M. Sonnleitner al. Attractive Optical Forces from Blackbody Radiation, PRL 111 (2013) 023601.  

[5] C. Burrage, et al., Probing dark energy with atom interferometry, J. Cosmol. Astropart. Phys. 3 (2015) 42 

 

Figure 1: The intensity gradient of blackbody radiation 
surrounding a heated, hollow cylinder causes a force on 
atoms. The cylinder is made from non-magnetic metal 
(tungsten) and measures 25.4mm in height and diameter. 
The laser light passes the cylinder through a 10 mm bore 
to interfere the atoms. Theoretical calculation of the 
acceleration aBBR of cesium atoms due to blackbody 
radiation for different temperatures TS. 
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Raman Scattering and Atom Counting in Cold Rubidium Samples

M.D. Havey,1 Joshua Carter,1 Brent Jones,1 Kasie J. Kemp,1

Stetson J. Roof,2 I.M. Sokolov,3 and D.V. Kupriyanov3

1Department of Physics, Old Dominion University, Norfolk, VA 23529
2Physics Department, NC State University, Raleigh, NC 27695

3Department of Theoretical Physics, State Polytechnic University, 195251, St.-Petersburg, Russia

Study of light interacting with dense and cold atomic
gases is an active area of experimental and theoretical
research. The subject is deceptively simple, with
in many cases light from a single weak probe beam
scattering from a small cloud of cold atoms. However,
under most realistic situations, the atoms in such a
sample interact not only with the incident field, but
also with the light scattered by all the other atoms.
The ensembles can then be viewed as many-body
systems. There are a number of physical situations
in which cooperative interactions have important
influence. These are tied to changes in process rates or
to the distortion of the scattering processes line shapes
in the cooperative regime. They include negative
effects that optical dark states have on cooling atoms
or diatomic molecules, atom counting in 2D or 3D cold
atomic gases, precision time keeping, and quantum
level sensor development. Although a wide range
of phenomena have been studied, the majority of
these have been concerned with light scattering on
nearly closed atomic transitions for which the inelastic
Raman transitions have been considered negligible.
In most cases there has also been the possibility
of quasielastic Rayleigh scattering, but largely the
associated Zeeman redistribution has also not been
studied in detail. The main interest in our studies is
how observables for the various optical processes are
changed by cooperative interactions among the atoms
in the sample.

In this paper we present benchmark lower density
results from counting measurement which serves as
an estimator of the number of atoms in a cold atom
sample at MOT densities and temperatures. In our
measurements, about 108 atoms are accumulated in
the ground F = 2 level of 87Rb. A probe laser is
directed through the atomic sample, is tuned near
the F = 2 → F ′ = 2 transition, and the transmitted
light intensity detected as a function of time. The
observed time evolution is quite closely exponential.
The rate obtained from the exponential evolution
is dependent on atom density, detuning and pump
power. The detuning dependence is illustrated in the
figure. There the red diamond data points correspond
to forward scattering of the probe light, and the

blue circular data points represent the rate for time
evolution of the fluorescence. The slower rate for
the fluorescence is likely due to the influence of mul-
tiple scattering contributing to the fluorescence signals.

For this data, there are then two open channels, one
to the F = 2 and one to the F = 1 ground level. On
average it takes two photons to move an atom from
the initial F = 2 level to the F = 1 level. As these
two levels are well separated energetically the F =
1 level is a dark state for the incident probe beam.
With accurate energy calibration of the photodiode
response, the integrated signal from the photodiode
yields the number of atoms in the sample. It has been
claimed that this result is independent of detuning,
laser intensity and atomic density. However, this argu-
ment ignores the potential role of multiple scattering.

In this talk we summarize and discuss the results of
the studies described above, with particular attention
to atom counting data as measured in the combination
of forward and sideways scattering in the system time
evolution.

This research is supported by the National Science
Foundation (Grants No. NSF-PHY-1068159 and NSF-
PHY-1606743).
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High-resolution plasmonic enhanced chemical mapping of RNA 

Zhe He1, Zehua Han1, Megan Kizer2, Xing Wang2, Alexander M. Sinyukov1, Alexei V. 

Sokolov1, 3, Jonathan Hu3, Marlan O. Scully1, 3 

1 Texas A&M University, College Station, TX 77843, USA 
2 Rensselaer Polytechnic Institute, Troy, NY 12180, USA 

3 Baylor University, Waco, TX 76798, USA 

High-resolution sensing by plasmonic enhanced Raman scattering has been realized 

for biomolecules such as DNA/RNA and insulin fibril. Compared with conventional 

Raman spectroscopy, surface/tip enhanced Raman scattering can provide high 

sensitivity of lateral resolutions less than 5 nm in a few seconds. Among its 

applications towards biomolecule sensing, label-free RNA analysis is an expanding 

and challenging branch. Plasmonic structures especially silver nano-antennas are 

potentially improved and applied to scanning RNA, providing a route for easy and 

economical direct RNA sequencing without involving DNA polymerase chain 

reaction (PCR) amplification. In this work, we scan the silver tip along the nucleotide 

sequences of the RNA strands by a step of 0.5 nm and show that the mapping using 

tip-enhanced Raman scattering can provide chemical information with sub-

nanometer resolutions. 
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Diamond Parabolic Reflectors for Nanoscale Quantum Sensing  
 

Brendan J. Shieldsa, Natascha Hedricha, Patrick Maletinskya 

 

aQuantum Sensing Group, University of Basel, Basel, Switzerland 
 

The development of quantum sensing and nanoscale magnetometry using the Nitrogen-
Vacancy (NV) center in diamond has opened up a plethora of sensing possibilities [1, 2]. These 
atomic-scale defects make use of a single electron spin, stable from room temperature to cryogenic 
conditions, which makes the NV center an ideal system for investigating sensitive, nanoscale, 
magnetic systems. However, as with most solid-state, atomic defects, the high index of refraction of 
the diamond makes extracting NV 
fluorescence a challenge. Furthermore, for 
many quantum sensing applications, the 
sensitivity is limited by the separation 
between the NV and sample, and in scanning 
magnetometry, this also defines the 
resolution.  These requirements call for novel 
device architectures that enable sensing with 
shallow NV centers, while still allowing for 
the efficient extraction of the emitted NV 
fluorescence for spin readout. 

We address both of these aspects by 

fabricating all-diamond parabolic reflectors, 
which we employ as scanning probes for 
nanoscale magnetometry with 
unprecedented performance. We turn the high index of refraction of diamond into an advantage and 
realise waveguides, which redirect up to 80% of the emitted NV fluorescence into a single, 
collimated mode [1]. The parabolic design with a truncated apex is furthermore designed such that 
the shallow, implanted NV’s sit at the focus of the parabola for optimal collection efficiency while 
achieving a tip-to-sample spacing of 40-50 nm during scanning. 

In this talk, we present the fabrication techniques 
used to create these parabolic reflectors, and establish the 
performance of the scanning tips through magnetometry on 
antiferromagnetic Cr2O3. We image antiferromagnetic 
domains in thin film Cr2O3

 [2], as well as the stray fields of 
stripes patterned into monodomain, single-crystal Cr2O3. 
 
[1] Casola, F., van der Sar,T., Yacoby, A., Nat. Rev. Mat. 3,  
      17088 (2018) 
[2] Rondin, L., et.al., Reports on Progress in Physics, 77, 5  
        (2014) 
[3] Wan, N., et.al., Nano Lett. 18, 5 (2018) 
[4] Appel, P., et.al., ArXiv: 1806.02572 (2018) 

Figure 1.  SEM image of a parabolic reflector integrated into a 
scanning probe. The inset shows a closer image of the parabolic 
portion 

Figure 2. Antiferromagnetic domains 
measured on a thin-film Cr2O3 sample using 
scanning probe magnetometry. 

1 µm 

100 nm 

Speaker: Natascha Hedrich, Univeristy of Basel
Session: Quantum Sensing
Schedule: Friday Evening Invited Session

PQE-2019 167



How to grow diamond: From HPHT to LPLT, 

including color-center engineering 

  

Philip Hemmer 

Electrical & Computer Engineering Department, Texas A&M University 

 

Forget everything you thought you knew about the conditions under which diamond does and does not 

grow. I will also review the latest in our molecule-seeded growth for engineering specific color centers, 

and maybe even quantum computers in nanodiamonds.  

 

Fig. 1 (a) Starting with a seed molecule containing two nitrogen atoms, 5,7-dimethyl-1,3-diazaadamantane, (2N) the diamonds 

grown at 400 oC give a fluorescence spectrum (after irradiation and annealing) shown as the dark curve. This spectrum 

corresponds to an ensemble of more than 10 color centers. The excitation laser is at 471 nm. For comparison the spectrum of 

the H3 color center from nanodiamonds shown as the green, dashed curve, and from natural diamond as the red solid curve.  

(b) Starting with a seed molecule containing one nitrogen atom, 2-Azaadamantane hydrochloride, (1N) the diamonds grown 

under the same conditions as in part a) give the fluorescence spectrum (after irradiation and annealing) shown. This spectrum 

is recognized as an overlap of NV0 and NV- spectra, where the NV0 contribution is enhanced by ionization due to the blue 

(471 nm) laser excitation. For green (532 nm) excitation the NV- contribution is twice that of NV0. (c) Starting again with the 

seed molecule containing two nitrogen atoms, 2N, diamonds are grown at a higher temperature of 650 oC, and now give the 

NV0/NV- fluorescence spectrum shown. Here the spectra look the same for both blue and green excitation. (d) Photo of the 

diamond anvil cell. All growths were done at 10 GPa for 24 hours. Except for the seed molecule the reaction mix was the 

same in all cases. (e) Optically detected magnetic resonance (ODMR) of the material described in part b). Here a green (532 

nm) excitation laser was used. The high contrast and limiting linewidth of 15 MHz (at low microwave power) agrees with 

good quality NVs in a bulk crystal. (f) ODMR of the material described in part (c). 
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X-ray emission in Clusters Exposed to Intense X-ray Free-electron Laser (XFEL) Pulses 
Phay J. Ho, Christopher Knight, and Linda Young 

Argonne National Laboratory, Lemont, IL 60439, USA. 
 
Hanbury Brown and Twiss (HBT) demonstrated an interference effect between two light 
intensities [1].  In fact, using the correlation between two different points on Sirius, which is a 
random/thermal light source, they determined its angular size. Classen and coworkers [2] 
proposed to use the HBT effect for molecular imaging.  Here, by treating the heavy atoms as 
random light emitters, they suggest that the intensity correlation from the x-ray fluorescence of 
the heavy atoms can be exploited for retrieving high-resolution structural information.  
Motivated by the work by Classen and coworkers [2], we theoretically examined the 
fluorescence spectrum of a nanocluster from XFEL pulses with our MC/MD method [3].  As a 
first step,  using Ar clusters as a prototype, we focused on fluorescence processes in intense x-ray 
fields.  We found that non-linear x-ray absorption leads to a high-degree of ionization and creates 
a dense electron environment within the sample on the femtosecond timescale. Already during 
the pulse, electron-ion recombination and massive electron rearrangement begin to transform the 
exposed cluster into core-shell structure (neutral core and highly charged shell).  These ultrafast 
processes produce x-ray emission profiles in an extended sample that are very different from the 
atomic profile [4].  Most notably, in addition to the direct photoionization pathways, electron-ion 
recombination processes provide additional pathways to reach the same fluorescence channels 
and gives rise to higher Ka and KaH yields in clusters (Figure 1).  Depending on the 
fluorescence channels involved, the presence of the recombination pathway leads to extended 
fluorescence emission time beyond the lifetime of the core-excited states. We show that the KaH 
emission line can be a good candidate for incoherent imaging as it has relatively short emission 
time (a few femtosecond) compared to the x-ray induced distortion time [3]. 
 

 
Figure 1: Fluorescence processes and spectra of an Ar cluster exposed to intense XFEL pulses. Two fluorescence 
pathways from electron-ion recombination and photoionization and their emission times are shown. 

References: 
1. R. Hanbury Brown and R. Q. Twiss, Nature 177, 27 (1956). 
2. A. Classen, K. Ayyer, H. N. Chapman, R. Röhlsberger and J. von Zanthier, Phys. Rev. Lett. 
119, 053401 (2017). 
3. P. J. Ho, C. Knight, M. Tegze, G. Faigel, C. Bostedt, and L. Young, Phys. Rev. A 94, 063823 
(2016). 
4. P. J. Ho, and C. Knight, J. Phys. B 50, 104003 (2017). 
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Monocycle squeezed states of light

D. B. Horoshko,1,2 M. I. Kolobov,1 C. R. Phillips,3 S. A. Germanskiy,4
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Reaching the ultimate limits for the squeezed states of
light in both the bandwidth and the degree of squeezing
is challenging from the fundamental point of view and is
highly important for the potential applications.

We present a method, allowing for generation of
squeezed light with the squeezing bandwidth comprising
the whole optical spectrum, i.e. hundreds of THz [1, 2].
After a proper compensation of the group velocity dis-
persion such light demonstrates a monocycle two-mode
squeezing with the quadrature components quantum-
correlated at the timescale of a single optical period. The
method is based on parametric down-conversion (PDC)
in an aperiodically poled nonlinear crystal with quasi-
phase-matching in a broad band of frequencies, resulting
from a chirp of the spatial frequency of poling (Fig. 1).
Such crystals are widely used for parametric amplifica-
tion of ultrashort pulses of light, and for generation of
photon pairs with an ultrashort correlation time.

ωp
ω0 +Ω

ω0 − Ω

FIG. 1. Parametric downconversion in an aperiodically poled
crystal. The color varying along the crystal length shows the
phase-matched signal frequency at the given position.

The model for PDC in aperiodically poled crystals in-
cludes an exact solution of the wave equation, expressed
via special functions, as well as an approximate solu-
tion, giving for the slowly-varying quantum field operator
b(Ω, z) the following transformation:

b(Ω, L) = eπν(Ω)b(Ω, 0)+
√
e2πν(Ω) − 1e−2iϕ(Ω)b†(−Ω, 0),

where L is the crystal length, ν(Ω) is the Rosenbluth pa-
rameter [3], proportional to the pump intensity divided
by the local chirp rate, and ϕ(Ω) is the acquired phase,
which is to be compensated for the observation of the
squeezing. Our model is valid for arbitrary sufficiently
slowly-varying nonlinear poling profile, and for both low

and high parametric gains. We compare the approximate
analytical solution with exact and numerical ones for lin-
ear and quadratic-hyperbolic poling profiles and find a
very good agreement (Fig. 2).

FIG. 2. Ultrabroadband squeezing spectrum for PDC in
a linearly-chirped crystal. Blue solid line – exact solution,
dashed red line – first-order approximation. ω0 is the optical
frequency corresponding to the wavelength of 1064 nm.

We discuss also a recent experiment for high-gain PDC
in an aperiodically poled LiNbO3 crystal, where an ultra-
short correlation time (90 fs) between bright twin beams
was observed [4].
This work was supported by the European Union’s

Horizon 2020 programme (grant No 665148 QCUMbER),
by G-RISC grant No. P-2016b-25, and by Russian Sci-
ence Foundation (grant No.17-12-01134).

[1] D. B. Horoshko and M. I. Kolobov, Phys. Rev. A 88,
033806 (2013).

[2] D. B. Horoshko and M. I. Kolobov, Phys. Rev. A 95,
033837 (2017).

[3] M. Charbonneau-Lefort, B. Afeyan, and M. M. Fejer, J.
Opt. Soc. Am. B 25, 463 (2008).

[4] M. V. Chekhova, S. Germanskiy, D. B. Horoshko, G. Kh.
Kitaeva, M. I. Kolobov, G. Leuchs, C. R. Phillips, and P.
A. Prudkovskii, Opt. Lett. 43, 375 (2018).
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“Super Phase Oscillations” 
 

John Howell 
Hebrew University of Jerusalem 

 
 Much effort has gone into increasing the number of fringes in interference patterns 
using quantum techniques.  Here I will show that it is possible to get many p of phase rotation 
or polarization rotation while only rotating a polarizer through a few degrees.  However, it is 
still fundamentally bounded by information theoretic considerations.  I will discuss a perhaps 
somewhat interesting twist in that while loss typically kills quantum improvements, it is 
necessary to increase classical fringe frequency.      
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Multi-parametric Photoacoustic Microscopy 
 

Song Hu, Ph. D. 
Biomedical Engineering, University of Virginia, Charlottesville, VA 22908 

 
Capitalizing on the optical absorption of blood hemoglobin, PAM is ideally suited for label-free imaging 
of the microvasculature, which plays an indispensable role in supplying tissue oxygen and maintaining 
metabolic activity in vivo. In this talk, I will introduce some of our latest progress on the development of 
PAM for multi-parametric microvascular imaging and a few representative applications of this enabling 
technique in brain and cardiovascular research. 

Multi-parametric PAM of blood perfusion (concentration of hemoglobin, CHb), oxygenation (oxygen 
saturation of hemoglobin, sO2) and flow is based on the statistical, spectroscopic, and correlation analysis 
we recently implemented (Fig. 1A)1,2. At 532 nm, a near-isosbestic point in the absorption spectrum of 
hemoglobin, PAM is insensitive to sO2. Fluctuation in PAM signals acquired at this wavelength encodes 
both the Brownian motion and the flow of red blood cells (RBCs). The Brownian motion-induced 
statistical fluctuation in the amplitudes of successively acquired A-line signals depends on the RBC count 
within PAM’s detection volume but not the flow speed. Thus, the fluctuation can be used to derive CHb 
in absolute values. In parallel, the blood flow can be quantified using the decorrelation rate of the same 
set of A-line signals. Combining the readouts at both optical wavelengths (532 and 558 nm), PAM can 
also quantify sO2. With the aid of vessel segmentation, we can further perform the quantitative analysis 
at the single-vessel level. Combining the hemodynamic parameters measured in individual microvessels, 
tissue oxygen extraction fraction and metabolism can be derived. 

Using the multi-parametric PAM, we have 
demonstrated—for the first time—simultaneous 
high-resolution imaging of CHb, sO2 and CBF in 
the live mouse brain (Fig. 1B–D). Observing the 
strong influence of general anesthesia on the 
overall brain activity and multiple different 
forms of hemodynamics, we have developed the 
first-of-a-kind head-restrained PAM for multi-
parametric imaging of the awake mouse brain3. 
This technique holds great potential to examine 
the neuroprotective/neurotoxic roles of general 
anesthetics in a variety of brain disorders and to 
advance our understanding of neurovascular 
coupling in the awake behaving brain. 

Exploiting the high pulse repetition rate of 
our newly developed dual-wavelength ns laser 
and an optical-mechanical hybrid scan scheme4, 
our latest multi-parametric PAM can acquire the 
multi-parametric image data with a record-high 
speed of 1.2×106 A-lines/second, opening new 
opportunities to study acute hemodynamics and disease processes. 
 
1. Ning, B. et al. Simultaneous photoacoustic microscopy of microvascular anatomy, oxygen saturation, and blood flow. Opt. Lett. 

40, 910 (2015). 
2. Ning, B. et al. Ultrasound-aided Multi-parametric Photoacoustic Microscopy of the Mouse Brain. Sci. Rep. 5, 18775 (2015). 
3. Cao, R. et al. Functional and oxygen-metabolic photoacoustic microscopy of the awake mouse brain. Neuroimage 150, 77–87 

(2017). 
4. Wang, T. et al. Multiparametric photoacoustic microscopy of the mouse brain with 300-kHz A-line rate. Neurophotonics 3, (2016). 

 
Fig. 1 (A) Statistical, spectroscopic and correlation analysis for 
multi-parametric PAM. (B–D) Simultaneous PAM of CHb, sO2 and 
CBF in the live mouse brain. 
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Trapping and imaging single atoms on a microring photonic circuit with optical tweezers 
M. E. Kim, T.-H. Chang, B. M. Fields, C.-A. Chen and C.-L. Hung 

Department of Physics and Astronomy and Purdue Quantum Center, 
Purdue University, West Lafayette 47907, USA 

 
Trapped atoms on nanophotonics form an exciting new platform for bottom-up synthesis of 
strongly interacting quantum matters. The ability to induce tunable long-range atom-atom 
interactions with photons presents a novel opportunity to explore many-body physics and quantum 
optics. Successful implementations have so far been restricted to discrete, suspended structures of 
quasi-linear geometry due to the requirement of open optical access for laser cooling and loading 
of cold atoms from freespace. In this talk, I report our recent effort in migrating cold atoms to a 
planar photonic platform, which can offer a variety of high-fidelity quantum functionalities due to 
increased dimensionality and flexibility in photonics design.  
 
Our photonic circuit is based on high quality silicon nitrite microrings fabricated on a transparent 
membrane substrate that is fully compatible with cold atom laser cooling and trapping [1]. We 
demonstrate that single atoms can be directly loaded into an optical tweezer that is tightly focused 
on the surface of a microring structure. These trapped atoms can be fluorescence imaged on an 
electron-multiplied charged coupled device camera, through the same objective that is utilized to 
project the tweezer beam (Fig. 1). We further show that an optical tweezer can be converted into 
an optical conveyor belt, transporting trapped atoms into or out of the tweezer focus for vertical 
positioning near the planar dielectrics for atom-nanophotonics lattice assembly. I will also discuss 
our on-going effort in coupling these atoms to a high-quality microring with projected large single 
atom cooperativity (C >100). Our experimental platform can be integrated with generic planar 
photonic waveguides and resonators, promising a pathway towards on-chip many-body quantum 
optics and new applications in quantum technology. 
 

 
Figure: (a) Schematics of a tightly focused optical tweezer beam on a dielectric nanostructure. Optical 
images of the microring circuit are shown in (b-c). The atomic fluorescence image (d) is taken with two 
loaded tweezer traps focused on a nanostructure as shown in (e). 
 
[1] M. E. Kim*, T.-H. Chang*, B. M. Fields, C.-A. Chen and C.-L. Hung, Trapping single atoms on a 
nanophotonic circuit with configurable tweezer lattices, arXiv:1810.08769 (2018). 
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How can we detect “Novichok”? 
 

Tomoko Imasaka
1
 and Totaro Imasaka

2,3 

1
Graduate School of Design, Kyushu University, Fukuoka, Japan 

2
Center of Future Chemistry, Kyushu University, Fukuoka, Japan 

3
Hikari Giken, Co., Fukuoka, Japan 

 

A variety of toxic compounds are used in terrorist attacks. Recently, the British government 

announced that two Russian peoples were attacked by a nerve agent of Novichok (see Fig. 1 for 

the chemical structure) at Salisbury on March 12, 2018 [1]. To validate the event and identify 

the terrorist, it is necessary to measure the nerve agent used. A sensitive and selective analytical 

instrument is required for trace analysis of these compounds because of its extremely high 

toxicity. Several techniques have been developed for this purpose, e.g., gas chromatography 

combined with mass spectrometry (GC/MS). However, this method requires a standard 

chemical for identification, since a molecular ion is sometimes missing in electron ionization 

and a finger-printing fragment pattern cannot be observed in chemical 

ionization. On the other hand, femtosecond photoionization MS (FI-MS) 

provides a molecular ion and fragment ions in most cases [2]. Therefore, 

it would be useful for the detection/identification of the Novichok agents 

when their spectral properties are available. In this study, we calculated 

the ionization energy and the absorption spectrum based on quantum 

chemical calculation for three Novichok agents. The data shown in Fig. 2 

(a) suggests that Novichok A230 can be ionized through nonresonant 

two-photon ionization using the third harmonic emission of a Ti:sapphire laser (267 nm), in 

which a laser with a shorter pulse width is preferential for observing a molecular ion. Figure 2 

(b) suggests that A230 can be ionized through nonresonant nine-photon ionization using an 

optical parametric amplifier (1200 nm). A molecular ion has no absorption band at 1200 nm, 

preventing significant fragmentation. Accordingly, both the UV (267 nm) and NIR (1200 nm) 

femtosecond lasers would be successfully used for ionization in MS. 

 

 

 

 

 

 

 

 
 

                     (a)                                (b) 
 

Fig. 2.  The absorption spectrum and the oscillator strength calculated for (a) neutral and (b) ionic species of 
A230 at the level of B3LYP/cc-pVTZ. IE, EE, and IE/2 represent the ionization energy, the first excited state 
energy, and a half of the ionization energy. 

 

 [1] V. S. Mirzayanov. State Secrets. An Insider's Chronicle of the Russian Chemical Weapons 

Program. (2009) pp.142-145, 179-180, ISBN 978-1-4327-2566-2. 

 [2] A. Hamachi, T. Imasaka, H. Nakamura, A. Li, and T. Imasaka, Anal. Chem. (2017) 89, 

pp.5030−5035. 

Fig. 1. Chemical 
structure of Novichok 
(A230). 
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Generation of a Vacuum-Ultraviolet Femtosecond Pulse via Four-

Wave Raman Mixing and its Application to Mass Spectrometry 
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An ultrashort optical pulse in the vacuum-ultraviolet (VUV) region is useful for single-photon ionization mass 

spectrometry (SPI-MS), especially for organic compounds having amino groups. It is, however, difficult to directly 

generate a VUV femtosecond pulse efficiently. Several nonlinear optical techniques have been developed for this 

purpose but have seldom been used practically. In this study, we employed four-wave Raman mixing (FWRM) 

of molecular hydrogen, in which a two-color femtosecond laser (800 and 1200 nm) was used as a pump beam for 

molecular phase modulation of hydrogen to frequency-modulate a single-color femtosecond laser (200 nm) used 

as a probe beam for generating an anti-Stokes beam (185 nm). The spectrogram measured is shown in Fig. 1. 

 

 

 

 

 

 
Fig. 1.  Spectrogram of the Raman sidebands. The spots appeared in the visible region originate from FWRM of the 
two-color pump beam (800 and 1200 nm). The spots appeared in the UV-VUV region originate from FWRM of the 
two-color pump beam and the single-color probe beam (200 nm). 

 

The anti-Stokes emission (185 nm) was isolated using a fused-silica prism in a vacuum chamber and introduced 

into a home-built mass spectrometer with a CaF2 window. A series of samples containing polycyclic aromatic 

hydrocarbons (PAHs) including amino PAHs was separated by gas chromatography and was measured by MS 

using a femtosecond VUV pulse as an ionization source. The result suggests potential advantage of this technique 

based on SPI-MS not only for basic studies of photoionization but also for practical trace analyses in environmental 

and forensic sciences [1]. 

 

[1] Determination of Pesticides by Gas Chromatography Combined with Mass Spectrometry Using Femtosecond 

Lasers Emitting at 267, 400, and 800 nm as the Ionization Source, X. Yang, T. Imasaka, T. Imasaka, Anal. 

Chem., 90, 4886-4893 (2018). 
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An Ultrashort Ultraviolet Optical Pulse for Ionization of Pesticides 

 in Multiphoton Ionization Mass Spectrometry 
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An ultrashort optical pulse can be used as a soft ionization source in mass spectrometry. Further, 

an ionization process is highly controllable, and it is useful for matrix-free and interference-free 

analysis of the constituents in a complex matrix.1,2 In this study, a sample mixture of highly toxic 

organochlorine (OC) pesticides was analyzed using multiphoton ionization mass spectrometry 

combined with gas chromatography. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Two-dimensional display for a sample mixture containing thirteen OC pesticides measured at 267 nm. The 
concentration of the analyte was 20 ng/µL for each pesticide (1, hexachlorobenzene; 2, heptachlor; 3, Aldrin; 4, trans-
chlordane; 5, cis-chlordane; 6, dieldrin, 7, endrin; 8, β-endosulfan; 9, DDT). 

The molecular ions of hexachlorobenzene (HCB) and dichlorodiphenyltrichloroethane (DDT) 

were detected at 0.4 and 0.5 ng/µL, respectively, via near-resonant two-photon ionization at 267 

nm. The detection limits were rather poor for the pesticides containing an aliphatic ring via 

nonresonant two-photon ionization. Further, α-, β-, and γ-hexachlorocyclohexanes (HCH) were 

not observed due to a less efficient process of three-photon ionization. 

 [1] A. Li, T. Imasaka, T. Uchimura, T. Imasaka, Anal. Chim. Acta (2011) 701, 52-59. 

 [2] X. Yang, T. Imasaka and T. Imasaka, Anal. Chim. (2018) 90, 4886-4893. 
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Potts model solver with coherent Ising machine 
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Various integer optimization problems can be mapped on the ground-state search problem 
of the Potts model, which is a theoretical model of an interacting spin system with 
multivalued spin components. The Hamiltonian of the Potts model is defined as 𝐻𝐻𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 =
∑ 𝐽𝐽𝑖𝑖𝑖𝑖𝛿𝛿(𝑆𝑆𝑖𝑖, 𝑆𝑆𝑖𝑖)𝑖𝑖𝑖𝑖 , where 𝑆𝑆𝑖𝑖 = {0,1,⋯ ,𝑀𝑀 − 1} is the 𝑀𝑀-valued spin component on the 𝑖𝑖th node 
index, and 𝐽𝐽𝑖𝑖𝑖𝑖 is the coupling matrix between 𝑖𝑖th and 𝑗𝑗th spins. Here, we propose a scheme 
to solve the Potts model with a hybrid computation of physical Ising-model solvers and 
digital processing. The coherent Ising machine (CIM) is one of such physical Ising-model 
solvers that can find good approximate solutions for the binary Ising problem on a given 
matrix 𝐽𝐽𝑖𝑖𝑖𝑖 in a very short computation time [1-4]. In this scheme, as shown in Fig. 1, the 
matrix  𝐽𝐽𝑖𝑖𝑖𝑖  is updated through the digital processing as 𝐽𝐽𝑖𝑖𝑖𝑖

(𝑙𝑙+1) = 1
2

(1 + 𝜎𝜎𝑖𝑖
(𝑙𝑙)𝜎𝜎𝑖𝑖

(𝑙𝑙))𝐽𝐽𝑖𝑖𝑖𝑖
(𝑙𝑙) , where 

𝜎𝜎𝑖𝑖
(𝑙𝑙) = {−1,1} is the solution of the Ising solver, and 𝑙𝑙 is the stage of hybrid computation. By 

repeating this matrix update L times, the Potts model can be approximately solved with at 
most a 2𝐿𝐿-valued spin component. To evaluate the performance of the hybrid Potts-model 
solver based on the CIM, we experimentally solved two kinds of integer optimization 
problems, graph clustering and graph coloring, for a map of Japan. We confirmed that the 
performance of this solver could be improved with appropriate feedforward and feedback 
algorithms in the matrix update process. 

Fig. 1. Architecture of hybrid Potts-model solver based on coherent Ising machines and digital processing. 
Acknowledgments 
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Maxwellian phases of matter 
Zubin Jacob 

    Purdue University, USA  
 
Dirac Matter:  Over the last decade the concept of Dirac matter has emerged to the forefront of 
condensed matter physics. Prominent examples include the physics of the Dirac point in 
Graphene, Weyl points in topological semi-metals (TaAs) and edge states in topological insulators 
(Bi2Te3).  These phases of matter are a playground for studying effects related to the relativistic 
Dirac equation. We note, however, that they are defined only with respect to the properties of the 
electron (eg: bandstructure). Therefore, it is still an open question whether Maxwell’s equations, 
which are relativistically invariant similar to the Dirac equation, predict fundamentally new phases 
of matter. In this talk, we will conclusively answer this question.  
 
Maxwell Matter:  We introduce a theoretical framework to search for Maxwellian phases of matter 
by contrasting the symmetries between the Dirac equation and Maxwell’s equations. These 

underlying symmetries are 
fundamentally tied to the spin-
statistics theorem. In particular, 
the rigorous definition of photon 
energy density, photon spin 
and photon mass inside matter 
is a long-standing question 
which is answered by our 
theory. Using our approach, we 
predict that there could exist 
multiple such intriguing phases 
in nature.   
 

Fundamental Requirement 
 
We show that the fundamental requirement for the existence of Maxwellian phases is non-locality 
and dispersion in the conductivity tensor of matter (𝜎𝜎(𝜔𝜔, 𝑞𝑞)). Thus the Berry gauge field is induced 
through a fundamentally new mechanism: the global frequency and momentum dependence of 
optical response parameters. 
 
Defining Characteristics of Maxwellian Phases of Matter: 
 
1) They possess Maxwell points, the spin-1 bosonic counterparts of Weyl points, which can 

exist in the energy-momentum relationship of electromagnetic waves inside matter. 
2) Bulk waves inside such media show photon spin-1 quantization with three spin projection 

eigenvalues (ms=-1, ms=0, ms=+1).  
3) The longitudinal (ms=0) mode can be rigorously shown to be related to photon mass.  
4) Spin-1 edge states of linearly dispersing photons at the boundary of the Maxwellian phase 

of matter with completely vanishing electric and magnetic fields on the edge. We emphasize 
that such a fully transverse electromagnetic edge wave does not exist in any phase of matter 
known till date.  

[1] Quantum Gyro-Electric Effect, T. Van Mechelen and Z. Jacob, Phys.Rev.A 98, 023842 (2018) 
[2] Photonic Dirac Monopoles and Skyrmions , T. Van Mechelen and Z. Jacob, Opt. Mat. Exp. (2018)             
[3] Universal spin-momentum locking of evanescent waves, T. Van Mechelen, Z Jacob, Optica 3 (2), 118-126  (2016)  

Fig 1: Searching for Maxwellian Phases of Matter 
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Excited-carrier effects in the optical properties of monolayer transition metal 
dichalcogenide semiconductors  

A. Steinhoff1, M. Florian1, M. Lorke1, M. Rösner1,2, C. Gies1, T.O. Wehling1,2, and F. Jahnke1 
1Institute for Theoretical Physics, University of Bremen, 28334 Bremen, Germany 

2Bremen Center for Computational Material Science, University of Bremen, 28334 Bremen, Germany 

When electron-hole pairs are excited in a semiconductor, it is a priori not clear if subsequent relaxation leads to a 
gas of bound excitons or to an interacting plasma of unbound electrons and holes. Usually, the exciton phase is 
associated with low temperatures. In atomically thin transition metal dichalcogenide (TMDC) semiconductors, 
excitons are particularly important even at room temperature due to strong Coulomb interaction and a large exciton 
density of states.  

Using state-of-the-art many-body theory, we show that the thermodynamic fission-fusion balance of excitons and 
electron-hole plasma can be efficiently tuned via the dielectric environment as well as charge carrier doping [1]. 
We observe entropy ionization of excitons at low excitation densities and a Mott transition to a fully ionized plasma 
at high densities between 3x1012 cm-2 and 1x1013 cm-2 depending on experimental parameters. Below the Mott 
transition, excitons become dominant with maximal fractions of excitons between 70% and more than 99.9%. 
Moreover, we find that excitonic screening, although two orders of magnitude less efficient than free-carrier 
screening at comparable excitation densities, plays an important role in the description of the exciton-plasma 
balance. 

We propose the observation of these effects by studying exciton satellites in photoemission and tunneling 
spectroscopy, which are sensitive to the single-particle spectral functions, thus containing information about the 
degree of exciton fission and the extent of exciton wave functions in reciprocal space. Photoemission spectros-
copy presents a direct solid-state counterpart of high-energy collider experiments on the induced fission of 
composite particles. 
 

 

 

 

 

 

 

 

In the regime of unbound excited carriers (electron-hole-plasma excitation), the Coulomb interaction is responsible 
for giant band-gap renormalization [2]. We also find a transition from direct to indirect band gaps with increasing 
excited carrier density, since the S-valley exhibits larger band-gap shrinkage than the K-valley. 

For the excitonic regime, we determine the trion and biexciton binding energies of various materials. In contrast 
to conventional semiconductors, the biexciton in monolayer TMDCs exhibits a distinct and rich fine structure with 
splittings of millielectronvolts due to strongly enhanced electron-hole exchange interaction [3]. 

[1] A. Steinhoff, M. Florian, M. Rösner, G. Schönhoff, T.O. Wehling, F. Jahnke, Exciton fission in mono-layer transition 
metal dichalcogenide semiconductors, Nature Communications 8, 1166 (2017). 

[2] D. Erben, A. Steinhoff, C. Gies, G. Schönhoff, T. O. Wehling, and F. Jahnke, Excitation-induced transition to 
indirect band gaps in atomically thin transition-metal dichalcogenide semiconductors, Phys. Rev. B 98, 035434 
(2018). 

[3] A. Steinhoff, M. Florian, A. Singh, K. Tran, M. Kolarczik, S. Helmrich, A.W. Achtstein, U. Woggon, N. 
Owschimikow, F. Jahnke, and X. Li, Biexciton fine structure in monolayer transition metal dichalcogenides, Nature 
Physics 14, 1199 (2018). 

Left: Conduction and valence band of a TMDC 
semiconductor with excited carriers and schematic 
of photoemission spectroscopy determining the 
energy distribution of carriers. 
 
Right: Spectral function and local density of states 
of the conduction band vs. carrier momentum for 
interacting electrons. Energies are measured 
relative to the quasi-particle bandgap. Excitonic 
contributions appear for negative energies [1]. 
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Open problems in high energy physics:

the quantum simulation approach
(Karl Jansen)

The strong interaction of quarks and gluons is described theoretically within the framework of Quantum

Chromodynamics (QCD). The most promising way to evaluate QCD for all energy ranges is to formulate the

theory on a 4-dimensional Euclidean space-time grid, which allows for numerical simulations on state of the

art supercomputers. We will review the status of lattice QCD calculations providing examples such as the

hadron spectrum and the inner structure of nucleons. We will then point to problems that cannot be solved

by conventional Monte Carlo simulation techniques, i.e. non-zero baryon density, the matter-antimatter

asymmetry and real time simulations. It will be demonstrated at the example of the 1+1 dimensional

Schwinger model that tensor network techniques are able to overcome these problems showing that with

this approach –and eventual quantum simulations– a path for solving QCD is opening up.
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Abstract 
The topological state of matter is intimately linked with dynamics, as manifested via the chiral edge currents in 
topological insulators. But is there an inherent time scale, associated with topology?  We use unique properties of primary 
electronic response to strong non-resonant optical fields to address this question. 
 

Quantum materials encompass a rich variety of 
systems with fascinating features. One of them is the 
topological phase transition, upon which an insulator 
becomes conducting, supporting robust currents 
around the insulator's edges [1,2]. “Protected” by the 
topological invariants of the bulk, the chiral edge states 
are robust to perturbations, making them appealing for 
applications, for example in dissipationless devices or 
topologically robust semiconductors. However, and 
surprisingly, the ultrafast dynamics of non-equilibrium 
electronic response to intense optical fields in these 
materials has remained virtually unexplored. Yet, 
understanding these dynamics is not only 
fundamentally interesting. It is also crucial for light-
wave electronics in topological materials. 
 
Attosecond science has made major progress in 
understanding ultrafast electron dynamics in solids 
[3,4]. Yet, so far it has mostly focused on the role of 
the band structure. The role of the topological 
properties, such as the Berry curvature and the 
topological invariants of condensed matter systems, on 
the attosecond dynamics of electronic response has 
been hardly explored. Does the highly non-equilibrium 
electron dynamics in the bulk, driven by a strong laser 
field, encode the topological properties on the sub-
laser cycle time-scale?  How do the Berry curvature 
and the Chern number affect the first step in the 
nonlinear response – the field-driven injection of 
electrons across the bandgap? 
 
In this talk, I will answer these questions using the 
paradigmatic example of the topological insulator, the 
Haldane system [5]. I will show how the topological 
state of the system controls its attosecond, highly non-
equilibrium electronic response to strong low-
frequency laser fields, in bulk. Topological effects can 
be identified on the directionality and the attosecond 

timing of an electron current injected into the 
conduction band by the oscillating electric field of an 
intense light pulse.  
 
I will further show that the highly nonlinear optical 
response to strong fields, the high harmonic emission,  
displays topologically-dependent attosecond delays, 
and that the helicities of the emitted harmonics can 
record the phase diagram of the system and its 
topological invariants. 
 

 
 
Fig. 1. Helicity of harmonics in topological insulators. The 
helicity of the high harmonics maps the phase diagram of 
the Haldane system. The blue solid line marks the 
topological phase transition, separating the trivial phase 
(above) from the topological phase (below).    
 

References 
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[2] X.L. Qi & S.C. Zhang, Rev. Mod. Phys. 83 1057 (2011). 
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Conserved quantities in PT -symmetric systems: theory and observation

Yogesh N. Joglekar1 and Peng Xue2
1Department of Physics, Indiana University Purdue University Indianapolis (IUPUI), USA and

2Beijing Computational Science Research Center, Beijing, China

Over the past decade, open systems with balanced
gain and loss have been at the forefront of theo-
retical and experimental explorations. These sys-
tems are described by non-Hermitian Hamiltonians
that are invariant under combined parity and time-
reversal (PT ) operations, and, as a result, undergo a
non-unitary time evolution that is markedly different
from that of a closed system, a globally dissipative
system, or a system with Lindblad dynamics.

A prototypical PT -symmetric Hamiltonian is
H2S+1(γ) = −JSx + iγSz where Sx, Sz are 2S + 1-
dimensional generators of SU(2). Hamiltonians
H2(γ) and H3(γ) describe the PT -symmetric dimer
and trimer configurations respectively, and faithfully
model all optical experimental realizations of PT -
symmetric systems to date. The eigenvalues of H(γ)
are real for small non-Hermiticity (PT -symmetric
phase) and become complex-conjugate pairs for large
gain-loss strength (PT -symmetry broken phase). At
γ = J , the transition point, the Hamiltonian H2S+1

has an exceptional point (EP) of order 2S + 1 be-
cause all eigenvectors coalesce, as do all eigenvalues.

In traditional, Hermitian quantum theory, an ob-
servable O is a constant of motion if it commutes
with the Hamiltonian. The trivial case O = 1 im-
plies that the norm of a state is conserved. But what
about open systems with balanced gain and loss? Sys-
tems governed by effective, non-Hermitian Hamilto-
nians H 6= H†? What are their conserved quantities,
if any?

To address these questions, we simulate the time-
evolution in an S = 3/2, PT -symmetric Hamilto-
nian with four modes by using a linear optical circuit
with mode-dependent loss, single photon input, and
quantum state tomography at the output [1]. A Her-
mitian operator η̂ is called an intertwining operator
if it satisfies η̂H = H†η, and its expectation value
is a conserved quantity irrespective of whether the
spectrum of H is real or complex. After characteriz-
ing the four, linearly independent intertwining oper-
ators for the Hamiltonian H4(γ), we experimentally
track their expectation values ηk(t) = 〈ψ(t)|η̂k|ψ(t)〉
for different initial states in the PT -symmetric re-

gion, at the transition point EP-4, and in the PT -
symmetry broken region.
Recall that the norm of a state oscillates in the PT -
symmetric phase, grows algebraically at the EP, and
exponentially in the PT broken region; however, in
spite of this growth in the norm, ηk(t) remain con-
stant. As a result, phases between wave function am-
plitudes at adjacent modes are locked to values that
are independent of the initial wave function [2]. This
measurement of the conserved quantities requires
the full time-dependent wave function; it, in turn,
allows us to explore quantum information properties
of the d = 4 qudit evolving under a non-Hermitian
Hamiltonian, as well.

FIG. 1. Top panel: Linear optical circuit with mode-
dependent loss simulates time-evolution under PT -
symmetric Hamiltonian H4(γ). Left panel: for initial
state |1〉, the measured expectation value η3(t) (symbols)
depends on gain-loss strength (lines: theory). Right
panel: η4(t), measured at the EP-4 (γ = 1), depends on
the initial state and remains constant even though the
norm of each state grows with time, 〈ψ(t)|ψ(t)〉 ∼ t6.

[1] In preparation.
[2] Y.N. Joglekar, F. Assogba Onanga, and A.K. Harter,

Phys. Rev. A 97, 012128 (2018).
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Electromagnetically induced transparency in isotopically 
purified rare-earth doped crystals 

Alexey A. Kalachev 
Zavoisky Physical-Technical Institute, Kazan Scientific Center of RAS, 

Kazan 420029, Russia 

Rare-earth-ion doped crystals have raised a strong interest in the field of quantum information 
storage, signal processing and communication. Among them, isotopically purified crystals are of 
particular interest. They can demonstrate very small inhomogeneous broadening of optical transitions 
(~ 10 MHz), which proves to be smaller than the hyperfine splitting of the energy levels of impurity 
ions, and provide high optical densities. As a result, these crystals are promising candidates for 
implementing quantum storage via off-resonant Raman absorption/emission of single photons.  
 In the present work, the recent progress in experimental and theoretical studying these 
materials is discussed [1-4]. In particular, we have observed the effect of electromagnetically 
induced transparency (EIT) in Y7LiF4 crystals doped with Nd-143 ions [3] and Er-167 ions [4] with the 
use of hyperfine zero-first-order Zeeman transitions. In the first case (Nd ions), narrow peaks in the 
EIT profile have been resolved, which might be caused by the superhyperfine splitting of the 

neodymium hyperfine levels in the ground electronic state. In the second case (Er ions), we have 
found that EIT feature can only be observed at mK temperatures. The results pave the way for 
implementing solid-state quantum memories based on off-resonant Raman interaction without 
spectral tailoring of optical transitions.  

[1] N. Kukharchyk, D. Sholokhov, O. Morozov, S.L. Korableva, A.A. Kalachev, P.A. Bushev. Optical 
coherence of 166Er:7LiYF4 crystal below 1 K // New J. Phys. 20, 023044 (2018) 

[2] N. Kukharchyk, D. Sholokhov, O. Morozov, S. L. Korableva, J. H. Cole, A. A. Kalachev,  
P. A. Bushev. Optical vector network analysis of ultranarrow transitions in 166Er3+:7LiYF4 crystal // Opt. 
Lett. 43, 935 (2018) 

[3] R. Akhmedzhanov, L. Gushchin, N. Nizov, V. Nizov, D. Sobgayda, I. Zelensky, A. Kalachev 
Electromagnetically induced transparency in an isotopically purified Nd3+:YLiF4 crystal // Phys. Rev. B 
97, 245123 (2018) 

[4] N. Kukharchyk, D. Sholokhov, O. Morozov, S. L. Korableva, A. A. Kalachev, P. A. Bushev. 
Electromagnetically induced transparency in a mono-isotopic 167Er:Y7LiF4 crystal below 1 Kelvin (in 
preparation) 
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Title: Topological Light Sources 

Boubacar Kanté 

Department of Electrical and Computer Engineering, University of California San Diego, La Jolla, 

California, 92093-0407, USA 

 

The first part of this talk will discuss the demonstration of the first Bound state In Continuum laser 

[1] that can beam coherent light in prescribed directions. I will discuss the scaling of the modes in 

the extended laser system as well as the topology of emitted light.   The second part of the talk will 

discuss the demonstration of the first topological laser that non-reciprocally couples stimulated 

emission to selected waveguide outputs, a long searched optical functionality [2]. I will also 

discuss unique optical functionalities enabled by this platform. 

 

Fig. 1. Schematic and principle of an arbitrarily-shaped and integrated non-reciprocal 

topological lasing cavity.  

[1] B. Bahari, A. Ndao, F. Vallini, A. El Amili, Y. Fainman, B. Kanté, “Nonreciprocal lasing in 

topological cavities of arbitrary geometries”, Science 358, 636-640 (2017). 

[2] A. Kodigala*, T. Lepetit*, Q. Gu*, B. Bahari, Y. Fainman, and B. Kanté, “Lasing Action from 

Photonic Bound States in Continuum”, Nature 541, 196 - 199 (2017) 
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Tests of gravity and quantum mechanics with atom interferometry 
 
Peter Asenbaum, Tim Kovachy, Remy Notermans, Chris Overstreet, Jason Hogan and Mark 
Kasevich 
 
Department of Physics and Applied Physics, Stanford University, Stanford CA 94303 
 
Modern de Broglie wave interferometers separate atomic wavepackets by 0.5 m for times of 2 
sec.   This lecture will discuss the science and technology implications of these results, and 
describe the techniques employed to realize these instruments.  Applications range from high 
resolution satellite geodesy to gravitational wave detection and test of quantum mechanics. 

 
 
References 

1. Asenbaum, P. et al. Phase Shift in an Atom Interferometer due to Spacetime 
Curvature across its Wave Function. Physical Review Letters 118, (2017). 

2. Kovachy, T. et al. Quantum superposition at the half-metre scale. Nature 528, 530–
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Size Dependency in the Phase Transition of Type I Superconductors 
 

Peter D. Keefe 
University of Detroit Mercy 

 
 
 The first order phase transition of a mesoscopic Type I superconductor involves thermal and 
electrodynamic relaxation processes of the control variables, the electrodynamic relaxation being 
three orders of magnitude faster than the thermal relaxation.  This potentially renders the time 
differences of the control variables observable and non-isentropic, but only if the phase transition is 
abrupt.  This is shown at Fig. 1, where either the mixed phase transition Macro path or the abrupt 
phase transition Meso path occurs. [1-7] 
 An experiment [8] investigating the superconductive to normal phase transition of Type I 
macroscopic wires and mesoscopic whiskers, shown at Fig. 2, suggests the answer.  As in Fig. 1, the 
Meso path is abrupt, whereas the Macro path is mixed. 
 

                                    
             Fig.1            Fig. 2 
 

[1] P.D. Keefe, Quantum mechanics and the second law of thermodynamics: an insight gleaned from magnetic hysteresis in the first 
order phase transition of an isolated mesoscopic size Type I superconductor, T151, 014029, IOP Publishing (2012)  
 
[2] P.D. Keefe, The second law of thermodynamics and quantum heat engines: Is the law strictly enforced?, Physica E: Low-
dimensional Systems and Nanostructures, Vol. 42, Issue 3, Jan. 2010, Pgs 461-465. 
 
[3] P.D. Keefe, Quantum limit to the second law by magneto-caloric effect, adiabatic phase transition of mesoscopic-size Type I 
superconductor particles, Physica E, Vol. 29, Oct. 2005, Pgs 104-110. 
 
[4] P.D. Keefe, Second Law Implications of a Magnetocaloric Effect Adiabatic Phase Transition of Type I Superconductor Particles, 
Journal of Modern Optics, V. 51, No. 16-18, pp 2727-2730, 10-12/2004. 
 
[5] P.D. Keefe, Second Law Violation By Magneto-Caloric Effect Adiabatic Phase Transition of Type I Superconductor Particles, 
Entropy, V. 6, pp. 116-127, 03/2004. 
 
[6] P.D. Keefe, Coherent Magneto-Caloric Effect Superconductive Heat Engine Process Cycle, Journal of Modern Optics, V. 50, No. 
15-17, pp 2443-2454, 10-11/2003. 
 
[7] P.D. Keefe, Coherent-Magneto-Caloric Effect Heat Engine Process Cycle, 1st International Conference on Quantum Limits to the 
Second Law, AIP Conference Proceedings No. 643, pp. 213-218, 09/2002. 
 
[8] O.S. Lutes and E. Maxwell, Superconducting Transitions in Tin Whiskers, Phys. Rev., 97, 1718 (1955). 
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Non-magnetic optical isolators: what works and what does 
not? 

Jacob B Khurgin 
Department of Electrical and Commuter Engineering 

Johns Hopkins University Baltimore MD 
 jakek@jhu.edu  

 
 
 

Optical Isolator is a key component of photonic circuits and systems. An optical isolator 
requires non-reciprocal propagation i.e. breaking time inversion symmetry. Time symmetry 
cannot be broken in a linear optical system without magnetic field and/or gain and loss, hence 
all the practical isolators at this point are based on Faraday (magneto optic) effect which makes 
it difficult to develop isolators for planar integrated photonic circuits. Therefore, in recent years 
a strong effort has been mounted to develop non-magnetic isolators. A number of schemes had 
been proposed and demonstrated, such as devices with temporal modulation, acousto-optic and 
opto-mechanical isolators, various nonlinear schemes and parity time schemes with gain and 
loss.  
 
In this talk we review performance characteristics of all these schemes and find them lacking 
any advantages in comparison to magnetic isolators. Most of the proposed schemes are 
severely limited in bandwidth and require high power consumption. Moreover, often they are 
not true optical isolators but are “optical diodes” in the sense that they do not offer full 
isolation.   
We then make a case for the optical isolator based on second and third order nonlinearities that 
have good isolation and high dynamic range and offer detailed analysis of this exciting family 
of devices.  
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Thermodynamic Analysis on Quantum System 
with Non-equilibrium Steady State 

Moochan Kim, Hui Dong, Shen-Wen Li, Anatoly Svidzinsky, Zhedong Zhang, 
and Marlan Scully  

IQSE and TAMU, College Station, Tx 
 

ABSTRACT 
When a simple quantum system interacts with multiple thermal bath simultaneously, 
the system will approach a steady state which is called a non-equilibrium steady state 
(NESS). The thermodynamic concepts which are usually defined in thermal 
equilibrium should be extended to be handled in this kinds of non-equilibrium state: 
for example, the concepts of entropy should be reconsidered because of the lack of a 
clear definitions of heat and temperature. Here, I will consider a simple quantum 
system, which is used a model for photovoltaic solar cell and photosynthesis process, 
and show that it still obeys the usual thermodynamic laws, even though the 
temperature of the system is not well-specified due to NESS. 

 

 

 

 

[1] MarlanO. Scully, Kimberly R. Chapin, Konstantin E. Dorfman, MoochanBarnabas Kim, and Anatoly Svidzinsky, 
“Quantum heat engine power can be increased by noise-induced coherence”, PNAS 108, 15097 (2011). 
DOI: 10.1073/pnas.1110234108. 
[2] David Gelbwaser-Klimovsky and Alán Aspuru-Guzik, “On thermodynamic inconsistencies in several photosynthetic and 
solar cell models and how to fix them”, Chemical Science 8, 1008 (2016). DOI: 10.1039/c6sc04350j. 
 

A schematic model for photovoltaic solar cell, 
and a level diagram of embedded quantum 
dots. [Ref. 1] 

The thermal efficiency of a model, which are connected 
with two thermal baths and one load for electric 
energy. The red curve (solid) shows the model obeys 
the efficiency is below the Carnot efficiency, on the 
contrary to the claim of Ref. [2]. 

𝑇𝑇𝑣𝑣  
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H. J. Kimble, Caltech 
 
Title – 
Quantum matter built from nanoscopic lattices of atoms and photons 
 
Abstract –  
New paradigms for optical physics emerge with lattices of atoms trapped in one and two-
dimensional photonic crystals [1]. Exemplary experimental platforms include photonic crystal 
waveguides and cavities. Owing to their small optical loss and tight field confinement, these 
nanoscale dielectric devices are capable of mediating long-range atom-atom interactions using 
photons propagating in their guided modes. In a complimentary fashion, long-range 
interactions between photons can be mediated by an underlying lattice of atoms. Such systems 
have the potential to provide new tools for quantum phases of light and matter, scalable 
quantum networks, and quantum metrology. 
 
[1] D. Chang et al., Rev. Mod. Phys. 90, 031002 (2018). 
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Quantum feedback of a nanomechanical oscillator 

V. Sudhir, D. Wilson, S. Fedorov, N. J. Engelsen, A. Beccari, M. Bereyhi Mohammadjafar, A. Ghadimi, Tobias J. Kippenberg 
(PhD) 

Institute of Physics 
Swiss Federal Institute of Technology Lausanne, EPFL 

 
In real-time quantum feedback protocols (1), the record of a continuous measurement is used to stabilize a desired quantum 
state. Recent years have seen spectacular advances in a variety of 
well-isolated micro-systems, including microwave photons(2) and 
superconducting qubits(3). By contrast, the ability to stabilize the 
quantum state of a tangibly massive object, such as a nano-
mechanical oscillator, remains a difficult challenge. The main 
obstacle is environmental decoherence, which places stringent 
requirements on the timescale in which the state must be  
measured. Using cavity optomechanical coupling(4, 5) we report on 
a position sensor that is capable of resolving the zero-point motion 
of a solid-state, 4.3 MHz frequency nanomechanical oscillator in 
the timescale of its thermal decoherence(6), a basic requirement 
for preparing its ground-state using feedback as well as 
(Markovian) quantum feedback. The sensor is based on evanescent 
coupling to a high-Q optical microcavity(7), and achieves an imprecision 40 dB below that at the standard quantum limit for a 
weak continuous position measurement(8), while maintaining an imprecision-back-action product within a factor of 5 of the 
Heisenberg uncertainty limit. As a demonstration of its utility, we use the 
measurement as an error signal with which to feedback cool the 
oscillator. Using radiation pressure as an actuator, the oscillator is cold-
damped(9) with unprecedented efficiency: from a cryogenic bath 
temperature of 4.4 K to an effective value of 1.1 mK, corresponding to a 
mean phonon number of 5 (i.e., a ground state probability of 16%). The 
measurement reveals strong backaction-imprecision correlations, which 
we observe as quantum mechanical sideband asymmetries, as well as 
pondermotive squeezing of the light field(10). Our results set a new 
benchmark for the performance of a linear position sensor, and signal the 
emergence of mechanical oscillators as practical subjects for 
measurement-based quantum control.  We moreover demonstrate the 
existence of such quantum correlations due to the optomechanical 
interaction at room temperature (11) and demonstrate that the 
correlations enable quantum enhanced force sensing (termed 
“variational measurements”). This scheme, rather than utilizing squeezed 
vacuum, uses the quantum correlations produced in the interferometer 
for enhanced force sensing. Closing, we will describe recent progress 
which uses soft clamping and strain engineering, which has enabled to 
attain mechanical quality factor exceeding 800 million at room 
temperature, implying a mechanical oscillator undergoing more than 
hundreds of oscillations during the thermal decoherence time. These 
results signal the emergence of room temperature quantum feedback. 
References: 
1. H. Wiseman, Quantum theory of continuous feedback. Physical Review A 49, 2133 (1994). 
2. C. Sayrin et al., Real-time quantum feedback prepares and stabilizes photon number states. Nature 477, 73 (Sep 1, 2011). 
3. R. Vijay et al., Stabilizing Rabi oscillations in a superconducting qubit using quantum feedback. Nature 490, 77 (Oct 4, 2012). 
4. T. Kippenberg, H. Rokhsari, T. Carmon, A. Scherer, K. Vahala, Analysis of Radiation-Pressure Induced Mechanical Oscillation of an Optical Microcavity. 

Physical Review Letters 95,  (2005). 
5. M. Aspelmeyer, T. J. Kippenberg, F. Marquardt, Cavity optomechanics. Reviews of Modern Physics 86, 1391 (December 30, 2014, 2014). 
6. D. J. Wilson et al., Measurement and control of a mechanical oscillator at its thermal decoherence rate. Nature doi:10.1038/nature14672,  (2015, 

2014). 
7. E. Gavartin, P. Verlot, T. J. Kippenberg, A hybrid on-chip optomechanical transducer for ultrasensitive force measurements. Nature nanotechnology 7, 

509 (Aug, 2012). 
8. A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt, R. J. Schoelkopf, Introduction to quantum noise, measurement, and amplification. Reviews of 

Modern Physics 82, 1155 (2010). 
9. M. Pinard, P. Cohadon, T. Briant, A. Heidmann, Full mechanical characterization of a cold damped mirror. Physical Review A 63,  (2000). 
10. V. Sudhir, D. Wilson, A. Ghadimi, T. J. Kippenberg, Appearance and disappearance of quantum correlations in measurement-based feedback control of a 

mechanical oscillator. Phys. Rev.  X  (2017). 
11. V. Sudhir, D. Wilson,  T. J. Kippenberg, Room temperature quantum correlations of a mechanical oscillator. Phys. Rev.  X  (2017). 
12. A. Ghadimi et al., Elastic strain engineering for ultralow mechanical dissipation, Science (2018) 
 

Figure 2: SEM figure of an nano-optomechanical system for 
implementing real time quantum feedback of a mechanical oscillator 

 

Figure 1 : Strain engineering and soft clamping for ultra coherent 
mechanical oscillators (figure adapted from Imboden et al.) 
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Attosecond photoemission chronoscopy in molecules

Matthias F. Kling
Physics Department, Ludwig-Maximilians-Universität Munich & Max Planck Institute of Quantum Optics,
Garching, Germany

Attosecond chronoscopy with ultrashort laser pulses has revealed small but measurable delays in
photoionization, characterized by the ejection of an electron upon absorption of a single photon. Ionization
delay measurements in atomic targets provide a wealth of information about the timing of the photoelectric
effect, resonances, electron correlations and transport. The extension of this approach to molecules,
however, presents great challenges. In addition to the difficulty of identifying correct ionization channels,
it is hard to disentangle the role of the anisotropic molecular landscape from the delays inherent to the
excitation process itself. In the talk, I will show measurements of ionization delays from ethyl iodide around
a giant dipole resonance employing attosecond streaking spectroscopy. Here, an attosecond extreme
ultraviolet (XUV) pulse ionizes the molecule and the released electron is exposed to the ponderomotive
force of a synchronized near-infrared (NIR) field, see figure. Comparison of the data for the iodine 4d and
neon 2p emission permits extracting relative streaking delays, which inform on the photoemission delay.
The data is recorded for multiple photon energies around the iodine 4d resonance and compared to classical
Wigner propagation and quantum scattering calculations. By using the iodine atom in ethyl iodide as a
reference, we disentangle the contribution to the delay from the functional ethyl group, which is responsible
for the characteristic chemical reactivity of a molecule. We find significant delays that can distinguish
between different functional groups, providing a sensitive probe of the local molecular environment [1].

Figure: Attosecond chronoscopy of photoemission from ethyl iodide and neon employing
attosecond streaking spectroscopy, depicted on the right. A resulting experimental streaking
spectrogram for 93 eV photon energy is shown on the left.

In a second study, which will be presented in the talk, we investigated the photoemission delay from the
C60 fullerene around the giant plasmon resonance at 20 eV. Using neon as a reference permits to extract the
photoemission delays for a range of electron kinetic energies. These results can be directly compared to
classical trajectory Monte-Carlo simulations, which also include the induced dipole interaction and initial
photoemission delays obtained from time-dependent local density approximation (TD-LDA) simulations.
The results [2] show that plasmonic streaking, which so far has only been proposed and heavily investigated
theoretically, is experimentally feasible, and that related induced dipole contributions dominate the
photoemission delays.

[1] B. Förg et al., submitted.
[2] in preparation.
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Multipulse Generation of Cavitation Bubbles and Nanoparticle Aggregation 

Using MoS2 Nanoparticles 

Brian Ko1,2, Weigang Lu1, Ho Wai Howard Lee1,2, Marlan O. Scully1,2,3, Zhenrong Zhang1 

1Baylor University, 2Texas A&M University, 3Princeton University 

 

Creation of nanoparticle aggregates through various methods such as laser ablation in liquids and 

optical tweezing is a field that is generating great interest for its applications in biomedical and 

optical sensing. MoS2 is a transition metal dichalcogenide that has been used to enhance nonlinear 

optical phenomena in mono- and few-layer form, due to the presence of a direct excitonic 

resonance. In our experiment, two femtosecond laser pulses, a narrowband pulse centered at 800 

nm and a broadband supercontinuum with a bandwidth between 800 and 1100 nm, are used to 

generate a cavitation bubble in a solution of MoS2 nanoparticles when a nanoparticle passes 

through the laser focus (Figure 1). The cavitation bubble facilitates the growth of aggregates 

formed by the MoS2 nanoparticles (Figure 2). Formation of these aggregates can help create 

custom nanoparticles by controlling the size and shape needed to perform experiments like surface-

enhanced Raman spectroscopy. 

Figure 2. MoS2 aggregate formed 

by two pulses focused onto a 

solution of MoS2 nanoparticles 

Figure 1. Cavitation bubble formed 

in MoS2 nanoparticle solution. 
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Towards sub-fs x-ray plasma based lasers 
K. C. Han1, V. A. Antonov2, I. R. Khairulin2, T. R. Akhmedzanov1, M.O. Scully1  

and O. Kocharovskaya1 
1Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA 

2Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, 603950, Russia 

E-mail: kochar@physics.tamu.edu 

 

             Modern table-top x-ray plasma lasers produce high energy pulses (up to several mJ) 

but of rather long picosecond duration. It limits their application for dynamical imaging of 

fast processes in nanostructures and micromolecules, including the processes induced by the 

laser radiation. We suggest two new approaches for generation of the intense attosecond 

pulses by the X-ray plasma lasers in the soft x-ray range: (i) seeding of the x-ray plasma 

based laser with a train of attosecond pulses produced via high-harmonic (HH) generation, 

and generation of the attosecond pulses directly by the x-ray laser. Both approaches can be 

achieved via interaction of the x-ray plasma laser radiation or the high-harmonic radiation, 

accordingly, with the resonant medium modulated by a moderately strong IR or visible laser 

field similar to the techniques discussed in [1]. However, contrary to [1], the case of a high 

density plasma, corresponding to the strong plasma dispersion, as well as the case of two 

stage amplifier, allowing for generation of attosecond pulses in the absence of any seeding 

radiation are studied. 

     In particular, the possibility to strongly amplify a train of attosecond pulses (produced via 

HHG) with a carrier wavelength 3.38nm (in a “water window” range) in inverted plasma of 

the resonant hydrogen-like C VI ions driven by an IR field with a wavelength 

2102.85IR nmλ =  and intensity 
15 22.7 10 /

IR
I W cm= ×  is illustrated in Fig.1. The C VI ion 

concentration and electron densities are chosen to be 19 310 ,N cm
−

= 15elN N= (corresponding 

to the maximum gain in x-ray plasma laser at 3.38nm based on C VI ion [3]). 
      

              
Fig. 1 Amplified z-polarized (red) and y-polarized (blue) X-ray pulses at the output of 1 mm of modulated 

inverted C VI plasma medium plotted for different peak pulse intensities of an incident z-polarized field: 
11 2

0 10 /I W cm= and 12 2

0 10 /I W cm= accordingly. 
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Photonic Structures with Spatio-Temporal Symmetries and their Application to Photonic 
Limiters  

 
Tsampikos Kottos 

 
Wave Transport in Complex Systems Lab, Department of Physics, Wesleyan University, Middletown 

CT-06459 
 

Anti-linear symmetries can be utilized in a variety of optical settings by strategically distributing in space 
non-Hermitian (gain or/and loss) elements. Perhaps the most known case is associated with parity-time 
(PT) symmetric photonic structures. It turns out that such configurations can lead to non-Hermitian 
spectral singularities (exceptional points) where both eigenvalues and eigenvectors coalesce. At these 
singular points a (spontaneous) symmetry-violation occurs which leads to an enhanced light-matter 
interaction and to a consequent extreme sensitivity of the system to a certain class of perturbations. In 
this talk we will review some of the recent achievements associated with the field of non-Hermitian 
photonics (with imposed anti-linear symmetries). Emphasis will be given to situations where a 
spontaneous or explicit symmetry violation can induce to the system an enhanced light-matter 
interaction. Specifically, we will demonstrate how such scenarios can be utilized in order to design a 
novel class of reflective photonic limiters (RPL). These are filters that protect sensitive sensors from high 
power/fluence incident radiation via strong reflection occurring abruptly at their limiting threshold. At 
the same time the proposed RPLs show high transmittivity for low power/fluence incident signals. Our 
proposal, when compared with existing limiting schemes, demonstrates an enhanced limiting dynamic 
range which is further confirmed via current experimental efforts. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 

Figure 1:(a) A reflective power limiter (RPL) consisting of a non-linear lossy cavity (blue layer) embedded in a Bragg mirror 
(white and orange layers). The RPL provides (a) a high (resonant) transmission of a low intensity light and (b) nearly total 
reflectivity of a high-intensity light. (c) The Transmittance (T), Reflectance (R) and absorbance (A) characteristics of our 
proposal (main panel) as compared with the same characteristics of an existing limiter (inset). Notice that for high incident 
powers WI (arbitrary units), the absorbance of the RPL is (at least) two orders of magnitude lower than the absorbance of 
an existing limiters. In the latter case the limiter can be damaged due to overheating effects, as opposed to the case of 
RPLs where the damaging high-power radiation is reflected (almost) completely back to space.    
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New Directions for Fundamental Physics Tests with Macroscopic Scale Atom 
Interferometers 

Tim Kovachy, Department of Physics and Astronomy and Center for Fundamental Physics, 
Northwestern University 

 

Light-pulse atom interferometry—which uses optical pulses to split, recombine, and 
interfere quantum mechanical atomic matter waves—is a sensitive method for measuring inertial 
and gravitational forces, making it a valuable tool for a broad set of applications and fundamental 
physics tests.  The sensitivity of an atom interferometer scales with its enclosed spacetime area, 
which is proportional to the product of the maximum spatial separation reached between the two 
interferometer paths and the interferometer duration.  Motivated by this scaling, atom 
interferometers have been realized that cover macroscopic scales in space (tens of centimeters) 
and in time (multiple seconds) [1-3]. 

In this talk, I will discuss new experimental efforts to use macroscopic scale atom 
interferometers for fundamental physics tests.  These include improved searches for new 
particles beyond the standard model by looking for deviations from the gravitational inverse 
square law [4], an improved measurement of Newton’s gravitational constant, and the study of 
quantum systems in curved spacetime [2] in a new regime in which beyond-semiclassical effects 
dominate.  Additionally, I will provide an update on efforts to pursue a large scale atomic 
gravitational wave and dark matter detector. 

 

 

 

Figure:  Interference patterns from a macroscopic scale atom 
interferometric gravity gradiometer (actual data) [2]. 

 

 

 

 

[1] T. Kovachy, P. Asenbaum, C. Overstreet, C. A. Donnelly, S. M. Dickerson, A. Sugarbaker, J. M. Hogan, and M. 
A. Kasevich, Nature 528, 530-533 (2015). 

[2] Peter Asenbaum, Chris Overstreet, Tim Kovachy, Daniel D. Brown, Jason M. Hogan, and Mark A. Kasevich, 
Physical Review Letters 118, 183602 (2017). 

[3] C. Overstreet, P. Asenbaum, T. Kovachy, R. Notermans, J. M. Hogan, and M. A. Kasevich, Physical Review 
Letters 120, 183604 (2018). 
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Elucidation of Tip-Broadening Effect in Tip-Enhanced Raman Spectroscopy (TERS): A Cause of 

Artifacts or Potential for 3D TERS 

 

Dmitry Kurouski 

Department of Biochemistry and Biophysics and The Institute for Quantum Science and Engineering, 

Texas A&M University, College Station, Texas 77843, United States 

 

 

The tip-broadening effect (TBE) is an intrinsic phenomenon of atomic force microscopy (AFM), 

which makes the apparent dimensions of the imaged objects larger than they truly are. At the same time, 

TBE also provides an opportunity to achieve three-dimensional (3D) tip-enhanced Raman spectroscopy 

(TERS) if the plasmonically active zones located at the shaft of the used tip. 

In this talk, I will demonstrate the first evidence of TBE in TERS showing that side parts of the p-

nitrothiophenol (pNTP)-modified Au microplates (AuMPs) can be observed using 3D TERS.1 My group 

also used this novel spectroscopic approach to monitor reduction species of pNTP catalyzed by Au 

microplates (AuMPs). Our results showed that the 3D TERS was capable of distinguishing signals from 

both the side and top part in a single piece of AuMP, corresponding to Au{100} or Au{110} with low 

catalytic activity and Au{111} with higher catalytic activity, respectively (Figure 1). 

 

 

 

Figure 1. TER imaging of catalytic activity of different crystal surfaces of AuMP using 3D TERS. 

This novel spectroscopic approach allows for probing sides of AuMP with Au{100} or Au{110} that have 

lower catalytic efficiency of pNTP reduction comparing to the top surface that has Au{111}.  

 

 

1. Wang, R., Kurouski, D. (2018) Elucidation of Tip-Broadening Effect in Tip-Enhanced Raman 

Spectroscopy (TERS): A Cause of Artifacts or Potential for 3D TERS J. Phys. Chem. C, 122, 

24334–24340. 
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Spectral flux enhancement of X-rays via coherent control of Mossbauer nuclei 
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Novel short-wavelength radiation sources such as x-ray free-electron lasers open the possibilities to control nuclear 

transitions with light and extend quantum coherent effects from the optical to X-ray range. Coherent manipulation 

of nuclear transitions is hindered by low spectral fluxes of X-ray sources, radiating pulses with spectral bandwidths 

orders of magnitude wider than the nuclear resonances, at most providing one resonant X-ray photon per pulse. 

The most advanced X-ray source to date - the recently opened European XFEL, has a spectral flux of ~ 10
-4 

photons/Hz/pulse at energies < 30 keV, and the more advanced self-seeded XFELs are expected to produce ~ 10
-2 

photons/Hz/pulse. This will give > 10
2
 resonant photons for the most popular Mossbauer 

57
Fe nucleus having the 

transition with the width of 1.1 MHz (excited state lifetime 141 ns), but for nuclei with transition widths smaller 

than 10 kHz still about one photon per pulse will be resonant. Nuclear transitions with narrow linewidths < Hz will 

increase the precision of Mossbauer spectroscopy and can potentially be used for nuclear clocks expected to surpass 

current atomic clocks in accuracy and stability. We propose an approach to enhance the spectral intensity of X-ray 

radiation in a desired narrow frequency range by sending it through a resonant Mossbauer absorber. The spectral 

flux enhancement can be realized by placing the absorber in a longitudinal (along the incident field propagation 

direction) magnetic field gradient, which produces a spatial gradient of the transition frequency of Mossbauer nuclei. 

The part of the incident field spectrum within the gradient width, which can be significantly larger than the width 

of the Mossbauer nuclei transition, will be absorbed and stored as a nuclear excitation. By reversing the sign of the 

frequency gradient at a later time the stored excitation can be converted back into radiation and re-emitted by the 

nuclear ensemble, similar to gradient echo memory technique. The spectral width and intensity of the re-emitted 

field can be manipulated by tuning the magnitude of the reversed gradient. In particular, the width can be made of 

the order of the Mossbauer resonance one, and the maximal spectral flux at nuclear resonance can significantly 

exceed the intensity of the incident field. The spectrally enhanced X-ray field can be used to probe nuclear 

transitions such as a potential nuclear clock transition of 
45

Sc.  
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Self-oscillation and coherent control of flexural vibrations in dual-nanoweb fiber 
Johannes R. Koehler, David Novoa, and Philip St.J. Russell 

Max Planck Institute for the Science of Light, Staudtstrasse 2, 91058 Erlangen, Germany 

Optical phonons in molecular media have a flat dispersion band with a cut-off frequency in the THz 
range and cause stimulated Raman scattering (SRS). Transverse acoustic vibrations in the guiding cores 
of microstructured optical fibers share very similar dispersion, though at much lower cut-off frequencies 
ΩR. As a result, Stokes and anti-Stokes scattering of core-guided light is automatically phase-matched, 
giving rise to stimulated Raman-like scattering (SRLS) (Fig. 1 (a)). 

Fig. 1: (a) Optical / acoustic dispersion diagrams. (b) SEM of dual-nanoweb waveguide region. (c) Optical 
frequency comb, generated by SRLS for 22 mW CW laser light. (c) Spatio-spectral evolution of nanoweb 
vibrations. (d) Suppression of SRLS phonon population via coherent control. 

An example of a system with giant SRLS gain is dual-nanoweb fiber, which consists of two closely-
spaced silica nano-membranes suspended inside a capillary fibre (Fig. 1(b)). Light launched into the even 
fundamental mode (FOM) of the coupled nanoweb pair causes an attractive gradient pressure between 
the nanowebs, giving rise to a large optomechanical nonlinearity and permitting optical driving of 
flexural nanoweb vibrations. When more than a few mW of single-frequency (CW) laser light is launched 
into an evacuated fiber, the fundamental flexural mode is found to self-oscillate, generating many 
Stokes/anti-Stokes sidebands (Fig. 1(c)) [1]. Since, unlike in SRS, group-velocity dispersion is 
insignificant over the small spectral range (a few tens of MHz) considered, phase-matched intra-modal 
scattering between many adjacent sidebands is possible using identical phonons. Under these 
circumstances, however, self-oscillation by CW pumping is not expected, since phonon-creation and 
annihilation rates should be exactly balanced, an effect known as gain suppression. By tracking the 
spatio-spectral evolution of nanoweb vibrations [2], i.e., driving them selectively with dual-frequency 
light and sweeping the beat-frequency ΩB while probing the vibrational amplitude interferometrically 
from the side of the fiber, we find (Fig. 1(d)) that stimulated inter-modal scattering (SIMS) to a higher-
order optical mode (HOM) frustrates SRLS gain suppression. This occurs when the frequencies of SRLS 
(ΩR) and SIMS (ΩM) accidentally match at one location – the result of structural non-uniformities. 

The optical beat-note driving SRLS is unaffected by optomechanical back-action. This enables 
simultaneous coherent control of nanoweb vibrations along the whole length of the fiber, by imprinting 
steps in relative phase between the components of dual-frequency driving light [3]. Sequentially repeated 
at time intervals shorter than the acoustic lifetime, the vibrational amplitude becomes constant and is 
tunable via the depth and switching rate of the phase steps. Transverse and axial probing (Fig. 1(e)) 
confirm this concept, which will work in any system supporting SRLS. 

References: [1] A. Butsch, et al., Optica 1, 158-164 (2014).  
[2] J. R. Koehler, et al., APL Photonics 1, 056101 (2016). 
[3] J. R. Koehler, et al., Phys. Rev. A 96, 063822 (2017). 
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Radiation from a Uniformly Accelerated Charge: Classical and
Quantum Aspects and the Surprising Role of Zero-Energy

Rindler Modes

A. G. S. Landulfo

Center for Natural and Human Sciences, Federal University of ABC

The radiation emitted by a uniformly accelerated charge is a longstanding issue in theoretical

physics with a surprising number of conceptual subtleties—as discussed in Fulling’s talk. In

this talk, I will discuss both classical and quantum aspects of the radiation emitted by a

uniformly accelerated scalar charge (with current j) from the perspective of quantum field

theory in curved spacetime. I will show that the classical radiation emitted by the charge

and measured by inertial observers in the asymptotic future is built entirely from zero-

frequency Rindler modes (positive-frequency modes with respect to uniformly accelerated

observers) in the right Rindler wedge (region I of the Figure). It will also be shown that

the “classical photon number” content of such radiation agrees with the tree-level emission

calculated with QFT by Ren and Weinberg. To get a better understanding of such an

emission process, I will analyze the quantum mechanical evolution of a classical charge

interacting with a quantum field prepared in the vacuum state for inertial observers in the

asymptotic past. It will be shown that it will produce a coherent state for the quantum

field whose field expectation value is given by the classical retarded solution Rj (complying

with the previous classical analysis). This coherent state is built only from zero-energy

Unruh modes (positive-frequency inertial modes built from Rindler modes) but only the

(zero-energy) Rindler modes in the right Rindler wedge contribute to it.
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Acousto-Plasmonic Interactions in Raman Scattering

Nicolas Large
Department of Physics & Astronomy, University of Texas San Antonio, San Antonio, TX, USA

Nicolas.Large@utsa.edu

Interactions between elementary such as plasmon-exciton and plasmon-phonon are of great interest from
both a fundamental point of view and for applications. While plasmon-exciton [1] have been extensively
studied both experimentally and theoretically, the interaction mechanisms between acoustic vibrations
(phonons)  and  localized  surface  plasmons  (LSPs)  remain  quite  unexplored  [2].  Here  we  present  a
theoretical  investigation  of  the  interactions  between  confined  acoustic  vibrations  and  LSPs  in  the
framework of resonant acoustic Raman scattering. We
express  the  Raman  scattering  process  in  the
framework of Fermi golden rule and introduce for the
first time the concept of Raman energy density (RED).
Similarly  to  the  Raman-Brillouin  electronic  density
introduced for semiconductors [3-4], this new physical
quantity  is  used  as  a  theoretical  tool  for  the
interpretation of resonant Raman scattering mediated
by LSPs in metallic nanoparticles. The RED represents
the  electromagnetic  energy  density  excited  by  the
Raman probe and modulated by acoustic vibrations of
the nano-object. The RED is a local quantity that can
be mapped in the near-field region, thus providing a
clear  picture  of  the  interaction  between  LSPs  and
acoustic  vibrations  which  give  rise  to  inelastic
scattering measurable in the far-field. 

References:
[1] Schlather, A. E.; Large, N.; Urban, A. S.; Nordlander, P. & Halas, N. J. Near-Field Mediated 
Plexcitonic Coupling and Giant Rabi Splitting in Individual Metallic Dimers Nano Lett., 2013, 13, 3281
[2] Large, N.; Saviot, L.; Margueritat, J.; Gonzalo, J.; Afonso, C. N.; Arbouet, A.; Langot, P.; Mlayah, A. 
& Aizpurua, J. Acousto-plasmonic Hot Spots in Metallic Nano-Objects Nano Lett., 2009, 9, 3732 
[3] Large, N.; Huntzinger, J. R..; Aizpurua, J.; Jusserand, B. & Mlayah, A. Raman-Brillouin electronic 
density in short period superlattices Phys. Rev. B, 2010, 82, 075310 
[4] Mlayah, A.; Huntzinger, J.-R. & Large, N. Raman-Brillouin light scattering in low-dimensional 
systems: Photoelastic model versus quantum model Phys. Rev. B, 2007, 75, 245303 

Figure. Left: Anisotropic breathing acoustic 
mode (A

1g
) of a AuNP modulating the near-field 

induced par the dipolar localized surface 
plasmon (LSP). Right: Raman energy density 
(RED) resulting from the interaction of the A

1g
 

vibration mode with the dipole LSP.
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Topological insulator thin films as terahertz plasmonic materials 
Stephanie Law 

Department of Materials Science and Engineering, Univeristy of Delaware, Newark DE 19716 USA 

3D electronic topological insulators (TIs) are materials that exhibit a bulk bandgap crossed by linearly-
dispersing two-dimensional surface states.  Electrons occupying these surface states have a small 
effective mass and large Fermi velocity. They also exhibit spin-momentum locking, meaning that the 
spin of an electron is determined by its momentum. This leads to a substantial reduction in scattering 
within the topological surface states. Among other interesting properties, two-dimensional Dirac 
plasmons can be excited from these surface electrons  [1,2]. These plasmons are expected to exhibit 
resonances in the terahertz (THz)  [3], a frequency range of interest for chemical identification, 
imaging, and communication. The TI plasmons should inherit the unusual properties of their constituent 
electrons: the excitations should be two-dimensional and massless, similar to those found in graphene. 
Unlike graphene, TI plasmons should also exhibit spin-momentum locking, leading to a reduction in 
scattering and an increased plasmon lifetime. In thin films, a plasmon can be excited on the top and 
bottom of the film simultaneously. These plasmons couple to each other, resulting in an acoustic and 
optical mode. This talk will describe our efforts to excite TI plasmons, map their dispersion, and 
understand their scattering properties. 

Thin films of varying thickness of Bi2Se3, a 
prototypical topological insulator, are grown 
using molecular beam epitaxy (MBE)  [4]. 
Post-growth, the films are patterned into stripe 
arrays their extinction spectra obtained using 
Fourier transform infrared spectroscopy. Nine 
films are measured corresponding to all 
combinations of the three film thicknesses and 
three stripe widths. Fig. 1 shows the extracted 
coupled Dirac plasmon frequencies for all nine 
samples as symbols, while the theoretical 
curves are shown as lines. No fitting 
parameters are used, showing the excellent 
agreement between experiment and theory. 
We can also investigate the effective mode 
index and lifetime of these plasmons. The 
effective mode index is a measure of how well 
light is confined in these materials.  For our smallest samples, we achieve mode indices greater than 
200. This mode index is larger than reported for graphene, and much larger than reported for traditional 
materials. Generally, such strong confinement comes at the cost of increasing losses.  Although the 
samples with larger confinement exhibit larger losses, the plasmon lifetime is still hundreds of 
femtoseconds.  These lifetimes are longer than observed for graphene, and much longer than observed 
for traditional materials.  The combination of large effective index and long lifetime makes these 
materials exceptionally useful for applications in waveguiding and gas sensing.  In the future, we expect 
that these materials will be essential components of terahertz optoelectronic systems. 

1. P. Di Pietro, M. Ortolani, O. Limaj, A. Di Gaspare, V. Giliberti, F. Giorgianni, M. Brahlek, N. 

Bansal, N. Koirala, S. Oh, P. Calvani, and S. Lupi, Nat. Nanotechnol. 8, 556 (2013). 

2. T. P. Ginley and S. Law, Adv. Opt. Mater. 6, 1800113 (2018). 

3. T. Ginley, Y. Wang, Z. Wang, and S. Law, MRS Commun. 8, 782 (2018). 

4. Y. Wang, T. P. Ginley, and S. Law, J. Vac. Sci. Technol. B 36, 02D101 (2018). 

Fig. 1. Experimental plasmon frequencies (symbols) and theoretical dispersion 
curves (solid lines) for samples with thicknesses 200nm (orange), 100nm 

(blue), and 50nm (green) and stripe widths 4m (squares), 2m (circles), and 

1m (triangles).  Dashed black line shows theoretical dispersion for massive 

two-dimensional plasmons. 
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Jingyi Yang1, Indra Ghimire1, Khant Minn1, Aleksei Anopchenko1, Sudip Gurung1, Howard Ho Wai Lee1, 2 

1Department of Physics, Baylor University, Waco, TX 76798, United States 

2The Institute for Quantum Science and Engineering, Texas A&M University, College Station, TX 77843, United States 
Howard_Lee@Baylor.edu  

 
Conventional optical fiber has excellent performance in guiding light, which has been widely employed for 
long-distance optical communication. Although a dielectric optical fiber is efficient for transmitting light, its 
functionality is limited by the dielectric properties of the core’s and cladding’s materials (e.g. Ge-doped-
silica and silica glasses). The spot size of the transmitted light is diverging and limited by the diffraction limit 
of the dielectric core, and the numerical aperture is determined by the refractive index of the fiber materials. 
However, the novel technology of metasurfaces is opening the door to a variety of optical fiber innovations. 
In this paper, we report an ultrathin optical metalens cascaded on the facet of a photonic crystal optical fiber 
that enables light focusing in the telecommunication regime (Fig. 1, left). In-fiber metalenses with focal 
lengths of 28 µm and 40 µm at a wavelength of 1550 nm are demonstrated with maximum enhanced optical 
intensity as large as 234% (1). The integration of an ultrathin metalens and optical fiber will open the path to 
revolutionary ultracompact in-fiber optical devices for optical imaging, sensing, and fiber laser applications. 

 

 
In addition, we experimentally demonstrate a novel optical waveguide design of side-polished fiber nano-
coated with a thin film of aluminum-doped zinc oxide (AZO). AZO thin film with thickness of ~70 nm and 
epsilon-near-zero (ENZ) wavelength of 1552 nm (real part of permittivity of the material crosses zero) is 
fabricated onto the D-shaped/nanobore platform by atomic layer deposition technique (2,3). Due to the 
evanescent field coupling between the core mode and the mode supported by the AZO nano-layer, a highly 
confined ENZ mode in the AZO nano-film on the fiber could be excited (Fig.1, right). At the phase matching 
wavelength between the guided core mode and the ENZ mode, we observed a resonant dip with loss of 8.2 
dB located at wavelength of ~1645 nm in the measured transmission spectrum. The results show a good 
agreement with the full-wave numerical simulation by considering the ellipsometrically measured dispersion 
of the AZO material. Our results show the first experimental demonstration on the excitation of highly 
confined ENZ mode on optical fibers. These hybrid ENZ-optical fibers have potential applications for zero-
index photonics, for instance, for studying enhanced ENZ nonlinear in fiber, quantum emission in ENZ 
media, and subwavelength mode enhanced in-fiber optical- and bio-sensing.  

Reference:  
(1) J. Yang et al.,“Photonic crystal fiber metalens”, submitted (2018). (2) K. Minn et al. Nature Scientific Reports 8, 2342 (2018).  
(3) A. Anopchenko, et al. Materials Research Express, 5, 014012 (2018).  
This work was supported in part by the Defense Advanced Research Projects Agency (grant number N66001-17-1-4047) and Robert 
A. Welch Foundation (Award number: AA-1956-20180324) 

Fig.1: (Left) Schematics of large mode area photonic crystal fiber (LMA-PCF) metalens and SEM images of the chromatic 
metalens patterned on the end-facet of the large mode area photonic crystal fiber (LMA-PCF). The core diameter of the PCF 
is 25±1 µm. (Right) Schematic of the ENZ fiber waveguide design and the corresponding electric field of the fundamental 
mode supported by the ENZ fiber with 10 nm ITO shell thickness at ENZ wavelength and outside ENZ wavelength. 

ENZ  ber (coated with ITO ENZ nano-shell) and hollow nanobore  ber (without ITO ENZ nano-shell). 

Speaker: Howard Lee, Baylor University, Texas A&M University
Session: Advanced Passive and Active Meta-Surfaces
Schedule: Tuesday Morning Invited Session 1

PQE-2019 202



Progress toward an interferometer with T 3 sensitivity scaling

J. G. Lee∗, and F. A. Narducci

Dept. of Physics, Naval Postgraduate School, Monterey, CA, USA

E-mail: Frank.Narducci@nps.edu

As discussed in [1], an atom interferometer in which the two internal states experience differing
accelerations has phase that scale as the cube of the time during which the atoms experience the
acceleration. This increase in scaling over the quadratic scaling of a standard interferometer can
potentially lead to higher sensitivity to acceleration. This system can be realized experimentally by
using magnetically sensitive sublevels of 85Rb as the states for the interferometer and applying a
magnetic field gradient along the ballistic path of the atoms. We present our progress on rebuilding an
apparatus to study this idea in a new lab space (Figure 1), including measurements of Raman transitions
and Ramsey interference (Figure 2), as well as a discussion of the technical challenges encountered and
their solutions.

Figure 1: Rebuilt experimental apparatus (in-progress). Figure 2: Raman transitions (top)
and Ramsey interference (bottom) in
our rebuild experimental setup.

References

[1] M. Zimmermann, M. A. Efremov, A. Roura, W. P. Schleich, S. A. DeSavage, J. P. Davis, A. Srini-
vasan, F. A. Narducci, S. A. Werner, and E. M. Rasel. T3-interferometer for atoms. Applied Physics
B, 123(4):102, Mar 2017.

∗This research was performed while the author held an NRC Research Associateship award at the Naval Postgraduate
School
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Wigner flow of a non-Hermitian system with PT symmetry 
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Abstract: We present a phase-space study of a non-Hermitian system deriving a continuity 
equation for the Wigner distribution and arbitrary complex potential, defining a Wigner function 
flow accordingly. In particular, we reveal how a PT-symmetry breaking manifests itself in the 
phase-space representation. A quantitative measure on the circulation value for the Wigner 
function flow shows that the phase transition in the vicinity of the exceptional point (EP) is a 
continuous function of the system parameter. Our study in phase-space representation indicates 
that a PT-symmetric phase transition is a second- order phase transition. 

 
Instead of conventional quantum mechanics with Hermitian Hamiltonians, non-Hermitian parity-time (PT) 
symmetry was initially introduced to generalize quantum mechanics, which was first established by Bender and his 
colleagues in 1998 [1]. Here, P is parity operator and T is time-reversal operator. Since then, lots of work have been 
done to investigate. With the additional degree of freedom from a non-conservative Hamiltonian, as well as the 
existence of exceptional points between unbroken and broken PT-symmetries, optical PT-symmetric devices have 
been demonstrated with many useful applications [2]. Although calling for more caution on physical interpretations, 
especially on the consistency problem of local PT-symmetric operation and the no-signaling principle [3], PT 
-symmetric quantum mechanics has been stimulating our understanding on many interesting problems such as 
spectral equivalence, quantum brachistochrone, Riemann hypothesis, and the manifestation of superposition and 
coherence [4], as well as week measurement [5]. In this talk [6], with the introduction of Wigner function flow, we 
derive the corresponding continuity equation. Moreover, through the Gauss-Ostrogradsky theorem, we show that the 
phase transition in the vicinity of exceptional point (EP), i.e., from an unbroken PT-symmetry phase to a broken one, 
is a continuous function of the system parameter, which indicates that a PT-symmetric phase transition is a 
second-order phase transition. 

 
Fig. 1. Wigner function currents for the (upper panel) first- and (lower panel) second-excited states. Here, arrows 
denote the direction of Jψ , while the color of the arrows depends on the norm NJ with dark gray denoting the highest 
value.  
References: 
[1] C. M. Bender and S. Boettcher, Real Spectra in Non-Hermitian Hamiltonians Having PT Symmetry, Phys. Rev. Lett. 80, 5243 (1998). 
[2] Y.-C. Lee, J. Liu, Y.-L. Chuang, M.-H. Hsieh, and R.-K. Lee, Passive PT-symmetric couplers without complex optical potentials, Phys. Rev. 
A 92, 053815 (2015). 
[3] Y.-C. Lee, M.-H. Hsieh, S. T. Flammia, and R.-K. Lee, Local PT Symmetry Violates the No-Signaling Principle, Phys. Rev. Lett. 112, 
130404 (2014). 
[4] M. Huang, R.-K. Lee, and J. Wu, Manifestation of superposition and coherence in PT-symmetry through the η-inner product, J. Phys. A: 
Math. Theor. 51, 414004 (2018). 
[5] M. Huang, R.-K. Lee, L. Zhang, S.-M. Fei, and J. Wu, Simulating broken PT-symmetric Hamiltonian systems by weak measurement, arXiv: 
1809.09918 (2018). 
[6] L. Praxmeyer, P. Yang, and R.-K. Lee, Phase-space representation of a non-Hermitian system with PT symmetry, Phys. Rev. A 93, 042122 
(2016). 
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Tracking the Phase Transition in VO2 using High Harmonic Spectroscopy 
Mina R. Bionta1, Adrien Leblanc1, Vincent Gruson1,2, Philippe Lassonde1, Jérémie Chaillou1, Nicolas Émond1, Martin R. 

Otto3, Bradley J. Siwick3, Mohamed Chaker1, and François Légaré1,* 
1Centre Énergie Matériaux et Télécommunications, INRS, Varennes, Qc J3X 1S2, Canada 

2Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA 
3Department of Physics and Department of Chemistry, Center for the Physics of Materials, Montreal, Qc H3A 2K6, Canada 

*legare@emt.inrs.ca 
 
We present a study that uses a technique extending upon high harmonic spectroscopy, which is generated as a function of 
photoexcitation pump fluence to probe the resulting time-resolved electronic dynamics of the insulator-to-metal phase 
transition in VO2 [1]. When heated to above ~343 K, VO2 experience a complete atomic rearrangement of the crystal lattice 
structure from a monoclinic insulator (M1 phase) to a metallic rutile crystalline structure (R phase). When initiating this IMT 
via photoexcitation, the pathways are even more complex. After photoexcitation, the ultrashort pulse immediately excited 
electrons creating the M1

* state. With sufficient pump energy, the periodic lattice of the M1 phase can transition completely 
into the R phase. If there is insufficient energy, after a few hundred femtoseconds, the excited photodoped electrons in the 
M1

* state relax into a pseudothermal state in which the thermalized photodoped populations have the same chemical potential 
(M1

*,b state). After about a picosecond, the M1
*,b state then transitions into a long-lived metastable monoclinic metallic ℳ 

state. If the pumping fluence is between these two thresholds, a final metallic mixed state of rutile and monoclinic is produced 
(R + ℳ). So far, only Morrison et al. have reported the existence of the monoclinic metallic ℳ state [2].   

We track the IMT dynamics in VO2 by measuring the 
yield of an intraband harmonic, requiring a conduction 
band with an anharmonic band structure. A mid-infrared 
laser pulse (drive) at 10 μm is used to drive high harmonic 
generation (HHG) from a 100 nm thick, epitaxial VO2 
sample [3]. The sample is photoexcited with a 50 fs, 1.5 
μm laser pulse (pump) to initiate the IMT. The production 
of the fifth harmonic of the HHG driver is recorded as a 
function of time delay between the pump and drive for 
various fluences as presented in Fig. 1(a). 

The observed changes in the harmonic yield correlate 
with the state transitions in the pumped VO2. Immediately 
after optical excitation, regardless of pump fluence, a drop 
in HHG yield is observed, corresponding to the M1

* state 
of the VO2. If the pump fluence is very low, the harmonic 
yield returns to nearly the same level, indicating the 
system returns to its initial state, with no new metastable 
states created. Once enough pump fluence is applied, after 
the initial drop in harmonic yield, an increase in yield is 
observed after ~300 fs corresponding to the relaxation to 
the M1

*,b pseudothermal state. The VO2 then further 
relaxes over a picosecond time period to the metastable 
metallic monoclinic ℳ state, characterized by an almost, 
but not complete, recovery in harmonic yield. If there is 
sufficient pump fluence, a complete suppression of the 
harmonics indicating that the VO2 has completely 
transitioned to the metallic R state. Between these two thresholds, a mix of the long-lived ℳ and R states is reached. 
Complementary measurements of a transmitted IR probe pulse at 1.7 μm show no indication of a revival in transmittance as 
shown in Fig. 1(b). By using both the harmonic yield and its time evolution, we are able to distinguish the various states in 
VO2, and thereby track, in real-time, the IMT dynamics. The dynamics we see are in good agreement with previous UED 
experiments [2]. We see the double time constant feature in the change in HHG yield corresponding to a transition time for 
the M1

*  M1
*,b transition of 291  100 fs and the M1

*,b  ℳ transition of 1.4  0.4 ps.  
As this technique is simple and easy to implement, we expect that our time-resolved HHG spectroscopy technique can 

be easily extended to other strongly correlated materials and solids. This opens the path to study how materials evolve and 
transition to other exotic phases under different conditions such as high pressure, high temperature, and photoexcitation. 
 
[1] M.R. Bionta et al., “Tracking ultrafast solid-state dynamics using high harmonic spectroscopy,” under review (2018). 
[2] V.R. Morrison et al., “A photoinduced metal-like phase of monoclinic VO2 revealed by ultrafast electron diffraction,” Science 346, 455 
(2014). 
[3] M.R. Bionta et al., “Probing the phase transition in VO2 using few-cycle 1.8 μm pulses,” Phys. Rev. B 97, 125126 (2018). 

Fig. 1. (a) The time dependent change in the fifth harmonic yield 
following the photoexcited IMT in VO2. Negative delays indicate the 
harmonic generating drive pulse arrives before photoexcitation. (b) The 
time depended change in IR transmittance (at 1.7 micron) following 
photoexcitation. 
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Correction of amplitude heterogeneity for solving combinatorial 
optimization problems efficiently using optoelectronics

Timothee   Leleu1, Yoshihisa Yamamoto2,3 , Peter L. McMahon3,4 , and Kazuyuki Aihara1,5

1 Institute of Industrial Science, The University of Tokyo, Japan, 2 ImPACT program, The Japan Science and 
Technology Agency, Japan, 3 E. L. Ginzton Laboratory, Stanford University, USA, 4 National Institute of 
Informatics, Japan, 5 International Research Center for Neurointelligence, The University of Tokyo, Japan.

It has been suggested that mapping the classical Ising
Hamiltonian  to  the  energy  landscape  of  analog
systems  such  as  analog  neural  networks  and  the
coherent Ising machine[1-4] can be useful for solving
efficiently combinatorial  optimization problems. This
mapping  is  achieved  by  the  relaxation  of  the  Ising
(binary) spins σi = ±1 to analog values xi with xi  ∈ℝ.
Although these analog systems are ideal for efficient
implementation  on  dedicated  hardware[1],  it  is
believed that they do not perform as well as state-of-
the-art heuristics because of the improper mapping of
the energy function that results from the relaxation of
the spins to analog values[2,3]. 

In  this  talk,  we  will  introduce  an  error  correction
scheme[4] (see left figure) that corrects the amplitude
heterogeneity  of  the analog state  and prevents  the
system from being trapped in  suboptimal  solutions.
We  have  tested  the  proposed  scheme  by  solving
MAXCUT problems from standard benchmark sets against state-of-the-art heuristics and orders of
magnitude decrease of the time-to-solution can be obtained in the case of an implementation on the
coherent Ising machine (see table). This research was funded by the ImPACT Program of the Council
for Science, Technology and Innovation (Cabinet Office, Government of Japan).

Id Best cut 
(BLS)

Best cut 
(proposed)

Time-to-solution
(BLS w. CPU)

Time-to-solution
(proposed w. CPU)

Time-to-solution
(proposed w. CIM*)

37 7689 7690 444 s 285.74 s 0.54 s
38 7687 7688 461 s 199.44 s 0.38 s

* Estimation of the time-to-solution in the case of the proposed implementation on the coherent
Ising machine, calculated using the value of the time normalization constant (the cavity photon
lifetime) that has been obtained experimentally[1],  vs. state-of-the-art heuristic called breakout
local search[5] (BLS) for the instances with id 37 and 38 from the GSET benchmark set[5].

[1] Peter L McMahon, Alireza Marandi, et al., Science 354(6312):614–617 (2016)
[2] Yoshihisa Yamamoto, Kazuyuki Aihara, Timothee Leleu, et al., NPJ: Quantum Information 3(1):49 (2017)
[3] Timothee Leleu, Yoshihisa Yamamoto, Shoko Utsunomiya, and Kazuyuki Aihara, PRE 95(2):022118 (2017)
[4] Timothee Leleu, Yoshihisa Yamamoto, Peter L McMahon, and Kazuyuki Aihara, arXiv:1810.12565 (2018)
[5] U. Benlic and J.-K. Hao, Eng. Appl. Artif. Intell. 26, 1162 (2013)
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Non reciprocal chip scale photonic and plasmonic devices integrated 
with hot vapors 
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In this talk I will describe our recent progress related to the demonstration of nonreciprocal 

devices consisting of nanophotonic structures integrated with hot vapors. Peculiar 

circularly polarized light can be generated by the excitation of TM waves in highly confined 

systems. Such circularly polarized light, upon interaction with Rubidium atoms in the 

presence of weak magnetic field can give rise to Faraday or Voigt effects, depending on 

the orientation of the magnetic field with respect to the polarization plane of the excitation 

electromagnetic field. We will discuss several photonic and plasmonic systems that may 

benefit from light-vapor interactions in the presence of magnetic field and demonstrate 

non reciprocity, tenability, and magnetic sensing functionalities.  
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High order speckle sub-Rayleigh imaging   
 

Fu Li1, Charles Altuzarra1, Marlan Scully1,2,3, Girish Agarwal1 

 
1 Texas A&M University, College Station, Texas 77843, USA 
2 Princeton University, Princeton, New Jersey 08544, USA 
3 Baylor University, Waco, Texas 76798, USA 
 

Figure 1: The experimental setup.  (b) Several image frames are recorded to compute the high order correlation 

images. (c) A pixel’s intensity fluctuation with respect to time.  

 

 
Figure 2: (a) The mask object. (b) The average intensity (Avg.) imaging of speckle illumination, and the images 
reconstructed by the 2nd , 6th  order moment (𝜇) and cumulant (𝜅) (d, c, e). 

The use of optical correlations in imaging has unlocked many novel techniques in super-
resolution microscopy. By using optical intensity fluctuations with high-order correlation 
functions, the point-spread function (PSF) is drastically narrowed, thus the resolution is 
significantly improved. Here, we show a high-order correlation imaging technique that 
does not require emitters. Instead, we use intensity fluctuations from a speckled light 
source with high-order correlations to image holes with a resolution beyond the Rayleigh 
limit. Such a technique could prove useful for non-invasive bio-imaging and far-field 
imaging in astrophysics. 
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Three-photon emission and correlation  

via frequency down-conversion in a Sagnac interferometer 

 

Fuli Li, 

Department of Applied Physics, School of Science,  

Xi'an Jiaotong University, Xi'an 710049, China 

 

A waveguide loop coupled to two external line waveguides via a 50/50 beam splitter 

forms a Sagnac interferometer. We consider the situation where a cascade four-level 

emitter is coupled to the loop of a Sagnac interferometer and a single photon is input 

through one end of the line waveguides. Since the incoming photon is always in a 

superposition of the clockwise and counterclockwise modes of the loop, the two 

frequency-down conversions with the clockwise and counterclockwise modes are 

coherence and ensure that the frequency-down conversion with three-photon emission 

definitely happens. We investigate the correlations of the emitted three photons in 

frequency and spatial domains. We find that the three photons can have the strong 

frequency correlation under the single-, two- and three-photon resonant conditions. We 

also find that the three wavepackets of photons can well overlap and correlate in real 

space. It means that our scheme may can be used to generate three-photon bound states 

in a one-dimensional real space.      
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Investigating mechanical property of soft materials by diamond quantum sensing 

  

Quan Li 

Department of Physics, The Chinese University of Hong Kong, Shatin, New Territories, Hong 
Kong, China; Centre for Quantum Coherence, The Chinese University of Hong Kong, Shatin, 
New Territories, Hong Kong, China 

 

Nitrogen-vacancy (NV) in diamond serves as a promising sensor for many applications 
ranging from condense matter physics to biomedicine.  In the present work, we developed a new 
scheme to investigate the mechanical properties of soft materials using diamond nanoparticles as 
the quantum sensors. We showed proof-of-the-concept demonstration using polydimethylsiloxane 
(PDMS) film and gelatin microparticle.  The excellent sensitivity and spatial resolution associated 
with such a technique enable the disclosure of heterostructured nature of the former, and effect of 
surface tension in the latter. This work has been carried out in collaboration with Renbao Liu, 
Kangwei Xia, Wenghang Leong, Manhin Kwok, Chufeng Liu, and Zhiyuan Yang. We 
acknowledge funding from CRF of RGC (Project No. C4006-17G); and CUHK Group Research 
Scheme (Project No. 31110126). 
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In this talk, we show that two unknown quantum states, either pure or mixed, can be 
bidirectionally ‘’teleported’’ counterfactually. In the process of information exchange, there is 
no physical particle traveling between two communicators. Unlike conventional quantum 
teleportation, our protocol neither requires prearranged entangled pairs nor Bell 
measurements. In our protocol, initially, Alice’s photon is prepared in an unknown quantum 
state, while Bob’s atom is prepared in another unknown quantum state. This atom can be 
regarded as a quantum object, which can block or unblock the public transmission channel 
between Alice and Bob. We entangle and disentangle Alice’s photon and Bob’s atom through 
multiple measurements in a special sequence. These measurements can smoothly but 
reversibly control system evolution. The total effect of these measurements can be considered 
as a unitary time evolution operator. More importantly, in a successful exchange process, we 
show that Alice’s photon is confined at her device, while Bob’s atom is confined at his device. 
They don’t have any physical contact even through a third party. The effective fidelity and 
transfer efficiency of our protocol are close to one, when unlimited resources are at Alice and 
Bob’s disposal. Hence, our protocol can be utilized as a counterfactual quantum swap gate. 
Based on our approach, all known conventional quantum gates can be counterfactualized. 
Our protocol can be utilized to protect communication privacy. For example, if there is a 
public network storage device (cloud storage) at Bob’s end, Alice can read and write 
information from it by replacing Bob’s atomic states. However, Alice’s personal information 
(such as her identity, personal address and so on) is protected since there is nothing in the 
transmission channel that someone can track. 
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Compressed ultrafast photography (CUP): Imaging light-speed events in a snapshot 

Jinyang Liang1 and Lihong V. Wang2 
1Centre Énergie Matériaux Télécommunications, Institut National de la Recherche Scientifique, 

1650 boulevard Lionel-Boulet, Varennes, QC J3X1S2, CANADA. 
2Caltech Optical Imaging Laboratory, Andrew and Peggy Cherng Department of Medical Engineering, 

Department of Electrical Engineering, California Institute of Technology, 1200 East California 

Boulevard, Mail Code 138-78, Pasadena, CA 91125, USA. 

Direct imaging of transient events can greatly aid the understanding of many underlying principles in 

materials science, chemistry, and biology. These events, often probabilistic and occurring at sub-

nanosecond time scales, require real-time imaging at ultra-high temporal resolutions. The pump-probe 

ultrafast imaging schemes fall short because they rely on repetitive measurements, requiring the scene to 

be highly repeatable. To image non-repeatable transient events, single-shot ultrafast imaging techniques 

have been developed. However, these approaches either require specialized active illumination or suffer 

from low light throughput[1].  

 To overcome these limitations, we 

have developed compressed ultrafast 

photography (CUP)—the world’s fastest 

imaging technique[2] (Figure 1). CUP 

innovatively synergizes compressed sensing 

with streak imaging. In data acquisition, a 

transient spatiotemporal ( 𝑥, 𝑦, 𝑡 ) scene is 

compressively recorded in a single snapshot by 

successively going through spatial encoding, 

temporal shearing, and spatiotemporal 

integration. In movie reconstruction, a compressed-sensing reconstruction algorithm is employed to 

recover the datacube of the transient event. CUP, as a single-shot, receive-only, ultrafast imaging 

modality, has achieved an unprecedented imaging speed of 10 trillion frames per second. 

 CUP has made first-ever real-time 

recording of a number of fundamental 

light phenomena (Figure 2), including 

temporal focusing of a femtosecond laser 

pulse[2], laser-pumped fluorescence 

emission[3], propagating photonic Mach 

cones[4], and time-resolved light 

backscattering[5]. Capturing instantaneous 

light patterns hidden in low-speed imaging, 

CUP demonstrates that ultrafast imaging is 

indispensable in revealing spatiotemporal 

details. As a universal platform, CUP is 

expected to be applied to other imaging 

facilities, such as the transmission electron 

microscope[6], to facilitate future studies of 

dynamic processes in nanomaterials. 

[1]J. Liang & L. V. Wang, Optica 5 1113 (2018) [4]J. Liang, et al., Sci. Adv. 3 e1601814 (2017) 
[2]J. Liang, et al., Light Sci. Appl. 7 42 (2018) [5]J. Liang, et al., Sci. Rep. 5 15504 (2015) 
[3]L. Gao, et al., Nature 516 74 (2014) [6]X. Liu, et al., Micron 117 47 (2019) 

 
Figure 1. Trillion-frame-per-second CUP system[2].  

 

Figure 2. Single-shot CUP of temporal focusing (top row)[2], 
light refraction (middle row)[3], a propagating photonic Mach 
cone (bottom row)[4] in real time.  
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Single-breath-hold photoacoustic computed tomography of the human breast in vivo 

Li Lin, Peng Hu, Junhui Shi, and Lihong V. Wang 

Caltech Optical Imaging Laboratory, California Institute of Technology 

We have developed a single-breath-hold 

photoacoustic computed tomography (SBH-

PACT) system to reveal detailed angiographic 

structures in human breasts. SBH-PACT features 

a deep penetration depth (4 cm in vivo) with high 

spatial and temporal resolutions (255-µm in-plane 

resolution and a 10-Hz 2D frame rate). By 

scanning the entire breast within a single breath 

hold (~15 sec), a volumetric image is acquired 

with negligible breathing-induced motion 

artifacts; it is subsequently reconstructed utilizing 

3D backprojection. SBH-PACT clearly reveals 

tumors by observing higher blood vessel densities, 

presumably due to angiogenesis associated with 

tumors, at high spatial resolution, showing early 

promise for high sensitivity even in radiographically dense breasts. In addition, the high imaging speed 

enables photoacoustic elastography, which identifies tumors by showing greater stiffness. We imaged 

breast cancer patients with breast sizes ranging from B cup to DD cup, and skin pigmentations ranging 

from light to dark. SBH-PACT identified all the 9 tumors without resorting to ionizing radiation or 

exogenous contrast, posing no health risks. 

 

Figure 2. SBH-PACT of a cancerous breast with an invasive ductal carcinoma (grade 2/3). (a) Depth-encoded angiogram 

of the breast. The tumor is identified by the white circle. (b) Maximum amplitude projection (MAP) image of the thick 

slice in sagittal planes marked by white dashed lines in (a). (c) Vessel density map showing the tumor (green circle). The 

background image in gray scale is the MAP of vessels deeper than the nipple. (d) Map of the relative area change during 

breathing in the region outlined by the blue dashed box in (c). The same tumor is identified by the red circle. 

Reference: Li Lin, Peng Hu, Junhui Shi, Catherine M. Appleton, Konstantin Maslov, Lei Li, Liren Zhu, Ruiying Zhang, and Lihong V. 

Wang. Single-breath-hold photoacoustic computed tomography of the breast. Nature Communications 9(1), 2352, 2018. 
 

 

Figure 1. Vasculature with color-encoded depths in a 

healthy breast.  
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Lithium niobate nanophotonic devices: properties and applications 
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Abstract:  Lithium niobate (LN) exhibits unique material characteristics that have found many 
important applications. Recently, there has been considerable interest in developing LN photonic 
devices on chip-scale platforms, showing a significant advantage in device engineering 
compared with conventional approaches. Scaling LN devices down to a micro/nanoscopic scale 
can dramatically enhance light–matter interaction which not only results in intriguing device 
characteristics that do not appear in bulk crystals or conventional waveguides, but also enables a 
variety of photonic functionalities beyond the reach of conventional means. In this talk, I will 
discuss our recent progress along this line, with a focus on exploring intriguing nonlinear optical 
phenomena in these devices and on developing various functionalities in sensing, signal 
processing, wavelength conversion, and tunable coherent light generation.  
 
 
 
 
 

 
Figure 1 Some examples of on-chip lithium niobate nanophotonic devices 
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Quantum information scrambling and hybrid machine learning with trapped ions

N. M. Linke,1 K. A. Landsman,1 D. Zhu,1 N. H. Nguyen,1 C. H. Alderete,1 and C. Monroe1, 2

1Joint Quantum Institute, University of Maryland, College Park, MD 20742, USA
2IonQ Inc., College Park, MD 20740, USA
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single ions

hardware
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interface

FIG. 1. Hardware: Trapped ions addressed by individual
Raman beams, which can drive entangling gates on any ion-
pair. Ions are imaged on a photo-detector array for readout.
Inset: Fully programmable quantum computing stack.

U

U*

FIG. 2. Teleportation circuit to verify quantum information
scrambling. The overlay indicates an analogy to traversing
a wormhole connecting two black holes.

Trapped ions are a promising candidate to realize a
scalable quantum computer. We present a system com-
prised of a chain of 171Yb+ ions with individual Raman
beam addressing and individual readout (see Fig. 1).
This fully connected processor can be configured to run
any sequence of single- and two-qubit gates, making it
an arbitrarily programmable quantum computer [1, 2].

We use this versatile system to perform a telepor-
tation-based protocol to verify quantum information
scrambling (see Fig. 2). This phenomenon describes
the dispersal of local information into many-body en-
tangled systems, and has recently been conjectured to
shed light on the black-hole information paradox [3].

Quantum-classical hybrid systems offer a path to-
wards the application of near-term quantum comput-
ers to different optimization tasks. We present several
demonstrations relating to machine learning in such a
hybrid approach. They include finding the ground state
binding energy of the deuteron nucleus, the training of
shallow circuits (see Fig. 3), and the preparation of
quantum critical states using a quantum approximate
optimization algorithm (QAOA) scheme. We also men-
tion concepts for scaling up this architecture locally, and
for networking it with entangled photons.

              

             

             

          

    

               

              

             

 

       



FIG. 3. Machine learning for data-driven generative model-
ing in a classical-quantum hybrid system.

[1] S. Debnath, N. M. Linke, C. Figgatt, K. A. Landsman,
K. Wright, and C. Monroe, Nature 536, 63 (2017).

[2] N. M. Linke, D. Maslov, M. Roetteler, S. Debnath,
C. Figgatt, K. A. Landsman, K. Wright, and C. Monroe,

Proc. Natl. Acad. Sci. 114 (2016).
[3] K. A. Landsman, C. Figgatt, T. Schuster, N. M. Linke,

B. Yoshida, N. Y. Yao, and C. Monroe, Nature (ac-
cepted), arXiv:1806.02807 (2018).
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From spontaneous emission to lasing:

What do we learn from the small scale?

T. Wang† G.P. Puccioni‡, and G.L. Lippi?
† School of Electronics and Information, Hangzhou Dianzi University, Hangzhou, China

‡ Istituto dei Sistemi Complessi, CNR, Via Madonna del Piano 10, I-50019 Sesto Fiorentino, Italy
? Université Côte d’Azur, Institut de Physique de Nice (INPHYNI), CNRS UMR 7010, Nice, France

email: gian-luca.lippi@inphyni.cnrs.fr

The question of how does a laser start is something that has been taken for granted. The standard
way of presenting the transition is that once threshold is reached, the stimulated emission process takes
over the spontaneous relaxation and the electromagnetic field becomes a coherent, macroscopic quantity,
suddenly supported by a very large number of photons “marching in step”.

This picture has naturally developed in the years of large-sized

Figure 1: Statistics on the sponta-
neously emitted spikes. Top: am-
plitude distribution, bottom: in-
terpeak time delay.

lasers (the first couple of decades) and serves as a useful image.
Laser volume downscaling, however, has been calling into question
this simple description, raising objections for which we still do not
have entirely satisfactory answers nor a complete, consistent the-
oretical framework. The awareness of this paradigm can be set,
somewhat arbitrarily, with the appearance of papers highlighting
the paradox of a thresholdless laser [1] (closely followed by addi-
tional contributions [2, 3]).

Measurements taken in a standard, low–β (spontaneous emis-
sion coupling factor) microcavity device show that in the transition
between incoherent and fully coherent field a spontaneous puls-
ing regime appears, characterized by random spikes with variable
height and repetition rates (Fig. 1). These spikes are precursors
of lasing and appear as a consequence of the intrinsically random
nature of the emission processes when the power supplied to the
device is insufficient to sustain oscillation (thus “below threshold”).
We analyze the characteristics of these spikes as a “microscope”
enabling us to see the below-threshold spontaneous-amplifying dy-
namics. Topological, deterministic considerations allow for a inter-
pretation of this regime which, completed by the notion of random-
ness, allow for a clear understanding of the observations. Further,
using of simple stochastic modeling extends the predictions toward
the nanoscale. Inferences about the laser emission in the broad transition regime which characterizes
high–β devices can thus be drawn.

References

[1] H. Yokoyama and S. D. Brorson, Rate equation analysis of microcavity lasers, J. Appl. Phys. 66,
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Ultra-compact, low-loss, fast, and reconfigurable optical components, enabling manipulation of 

light by light, could open numerous opportunities for controlling light on the nanoscale. 

Nanostructured all-dielectric metastructures have been shown to enable extensive control of 

amplitude and phase of light in the linear optical regime. Among other functionalities, they offer 

unique opportunities for shaping the wave front of light to introduce the orbital angular 

momentum (OAM) to a beam. Structured light beams bring a new degree of freedom for 

applications ranging from spectroscopy and micromanipulation to classical and quantum optical 

communications.  

To date, reconfigurability or tuning of the optical properties of all-dielectric metastructures have 

been achieved mechanically, thermally, electrically or optically, using phase-change optical 

materials. However, a majority of demonstrated tuning approaches are either slow or require 

high optical powers.  

Arsenic trisulfide (As2S3) chalcogenide glass, offering ultra-fast and large χ
(3)  nonlinearity as 

well as a low two-photon absorption coefficient in the near and mid-wave infrared spectral 

range, could provide a new platform for the realization of fast and relatively low intensity 

reconfigurable metastructures.  

In this work, we design and experimentally demonstrate an As2S3 chalcogenide glass based 

metastructure that enables reshaping of a conventional Hermite-Gaussian beam with no OAM 

into an OAM beam at low intensity levels in the near infrared wavelength range, while preserves 

the original beam’s amplitude and phase characteristics at high intensity levels. Further, we 

extend these results to design an OAM beam converter that enables intensity-dependent 

switching between positive and negative OAM charges. Finally, we investigate 

silver/chalcogenide glass multilayers and develop the procedure for electron-beam and light-

induced nanostructuring in order to realize metal-chalcogenide based nonlinear metastructures 

enabling optical analogue of electromagnetically induced transparency or broadband wavelength 

conversion. The results of these studies could find applications for a new generation of optical 

communication systems and optical signal processing. 
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Diamond sensing of critical nano-magnetism and applications 

Ren-Bao Liu 
1. Department of Physics, The Chinese University of Hong Kong, Shatin, New Territories, Hong 

Kong, China 

2. Centre for Quantum Coherence, The Chinese University of Hong Kong, Shatin, New 
Territories, Hong Kong, China 

By optical detection of nitrogen-vacancy center spin resonances in a nanodiamond in the 
proximity of a single magnetic nanoparticle (MNP), we observed the phase transition of 
the MNP and studied the magnetic fluctuations near the critical point. Using rapid laser 
heating and diffusion cooling of nanoparticles in a carbon film, we realized quantum 
coherence manipulation of nitrogen-vacancy center spins at up to 1000 K. With the 
high-temperature optically detected magnetic resonance, we observed the phase transition 
of a magnetic nanoparticle at critical temperature above 600 K. 

Near the critical point, the spin resonances vary dramatically with temperature. Therefore, 
we demonstrated a hybrid nano-thermometer based on a nanodiamond and an MNP. The 
sensitivity of the nano-thermometer under ambient conditions is measured to be 11 
mK/Hz1/2, which can be further improved to a few microKelvin/Hz1/2 by utilization of the 
better coherence of nitrogen-vacancy center spins in diamond nano-pillars. Such a hybrid 
nano-thermometer under ambient conditions provides a new tool to study condensed 
matter physics, materials science, and biology at nanoscales. 

This work has been carried out in collaboration with Quan Li, Gang-Qin Liu, Ning 
Wang, Weng Hang Leong, Xi Feng, Hua-Ling Zeng, Kang-Wei Xia, Chu-Feng Liu, S.-H. 
Li, F. Dolde, H. Fedder, J. Wrachtrup, X.-D. Cui, and S. Yang. We acknowledge funding 
from CRF of RGC (Project No. C4006-17G) and CUHK Group Research Scheme 
(Project No. 31110126). 
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Fiber-Optic Quantum Thermometry with Germanium–
Vacancy Centers in Diamond  

 
Xiaohan Liu1, Sean Blakley1, Ivan Cojocaru1, Aleksei Zheltikov1, 2 

Alexey Akimov1,2,3 

1Texas A&M University, 2Russian Quantum Center, 3P.N. Lebedev Institute RAS 
 

Accurate high spatial resolution thermal measurements can provide a powerful 

tool in many research areas including physics and biology1,2. However, many 

optical thermometry techniques suffer from some drawbacks, such as low spatial 

resolution, low sensitivity, slow response time. In this work, we develop a high 

speed, highly accurate fiber based micro thermometer with Germanium-Vacancy 

quantum emitters in diamond. This thermometer possesses a resolution and 

accuracy of better than 160 and 700 mK/Hz1/2 respectively with a spatial 

resolution of 50 µm. 

 

 

 

 

 

[1] Kucsko, Georg, et al. Nature 500.7460 (2013): 54. 

[2] Fan, Jing-Wei, et al. ACS Photonics 5.3 (2018): 765-770. 

Figure: Experimental setup for fiber optics thermometer. 
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Toward “quantum supremacy” with photons 
 

Chao-Yang Lu 
University of Science and Technology of China, Hefei, P.R. China 

 
Abstract: We develop single-photon sources that simultaneously combines high purity, efficiency, 
and indistinguishability. We demonstrate entanglement among 12 single photons. We construct 
high-performance multi-photon boson sampling machines to race against classical computers. 

 
Boson sampling is considered as a strong candidate to demonstrate the “quantum advantage / 

supremacy” over classical computers. However, previous proof-of-principle experiments suffered from 
small photon number and low sampling rates owing to the inefficiencies of the single-photon sources and 
multi-port optical interferometers. In this talk, I will report two routes towards building Boson Sampling 
machines with many photons. 

In the first path, we developed SPDC two-photon source with simultaneously a collection efficiency of 
~70% and an indistinguishability of ~91% between independent photons. With this, we demonstrate 
genuine entanglement of ten photons [1]. Very recently, we managed to observe 12-photon entanglement 
using a novel SPDC source [arXiv.1810.04823]. Such a platform will provide enabling technologies for 
teleportation of multiple properties of photons [2] and efficient scattershot boson sampling. 

In the second path, using a QD-micropillar, we produced single photons with high purity (>99%), 
near-unity indistinguishability for >1000 photons [3], and high extraction efficiency [4]—all combined in 
a single device compatibly and simultaneously. We build 3-, 4-, and 5-bosonsampling machines which 
runs >24,000 times faster than all the previous experiments, and for the first time reaches a complexity 
about 100 times faster than the first electronic computer (ENIAC) and transistorized computer (TRADIC) 
[5,6]. We are currently increasing the rate by optimizing the single-photon system efficiency to near unity 
using elliptical micropillar [arXiv.1809.10992], and using improved schemes such as boson sampling 
with photon loss [7], with the hope of achieving 20-photon boson sampling in the near term. 

 
 

[1] X.-L. Wang et al. Experimental ten-photon entanglement, Phys. Rev. Lett. 117, 210502 (2016). 
[2] X.-L. Wang et al. Quantum teleportation of multiple degrees of freedom of a single photon, Nature 518, 516 (2015). 
[3] H. Wang et al. Near transform-limited single photons from an efficient solid-state quantum emitter, Phys. Rev. Lett. 116, 213601 (2016). 
[4] X. Ding et al. On-demand single photons with high extraction efficiency and near-unity indistinguishability from a resonantly driven quantum 
dot in a micropillar, Phys. Rev. Lett. 116, 020401 (2016). 
[5] H. Wang et al. Multi-photon boson-sampling machines beating early classical computers, Nature Photonics 11, 361 (2017)  
[6] Y. He, et al. Time-bin-encoded boson sampling with a single-photon device, Phys. Rev. Lett. 118, 190501 (2017) 
[7] H. Wang et al. Toward scalable boson sampling with photon loss, Phys. Rev. Lett. 120.230502 (2018) 

Figure 1: 
Experimental setup for 
boson sampling with 7 
input single photons 
into an ultra-low-loss 
16*16 interferometer. 
Quantum dot single 
photon extraction 
(system) efficiency is 
82% (34%). Photon 
indistinguishability 
94% (90%) at time 
separation of 13 ns  
(15 μs). Three-photon 
count rate ~80 KHz. 
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Photonic bands in 230 space groups

Ling Lu1, Haruki Watanabe2

1Institute of Physics, Chinese Academy of Sciences, Beijing China. Email:linglu@iphy.ac.cn
2Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan.

The wide-range application of nanophotonics benefits from the enormous design space of three-dimensional sub-
wavelength structures. In this work, we study the space group constraints on photonic dispersions for all 230 space
groups with time-reversal symmetry. Our theory carefully treats the unique singular point of photonic bands at zero
frequency and momentum, which distinguishes photonic bands from their electronic counterpart [1,2]. The results are
given in terms of minimal band connectivities at zero (M) and non-zero frequencies (M′). Topological band degenera-
cies [3] are guaranteed to be found in space groups that do not allow band gaps between the second and third photonic
bands (M > 2). Our work provides theoretical guidelines for the choice of spatial symmetries in photonics design.
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(a) Photonic bands (b) Screw (c) Glide

Fig. 1. (a) Two types of band connectivities (M and M′) are distinguished by whether they are
connected to ω = |~k|= 0. (b) M = 4 for space group 4 (P21) containing a two-fold screw. (c) M = 2
for space group 7 (Pc) containing a glide. The numbers aside the vertical axes and the colors of the
dispersions indicate the eigenvalue of the nonsymmorphic symmetry.

We determine the 104 space groups that allow a band gap of M = 2. They are a translationengleiche-(t-)subgroup
of at least one of the 16 key space groups, underscored in the list.

1, 2, 3, 5, 6, 7, 8, 9, 10, 12, 13, 15, 16, 21, 22, 24, 25, 27, 28, 30, 32, 34, 35, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50, 65, 66, 68, 70, 74, 75, 77, 79, 80, 81, 82, 83, 84, 86, 88, 89, 93, 98, 99, 100, 101, 102, 105,
107, 108, 109, 111, 112, 115, 119, 122, 123, 131, 141, 143, 146, 147, 148, 149, 150, 155, 156, 157, 160, 162,
164, 166, 168, 174, 175, 177, 183, 187, 189, 191, 195, 196, 199, 200, 203, 207, 210, 214, 215, 216, 221, 227.

Our results are consistent with the known photonic band gaps between the second and third bands. For example, the
three highest space groups of M = 2 are diamond (227), simple cubic (221), and single gyroid (214).

We show that M > 2 for the rest 126 groups, who are t-supergroups of at least one these 22 key space groups:

4, 23, 67, 69, 73, 85, 87, 103, 104, 106, 110, 116, 117, 118, 120, 144, 145, 158, 159, 161, 201, 208.

Our results are consistent with the band structures of known photonic crystals in which no band gaps are found between
the second and third bands, such as the hexagonal close packing (194), tetrahedral (224), face-centered-cubic (225),
body-centered cubic (229), and double-gyroid (230) dielectric photonic crystals.
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Chiral-reversing vortex radiation at the exceptional point  

of a plasmonic nanocavity 
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The radiation of an emitter does not depend only on its intrinsic properties but also on the 

surrounding photonic environment, the notion of which is essential in the developments of lasers, 

quantum optics and other light-matter interaction related fields. However, in conventional wisdom, 

an emitter radiates into photonic eigenstates in the weak coupling regime and does not alter the 

property of the latter. Here, we report a counterintuitive phenomenon where the radiation field of a 

dipole in a parity-time symmetric ring resonator displays the opposite handedness to the coalesced 

eigenstate of the system (Fig. 1) [1]. This finding, to the best of our knowledge, is the first time the 

wave function of a Jordan vector is revealed in a physical system. We employ this phenomenon to 

construct vortex radiation with controllable topological charge from a single quantum dot 

embedded plasmonic nanocavity, demonstrating an enhancement of the Purcell factor by three 

orders of magnitude. Our scheme enriches the intriguing physics of an exception point in the 

quantum region and may open a new paradigm for chiral quantum optics and vortex lasers at 

nanoscale. 

 

Fig. 1. Chiral-reversing dipole radiation by eigenstates phase locking. The radiation field 
pattern (isosurface of 𝐸 0 ) of a (a) dipole emitter inside a normal ring cavity, of (b) the 
coalesced eigenstate of a ring cavity operating close to an exceptional point, and of (c) a dipole 
emitter inside a ring cavity operating close to an exceptional point.  
 

[1] X. Y. Wang et al., arXiv: [1707.01055] (2017). 
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From axions to photinos: exotic electrodynamics in topological quantum 
materials 

 
Joseph Maciejko1,2,3 
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Abstract: Topological insulators are novel 3D quantum states of matter with a charge 
excitation gap in the bulk and topologically protected gapless 2D Dirac fermions on the 
surface. Besides the bulk electromagnetic response, which realizes Wilczek’s axion 
electrodynamics, I will argue that the gapless surfaces of topological insulators can also 
be a platform for the observation of exotic electrodynamics in the presence of strong 
electronic correlations. More specifically, I will discuss the universal optical response of 
topological surface states at certain quantum critical points, as well as the possible 
realization of supersymmetric quantum electrodynamics with dynamical photons and 
their superpartner photinos. 
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Metasurface Computational Imaging 
Arka Majumdar, Assistant Professor 

Electrical and Computer Engineering and Physics 
University of Washington, Seattle 

 

Modern image sensors consist of systems of cascaded and bulky spherical optics for imaging with 
minimal aberrations. While these systems provide high quality images, the improved functionality comes 
at the cost of increased size and weight. One route to reduce a system’s complexity is via computational 
imaging, in which much of the aberration correction and functionality of the optical hardware is shifted 
to post-processing in the software realm. Alternatively, a designer could miniaturize the optics by 
replacing them with diffractive optical elements, which mimic the functionality of refractive systems in 
a more compact form factor. Metasurfaces are an extreme example of such diffractive elements, in which 
quasiperiodic arrays of resonant subwavelength optical antennas impart spatially-varying changes on a 
wavefront. While separately both computational imaging and metasurfaces are promising avenues 
toward simplifying optical systems, a synergistic combination of these fields can further enhance system 
performance and facilitate advanced capabilities. In this talk, I will present a method to combine these 
two techniques to perform full-color imaging across the whole visible spectrum [1]. I will also discuss 
the use of computational techniques to design new metasurfaces [2], and using metasurfaces to perform 
computation on wavefronts, with applications in optical information processing and sensing. 
 

 
 

Figure: (a) Hybrid cubic-quadratic metasurface; (b) Using the metasurface and computational 
imaging we demonstrated full-color imaging;(c) We developed inverse design methodologies for 

metasurfaces made of dielectric spheres. 
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Control of entanglement in spin states of Rydberg atoms

Svetlana A. Malinovskaya, Yuri V. Rostovtsev†, Elliot Pachniak
Department of Physics, Stevens Institute of Technology, Hoboken, NJ 07030
†Department of Physics, University of North Texas, Denton, TX 76203, USA

Quantum entanglement is a crucial resource in many quantum information and quantum com-
munication tasks. In this work, we present a quantum control methodology to create entangled
states of two basic classes, the W and the GHZ. A chain of 87Rb atoms in an optical lattice is
considered interacting with laser pulses to induce two-photon excitations to Rydberg states having
a specific magnetic quantum number.

Figure 1: A manifold of collective spin states involved
in the electron dynamics in a three-atomic chain of
87Rb controllably excited to magnetic sublevels.

The resolution of the magnetic sublevels -
the spin states - is achieved by the circularly
polarized, chirped pulses in µs timescale and
accurately chosen the magnetic field strength.
The quantum control methodology was deduced
from the dressed state analysis and implies the
interplay of the Rabi frequency, the one-photon
detuning and the strength of the Rydberg-
Rydberg interactions.

Generation of the W and GHZ three-atomic
states is demonstrated via the mechanism of the
two-photon adiabatic passage in collective states [1,2] implying the overlapping chirped pulses and
equal Rabi frequencies, Fig.(2).

Figure 2: Three-atomic chain: a) Energy of the bare states in the field-interaction representation; b)
Population dynamics of the collective ground |ggg〉 and the excited |rrr〉 states leading to a generation of
the GHZ state by the end of the pulse.
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The entanglement property can be trans-
ferred from atoms to photons. When placed
in the cavity, the chain of Rydberg atoms pre-
pared in the W or GHZ state interacts with the
cavity modes to produce the entangled multi-
photon state of the same class. We demonstrate
the entanglement transfer for three-atomic spin
chains, Fig.(3).
1. S. A. Malinovskaya, ”Design of many-body spin

states of Rydberg atoms excited to highly tunable

magnetic sublevels,” Opt. Lett. 42, 314 (2017). 2. S. A. Malinovskaya, Y. V. Rostovtsev, E. Pachniak,

”Generation of entanglement in three Rydberg Rb atoms via chirped optical pulses,” in progress.
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Quantum Control Methodology for creation of entangled states of Rydberg 
atoms 

Elliot	Pachniak,	Svetlana	Malinovskaya	
Department	of	Physics	&	Engineering	Physics	

Stevens	Institute	of	Technology,	Hoboken,	NJ,	07030	
	

	 Rydberg	atoms	with	very	high	principal	quantum	number	trapped	in	a	optical	lattice	are	
used	 to	 study	 the	 collective	 spin	 properties	 of	 ultracold	 atomic	 systems.	 	 The	 interaction	
Hamiltonian	 of	 collective	 spin	 states	were	 explored	 in	 diatomic	 and	 triatomic	 chains.	 A	 two-
photon	 ladder	 type	 configuration	 is	 implemented,	
Fig.	1,	which	 is	advantageous	due	to	the	combined	
action	of	the	one-photon	and	two-photon	detuning	
[1].	Rydberg	atoms	have	two	well	defined	entangled	
states	 known	 as	 the	 Greenberger-Horne-Zeilinger	
(GHZ)	state	and	the	W	state.		The	W	state	contains	
a	 superposition	 of	 collective	 spin	 states	 combined	
of	 both	 excited	 interacting	 energy	 states	 and	 the	
ground	 state.	 	 The	 GHZ	 state	 contains	 purely	 the	
collective	 state	where	 all	 atoms	 are	 in	 the	 ground	
state	energies	and	the	state	where	all	atoms	are	in	
the	excited	interacting	states.		For	a	triatomic	setup	
these	 states	 can	 be	 written	 as	
Ψ!"#! = !

!
111 + 333 	 and	 Ψ!! =

!
!
133 + 313 + 331 .			

The	diagonal	elements	of	the	Hamiltonian	in	
the	 field-interaction	 representation	 are	 considered	
to	 find	 the	 field	 parameters	 providing	 sequential	
resonances.	 These	 parameters	 are	manipulated	 to	
get	 resonance	 between	 ground	 and	 excited	 levels	
and	 suppress	 all	 other	 resonances.	 	 Superposition	
states	 are	 then	 found	 by	 choosing	 interaction	 and	
Rabi	frequency	values	and	sweeping	Δ	values.	 	The	
population	 of	 the	 states	 at	 the	 end	 of	 the	 pulse	
duration	are	then	compared	to	find	when	the	states	
are	 equally	 distributed.		 While	 this	 method	 was	
used	to	find	GHZ	and	W-states	it	could	also	be	used	
to	find	other	undefined	superposition	states.	

	

1. S.	A.	Malinovskaya,	 “Design	of	many-body	 spin	 states	of	Rydberg	atoms	excited	 to	highly	
tunable	magnetic	sublevels,”	Opt.	Lett.	42,	314	(2017)	

Figure	 1:	 Ladder	 configuration	 for	 a	 triatomic	
Rydberg	 atom	where	𝜔! 	 is	 the	 frequency	 of	 each	
state,	Ω	 is	 the	pump	frequency,	𝑉!" 	 is	 the	Rydberg	
interaction	 between	 atoms,	 Δ	 is	 the	 one-photon	
detuning	and	δ	is	the	two-photon	detuning.	

Figure	2: Population	at	 the	end	of	 the	pulse	 for	 the	
ground	 and	 excited	 state	 of	 a	 triatomic	 chain	 of	
Rydberg	atoms	versus	one-photon	detuning.		
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Optimal entanglement distribution rates for quantum networks

Vladimir S. Malinovsky1, Siddhartha Santra1, Sreraman Muralidharan1,

Liang Jiang2, Christopher Monroe3
1US Army Research Laboratory, Adelphi, MD 20783, USA

2Department of Applied Physics, Yale University, New Haven, CT 06511, USA
3Department of Physics, University of Maryland, College Park, MD 20742, USA

Entanglement distribution over long distances is crucial for future quantum technology applications such as
quantum key distribution and quantum networks. Quantum communication based on single photons offers un-
conditional security since any interception can be detected. The attenuation of optical fiber and the operation
errors make quantum communication across transcontinental distances very challenging. Quantum repeaters offer
a possibility to overcome these challenges by breaking the total communication distance into shorter channels with
intermediate nodes, where the photon loss is detected and corrected. Depending, on the methods used to overcome
loss and operation errors, quantum repeaters have been classified into three generations. There are several promis-
ing platform for implementing quantum repeaters such as trapped ions, Rydberg atoms, NV centers in diamond
and superconducting qubits. In this work, we present comprehensive analysis of entanglement distribution rates
using repeaters based on two-species trapped ions. We consider two species trapped ions as building blocks for the
construction of large scale quantum repeaters across transcontinental distances. The key element of our approach
is a swap gate between the communication and memory ions. We use this to analyze several architectures of
quantum repeaters and show the achievable key generation rates. Dependence of key generations on experimental
parameters such as gate error rates, operation time and coupling efficiency to fiber will be discussed.

In addition, we address entanglement swapping, a key elements of quantum networks. Here, we propose a novel
entanglement swapping protocol to mitigate the effects of finite lifetime of quantum memory. We demonstrate two
orders of magnitude increase in long-distance entanglement generation rate using current state-of-art quantum
memories. Specifically, our optimized schedule maximizes the rate of generation of distillable entanglement for
given network parameters: charging success probability and memory lifetime. In our proposal, swapping occurs
within a finite waiting-time window after which the memories are reset to mitigate decoherence. For a quantum
network architecture comprised of many nesting levels our results suggest that an adaptive scheme, where the
higher nesting levels swap progressively slower relative to lower levels that swap rapidly, can lead to high rates
of long-distance entanglement generation. The advantage of the proposed protocol is observed for all nesting
levels of the repeater for technologically feasible memory quality, entanglement generation and swapping success
probabilities.
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FIG. 1: Left panel: Schematic of entanglement swapping operation on memory ions (light blue circles) at an intermediate
repeater station. Communication ions are shown by the orange circles. Entanglement swapping on two memory ions is
achieved using a quantum circuit consisting of a CNOT operation followed by a X and Z measurement. The two classical
bits of the measurement result determine the one qubit unitary operations on the A and D ions to produce a Bell state of
entangled memory ions. Right panel: The ratio (η) between entanglement generation rates in the optimized access time
protocol, RO

DE , and the canonical protocol that does not optimize the memory access time, RC
DE , at the first nesting level

vs the memory quality parameter, β, and the entanglement generation probability, p. Dotted white lines are contours with
log η = 2, 1, 0 from left to right.
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Dual continuous cold atom beam 
accelerometer/gyroscope 

M. P. Manicchia1, J. G. Lee*1, G. R. Welch2 and F. A. Narducci1  
1 Dept. of Physics, Naval Postgraduate School, Monterey, CA, USA 

2 Dept. of Physics and Astronomy, Texas A&M University, College Station, TX, USA 
E-mail: Frank.Narducci@nps.edu 

 

We report on studies completed while constructing a continuous dual atom beam 

accelerometer/ gyroscope. As demonstrated in [1,2], two opposing beam atom interferometers 

can distinguish between linear and rotational motion. Our design uses cold and slow moving 

atoms that originate from a 2D magneto-optical trap (MOT). The transit time of these atoms 

through continuous Raman laser fields acts as the ‘pulse’ of light for the interferometer atom 

optics.  We  use a lock-in detection method for improved signal-to-noise ratio..  We also explore 

the effects of different hyperfine transitions within the 85Rb D2 line for optical pumping 

effectiveness. We find that the optical pumping beam can also be used as a shutter on the 

atomic beam.   We present the status of the construction of our prototype [Fig. 1 (left)]. We 

present measurements of narrow velocity profiles from our source and compare the results to a 

time-of-flight measurement performed on the source when it is pulsed. Finally, we demonstrate 

Raman spectroscopy and Ramsey interference in the system [Fig. 1 (right)]. 
 

This work was funded by the Office of the Secretary of Defense. 
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Sagnac gyroscope”, Classical and Quantum Gravity, 17 (12), 2385, 2000.  
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Figure 1: (Left) Picture of the current apparatus being used in our experiments. (Right) Ramsey interference 

fringes from a single atom beam. 
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Metallic nanostructures and quantum emitters: density of photonic 
states and forbidden transitions 

Alejandro Manjavacas 
 

Department of Physics and Astronomy, University of New Mexico, Albuquerque, 
New Mexico 87131, United States  

manjavacas@unm.edu 
 
The strong near-field associated with the plasmons supported by metallic nanostructures can be 
exploited to enhance the decay rate of quantum emitters placed in their vicinity. Such enhancement is 
usually quantified by the local density of states (LDOS). In the first part of this talk, we will discuss 
the fundamental limits of this quantity through the study of a sum rule that limits its spectral integral, 
taking into account both its radiative and nonradiative components [1]. We will also discuss an 
extension of the sum rule to the cross density of photonic states (CDOS), a quantity that characterizes 
the spatial coherence of light in the presence of a nanostructure and determines, as well, the interaction 
between two dipole emitters located in its vicinity.  
In the second part of this talk, we will analyze how the large field confinement and enhancement, 
provided by plasmon resonances, can be exploited to boost the rate of magnetic dipole [2] and electric 
quadrupole transitions [3] of quantum emitters placed in the vicinity of the nanostructure. 
 
 
[1] S. Sanders, and A. Manjavacas. Analysis of the limits of the local density of photonic states near 
nanostructures. ACS Photonics 5, (2018). 
 
[2] A. Manjavacas, R. Fenollosa, I. Rodriguez, M. C. Jiménez, M. A. Miranda, and F. Meseguer. Magnetic light 
and forbidden photochemistry: the case of singlet oxygen. J. Mater. Chem. C 5, 11824 (2017).  
 
[3] S. Sanders, A. May, A. Alabastri y A. Manjavacas. Extraordinary enhancement of quadrupolar transitions 
using nanostructured graphene. ACS Photonics 5, (2018). 

Speaker: Alejandro Manjavacas, University of New Mexico
Session: Active Nanophotonics
Schedule: Tuesday Evening Invited Session

PQE-2019 229



 
Networks of Optical Parametric Oscillators:  

From Ising Machines to Quantum Photonic Engineering 
 

Alireza Marandi 
California Institute of Technology 

marandi@caltech.edu   
 

In the past few years, networks of optical parametric oscillators (OPOs) have been successfully 
used to simulate the classical Ising Hamiltonian leading to a platform that may be used as a special-
purpose computer. In this talk, we will overview the fundamental properties of OPOs at 
degeneracy that enable simulation of the Ising Hamiltonian [1, 2, 3]. We will discuss the concept 
of time-multiplexed OPO networks [4], which in combination with the measurement-feedback 
architecture, has led to a special implementation of large-scale Ising machines [5, 6] that are being 
studied extensively [7]. We will also overview the potentials of OPO networks in realization of a 
wide range of quantum states, from the well-known squeezed vacuum and multi-mode entangled 
states [8] to less-explored highly-desired Cat states [9] and present a potential path toward scalable 
quantum photonic engineering using them. We will discuss recent numerical studies of ultra-short 
pulse OPOs in the highly-nonlinear quantum regime [10] and present some of the practical benefits 
and challenges associated with using them as the building block of a quantum photonic platform. 
 
 

[1]  A. Marandi et al., “Coherence properties of a broadband femtosecond mid-IR optical parametric 
oscillator operating at degeneracy,” Optics Express 20.7 (2012): 7255-7262. 

[2]  A. Marandi et al., “All-optical quantum random bit generation from intrinsically binary phase of 
parametric oscillators,” Optics Express 20.17 (2012) 19322-19330. 

[3]  Z. Wang et al., “Coherent Ising machine based on degenerate optical parametric oscillators,” 
Physical Review A 88.6 (2013): 063853. 

[4]  A. Marandi et al., “Network of time-multiplexed optical parametric oscillators as a coherent Ising 
machine,” Nature Photonics 8.12 (2014): 937-942. 

[5]   P. McMahon*, A. Marandi* et al., “A fully programmable 100-spin coherent Ising machine with 
all-to-all connections,” Science 354.6312 (2016): 614-617. 

[6]   T. Inagaki et al., “A coherent Ising machine for 2000-node optimization problems,” Science 
354.6312 (2016): 603-606. 

[7]   R. Hamerly*, T. Inagaki*, P.L. McMahon*, et al., “Experimental investigation of performance 
differences between Coherent Ising Machines and a quantum annealer,” arXiv:1805.05217 (2018). 

[8]  K. Takata et al., “Quantum correlation in degenerate optical parametric oscillators with mutual 
injections.” Physical Review A 92.4 (2015): 043821. 

[9]   M. Wolinsky, H. J. Carmichael, “Quantum noise in the parametric oscillator: from squeezed states 
to coherent-state superpositions,” Physical Review Letters 60(18):1836 (1988). 

[10]  T. Onodera*, E. Ng*, et al., “Nonlinear quantum behavior of ultrashort-pulse optical parametric 
oscillators,” arXiv:1811.10583 (2018). 
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Quantum complementarity of clocks in the context of general relativity

Zhifan Zhou, Yair Margalit∗, Daniel Rohrlich, Yonathan Japha, and Ron Folman

Department of Physics, Ben-Gurion University of the Negev, Beer-Sheva, Israel
* Present address: Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Research

Laboratory of Electronics, MIT, Cambridge, Massachusetts 02139, USA

Clocks play a key role at the interface of general relativity (GR) and quantum mechanics (QM)
[1]. By reversing the famous Einstein-Bohr debate, we assume that red-shift exists and therefore must
impose the equivalence principle. Consequently, we analyze a clock-interferometer thought experiment
[2], where we theoretically define and experimentally demonstrate a complementarity relation for quan-
tum clocks in the context of GR [3]. We analyze this relation in detail and point out special cases. Our
analysis highlights a fundamental principle in the interplay between GR and QM and may shed light
on ongoing debates.
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Figure 1: 339 experimental shots
of a clock interference pattern in
a combined plot (one on top of
the other, no alignment or cor-
rections) when the clock distin-
guishability DI(TG) = 0. The vis-
ibility is 0.789±0.001, while the
mean of the single-shot visibility is
0.879±0.002. The errors are stan-
dard error of the mean (SEM).
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Figure 2: Experimentally measured value of the clock comple-
mentarity relation V 2 + (C · DI)2, where V is the interference
pattern visibility, DI is the ideal clock distinguishability, and C
accounts for imperfect clock preparation (“clockness”). In this
figure all three parameters are measured independently: (a) for
four values of C when DI is scanned, and (b) for four values of DI

when C is scanned. VN is the visibility normalized to the single-
state interferometer (i.e. without an initialization of a clock),
accounting for experimental imperfections. Error bars are SEM.

—————————

[1] Zych, M., Costa, F., Pikovski, I. & Brukner, Č. “Quantum interferometric visibility as a witness
of general relativistic proper time”, Nat. Commun. 2, 505 (2011).

[2] Y. Margalit, Z. Zhou, S. Machluf, D. Rohrlich, Y. Japha, and R. Folman, “A self-interfering clock
as a “which path” witness”, Science 349, 6253 (2015).

[3] Z. Zhou, Y. Margalit, D. Rohrlich, Y. Japha, and R. Folman, “Quantum complementarity of clocks
in the context of general relativity”, Class. Quantum Grav. 35, 185003 (2018).
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A Degenerate Fermi Gas of Polar Molecules

Kyle Matsuda, Luigi De Marco, Giacomo Valtolina, William G. Tobias, Jun Ye
JILA, NIST, and the University of Colorado, Boulder, CO 80309, USA

Ultracold polar molecules are a promising
platform for new explorations in quantum sci-
ence due to their long-range, anisotropic dipole-
dipole interactions. Proposed areas of study
for polar molecules in optical lattices include
topological matter and exotic superfluidity. For
these, the achievement of quantum degener-
acy in molecular gases is a fundamental re-
quirement. In this talk, we will report on
the production of a bulk degenerate Fermi gas
of potassium-rubidium (KRb) molecules in the
second-generation JILA KRb apparatus1. By
coherently associating the molecules from a
large Bose-Fermi mixture of atoms (see Figure
1), we produce as many as 105 molecules at
T/TF = 1 or 2× 104 molecules at T/TF = 0.3.
We also observe that the lifetime of the gas be-
comes longer as T/TF is lowered, which we at-

tribute to a suppression of chemical reactions
due to enhanced correlations as the gas becomes
more degenerate.

To manipulate molecular rotational states
and tune interactions, the new apparatus con-
tains in-vacuum electrodes for generating mi-
crowave fields and large (30 kV/cm) homo-
geneous DC electric fields with controllable
field gradients. In combination with a one-
dimensional optical lattice, these bias and gra-
dient E-fields can be used to increase the ratio
of elastic collisions over inelastic ones, open-
ing the possibility of evaporatively cooling the
molecules. We will present initial measure-
ments of the inelastic loss as a function of in-
duced dipole moment and external confinement,
and prospects for further increasing the phase
space density via evaporative cooling.

Figure 1: Summary of degenerate molecule production. Beginning with degenerate gases of Rb
and K, Feshbach molecules are created by sweeping a magnetic field through a Feshbach reso-
nance. The weakly bound molecules are coherently transferred to the ground state using STIRAP.

1L. De Marco et al., arXiv:1808.00028 (2018)
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Electrically-driven photonic crystal nanocavity 

lasers using embedded active region 
Shinji Matsuo  

NTT Device Technology Laboratories, NTT Corporation,  

3-1, Morinosato-Wakamiya, Atsugi-shi, Kanagawa, 243-0198, Japan 

 

Reduction of laser cavity volume has been attracted much attention of researchers in semiconductor laser because it 

can be reduced threshold current and, when employing direct modulation, also operating energy. To achieve the 

lasing in nanocavity laser, it is important to achieve Q-factor that is the same range of conventional edge-emitting 

laser, typically several thousands of Q-factor. Therefore, it becomes the challenge because this requires quite high-

reflectivity. Vertical-cavity surface-emitting lasers (VCSELs) employs high-reflectivity semiconductor distributed 

Bragg reflector (DBR) and its operating energy is reduced to less than 100 fJ/bit [1]. Although cavity length of 

VCSEL is ~/2, where is lasing wavelength, diameter of VCSEL is a few micrometers range. For further 

reduction of cavity volume and operating energy, we have developed a -scale embedded active-region photonic 

crystal (PhC) laser, or LEAP laser, in which an ultra-compact active region is embedded with an InP-based PhC 

line-defect waveguide [2-4]. We fabricated cavity length of 6a, where a is lattice constant of PhC and 430 nm, and 

achieved 4.8-A threshold current and 4.4-fJ direct modulation energy with 10-Gbit/s modulation [4]. In this 

presentation, we describe recent our developments for further reduction of cavity length until 1a. We carefully 

controlled the selective wet-chemical etching to fabricate extremely compact active regions and the thickness of 

regrowth InP layer to obtain flat top surfaces after embedding 

the active regions, which is important for achieving a high Q-

factor. The LEAP lasers with cavity length of 2a and three 

quantum wells exhibited a 3.8-A threshold current [5].  

Cavity design and fabrication 

In our previous works of the cavity length was 6a, there was 

no positional shift in the air holes in the PhC, because the 

required Q-factor could be obtained from the refractive index 

difference between the active region and InP. However, to 

reduce the cavity length, we shifted the positions of the 

nearest air holes for the active region. As a result, we 

achieved high Q-factors of more than 5 x 10
5
 without an 

output waveguide. The fabrication procedure is the same as 

in ref. 3. Figure 1 shows a cross-sectional SEM image of the 

BH region. The active region was 250-nm wide and 150-nm 

thick including SCH layers. 

Static characteristic 

Figure 2 shows room-temperature continuous-wave (RT-

CW) operated I-L characteristic of the LEAP laser with 

cavity length of 2a. Threshold current was 3.8A with clear 

threshold behavior. Lasing wavelength was 1553 nm and Q-

factor at threshold was ~40,000. We also directly modulated 

the device and demonstrated 10-Gbit/s NRZ modulation with 

bias current of 10.6 A, which results in operating energy of 

~1 fJ/bit.  

REFERENCES 
[1] D.A.B. Miller, Proc. IEEE, 97, 1166 – 1185 (2009).  

[2] S. Matsuo et al., Nature Photonics, 4, 648-654 (2010).  
[3] S. Matsuo et al., Optics Express, 20, 3773-3780 (2012). 

[4] K. Takeda et al. Nature Photonics, 7, 569 – 575 (2013). 

[5] K. Takeda et al., ISLC2018.TuD1.

 

Fig. 1. Cross-sectional SEM images of fabricated device. 
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Fig. 2. I-L characteristic at RT-CW operation. 
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Combinatorial optimization using networks of optical parametric oscillators 
with measurement feedback 
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Combinatorial optimization problems, including many nondeterministic polynomial-time–hard (NP-hard) 
problems, are central in numerous important application areas, including operations and scheduling, drug 
discovery, finance, circuit design, sensing, and manufacturing. Despite large advances in both algorithms 
and digital computer technology, even typical instances of NP-hard problems that arise in practice may 
be very difficult to solve on conventional computers. There is a long history of attempts to find alternatives 
to current von Neumann–computer–based methods for solving such problems, including use of neural 
networks realized with analog electronic circuits and by using molecular computing. A major topic of 
contemporary interest is the study of adiabatic quantum computation (AQC) and quantum annealing 
(QA). Sophisticated AQC/QA devices are already under study, but providing dense connectivity between 
qubits remains a major challenge, with important implications for the efficiency of AQC/QA systems. 
 
Networks of coupled optical parametric 
oscillators (OPOs) are an alternative physical 
system, with an unconventional operating 
mechanism, for solving the Ising problem and 
by extension many other combinatorial 
optimization problems. We have realized a 
fully-programmable 100-spin Ising machine 
using a network of OPOs and measurement 
feedback, and with it can solve many different 
Ising problems. In cases in which exact 
solutions are not easy to obtain, we can find 
good approximate solutions. 
 
In this talk we will provide an overview of our work on constructing a 
coherent Ising machine and highlight the results we have obtained in 
benchmarking the performance of our prototype system. 
 
[1] P.L. McMahon*, A. Marandi*, et al. Science 354, No. 6312, pp. 614 
– 617 (2016). 
[2] A. Marandi, et al. Nature Photonics 8, pp. 937 – 942 (2014). 
[3] R. Hamerly*, T. Inagaki*, P.L. McMahon*, et al. arXiv:1805.05217 
(2018). 
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CONTROL OF LIGHT-MATTER INTERACTION IN VAN DER WAALS MATERIALS 

Vinod M. Menon 

Dept. of Physics, City College & Graduate Center of CUNY, New York, NY 10031 

Email: vmenon@ccny.cuny.edu ; Web: www.lanmp.org  

 

Two-dimensional (2D) Van der Waals materials have emerged as a very attractive class of 

optoelectronic material due to the unprecedented strength in its interaction with light. In this talk I will 

discuss approaches to enhance and control this interaction by integrating these 2D materials with 

microcavities, and metamaterials. I will first discuss the formation of strongly coupled half-light half-

matter quasiparticles (microcavity exciton-polaritons) [1] and their spin-optic [2] and electrical control 

[3] in the 2D transition metal dichalcogenide (TMD) systems (Fig. 1a). Prospects of realizing 

condensation and few photon nonlinear switches using Rydberg states in TMDs will also be discussed. 

Following this, I will discuss the routing of valley excitons in 2D TMDs using chiral metasurfaces [4]. 

Finally, I will talk about room temperature single photon emission from hexagonal boron nitride [5] 

and the prospects of developing deterministic quantum emitters  (Fig. 1b) using them [6].  

References 

[1] X. Liu, et al., Nature Photonics 9, 30 (2015) 

[2] Z. Sun et al., Nature Photonics 11, 491 (2017) 
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Fig. 1 (a) Schematic of the microcavity with 2D WS2 in a field effect transistor geometry to control the strength 

of light-matter interaction. Through gating, the system is tuned from strong to weak coupling. (b) Strain 

induced single photon emitters in hBN via nanopillars at room temperature. Confocal luminescence image of 

the emitter array along with the number of emitters per pillar site estimated via g2 measurements is also shown. 
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Soft x-ray laser ablation and its application 
 to isotopic mass spectrometry imaging  

C.S. Menoni1, L.A. Rush1, T. Green1, I. Kuznetsov1, A. Duffin2, and J. J. Rocca1 
1Department of Electrical and Computer Engineering, Colorado State University 

2Pacific Northwest National Laboratory 

Table top soft x-ray lasers (SXRL) producing pulses with energies from 1 to 100 µJ  at repetition 
rates of up to 100 Hz, and with wavelengths ranging from 6.85 to 46.9 nm [1,2,3] have enabled 
the implementation of   photonic application testbeds that are paving the way to scientific research 
and technological innovation.  In particular, the SXRL high pulse energy coupled with the ability 
to focus the laser beam to 100 nm diameter spots offer unique opportunities to ablate solids at the 
nanoscale with a single laser shot [4]. These characteristics have enabled  the implementation of 
nanoscale SXRL ablation mass spectrometry [5] and SXRL nanomachining [6].   
In SXRL ablation the energetic photons are absorbed by direct photoionization within ten to 
hundred nanometers from the solid’s surface due to strong absorption. The SXR photons interact 
with the sample throughout the laser pulse duration, even for nanosecond pulses, due to reduced 
inverse bremsstrahlung. Bond breaking leads to the formation of plasmas with electron 
temperatures of the order of a few electron volts and density higher than that optically created 
plasmas [7].   The high degree of localization of the 
SXRL energy and strong absorption  makes it possible 
to ablate craters hundreds of nanometer deep at 
threshold fluences of ∼0.1 J/cm2 (or equivalently 
6x108 Wcm-2 for 1.7 ns pulse duration at λ=46.9 nm), 
20-40x smaller than when using UV lasers [5].   
This presentation will review the distinct properties of 
SXR laser ablation of solid samples, and will 
specifically discuss how these characteristics affect 
ionization and hence the information that can be 
obtained with mass spectrometry.  Results will be 
presented on the analysis of nuclear materials.  In 
particular, the capabilities of  SXR laser ablation mass 
spectrometry for imaging isotopic ratios will be 
presented and compared to more developed methods.    
[1] S. Heinbuch, M. Grisham, D. Martz, and J.J. Rocca, 
“Demonstration of a desk-top size high repetition rate soft x-ray laser”, Optics Express 13, 4050, (2005).   
[2] B.A. Reagan, et al, “High-average-power, 100-Hz-repetition-rate, tabletop soft-x-ray lasers at sub-15-nm wavelengths,” 
Physical Review Applied 89, 053820 (2014). 
[3] A. Rockwood, et al, "Compact gain-saturated x-ray lasers down to 6.85 nm and amplification down to 5.85 nm". Optica 
5, 257, (2018). 
[4] G. Vaschenko, et al, “Nanometer scale ablation with a table-top soft X-ray laser,” Optics Letters 31, 3615 (2006). 
[5] I. Kuznetsov, et al,  "Three-dimensional nanoscale molecular imaging by extreme ultraviolet laser ablation mass 
spectrometry," Nat. Commun,  6, Article No. 6944(2015). 
[6] H. Bravo, et al, “Demonstration of nanomachining with focuses extreme ultraviolet laser beams,” IEEE Journal of 
Selected Topics in Quantum Electronics 18, 443 (2012). 
[7] M. Berrill, et al, “Warm photoionized plasmas created by soft X-ray laser irradiation of solid targets,” Journal of the 
Optical Society of America B 25, B32 (2008). 
This work is supported by the Department of Homeland Security Grant No. 2017-DN-130-NFRA01. 

(Top) Scanning electron microscope image of 
CRM U200 (20% 235U) and CRM U129A 
(0.72% 235U).  (Bottom)  isotopic content maps 
obtained by nanoscale SRX laser ablation mass 
spectral imaging. 
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Probing Strong-field QED at SLAC and Future Lepton Collider

Sebastian Meurena

aDepartment of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA

By colliding the FACET-II 10 GeV electron beam with 10 TW-class laser pulses the so-called critical
(Schwinger) field will be explored at SLAC [1]. In this regime the QED vacuum becomes unstable with
respect to electron-positron pair production and photon emission disrupts classical trajectories [2].

Laser-based strong-field QED experiments are characterized by two main parameters: the quantum param-
eter χ = E∗/Ecr, which measures the magnitude of the electromagnetic field E∗ in the electron/positron
rest-frame in units of the critical (Schwinger) field Ecr = m2c3/(~e) ≈ 1.3×1018V/m and the classical
intensity parameter (reduced vector potential) a0 = eE/(mωc), which measures the classical energy transfer
over a laser wavelength in units of the electron rest energy (E and ω denote the peak field strength and central
angular frequency of the laser, respectively).

Already with the baseline design (χ ∼ 1, a0 ∼ 10) FACET-II will be able to observe vacuum breakdown
in locally constant fields, highly nonperturbative Compton scattering, the breakdown of the so-called local-
constant field approximation (LCFA) used in numerical codes, and clear signatures of quantum radiation
reaction, e.g., stochasticity and a breakdown of the classical Landau-Lifshitz (LL) description [1].

By upgrading the laser to the 100 TW-1 PW scale and by employing plasma-wakefield-based energy
doubling (25GeV electron beam), CLIC parameters will become accessible (χ ∼ 10). In particular, one
could measure quantum suppression of beamstrahlung, study vacuum birefringence/dichroism, induce a
multi-stage QED cascade and thus produce an electron-positron pair plasma. A laser upgrade to the 10-30 PW
scale would facilitate a0 & 200 and thus muon pair production via electron-positron recollisions. Notably,
χ ∼ 100 would be attainable with a 50GeV electron beam. In this regime αχ2/3 ∼ 0.1, which implies that
radiative corrections have a significant influence (dynamically induced photon mass mγ ∼ 0.1m) [3].

Finally, a future 100 GeV-class high-luminosity lepton collider could enter the regime αχ2/3 & 1, where
according to the Ritus-Narozhny conjecture QED becomes a strongly coupled quantum field theory similar
to QCD at low energies [4,5].
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Fig. 1: Parameters achievable at SLAC with the follow-
ing laser/electron beam combination: 100TW +
10GeV (black), 1PW + 25GeV (red), 10PW +
25GeV (orange), 20PW + 50GeV (yellow). Elec-
tron energies 20−30GeV are achievable either by
combining two thirds of the SLAC linac or by em-
ploying a PWFA afterburner at FACET-II.

References
[1] SLAC FACET-II proposal (unpublished, approved) “Probing Strong-field QED at FACET-II” (2018)
[2] A. Di Piazza et al., Rev. Mod. Phys. 84, 1177 (2012)
[3] V. I. Ritus, J. Sov. Laser Res. 6, 497 (1985)
[4] V. Yakimenko, SM, F. Del Gaudio et al., arXiv:1807.09271 (2018)
[5] A. M. Fedotov, J. Phys.: Conf. Ser. 826, 012027 (2017)
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Plasmonic nanogap cavities for enhanced fluorescence-based bio sensing 

Maiken H. Mikkelsen 

Center for Metamaterials and Integrated Plasmonics, Department of Electrical and Computer 

Engineering, Department of Physics, Duke University, USA 

Recently, large fluorescence enhancements have been shown for molecules and quantum 

dots coupled to small, nanogap plasmonic cavities [1,2]. Here, I will discuss the use of such 

plasmonic cavities to enhance the fluorescence readout of a bio sensor for the detection of an 

important cardiac bio marker: B-type natriuretic peptide (BNP). Fluorescence-based microarrays 

are promising diagnostic tools due to their high throughput, small sample volume and 

multiplexing capabilities. However, their low fluorescence output has limited their 

implementation with low-cost, handheld detectors for in vitro diagnostics applications in a point-

of-care setting. We demonstrate more than two orders of magnitude enhancement in fluorescence 

from a sandwich immunoassay, enabling readout by a low-cost handheld detector. A gold film 

below the polymer brush and silver nanocubes above the sandwich immunoassay constitute the 

plasmonic nanopatch antennas (Figure 1) and results in large local electromagnetic field 

enhancements and near-perfect absorption of incident light. This new sensing modality provides 

up to 200-fold enhancement in fluorescence and a 5-fold improvement in the limit-of-detection 

of BNP compared to the unenhanced assay, paving the way for a new generation of point-of-care 

clinical diagnostics. 

 

 

Figure 1. Point-of-Care Immunoassay 

using Plasmonic Metasurfaces. A 

microarray assay (D4) is embedded 

between silver nanocubes (SNC) and a 

gold film resulting in a 200-fold increase 

in the fluorescence signal. The assay is 

compatible with microfluidics and 

multiplexing. (NCP: Non-Contact Printer; 

cAb: capture antibody; dAb: detection 

antibody). 

 

[1] A. Rose, T. B. Hoang, F. McGuire, J. J. Mock, C. Ciraci, D. R. Smith & M. H. Mikkelsen, “Control of 

radiative processes using tunable plasmonic nanopatch antennas,” Nano Letters 14, 4797 (2014) 

[2] J. J. Baumberg, J. Aizpurua, M. H. Mikkelsen & D. R. Smith, “Extreme nanophotonics in ultrathin 

metallic junctions,” Nature Materials, review article, accepted (2018)   

[3] D. F. Cruz, C. M. Fontes, J. Huang, A. Hucknall, A. Chilkoti & M. H. Mikkelsen, “Ultrabright 
Fluorescence Readout of a Point-of-Care Immunoassay using Plasmonic Metasurfaces,” submitted 

(2018) 

 

Speaker: Maiken Mikkelsen, Duke University
Session: Plasmon-Exciton Coupling
Schedule: Monday Morning Invited Session 1

PQE-2019 238



Topological source of quantum light

Sunil Mittal1,2, Elizabeth A. Goldschmidt3,1, Mohammad Hafezi1,2,4

1Joint Quantum Institute, NIST/University of Maryland, College Park, MD 20742, USA
2Department of Electrical and Computer Engineering, and

IREAP, University of Maryland, College Park, MD 20742, USA
3U.S. Army Research Laboratory, Adelphi, MD 20783, USA

4Department of Physics, University of Maryland, College Park, MD 20742, USA

We present a source of quantum light, that is, heralded single photons and correlated photon pairs, realized using
spontaneous four-wave mixing in a two-dimensional topological photonic system of coupled ring resonators [1, 2].
We show that the photon pair generation is significantly enhanced in the topological edge modes of the system. More
importantly, we compare our system to a topologically trivial 1D system and show that the topological robustness of
source manifests as robustness in the spectral correlations of generated photons.
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FIG. 1. Schematic of the experimental setup. a SEM image of a 8×8 lattice of site-ring resonators (cyan), coupled using link
rings (yellow). Photons acquire a non-zero phase ϕ when then circulate around a plaquette of four site rings and four link rings.
The paths followed by clockwise (CW) and counter-clockwise (CCW) edge modes are highlighted in red and green, respectively.
b Simulated transmission (T) spectrum of a 8×8 lattice. The two topological edge bands (shaded red and green) are separated
by a bulk band (shaded blue). c Simulated dispersion curve showing linear dispersion for the edge modes. Here k is the photon
momentum and Λ is the lattice constant such that kΛ is the phase between two neighboring rings on the edge. Efficient phase-
matching occurs when the pump as well as signal and idler frequencies correspond to edge modes. d Schematic of the pump and
the spectral measurement setup. EDFA: erbium-doped fiber amplifier, PC: polarization controller. e Measured spectra of generated
signal photons as a function of the pump wavelength. Because of efficient phase matching, maximum number of photons are
generated when the pump, the signal and the idler frequencies are in edge band. Moreover, this spectral correlation between the
pump and the generated photons, in the edge band, is robust against fabrication disorders.

[1] Hafezi, M., Mittal, S., Fan, J., Migdall, A. & Taylor, J. M. Imaging topological edge states in silicon photonics. Nature Photon.
7, 1001–1005 (2013).

[2] Mittal, S., Goldschmidt, E. A. & Hafezi, M. A topological source of quantum light. Nature 561, 502–506 (2018).
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Coherence amplification of two-photon emission  
toward neutrino mass spectroscopy 
Yuki Miyamoto, for the SPAN collaboration 

Research Institute for Interdisciplinary Science, Okayama University, Okayama, Japan 

We, the SPAN (SPectroscopy of Atomic 

Neutrinos) collaboration, have proposed to study 

extremely rare processes involving neutrinos. 

The processes are called “Radiative Emission of 

Neutrino Pair (RENP)”. In the RENP processes, an 

excited atom or molecule decays to its ground 

state by emitting one photon and a pair of 

neutrinos simultaneously. Examples of Feynman 

diagrams and a schematic energy diagram of the 

RENP are shown in the figure to the right. It is relatively easy to observe the photons, 

which contain rich information of the neutrino pairs, although almost impossible to 

observe the neutrino pairs. The unknown neutrino properties such as their absolute 

masses, mass type (Dirac or Majorana), and CP-violating phases can be investigated 

by observing spectra of the photons. It is a common practice to prepare a vast number 

of targets for observing rare phenomena. However, gathering tons of excited 

atoms/molecules is unrealistic. We have planned to amplify the RENP rate by taking 

advantage of collective interactions. 

Collective interactions between atoms mediated by photons has shown a variety of 

interesting and useful phenomena. Among them, constructive interference effects can 

be quite useful for observing rare phenomena because its resultant rate become 

proportional to the square of the number of excited particles and can be very large. 

As a first step of the project, we have experimentally 

investigated the coherence amplification of QED 

processes emitting plural photons, which are analogies 

to the RENP processes emitting plural particles. I would 

like to present our resent results on coherent vibrational 

two-photon emission from both gaseous and solid 

hydrogen. It is found that emission intensity in the solid 

increases even after excitation pulses pass through the 

solid completely. This “coherence feeding” effect will be reported although its physical 

origin is still unclear.  
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Quantum Computing and  

Quantum Simulation with Atoms 

 

C. Monroe 

Joint Quantum Institute, Institute for Quantum Information and Computer Science, 
and Department of Physics, University of Maryland, College Park, MD 

IonQ, Inc, College Park, MD 
 

 

Isolated atomic systems are the cleanest platform for scalable quantum information 

processing.  The inherent stability and replicability enjoyed by atomic clock qubits 

cannot be matched in any solid-state systems, from semiconductor spins and 

quantum dot qubits to superconducting circuitry.  Moreover, atomic qubits are not 

hard-wired but connected with externally applied fields (optical or microwave) that 

allow the quantum connectivity to be gated and reconfigured.  This key attribute 

allows atomic qubits to be readily and efficiently adapted to any future quantum 

computation or simulation task.   

   

Atomic qubit control systems have not yet been engineered to the same degree as 

solid-state systems, but this represents an enormous opportunity for the future 

fabrication of an atomic-based quantum computing or simulator.  Here, the 

challenges do not lie in the fundamental quantum nature of the qubit, but the 

engineering of the optical/microwave control system.  Solid-state qubits, on the other 

hand, have significant physics hurdles stemming from imperfections in the materials 

that host the qubit, and how such qubit imperfections and noise scale with qubit 

number and circuit depth. 

 

This session will extensively cover the state-of-the-art in the use of atomic ions and 

neutral Rydberg atoms in the development of a scalable quantum computer/simulator.  

In particular, atomic ions have pushed the furthest in qubit number, coherence time, 

and gate fidelity, and many small algorithms and simulations have been 

demonstrated with trapped ion qubits, with full control of up to about 20 qubits and 

global simulations with up to hundreds of qubits.  I will summarize the development 

and performance of room temperature ion trap systems at both university and 

industrial settings, including a high-level software layer that allows autonomy and 

remote use via a cloud service. I will also speculate on how this system can 

realistically be scaled to thousands of qubits and beyond. 
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Do truly unidirectional (and topological) surface plasmon-polaritons exist? 
 

Francesco Monticone 
 

Cornell University, School of Electrical and Computer Engineering, Ithaca, New York, 14853, USA. 
francesco.monticone@cornell.edu  

 
Unidirectional surface plasmon polaritons (SPPs) on nonreciprocal material platforms are currently 
the subject of significant interest and some controversy. It has been known for several decades that, at 
the interface between a magnetized plasma (a gyrotropic medium) and an isotropic material, 
unidirectional surface waves can emerge under certain conditions and in certain frequency ranges [1]. 
This topic has seen a resurgence of interest recently in the context of nonreciprocal and topological 
electromagnetics [2]-[4]. Interestingly, however, an important class of nonreciprocal SPP modes has 
been recently shown to not exhibit strict unidirectionality if more realistic material models that 
include nonlocal effects (spatial dispersion) are considered [4]. 
In this talk, we first discuss all the available physical mechanisms that may bestow a plasmonic 
platform with directionality, both in the sense of one-way excitation of surface waves, and in the sense 
of directive diffractionless propagation along the surface. We consider the effect of strong and weak 
forms of nonreciprocity, the elliptic-like or hyperbolic-like topology of the modal dispersion surfaces, 
as well as the source polarization state, with the associated possibility of chiral surface-wave 
excitation governed by angular-momentum matching. We then discuss the effect of nonlocality and 
dissipation on the unidirectional nature of these nonreciprocal plasmonic modes in different regimes, 
and the topological transitions that may emerge. We show that the effect of nonlocality strongly 
depends on the considered structure. While in certain regimes and configurations, SPP modes clearly 
lose their unidirectionality due to nonlocal effects, in other scenarios the nonlocality does not prevent 
the existence of unidirectional topological surface waves, even in the lossless case. As we discuss in 
our talk, this form of unidirectionality, however, does not lead to thermodynamic paradoxes. 
 
 
[1] S. R. Seshadri, “Excitation of surface waves on a perfectly conducting screen covered with anisotropic plasma,” IRE 
Trans. Microwave Theory Tech. 10, 573 (1962). 
[2] S. A. Hassani Gangaraj, M. G. Silveirinha, and G. W. Hanson, “Berry Phase, Berry Connection, and Chern Number for 
a Continuum Bianisotropic Material From a Classical Electromagnetics Perspective,” IEEE J. Multiscale Multiphysics 
Comput. Tech., vol. 2, pp. 3–17, 2017.  
[3] S. Ali Hassani Gangaraj, et al. “Truly unidirectional excitation and propagation of diffractionless surface plasmon-
polaritons,” arXiv:1811.00463v2. 2018. 
[4] S. Buddhiraju, et al. “Absence of unidirectionally propagating surface plasmon-polaritons in nonreciprocal 
plasmonics,” arXiv:1809.05100v1 2018. 
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On the quantum-limited intensity noise and linewidth of nanolasers 

Jesper Mork*, Emil C. André*, Igor E. Protsenko#, Alexander V. Uskov#, and Martijn Wubs* 
*
DTU Fotonik, Dept. of Photonics Engineering, Technical University of Denmark,  

DK-2800 Kgs. Lyngby, Denmark, jesm@fotonik.dtu.dk 
#
Lebedev Physical Institute of RAS, Leninsky Prospekt 53, Moscow, 119991, Russia 

 

In recent years there has been tremendous progress in the experimental realization of ultra-small 
semiconductor lasers containing only a few modes [1],[2]. In such nanolasers, the spontaneous- 
emission b-factor approaches unity, see Fig. 1, implying that spontaneous emission only occurs into 
the laser mode and there is no clear transition from the LED regime to lasing when considering the 
intensity of the output light. The question we address in this paper, is whether it is an advantage to 
have a high value of b, when considering the noise characteristics of the laser, or should one rather 
reduce the value of b, in order to reduce random spontaneous emission into the laser mode? While this 
is a quite fundamental question, the literature does not provide a unified view, e.g. regarding the 
conditions under which to achieve the minimum linewidth [3],[4]. 

In this paper we present numerical and analytical results for the intensity and phase noise in 
semiconductor lasers, with emphasis on the role of the b-factor and how to modify it in order to reduce 
the quantum noise.  While conventional rate equations can be used for analyzing the case of good-
cavity lasers [5], where the material polarization can be adiabatically eliminated, the case of bad-cavity 
lasers requires the inclusion of collective effects [1]. We show that in this regime the laser displays 
drastically different characteristics below the laser threshold [6].   

 

 
Fig. 1. The b-factor is the rate of spontaneous emission into the lasing mode relative to the total 
spontaneous emission rate. It is of the order of 1/M, where M is the total number of modes. For 
conventional lasers (left) one has M>>1 and consequently b<<1, while current nanolasers (right) approach 
the case of  M~b~1, where all spontaneous emission occurs into the laser mode. 

 
[1] S. Kreinberg, W. W. Chow, J. Wolters, C. Schneider, C. Gies, F. Jahnke, S. Höfling, M. Kamp, and S. Reitzenstein, 

“Emission from quantum-dot high-β microcavities: transition from spontaneous emission to lasing and the effects 
of superradiant emitter coupling,” Light Sci. Appl., vol. 6, no. 8, p. e17030, Aug. 2017. 

[2] Y. Ota, M. Kakuda, K. Watanabe, S. Iwamoto, and Y. Arakawa, “Thresholdless quantum dot nanolaser,” Opt. 
Express, vol. 25, no. 17, p. 19981, 2017. 

[3] G. Bjork and Y. Yamamoto, “Analysis of semiconductor microcavity lasers using rate equations,” IEEE J. 
Quantum Electron., vol. 27, no. 11, pp. 2386–2396, 1991. 

[4] S. Ates, C. Gies, S. Ulrich, J. Wiersig, S. Reitzenstein,  a. Löffler,  a. Forchel, F. Jahnke, and P. Michler, “Influence 
of the spontaneous optical emission factor β on the first-order coherence of a semiconductor microcavity laser,” 
Phys. Rev. B, vol. 78, no. 15, p. 155319, Oct. 2008. 

[5] J. Mork and G. L. Lippi, “Rate equation description of quantum noise in nanolasers with few emitters,” Appl. Phys. 
Lett., vol. 112, 141103, 2018. 

[6] E. C. André, I. E. Protsenko, A. V. Uskov, J. Mørk, and M. Wubs, “On collective Rabi splitting in nanolasers and 
nano-LEDs,” arXiv  1810.06098v1, 2018. 
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How to simulate high energy physics 
on a quantum computer 

 

Christine Muschik 
 

Institute for Quantum Computing, University of Waterloo, Waterloo, Ontario, Canada, N2L 3G1 
Department of Physics & Astronomy, University of Waterloo, Waterloo, Ontario, Canada, N2L 3G1 

 
 

Gauge theories are fundamental to our understanding of interactions between the elementary constituents of matter as 
mediated by gauge bosons. However, computing the real-time dynamics in gauge theories is a notorious challenge for 
classical computational methods. In the spirit of Feynman's vision of a quantum simulator, this has recently stimulated 
theoretical effort to devise schemes for simulating such theories on engineered quantum-mechanical devices, with the 
difficulty that gauge invariance and the associated local conservation laws (Gauss laws) need to be implemented. Here 
we report the first experimental demonstration of a digital quantum simulation of a lattice gauge theory, by realising 
1+1-dimensional quantum electrodynamics (Schwinger model) on a few-qubit trapped-ion quantum computer. We are 
interested in the real-time evolution of the Schwinger mechanism, describing the instability of the bare vacuum due to 
quantum fluctuations, which manifests itself in the spontaneous creation of electron-positron pairs. To make efficient 
use of our quantum resources, we map the original problem to a spin model by eliminating the gauge fields in favour 
of exotic long-range interactions, which have a direct and efficient implementation on an ion trap architecture. We 
explore the Schwinger mechanism of particle-antiparticle generation by monitoring the mass production and the 
vacuum persistence amplitude. Moreover, we track the real-time evolution of entanglement in the system, which 
illustrates how particle creation and entanglement generation are directly related. Our work represents a first step 
towards quantum simulating high-energy theories with atomic physics experiments, the long-term vision being the 
extension to real-time quantum simulations of non-Abelian lattice gauge theories.  
 
[1] E. A. Martinez*, C. A. Muschik*, P. Schindler, D. Nigg, A. Erhard, M. Heyl, P. Hauke, M. Dalmonte, T. Monz, P. 
Zoller, and R. Blatt (*these authors contributed equally to this work), Nature 534, 516-519 (2016). 

 
 

a) Quantum simulation of the coherent real time dynamics of particle-antiparticle creation b) Experimental setup. 
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Advanced Pulsed-Laser-Modified Energy Nanomaterials 

Astrid M. Müller 

University of Rochester, Rochester, NY 14627 
astrid.mueller@rochester.edu 

Abstract 

We used pulsed-laser ablation in liquids to control defect generation and healing in transition 
metal oxide photoanode nanomaterials [1]. The laser method is a flexible synthetic strategy for 
surfactant-free nanomaterials with controlled compositional, morphological, and structural 
properties [2,3]. It permits rapid preparation or modification of tailored, complex nanostructures 
in sufficiently large quantities to study them in bulk [4,5]. 

We prepared 70 ZnO and TiO2 materials to system-
atically study the effects of laser parameters and ad-
sorbed gold nanoparticles and concomitant changes 
to bandgap, crystal structure, and bulk and surface 
defect densities on photocurrent generation of ZnO 
and TiO2 photoanodes under simulated sunlight irra-
diation in neutral aqueous electrolytes. We ob-
served unambiguous color changes of the ZnO and 
TiO2 nanoparticles as a function of laser irradiation 
and/or AuNP functionalization and were interested 
in (1) the physical origin of the individual colors, and 
(2) a correlation with photoelectrochemical perfor-
mance. Two-dimensional photoluminescence data 
allowed us to extract the effects of surface versus bulk defects. We obtained key insights about 
the defect types and mechanisms that laser processing generated and how they affect photoe-
lectrochemical performance [1]. 

[1] M. Lau, S. Reichenberger, I. Haxhiaj, S. Barcikowski, and A. M. Müller, ACS Appl. Energy 
Mater. 1, 5366 (2018). 
[2] C. W. Roske, J. W. Lefler, and A. M. Müller, J. Colloid Interface Sci. 489, 68 (2017). 
[3] B. M. Hunter, J. D. Blakemore, M. Deimund, H. B. Gray, J. R. Winkler, and A. M. Müller, J. 
Am. Chem. Soc. 136, 13118 (2014). 
[4] D. Zhang, B. Gökce, and S. Barcikowski, Chem. Rev. 117, 3990 (2017). 
[5] C. M. Blumenfeld, M. Lau, H. B. Gray, and A. M. Müller, ChemPhysChem 18, 1091 (2017). 

 
 

Irradiation of TiO2 nanoparticles in aqueous 
suspension by ps-532-nm pulses resulted in de-
fect healing and more than twofold enhanced 
photocurrent generation. 
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Excited-State Dynamics and Quantum Photonic Interactions from First Principles 
 
Exciting discoveries during the past few decades in quantum science and technology have 
brought us to this next step in the quantum revolution: the ability to fabricate, image and measure 
materials and their properties at the level of single atoms is almost within our grasp. Yet, at the 
most fundamental level a tractable quantum mechanical description and understanding of these 
materials does not exist. The physics of quantum materials is rich with spectacular excited-state 
and non-equilibrium effects, but many of these phenomena remain poorly understood and 
consequently technologically unexplored. Therefore, our work focuses on understanding how 
quantum-engineered materials behave, particularly away from equilibrium, and how we can 
harness these effects for technologies of the future. I will present my approach, from a theoretical 
and computational standpoint, in this talk. Electron-photon, electron-electron as well as electron-
phonon dynamics and far-from-equilibrium transport are critical to describe ultrafast and excited-
state interactions in materials. Ab initio descriptions of phonons are essential to capture both 
excitation and loss (decoherence) mechanisms, and are challenging to incorporate directly in 
calculations due to a large mismatch in energy scales between electrons and phonons. I will show 
results using a theoretical method we have developed to calculate arbitrary electron-phonon 
and electron-optical interactions in a Feynman diagram many-body framework integrated with a 
nonequilibrium carrier (electron and phonon) transport method. Further, I will discuss a 
new formalism at the intersection of cavity quantum-electrodynamics and electronic structure 
methods, quantum-electrodynamical density functional theory (QEDFT), to treat electrons and 
photons on the same quantized footing. I will demonstrate how these ab initio techniques 
can guide the search for relevant quantum properties in 2D and 3D materials, including new 
quantum emitters. In the second part of the talk, I will show recent results using newly developed 
theoretical methods to evaluate the linear optical properties of low dimensional and 
heterostructured quantum materials. Further I will discuss how we extend these methods as a 
computational probe of hydrodynamic materials, for which electronic transport behaves according 
to the laws of hydrodynamics over conventional scattering descriptions. Finally, I will discuss the 
linear and nonlinear optical properties of these hydrodynamic and other similar Dirac and Weyl 
compounds to better understand the effect of linear dispersion on overall transport and optical 
properties. 
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Novel atom interferometers 
M. P. Manicchia1, J. G. Lee1, J. P. Davis2, G. R. Welch3 and F. A. 

Narducci1 
1Dept. of Physics, Naval Postgraduate School, Monterey, CA, USA 

2AMPAC Inc., North Wales, PA, USA 
3Dept. of Physics and Astronomy, Texas A&M University, College Station, TX,, USA 

 
E-mail: Frank.Narducci@nps.edu 

 
In this talk, I will highlight two novel interferometers currently being developed at the Naval 
Postgraduate School. The first interferometer utilizes a magnetic field gradient to break the 
symmetry between the two atomic paths, which leads to a higher scaling in the time T between 
the atom optic pulses. I will briefly describe details of the theory, which will be discussed in 
detail in a talk in this session by M. Zimmermann. I will also compare our version of the 
experiment to an experiment also being discussed in this session by O. Amit. I will discuss the 
status of our experiment, including, for example, the Ramsey data depicted in figure 1 (left).  
The second interferometer uses continuous opposing beams of slow atoms originating from a 2-
dimensional magneto-optical trap (2D-MOT) and continuous Raman fields for the atom optics. I 
will discuss the impact of gravity on this interferometer when operated as a gyroscope. I will 
discuss the status of this experiment, including, for example, the Ramsey data depicted in figure 
1 (right).  

 
 
 
 
 
Funding 
This work described in this talk was funded by a grant from the Office of the Secretary of Defense (qSEP program) 
and the Office of the Secretary of Defense (LUCI program). 
 
 

Figure 1: (Left) A Ramsey fringe from the T-cubed experiment. (Right) Ramsey interference fringes from a continuous 
slow atom beam. 
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Hyperbolic modes of a metal-dielectric interface.

Evgenii Narimanov
School of Electrical and Computer Engineering , Purdue University, West Lafayette IN 47907

Abstract: The inherent mobility of free electrons leads to the formation of hyperbolic layers
at any high-quality metal-dielectric interface, which support new surface waves with longer
propagation distance and stronger field confinement, at the same time.

With the ultimate goal of controlling light on a subwavelength scale, the field of nanoplasmonics generally relies
on resonant coupling of electromagnetic fields to free charge carriers in a conducting medium. [1] The fundamental
limits on the resulting light confinement are defined by the inherent non-locality of the electromagnetic response in the
constituent materials, due to e.g. mobility of the free carriers in conducting materials. [2,3] Here, we demonstrate that
this non-locality also leads to a strong dielectric anisotropy near the metal-dielectric interface, where the corresponding
electromagnetic response becomes effectively hyperbolic. The resulting hyperbolic layer near the metal-dielectric
interface supports a new type of surface waves that, compared to the conventional surface plasmons, offer both longer
propagation distance and stronger field localization, simultaneously. [4]

(a) (b) (c)

Fig. 1. Gaussian beam incident on a metal-dielectric interface, with the magnitude of the tangen-
tial component of the electric field in panel (a), and the corresponding time-averaged values of
wx ≡ (ExDx +EyDy)/8π (b) and wz ≡ (ExDx +EyDy)/8π (c). The vertical white line indicates the
interface z = 0. Note the clearly visible hyperbolic layer at 0 < z . 0.01c/ωp. The frequency of
the incident beam ω = 0.5ωp, the electron scattering time τ = 18.84/ωp, the crystal lattice per-
mittivity of the conductor ε∞ = 12.15, the permittivity of the dielectric εd = 10.23, and the Fermi
velocity vF = 0.00935c; for the plasma wavelength λp = 10 µm these parameters correspond to the
AlInAs/InGaAs material system of Ref. [5].

In Fig. 1 we consider a Gaussian electromagnetic beam incident onto a half-infinite metal with an atomically flat
boundary at z = 0, and calculate the actual distribution of the electromagnetic field that takes full account of the non-
locality of the electron response in the metal. While the magnitude of the electric field (see Fig. 1 (a)) displays the
conventional intensity pattern of the reflected wave, the plots of Eτ Dτ and EnDn in the panels (b) and (c) corresponding
to the tangential and normal to the interface field components, clearly show the presence of the hyperbolic layer near
the interface.

This work was partially supported by the National Science Foundation (grant DMREF-1629276), Army Research
Office (grant W911NF-14-1-0639) and Gordon and Betty Moore Foundation.
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The general formula for rotational averages

Reed Nessler1,2 and Tuguldur Begzjav1

1TAMU IQSE, College Station TX
2Baylor University, Waco TX

Spectroscopic applications require finding uniform rotational averages of 𝑛th rank three-
dimensional tensor quantities. This problem reduces to calculating a tensor 𝐼 (𝑛) formed by av-
eraging products of 𝑛 direction cosines:

𝐼 (𝑛)𝑖1⋯𝑖𝑛;𝜆1⋯𝜆𝑛 = ⟨𝑙𝑖1𝜆1 ⋯ 𝑙𝑖𝑛𝜆𝑛⟩ = ∫
SO(3)

d𝑔 𝑙𝑖1𝜆1(𝑔)⋯ 𝑙𝑖𝑛𝜆𝑛(𝑔).

Previous writers[1] express 𝐼 (𝑛) as a trigonometric integral over Euler angles only to shy
away from integrating it: instead they find a systematic expansion in “basic” (Kronecker and
Levi-Civita) isotropic tensors. While ingenious this method has not been extended past rank
𝑛 = 8, where it already entails a coefficient matrix that occupies an entire page of typescript.[2]

We by contrast find a formula for 𝐼 (𝑛) that is valid for all ranks, fits within a few lines of
print or code, and is trivial to run on a computer. In short we decompose the Euler integral
representation into a sum of Euler beta integrals, then perform some manipulations to obtain a
completely elementary expression.

Beyond clearing the path for any three-dimensional cartesian tensor to be averaged, our
formula provides a friendly base for deriving further results. As illustration we obtain simple
criteria to determine when 𝐼 (𝑛) = 0 and observe a connection to Wigner’s 𝐷-matrix.

10994886723494843872546953987649
72990145958487791733877923417441643885386168798906593488561250670160977000

Figure: the component ⟨𝑙1811 𝑙1612 𝑙3113 𝑙1121 𝑙4622 𝑙623𝑙231𝑙2131 𝑙4433 ⟩ of 𝐼 (195), a number that we wager is making its print
debut here. Our program finds it within seconds.

[1]D. L. Andrews and T. Thirunamachandran, J. Chem. Phys. 67, 5026–5033 (1977)
[2]D. L. Andrews and W. A. Ghoul, J. Phys. A: Math. Gen. 14, 1281–1290 (1981)
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Hot Carrier Generation, Relaxation and Applications 
  

Peter Nordlander 
  

Laboratory for Nanophotonics, Department of Physics and Astronomy, MS 61,  
Rice University, Houston, TX 77005, USA 

. 

. 
 

Plasmons can serve as efficient generators of hot electrons and holes that can 
be exploited in light harvesting applications.[1] The physical mechanism for 
plasmon-induced hot carrier generation is plasmon decay. Plasmons can decay 
either radiatively or non-radiatively with a branching ratio that can be 
controlled by tuning the radiance of the plasmon mode. Non-radiative plasmon 
decay is a quantum mechanical process in which one plasmon quantum is 
transferred to the conduction electrons of the nanostructure by creating an 
electron-hole pair, i.e., excitation of an electron below the Fermi level of the 
metal into a state above the Fermi level but below the vacuum level. I will 
discuss the time-dependent relaxation of plasmon-induced hot carriers 
including electron-electron scattering, fluorescence, and electron-phonon 
coupling.[2] I will also discuss recent applications of plasmon-induced hot 
carrier generation such as photocatalysis, and how photocatalytic efficiencies 
can be enhanced and quantified by placing catalytic reactors in the nearfield of 
a plasmonic antenna in Antenna/Reactor geometries.[3] 

 

REFERENCES 
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Defeating the Dark Exciton in Perovskite Nanocrystals 
David J. Norris 

Optical Materials Engineering Laboratory 
ETH Zurich, Leonhardstrasse 21, 8092 Zurich, Switzerland 
 

According to Hund’s rules, the lowest energy exciton in 
organic materials is a poorly emitting triplet state. For 
inorganic semiconductors, similar rules predict an 
analog of this triplet known as the dark exciton. 
Because this state releases photons slowly, materials 
that disobey these rules have been sought. However, 
despite considerable experimental and theoretical 
efforts, no inorganic semiconductors have been 
identified in which the lowest exciton is bright. Here, we 
will discuss the situation in cesium lead halide 
perovskites [CsPbX3 (X = Cl, Br, and I)]. Theory shows 
that this material can exhibit a highly emissive triplet 
state when the strong spin–orbit coupling in the 
perovskite conduction band is combined with the 
Rashba effect.1 We then apply such a model to CsPbX3 
nanocrystals, for which we measure size- and composition-dependent fluorescence at the 
single-nanocrystal level. The bright-triplet character of the lowest exciton immediately explains 
the anomalous photon-emission rates of these materials, which emit ~20 and ~1,000 times 
faster than any other semiconductor nanocrystal at room and cryogenic temperatures, 
respectively. The bright-triplet exciton is further confirmed by detailed analysis of the fine 
structure in low-temperature fluorescence spectra. Our results provide criteria for identifying 
other semiconductors that exhibit bright excitons, with potential implications for optoelectronic 
devices and quantum emitters. 

(1) Becker, M. A.; Vaxenburg, R.; Nedelcu, G.; Sercel, P. C.; Shabaev, A.; Mehl, M. J.; Michopoulos, J. 
G.; Lambrakos, S. G.; Bernstein, N.; Lyons, J. L.; Stöferle, T.; Mahrt, R. F.; Kovalenko, M. V.; Norris, 
D. J.; Rainò, G.; Efros, Al. L. Nature 553, 189 (2018). 
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Coherence of Ultrafast Plasmon Nanolasers 

Teri W. Odom 
Northwestern University, 2145 Sheridan Road, Evanston, IL 60208 

 

Coherent light sources have been demonstrated in a wide-range of nanostructures, but little effort has 
been devoted to probing their underlying coherence properties and mechanistic details. This talk will 
describe two plasmonic nanolasing systems with different cavity structures: nanoparticle arrays and 
bowtie-shaped particles. First, we will discuss the long-range spatial coherence and ultrafast temporal 
coherence of lattice plasmon lasers determined by interferometric methods. Such distributed nanoscale 
lasers support a unique open-cavity architecture that can be used to interrogate the mechanisms of 
energy transfer processes and plasmon amplification in confined systems. Second, we will describe how 
three-dimensional bowtie nanoparticles can behave as single-unit nanolasers, where the localized gap 
mode can result in lasing when integrated with gain. Transient absorption microscopy enables a means 
to map spatially and spectrally where the gain and gap plasmon exchange energy. Finally, we will discuss 
challenges in and approaches to differentiating among competing energy transfer processes in lasing 
action from metal-based nanocavities. 
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Quantum enhanced superresolution microscopy 

Dan Oron 

Department of Physics of Complex Systems, Weizmann Institute of Science, Israel 

E-mail: dan.oron@weizmann.ac.il 

Far-field optical microscopy beyond the Abbe diffraction limit, making use of nonlinear excitation 

(e.g. STED), or temporal fluctuations in fluorescence (PALM, STORM, SOFI) is already a reality. 

In contrast, overcoming the diffraction limit using non-classical properties of light is very difficult 

to achieve due to the requirement of nonlinearity and the fragility of quantum states of light. Here, 

we experimentally demonstrate superresolution microscopy based on quantum properties of light 

naturally emitted by fluorophores used as markers in fluorescence microscopy. Our approach is 

based on photon antibunching, the tendency of fluorophores to emit photons one by one rather than 

in bursts. Although a distinctively quantum phenomenon, antibunching is readily observed in most 

common fluorophores even at room temperature. 

This nonclassical resource can be utilized directly to enhance the imaging resolution, since the non-

classical far-field intensity correlations induced by antibunching carry high spatial frequency 

information on the spatial distribution of emitters [1]. Detecting photon statistics simultaneously 

in the entire field of view, we were able to detect non-classical correlations of the second and third 

order, and reconstructed images with resolution significantly beyond the diffraction limit. 

Alternatively, we demonstrate the utilization of antibunching for augmenting the capabilities of 

other commonly used superresolution techniques, such as localization-based superresolution 

imaging [2] or image-scanning confocal microscopy [3]. For this end, we use a novel detector 

comprised of an array of single photon detectors connected to a densely packed fiber bundle, acting 

as a low-noise single photon sensitive camera, and enabling the measurement of photon 

correlations. These features allow us to enhance the spatial resolution with which multiple emitters 

can be imaged and localized compared with techniques that rely on an integrated photon count 

using CCD cameras. An example for resolution enhancement by quantum image scanning confocal 

microscopy is given in Fig. 1. 

Finally, new modalities for 

harnessing quantum photon statistics 

for super-resolved imaging will be 

discussed. 

[1] O. Schwartz, et al., “Superresolution 

microscopy with quantum emitters,” Nano 

letters, 13, 5832–5836 (2013). 

 

[2] Y. Israel et al., “Quantum correlation 

enhanced super-resolution localization 

microscopy enabled by a fiber bundle 

camera”, Nat. Commun. 8, 14786 (2017) 

 

[3] R. Tenne et al., “Super-resolution 

enhancement by quantum image scanning 

microscopy”, 

https://arxiv.org/abs/1806.07661 

 

 

Fig. 1: Images of a microtubule-labeled 3T3 cell stained with 

quantum dots by: confocal (left), image-scanning confocal (center) 

and quantum image scanning confocal (right). Scale bar is 0.5m. 
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Aspects of Time in Physics
Don N. Page

Theoretical Physics Institute, Department of Physics, 4-183 CCIS,

University of Alberta, Edmonton, Alberta T6G 2E1, Canada

Time, the most common English noun, has mystified thinkers at least since Saint

Augustine (354–430). Humans have long recognized regularities in nature that have to do

with time, particularly in astronomy, such as the length of the tropical year, determined to

be 365.2422 days by Omar Khayyam (1048–1131).

In Newtonian mechanics, absolute time is a fixed background for Newton’s three laws of

motion. In special relativity, time by itself is not absolute, but related to space. Although

space and time are separately not absolute, their union into Minkowski spacetime was still

viewed as an absolute background for all events, not affected by the events themselves.

In general relativity, spacetime itself is not absolute in the sense of being a background

structure unaffected by the events within it, but is instead a dynamical structure evolv-

ing in interaction with the matter. General relativity implies that in many situations

spacetime has a singular boundary or edge where space or (more usually) time begins or ends.

Newtonian mechanics, special relativity, and general relativity are all classical theories,

in which particles and fields have histories, but in quantum mechanics, there are not definite

particle histories, but instead a quantum state |Ψ〉 that in a simple background evolves

deterministically by the Schrödinger equation for all time t, so there is no limit to time in

either the past or future.

However, the situation is more uncertain in quantum gravity, in which one also applies

quantum theory to the spacetime itself. Canonical quantum gravity for a closed universe

gives a quantum state that has no dependence on time and obeys Ĥ|Ψ〉 = 0, which is the

Hamiltonian constraint equation for quantum cosmology (the Wheeler-DeWitt equation).

Then how do we get the observed time evolution of the universe?

DNP and William Wootters, “Evolution without Evolution: Dynamics Described by

Stationary Observables,” Phys. Rev. D27 (12), 2885-2892 (1983), showed that because

the time parameter in the Schrödinger equation is not observable, energy apparently obeys

a superselection rule in the same sense that change does. That is, observables must all

commute with the Hamiltonian and hence be stationary. This means that even without

considering canonical quantum gravity, it is consistent with all observations to assume

that any closed system such as the Universe is in a stationary state. The observed dy-

namical evolution of a system can be described entirely in terms of stationary observables

as a dependence upon internal clock readings, given by the conditional expectation value

E(A|τ) = 〈PτAPτ 〉/〈Pτ 〉 = tr(PτAPτρ)/tr(Pτρ).
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Atomic Spin Entanglement and Anyonic Statistics in Optical Lattices 

 

In this talk, I will report our recent research progress with ultracold atoms trapped in optical 

lattices. Ultracold atoms in optical lattices hold promise for the creation of entangled states 

for quantum simulation and quantum computation.  

In our experiment, we developed a novel setup of spin-dependent. Optical superlattice. We 

were able to generate, manipulate and detect the atomic spin entanglement in this lattice. 

Moreover, based on the techniques of precisely manipulating atomic spins, we built a 

minimum version of the toric code Hamiltonian with four atomic spins in optical plaquettes. 

We observed four-body ring-exchange interactions, existing in many-body systems while 

never observed before in experiment, and the topological properties of anionic excitations 

within this ultracold atom system. This work represents an essential step towards studying 

topological matters with ultracold atoms and offers new perspectives on topological 

quantum simulation. 
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Polarization Effects in Thomson Scattering by Free Electrons in a 
Strong Laser Field 

  
J. Peatross, B. Pratt, C. Schulzke, and M. Ware 

Department of Physics and Astronomy, Brigham Young University, Provo, UT  84602, USA  
peat@byu.edu  

 
Abstract 

Nearly a half-century ago, Sarachick and Schappert published a landmark description of 
classical electron motion and associated scattered radiation in an intense laser field. [1]   In the 
average rest frame, an electron oscillates along a well-known figure-8 path, owing to both the 
electric and magnetic forces of the laser field.  At relativistic intensities, electrons scatter both 
odd and even harmonics into a far-field spatial pattern. This relativistic nonlinear Thomson 
scattering was observed by the Umstadter group in the late 1990’s. [2]  They measured the net 
intensity of second and third harmonic light scattered out the side of the laser focus at various 
angles. 

 
 
Fig. 1. Azimuthal (top) and longitudinal (bottom) polarization components of the fundamental, second harmonic, and 
third harmonic of Thomson scattering in the far field. Electrons are stimulated by linearly-polarized 800 nm light at 
1.5 1018 W/cm2. 
 

Fig. 1 shows calculated polarization-resolved patterns of the scattered radiation -- first, 
second, and third harmonics. The polarization components are resolved along ‘latitude’ and 
‘longitude’ lines.  This additional dimension of information lends further insight into the electron 
motion and radiation behavior.  We outline ongoing experiments for measuring polarization-
resolved fundamental, second, and third harmonic photons scattered from low-density electrons 
in a Ti:sapphire laser focus, at intensities above 1018 W/cm2.  Different features of the figure-8 
electron motion may be associated with the orthogonal polarization components of the scattered 
light.  These kinds of measurements may also reveal characteristics of the laser vector field 
distribution in the focus.  Acknowledgement: NSF 1708185. 
References 
[1] E. S. Sarachik and G. T. Schappert, “Classical Theory of the Scattering of Intense Laser Radiation by 
Free Electrons,” Phys. Rev. D 1 , 2738-2753 (1970). 
[2] Chen, S. Y., Maksimchuk, A., and Umstadter, D. “Experimental observation of relativistic nonlinear 
Thomson scattering,” Nature 396 , 653-655 (1998).
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Delivery	of	nanoparticles	into	live	human	cells	
	
	 We	will	 describe	 how	 the	 delivery	 of	 nanoparticles	 into	 the	 cytosol	 of	 live	
cells	can	be	achieved	by	a	simple	co-incubation	with	the	reagent	dfTAT.	dfTAT	is	a	
peptide	that	specifically	permeabilizes	the	membrane	of	late	endosomes.	When	co-
incubated	 with	 dfTAT,	 nanoparticles	 that	 are	 endocytosed	 by	 cells	 can	 reach	 the	
cytosol	of	cells	by	efficiently	escaping	from	endosomes.	Using	this	approach,	100	nm	
MOF	 particles	 were	 efficiently	 introduced	 into	 cells.	 These	 nanoparticles	 were	
subsequently	used	to	protect	cells	from	toxic	chemicals.	In	this	presentation,	we	will	
describe	the	molecular	underpinnings	involved	in	cell	penetration,	and	discuss	how	
this	 technology	 may	 facilitate	 the	 use	 of	 nanoparticles	 for	 the	 monitoring	 and	
manipulation	of	intracellular	processes.		
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Cavity QED Using Single Quantum Dots and Plasmon Resonances 
Matthew	Pelton,	UMBC	

 
Cavity QED has been investigated for several 
decades, with two regimes attracting the 
greatest attention: the weak-coupling regime, 
where the spontaneous emission rate of an 
emitter is modified by coupling to an optical 
cavity, and the strong-coupling regime, 
where the emitter and the cavity photon mode 
undergo vacuum Rabi splitting into new, 
hybrid modes. Strong coupling between 
individual solid-state emitters (epitaxial 
quantum dots, QDs) and optical microcavities 
has enabled applications such as quantum 
information transfer between photons and 
solid-state spins. However, achieving strong 
coupling requires that the coupling strength 
between the QD and cavity mode exceeds 
decoherence rates in the system, and the 
strength of coupling to optical-cavity modes 
(which is inversely proportional to the mode 
volume) is restricted by the diffraction limit. 
Strong-coupling experiments with optical microcavities are thus performed at low temperatures, where 
exciton dephasing in QDs is reduced. 

Plasmon resonances in metal nanostructures can confine optical 
fields to dimensions below the diffraction limit, raising the 
possibility of achieving strong coupling at room temperature. 
The challenge is then to realize small enough mode volumes that 
the coupling strength exceeds the fast decay rates of plasmons. 
Recently, reports have been made of strong coupling between 
single emitters and plasmon resonances, based on the 
observation of two peaks in the spectrum of optical scattering 
from the coupled structure. However, intermediate to the strong- 
and weak-coupling regime, there is a range of coupling strengths 
where two peaks still occur in the scattering spectrum, but due 
to Fano-like interference rather than Rabi splitting. To provide 
an unambiguous observation, we have measured both scattering 
and photoluminescence (PL, which, as an incoherent process, is 
not subject to Fano interference) from structures consisting of a 
single colloidal QD in the gap between a metal nanoparticle and 
a metal film. We have clearly distinguished weak, intermediate, 
and strong coupling at room temperature for individual 
assemblies. (See Figure 1.) In collaboration with the group of 
Markus Raschke, we have measured PL from a single QD in the 
gap between a metal scanning-probe tip and a metal film, and 
have observed controllable splitting in the PL spectrum. (See 
Figure 2.)  

Although the strong-coupling regime has been the subject of the 
greatest study, the intermediate-coupling regime also has the 
potential to enable important applications. In particular, 
calculations predict that the transparency dip produced by Fano 

interference can be removed by exciting the QD with a low-power control laser. This represents a strong, 
ultrafast optical nonlinearity on the nanoscale, which has the potential to serve as the basis for all-optical 
modulators and as a key element in an all-optical neural network. 

Figure 1. Intermediate coupling (Fano interference) 
between a gap plasmon created by a metal nanoparticle 
and metal film and a single quantum dot. (a-b) Measured 
scattering spectra (blue / black) and photoluminescence 
spectra (green / gray) before and after intense laser 
illumination. (c-d) Corresponding theoretical spectra.   

Figure 2. Strong coupling (Rabi 
splitting) between a single quantum 
dot (QD) and a gap plasmon created 
by a gold scanning-probe tip and a 
metal film. The lowest curve shows 
the luminescence from the QD when 
the tip is far away, the light curve 
shows the luminescence as the tip 
approaches the QD, and the highest 
curve shows the luminescence when 
the tip is above the QD. 
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Higher Order Spectral Line Distribution of the Laser  

        Tao Peng1, Xingchen Zhao1, Yanhua Shih2, and Marlan Scully1;3 

1. Texas A & M University, College Station, Texas 77843, USA 
2. University of Maryland, Baltimore County, Baltimore, Maryland  21250, USA 
3. Baylor University, Waco, Texas 76706, USA 

 

         

                 
          

 

   

  

  
         

             

 

 
 

 
 
 

 

 
 

[1] Schawlow, Arthur L., and Townes, Charles H. Phys. Rev. 112, 1940 (1958). 
[2] M. O. Scully, W. Lamb Jr, and M. Stephen, Proceedings of the International    Conference on the Physics of Quantum Electronics, 

(Puerto Rico, 1965); M. O. Scully, and Willis E. Lamb Jr. Phys. Rev. 159, 208 (1967). 

Figure 1 Experimental results of the 1
st

 order, 2
nd 

order, and 3
rd

 order Lorentzian spectral profiles. The 

estimated bandwidths are 107.9 kHz, 420.6kHz, and 963.3kHz, respectively. The black dots are 

experimental data and the red curves are theoretical fittings.  
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Probing the roton excitation spectrum of a stable dipolar
Bose gas

D.Petter,1 G.Natale,1 R.M.W. vanBijnen,2 A.Patscheider,1 M.J.Mark,1,2

L.Chomaz,1 and F. Ferlaino1,2

1 Institute for Experimental Physics, University of Innsbruck, 6020 Innsbruck, Austria
2 Institute for Quantumoptics and Quantuminformation, Austrian Academy of Science, 6020

Innsbruck, Austria

Dipolar Bose-Einstein condensates (dBECs) offer an ideal playground for investigating novel
aspects of many-body phenomena in the presence of dipole-dipole interactions (DDI). A seminal
work in 2003 [1] predicted the existence of a roton mode (a minimum in the dispersion relation at a
finite momentum qrot) in the excitation spectrum of a dBEC, similar to the roton mode in superfluid
He II. In contrast to He II, the roton mode in a dBEC does not require strong interactions, but
rather arises from the momentum dependence of the DDI.

In our experiment, we have observed the first evidence for the existence of a roton mode in
dBECs with erbium atoms. In an earlier study, we performed quench experiments and observed an
exponential growth of the population of the roton mode, characteristic of the roton instability [2].
In my talk, I will present more recent investigations, where we directly demonstrated the existence
of the roton minimum in the dispersion relation of a stable dBEC [3]. Here, we measured the
excitation spectrum over a wide range of momenta via Bragg spectroscopy. By precisely controlling
the relative strength, εdd, of the dipolar to the contact interactions, we observe the emergence of
the roton minimum and probe its energy softening towards instability. Furthermore, we observe
the increase of density-density correlations, assotiated with the roton softening. The comparison of
our data with theory reveals a good agreement with mean-field Bogoliubov calculations and shows
deviations when including beyond-mean-field effects in form of a Lee-Huang-Yang correction, calling
for further studies of their treatment in the roton regime. Similar to the case of superfluid helium,
the roton minimum may provide a path for the creation of supersolid phases in dBECs.
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Figure 1: Upper panels: Bragg spectroscopy measurements for different εdd. Braggpulses for a fixed q and
varying ω (individual columns, delineated by white ticks) reveal the excitation as a resonance in the mo-
mentum variance 〈q2y〉 of the atomic cloud. Its center frequency can be attributed to the excitation energy
of the spectrum. Lower panels: Corresponding excitation spectra over a wide q range, compared to calcu-
lations of the Fourier-broadened zero-temperature dynamic structure factor S̃0(q, ω) for the experimental
parameters.

[1] L. Santos, et. al., PRL 90, 250403 (2003)
[2] L. Chomaz, et. al., Nature Physics, 14, 442 - 446 (2018)
[3] D. Petter, et. al., arXiv:1811.12115 (2018)
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XUV nonlinear optics and spectroscopy near resonances  

Thomas Pfeifer 

Max-Planck Institute for Nuclear Physics, Heidelberg, Germany 

 

In linear optics, the propagation of light through media is not affected by its intensity.  However, 

with the advent of optical lasers it became possible to create electromagnetic fields that drive 

electrons in materials strongly enough to exceed their linear response. 

Non-linear optics enabled the generation of the 2nd, 3rd and eventually much higher harmonics, 

thereby also discovering entirely new dynamical processes, with recollision physics as one key 

example. 

Free-electron lasers (FELs) now routinely allow the observation of nonlinear effects such as the 

absorption of multiple photons of extreme-ultraviolet (XUV) or x-ray light by single atoms, 

demonstrating nonlinear-optical light conversion to be principally possible, as confirmed by the 

production of the second harmonic [1] and four-wave-mixing [2] by independent groups. 

An emerging frontier in our search for new dynamical physics[3, 4] is non-perturbative XUV 

nonlinear optics.  Non-perturbative effects can occur near resonances, where strong coupling is 

expected to give rise to competitions between Rabi and ionization dynamics. 

In this talk, we discuss recent experiments with atoms driven by intense XUV FEL pulses.  In 

photoexcitation with ~60 eV photon energy, we observed an intensity dependence of the absorption 

spectrum recorded after the transmission through a dense helium sample.  We also performed 

simulations allowing for the strong coupling of the ground state of helium to the 2s2p doubly 

excited state with its surrounding continuum. The agreement of simulation and experimental data 

points to the completion of a significant fraction of a Rabi cycle.  This means the creation of an 

exotic state of matter:  A helium gas in which for a few femtoseconds a macroscopic fraction of 

atoms is doubly excited. 

In XUV-XUV pump-probe experiments in Neon atoms we observe nonlinear effects such as 

intensity-dependent Stark shifts of resonance transitions in Ne2+. Close to these transitions, we find 

spectral modifications within ~2 fs near temporal overlap.  These can be interpreted by coherence 

effects that are an important requirement to further develop nonlinear coherent (e.g. 2-dimensional) 

spectroscopy techniques in the XUV. 

[1] M. Fuchs, M. Trigo, J. Chen, S. Ghimire, S. Shwartz, M. Kozina, M. Jiang, T. Henighan, C. Bray, G. 

Ndabashimiye, P. H. Bucksbaum, Y. P. Feng, S. Herrmann, G. A. Carini, J. Pines, P. Hart, C. 

Kenney, S. Guillet, S. Boutee, G. J. Williams, M. Messerschmidt, M. M. Seibert, S. Moeller, J. B. 

Hastings, and D. A. Reis, Nat. Physics 11, 964 (2015). 

[2] F. Bencivenga, R. Cucini, F. Capotondi, A. Battistoni, R. Mincigrucci, E. Giangrisostomi, A. Gessini, 

M. Manfredda, I. P. Nikolov, E. Pedersoli, E. Principi, C. Svetina, P. Parisse, F. Casolari, M. B. 

Danailov, M. Kiskinova, and C. Masciovecchio, Nature 520, 205 (2015). 

[3] C. Ott, A. Kaldun, P. Raith, K. Meyer, M. Laux, J. Evers, C. H. Keitel, C. H. Greene, and T. Pfeifer, 

Science 340, 716 (2013). 

[4] V. Stooss, S. M. Cavaletto, S. Donsa, A. Blättermann, P. Birk, C. H. Keitel, I. Brezinova, J. 

Burgdörfer, C. Ott, and T. Pfeifer, Phys. Rev. Lett. 121 (2018). 
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Spatial Self-Organization of Cold Atoms  
via Optical Binding 

 

Nicola Piovella(1), Angel T. Gisbert(1), Romain Bachelard(2) 
 
(1) Dipartimento di Fisica “A. Pontremoli”, Università degli Studi di Milano, 

Milano, Italy. 
(2) Departamento de Fisica, Universidade Federal de Sao Carlos, Sao Carlos, 

Brazil. 

Abstract 
 

We study the formation of light-induced bound states in cold atomic systems. This 
effect is known as 'optical binding' and it has been observed up to now with small 
dielectric particles in viscous media. Our interest is to demonstrate a similar effect in 
dilute cold atoms interacting via radiation-assisted dipole forces, with the formation 
of bound states of two or more atoms. Previous results have shown that two cold 
atoms confined in a plane may form a stable pseudo-molecule with size of the order 
of the optical wavelength [1]; furthermore, three atoms in a plane form stable 
equilateral triangles, and many atoms may form clusters with hexagonal symmetries. 
Beside the light-induced force creating the bound states, a viscous force exists in such 
systems and is able to damp the oscillations of the atoms in the dipole-dipole 
potential.
 

Optical potential landscape generated 
by the interference between the 
confining laser beams (perpendicular 
to the plane (x,y), not shown in this 
figure) and the radiation of the atoms. 
The pair of atoms is trapped in the first 

minimum of potential, with |r1-r2|~  
The upper inset describes the profile of 
the self-generated potential V(q) 
where q=k|r1-r2|, in absence of 
angular momentum. 
 

 
[1] C. E. Maximo, R. Bachelard, and R. Kaiser, Physical Review A 97 (2018) 043845. 

Speaker: Nicola Piovella, Università degli Studi di Milano
Session: Quantum Optics 2
Schedule: Friday Evening Invited Session

PQE-2019 262



Towards quantum simulation with cluster states  
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In a seminal paper in 2001, Raussendorf and Briegel [Phys. Rev. Lett. 86, 5188 (2001)] 
proposed a new scheme of quantum computing, the one-way quantum computer. Hereby, a 
large entangled state – the so-called cluster state – is created and the quantum computation 
is done via an adaptive sequence of consecutive single-qubit measurements. Cluster state 
quantum computing is universal and as such enables the execution of any quantum 
computation, in principle. Here, we propose how cluster states can be implemented in a 
probabilistic, fiber-based setup using single-photon emitters (SPE) and multi-photon 
interferences. In such a setup, the possible multi-photon quantum paths are designed and 
manipulated via different fibers lengths and half-wave plates such that cluster states are 
realized in the internal atomic or the photonic degrees of freedom upon coincident detection 
of the emitted photons. We indicate how these cluster states can be exploited for quantum 
simulation, e.g., of high-energy physics. 
 
 

single-photon
emitters fibers half-wave

plates cluster state

Figure 1: Ingredients to create cluster states via multi-photon interferences. 
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Topological and quantum plasmonics 
 

Marco Polini1 
1 Istituto Italiano di Tecnologia, Graphene Labs, Via Morego 30, I-16163 Genova, Italy 

 
Plasmonics is a mature subfield of optoelectronics where light-matter interactions and propagating 
collective charge density excitations in a conductor are used to confine and steer electromagnetic 
energy in nanoscale devices. Progress in conventional metal-based plasmonics, however, has been 
hampered by substantial losses. Indeed, when electromagnetic fields are confined through the use 
of e.g. noble-metal plasmons, losses tend to be high and greatly limit the propagation distance of 
these collective modes. Substantial efforts have been recently made to increase the lifetime of these 
modes at room temperature, without decreasing the associated confining power. For example, one 
can utilize high-quality graphene sheets encapsulated in hexagonal boron nitride, where graphene 
plasmons scatter essentially only against the acoustic phonons of the two-dimensional (2D) carbon 
lattice, which are weakly coupled to the electronic degrees of freedom. Another possible pathway 
is to use plasmons in topologically-non-trivial materials. In the particular case of crystals displaying 
broken time-reversal symmetry (BTRS), the existence of unidirectional propagating modes akin to 
the ultra-long-lived topological edge magnetoplasmons that occur in 2D electron systems in the 
quantum Hall regime is expected. Technologically, it would be extremely useful to use materials 
where BTRS occurs without the aid of an external magnetic field. Natural candidates among 
topological materials with BTRS are recently discovered Weyl semimetals (WSMs). These are 
semimetals with protected linear band crossings in the Brillouin zone, which act as power-law-
decaying sources of Berry curvature. Some of these compounds do display intrinsic BTRS and, at 
the same time, have intriguing topological surface states called “Fermi arcs” (FAs).  
In this talk, I will present a fully quantum-mechanical theory of WSM FA plasmons. The present 
derivation focuses on the simplest microscopic model Hamiltonian of a (type-I) WSM with BTRS 
and is based on linear response theory and the random phase approximation (RPA). We focus on 
the electrostatic regime, where the plasmon wave number is much larger than the photon one, 
enabling great concentration of electromagnetic energy. I will discuss how quantum non-local 
effects are crucial to understand WSM FA plasmon physics. Since the FA wavefunctions are in 
strong spatial overlap with a bulk of gapless excitations, FA plasmons are susceptible to Landau 
damping even at zero temperature and deep in the long-wavelength limit. Our theory fully 
quantifies this intrinsic dissipation mechanism, which is dominated by processes whereby FA 
plasmons decay by emitting electron-hole pairs in the bulk, and puts strict theoretical bounds on 
the observability of certain angular portions of the highly-anisotropic FA plasmon dispersion.  
Finally, if time allows, I will also discuss recent progress in understanding quantum non-local 
effects in graphene plasmonics. In this case, we have used a combination of graphene plasmons 
and engineered dielectric-metallic environments, to probe the local shape of density correlations in 
the graphene electron liquid. Near-field imaging experiments in the Terahertz (THz) spectral range 
have revealed a parameter-free match with the full theoretical quantum description of the massless 
Dirac electron gas, in which we have identified three types of quantum effects as keys to 
understanding the response of graphene to short-ranged THz electric fields. The first type is of 
single-particle nature and is related to shape deformations of the Fermi surface during a plasmon 
oscillation. The second and third types are a many-body effect controlled by the inertia and 
compressibility of the interacting electron liquid in graphene. Our work paves the way for accessing 
the full non-local conductivity tensor of electron liquids in 2D materials and surface states of 
WSMs and topological insulators. 
 
Work supported by the European Union’s Horizon 2020 research and innovation programme under grant agreement No. 785219 “Graphene Core2”. 
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Resource-Efficient Communication via Quantum State Discrimination
Sergey V. Polyakov, Ivan A. Burenkov, M. V. Jabir, Driss El Idrissi, and Abdella Battou (NIST, USA)

Resource prudency per communicated bit will have the para-
mount significance for proliferation of the Internet, energy ef-
ficiency of databanks and improved deep space communica-
tions. There are two main resources of a communication link:
energy per bit and bandwidth. In most cases, there exists a
tradeoff in the use of these resources. Thus, two families of
“M-ary” encodings are distinguished: bandwidth limited and
power limited, where either bandwidth efficiency is achieved
by losing energy efficiency or vise verse. One possible way to
curb this daunting tradeoff is the use of quantum measurement.
Indeed, quantum state discrimination sensitivity is limited by
Helstrom bound, [1], that yields smaller error rates than shot
noise limited classical state discrimination.

The bandwidth limited family includes such encodings as pulse
amplitude modulation (PAM), quadrature amplitude modula-
tion (QAM), phase-shift keying (PSK) and others. In these
modulation schemes the per-bit channel bandwidth W decrea-
ses as the number of signals in the alphabet M increases for
a fixed bit rate Rb. Therefore bitrate and bandwidth ratio is
Rb/W > 1. On the other hand, increasing M increases the er-
ror probability and thus reduces the performance at any given
SNR, decreasing power efficiency. Remarkably, even though
the quantum measurement yields some advantage over classi-
cal measurements for state discrimination, this advantage de-
creases rapidly with the growth of M for bandwidth-limited
protocols, Fig. 1. The power limited family includes pulse
position modulation (PPM), biorthogonal and simplex signal
modulation and orthogonal frequency-shift keying (OFSK), em-
ploys orthogonal signals, and requires a broader bandwidth.
For orthogonal signals, increasing M increases the bandwidth
proportional to M/(log2 M) for a fixed Rb, i.e. bitrate to band-
width ratio is Rb/W < 1. Therefore the bandwidth efficiency
of the system decreases with M. On the other hand, for a fixed
SNR per bit, the the power efficiency of the system improves
with M. The two families, [2], reside in two separate semi-
plains Rb/W < 1 and Rb/W > 1, i.e. energy efficiency and
bandwidth efficiency are not optimized at the same time.

Figure 1: Bandwidth and power efficiency comparison of dif-
ferent communication protocols and the Shannon limit.

We found an encoding family whose Helstrom bound yields
energy efficiency better than that of bandwidth-limited encod-
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Figure 2: Histogram of time-resolved photocounts at SPD col-
lected for 10 seconds for correctly and incorrectly hypothe-
sized displacement to vacuum.

ings and simultaneously yields bandwidth efficiency better than
that of power-limited encodings for M > 4, i.e its sensitivity
bound resides in both semi-plains, Fig. 1. It is based on coher-
ent frequency shift keying (CFSK) [3] with optimized param-
eters of the alphabet states. A quantum receiver is required to
take advantage of this encoding. Such a receiver, [3], relies on
adaptive displacement of the hypothesized most likely input
state to vacuum, followed with time-resolved single-photon
detection. In theory, the detector produces a click if an only
if the a hypothesis was incorrect. Unlike other quantum re-
ceivers, this receiver uses arrival times of such detections for
better sensitivity.

To demonstrate quantum-enabled communication we imple-
mented the CFSK testbed sing visible light. To characterize
state displacement to vacuum, we measure a time-resolved his-
togram of photon arrivals over ≈ 4 · 106 trial pulses, Fig. 2.
Our input signal produced ≈0.05 counts per pulse on a single-
photon detector. After displacement, we observed 5 · 10−3

counts per pulse and no temporal dependence, Fig. 2, black
dots and green linear fit. When displacement is based on an
incorrect hypotheses, we observe a periodic histogram with
the frequency ≈ 762 kHz, the average count rate of ≈ 0.1
photon per pulse, and visibility of 0.954. The temporally re-
solved fringes represent the beating between frequencies and
relative phases of the incorrectly hypothesized state and the
input signal, blue dots and red sine fit, Fig. 2. In the above
measurements, no correction for the background/dark counts
of the detector and detector jitter were applied. Based on this
characterization, we model the M = 8 receiver performance.
We find that energy sensitivity of our modulation scheme un-
der the above experimental conditions can be favorable to that
of bandwidth-limited M = 8 quantum receivers if a detector
with at least ≈ 80% detection efficiency is employed.

[1] C. W. Helstrom, Mathematics in Science and Engineering, 123, New York: Academic Press
(1976)

[2] J. Proakis, Digital Communications, Electrical engineering series (McGraw-Hill, 2001)

[3] I. A. Burenkov, O.V. Tikhonova, S.V. Polyakov, ”Quantum receiver for large alphabet
communication,” Optica 5, 227-232 (2018)
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Low-order harmonic generation an interference in mid-infrared laser filaments in gases 

Pavel Polynkin1*, Valentina Shumakova2, Claudia Gollner2, Audrius Pugzlys2, Andrius Baltuska2 
1 College of Optical Sciences, The University of Arizona, 1630 East University Blvd., Tucson, AZ 85721, USA 

2 Photonics Institute, Vienna University of Technology, Gusshausstrasse 27-387, A-1040 Vienna, Austria 
* Email : ppolynkin@optics.arizona.edu 

Nonlinear self-channeling of intense, ultrashort laser pulses in gases, known as laser filamentation, has 
numerous potential applications ranging from remote sensing in the atmosphere to lightning control. Over 
the past two decades, filamentation has been extensively investigated using Ti:Sapphire-based laser 
systems operating at around 800 nm wavelength. Recent advances in optical parametric chirped-pulse 
amplification (OPCPA) technology push these studies into longer-wavelength regimes. There, the 
propagation dynamics is modified by the presence of transparent windows of anomalous dispersion in 
molecular gases. Multiple harmonics of the infrared driver pulse fall into the transparency window of air 
and other gases and can be easily detected and analyzed. 

In this contribution, we report experimental results on filamentation of ultrashort, mid-infrared (MIR) 
laser pulses at 3.9 µm center wavelength in air and argon. The emphasis is on the generation of multiple 
odd harmonics of the MIR driver pulse. As evidenced by our results, the spatial and spectral distributions 
of the generated harmonics carry information about the dispersion landscape experienced by the spectrally 
broadened MIR driver. We also show that the adjacent harmonics spectrally interfere, with the phase of the 
interference patterns depending on the carrier-envelope phase (CEP) of the MIR driver pulse. This 
interference, in principle, can be used for single-shot measurements of the CEP in the CEP-unstable, 
ultrafast, MIR laser sources. 

 
Figure 1. Single-shot, angularly-resolved spectrum of harmonics of up to 11th order, generated through filamentation 
of 25 mJ, 90 fs laser pulse at 3.9 µm wavelength in normal-pressure air. The “fish-wave” topology of the spectrum of 
5th harmonic, indicated by the blue dashed line, results from the spectrally broadened mid-infrared driver pulse 
reaching the window of anomalous dispersion at 4.2 µm, which is due to the trace content of CO2 in the air. The 
spatial and spectral evolution of the pump pulse is mapped onto the spectra of the generated harmonics.   

 
Figure 2. Examples of single-shot angularly-resolved spectra of harmonics generated through filamentation of 25 mJ, 
90 fs laser pulses at 3.9 µm wavelength in 1.5 bar of argon. The spectral fringes in the on-axis emission between 800 
nm and 1,000 nm are due to the interference between 3rd and 5th harmonic emissions. The outlines of these 
interference fringes are shown to the right of the corresponding spectra. The phase of the fringe patterns carries 
information about the 2×CEP of the mid-infrared driver pulse.    

This work was supported by the US Air Force Office of Scientific Research under MURI program 
FA9550-16-1-0013. 
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In a number of physical situations, from polarons, to non-Fermi liquids, to Dirac liquids, one often 
faces a problem of computing particle mobility/conductivity when conditions for applicability of 
the kinetic equation approach are violated. The corresponding ``beyond quasiparticles" (or 
``overdamped") regime is formally identified as a state in which an inelastic scattering time 
(computed formally within the standard 
perturbative approach) is exceeding the typical 
thermal energy of quasiparticles. We employ 
the Diagrammatic Monte Carlo method to 
study mobility of Frohlich polarons in the 
overdamped regime and discover two non-
perturbative effects: a mobility minimum at T 
~ Ω when coupling is strong (substantial delay 
in developing an exponential law at 
temperatures below the optical mode 
frequency Ω at intermediate coupling), and 
complete destruction of the Drude peak in 
frequency dependence. Both effects should be 
taken into account in interpreting mobility 
data in materials with strong electron-phonon 
coupling. Mobility of a Frohlich polaron as a 
function of temperature at strong coupling α= 
6 is shown to the left.  
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Measuring and manipulating noise in optomechanical systems 

Thomas P. Purdy1,2, Robinjeet Singh3 
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3Joint Quantum Institute, NIST & UMD, Gaithersburg, MD, USA 

 

Over the last decade, research in the field of cavity optomechanics has developed 

extraordinarily sensitive and low loss devices as well as clever measurement techniques to probe 

macroscopic mechanical systems in the quantum regime. If one observes carefully, the noise in 

optically detected mechanical resonators can reveal a remarkable tale of the fundamental 

quantum mechanics of measurement embodied by Heisenberg’s microscope type physics.  In this 

talk we will discuss how to use the scale of the inherent optical-force-driven quantum 

measurement backaction to directly calibrate measurements of the motion of a nano-

optomechanical system.  Even in the regime where quantum backaction effects are relative small 

compared to other noise (e.g. ambient conditions – room temperature and atmospheric pressure 

operation, and low probing laser power), we measure quantum-backaction-induced correlations 

on probe light, providing a noise scale related to the mechanical zero-point motion.  This scale is 

then used to calibrate the measured level of Brownian motion of the mechanical resonator, 

creating a quantum-noise-calibrated absolute thermometer [1].  We are working toward making a 

metrologically useful version of this compact optomechanical temperature standard. 

It is also interesting to keep track of the origin of the thermal noise driving the 

mechanical resonator.  We are developing a nanomechanical thermometry technique that is an 

acoustic analog of IR blackbody radiation thermometry (Fig.1).  We have engineered a silicon 

nitride membrane mechanical resonator where the dominant source of dissipation is radiation of 

acoustic energy into its supporting substrate, which is then absorbed by a mechanically lossy 

‘acoustic blackbody’ deposited onto the substrate.  We show that the Brownian motion of the 

membrane mode is governed by the temperature of the acoustic blackbody, via exchange of 

blackbody acoustic radiation through the low loss substrate, and not the material temperature of 

the membrane.  This architecture of dissipation engineering, where a single nanomechanical 

degree of freedom is intentionally coupled to a well-defined macroscopic bath should improve 

many of the systematic uncertainties in our primary, quantum-calibrated thermometry, especially 

self-heating due to absorbed probe light and unknowns in the nature of nanoscale baths.  
 

[1] T. P. Purdy, et al., Quantum correlations from a room-temperature optomechanical cavity, Science 356, 1265 (2017). 
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Fig. 1. Acoustic blackbody radiation thermometry. 
(a) Simulations of the acoustic radiation patterns 
into a silicon substrate of two modes of a Si
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membrane drumhead resonator. (b) Brownian 
motion temperature of the modes when the 
blackbody is heated, showing strong coupling of the 
(1,10) mode to the acoustic blackbody. 
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Whispering Gallery Mode (WGM) resonators are a class 
of optical, high-Q devices, which significantly enhance the 
interaction between light and matter. In WGM resonators, 
light is trapped within dielectric microstructures, resulting 
in highly sensitive, multi-pass sensors. These devices offer 
numerous benefits compared to conventional optical 
systems, including: (1) small sensor foot-print (2) scalable 
and inexpensive fabrication, and (3) ease of integration 
with conventional electronics. 

Our lab has demonstrated the use of WGM sensors 
for a variety of applications, including the detection of 
nanoparticles, infrared sensing, and magnetic fields.  While 
we have shown broad applicability of these sensors, most 
optical set-ups are not amenable towards clinical and field-
based applications due to bulky optical equipment and 
difficulties in incorporating fluidic handling. 

Moving towards the development of clinically relevant 
sensors, our lab has focused on developing microbubble 
sensors – devices in which the optical components are directly linked to the fluidic handling.  We will 
demonstrate our efforts towards an inexpensive, field-compatible microbubble sensor integrated into 
3D printed substrates.  Furthermore, we will showcase our efforts towards the incorporation of 
angle-polished fiber, a unique optical component that not only allows for simple coupling of light into 
our resonator systems, but the ability to finely tune optical modes within our resonator devices.  
Finally, we will discuss our vision of incorporating photonics into clinical medicine, as well as the 
associated challenges for researchers to bridge this critical need. 

 
Figure 2. Vision towards the integration of WGM sensors into clinical practice. 

Figure 1. (a) Schematic diagram of a single 
microbubble sensor. (b) Photograph of a 
microbubble sensors integrated into a 3d-printed 
substrate. 
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Fully 3D Printed RF Structure 

Vesna Radisic and Jesse Tice 

Northrop Grumman Corporation 

Redondo Beach, CA 90278 

 

Additive manufacturing (AM), also known as 3D printing, is a term that includes a wide range of 

processes to create 3D objects using layer-by-layer deposition techniques. In addition to their well-known 

advantages for prototyping and customization, 3D printing technologies have the potential to provide unique 

capabilities that were previously inexistent or otherwise prohibitively costly or complex. In this unexplored 

landscape of possibility, the emerging ability to fully 3D print RF or mm-wave components and systems is 

particularly exciting. Indeed, most such devices (such as couplers or antennas) obtain their operational 

properties from a spatial arrangement of electrical and dielectric materials, and could therefore benefit greatly 

from manufacturing technologies that enhance the spatial resolution or increase the range of potential 

topological arrangements.  

The goal of this work is to demonstrate the capability of fully 3D printed metal-dielectric devices, 

resulting in the fabrication of an AM exclusive design. The development of 3D printing technologies for RF 

and mm-wave components fabrication will be presented. The particular manufacturing approach adopted 

for this work consists of stereolithography (SLA) printed polymer dielectrics combined with aerosol-printed 

silver-nanoparticle (SNP) based conductors. Both processes are presented and benchmarked.  

Since the strength of AM is in the additional degree of freedom it provides to create innovative designs, 

one example of the dramatic improvements in the performance of a 3D printed component over its 2D 

counterpart will be presented. A 3D electromagnetic bandgap (EBG) transmission line was designed and 

fabricated in order to provide an example of the performance improvements achievable through the 3D 

manufacturing of RF components. This “roller coaster” EBG structure, shown in Fig. 1(a), consists of a 

microstrip line whose impedance is periodically modulated along its length through combined variations of 

its thickness and width. 

Simulated and measured S-parameters of this “roller coaster” will be presented. The measurements and 

simulations show good agreement, thereby validating the extracted dielectric permittivity value. The 

difference in physical shape between the 3D “roller coaster” structure, with modulation in multiple 

dimensions, and its 2D counterpart, with modulation in only the width of the line, is shown in the conceptual 

drawings of Fig. 1(b). Comparison of the simulated transmission for a virtually identical form factor of each 

structure shows a large increase in rejection of about 40 dB for the 3D structure. 

 

 

 

 

 

Figure 1: (a) Photograph of fully 3D printed EBG structure. (b) Conceptual drawing for 2D and 3D EBG structures.  
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Frequency spectrum of an optical resonator in a curved spacetime

Dennis Rätzel,1, ∗ Fabienne Schneiter,2 Daniel Braun,2 Tupac Bravo,3

Richard Howl,3 Maximilian P.E. Lock,4, 3 and Ivette Fuentes5, 3

1Institut für Physik, Humboldt-Universität zu Berlin, 12489 Berlin, Germany
2Institut für Theoretische Physik, Eberhard-Karls-Universität Tübingen, 72076 Tübingen, Germany

3Faculty of Physics, University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria
4Imperial College, Department of Physics, SW7 2AZ London, United Kingdom
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In general relativity (GR), as coordinates have
no physical meaning, there is no unique con-
cept for the length of a matter system. Some
notion of length can be covariantly defined
using geometrical quantities or properties of
matter. The ambiguity in the notion of length
poses a problem for high accuracy metrologi-
cal experiments, where gravitational fields or
acceleration have a significant role to play.
For example, the frequency spectrum of a res-
onator depends on its dimensions and hence
knowledge of the precise values of these di-
mensions is of utmost importance.
The two most important concepts of length
are the proper distance and the radar dis-
tance. The proper distance is a geometrical
quantity usually associated with the length of
a rigid rod.

FIG. 1: Illustration of our model of an optical resonator con-
sisting of two mirrors attached to the ends of a rod. We assume
that the resonator is moved along a trajectory γ(%) by a sup-
port which is attached at a distance (1−β)Lp/2 from mirror A.
Since proper time depends on the position in the gravitational
field so does the measured frequency of a resonator mode. We
assume the frequency to be measured at a distance σLp/2 from
the center of the resonator towards mirror B.

The radar distance is the optical length that can be measured by sending light back and forth between two
mirrors and taking the time between the two events as a measure of distance. It is this radar length that gives the
resonance frequency spectrum of an optical resonator for large enough wave numbers. However, the resonators
that are often part of metrological systems are confined by solid matter systems, and therefore, the notion of
proper length plays also a role.

In the first part of this talk (based on our ar-
ticle [1]), we clarify the meaning of different
concepts of length in general relativity. We es-
tablish a fundamental model for a rigid opti-
cal resonator which we extend to a deformable
resonator later. The deformation of the res-
onator depends on the speed of sound in the
material it is composed of.
Our main results are explicit expressions for
the changes of the frequency spectrum of an
optical resonator in a weakly curved space-
time.

FIG. 2: Artistic representation of the free fall of the optical
resonator in the gravitational field of a spherical symmetrical
mass distribution.

We show that rigidity is regained when the speed of sound is infinite. A notion of causal rigidity is obtained
for the speed of sound approaching the speed of light. As an example calculation, we analyze the effect of the
gravitational field of small moving sphere, the effect of uniform acceleration and the effect of the gravitational field
of a large spherical mass distribution such as the earth.

[1] D. Rätzel, F. Schneiter, D. Braun, T. Bravo, R. Howl, M. P. E. Lock, and I. Fuentes, “Frequency spectrum of an optical
resonator in a curved spacetime,” New Journal of Physics, vol. 20, no. 5, p. 053046, 2018.
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Measurement of the Rydberg constant with trapped Rydberg atoms
Georg Raithel, University of Michigan, Ann Arbor, MI 48109, USA

Recently, a five-sigma discrepancy in the proton and
deuteron [1] radii was found in muonic-hydrogen and deu-
terium spectroscopy. This problem is known as the proton
radius puzzle. Since the Rydberg constant, R∞, the nuclear
charge radius and quantum electrodynamics (QED) shifts are
interrelated in these measurements, a determination of R∞
based on a new, different methodology will be valuable in solv-
ing the puzzle. Here we pursue a measurement based on sub-
THz spectroscopy of cold, trapped circular Rydberg atoms [2].
Circular Rydberg atoms have toroidal wavefunctions that lead
to vanishing nuclear-charge overlap and negligible QED shifts
(Lamb shifts). Circular Rydberg atoms are ideal for a mea-
surement of R∞ because of the absence of these unwanted
dependencies, and because of their long radiative lifetimes
(tens of ms).

We use cold atoms to reduce interaction-time broadening
and to limit the spectroscopic-probe volume to about one
cm−3. Initial studies are performed with 85Rb atoms collected
in a magneto-optical trap (MOT) and further cooled in bright
or gray optical molasses, with respective temperatures of
100 µK, 10 µK and 1 µK. To avoid interaction effects and
superfluorescence, the anticipated Rydberg-atom density is
limited to 103 cm−3, and the ground-state atom density to
∼ 108 cm−3. Low atom temperatures and densities lead to
negligible van der Waals shifts and collision probabilities over
the anticipated atom-field probe time (∼ 10 ms). In order
to circularize the atoms, one may use an adiabatic rapid
passage (ARP) method [3]. Due to the Rb quantum defects,
the atoms must first be excited into an ml = 3-state; this
is possible via a three-step optical excitation, 5S1/2→5P3/2

(wavelength 780 nm), 5P3/2 →5D5/2 (wavelength 760 nm),
and 5D5/2→ nF7/2 (wavelength 1260 nm). Parallel electric
and magnetic fields, F and B with B/2 < (3/2)nF < n−3,
in atomic units, are applied to lift degeneracies with other
hydrogenic states and to facilitate circularization.

To achieve maximal atom-field interaction times, the Ryd-
berg atoms are trapped in a three-dimensional optical lat-
tice that localizes the atoms via the ponderomotive interac-
tion [4]. To minimize lattice-induced shifts, a magic-condition
Rydberg-atom optical lattice is employed [5]. The Rydberg-
state transitions to be probed are of the type |n, n1 = 0, n2 =
0,ml = n−1,ms〉 → |n+2, n1 = 1, n2 = 1,ml = n−1,ms〉,
where n1 and n2 are parabolic quantum numbers. The mag-
netic quantum numbers ml and ms are the same in both states.
The transition frequency has zero linear Stark and Zeeman
shifts, which is essential for the project. To achieve a low
relative uncertainty of the transition frequency, we use n . 51,
where ν & 100 GHz (sub-THz regime), and target frequency
uncertainties of the line centers δν . 1 Hz. The transition
is an electric-quadrupole transition that can be driven using
a microwave field, which induces a second-order electric-

dipole (Â · p̂) coupling. Alternatively, the transition can be
driven in first order via the ponderomotive (Â2) interaction,
by amplitude-modulating the optical lattice at the transition
frequency or an odd sub-harmonic [5]. This optical-drive
method has the distinct advantage that it is Doppler-free for
atoms trapped in lattice wells.

The pursued measurement of the Rydberg constant using
circular Rydberg atoms eliminates QED, nuclear-overlap, first-
order Zeeman and Stark, as well as first-order Doppler shifts
at a level . 10−14 of the relative uncertainty of R∞. Other
vanishingly small systematics include the Rydberg hyper-
fine structure, the fine-structure uncertainty, the second-order
Doppler shift, and the black-body shift of the transitions
(which is, at 4 K, in the sub-mHz range) [2]. The uncertainty
of the Rb mass contributes . 10−13 to the relative frequency
uncertainty. For n ≈ 50, the second-order DC Stark and
diamagnetic shifts are anticipated to be between 1 Hz to
10 Hz. Assuming field uncertainties in the . 10%-range, we
expect the corresponding relative frequency uncertainties to be
in the low 10−12-range. The uncertainty due to the Rb core
polarizability, 9.12(2) in atomic units [6], is 3× 10−12 for
n = 51; this can be reduced further by improved quantum-
defect measurements (in progress). The largest systematic
comes from the light shifts caused by the trapping laser
(∼ 3×10−11 in some estimates). This can be addressed by
reducing the lattice depth (or, for microwave spectroscopy,
by turning the lattice off) during the relevant atom-field
interaction time. This avenue will be particularly promising
in a microgravity implementation of the project, which may
enable us to reach the current CODATA relative uncertainty
for R∞ (5.9× 10−12; [7]).

This work was supported by NSF Grant No.
PHY1506093 and the NASA Fundamental-Physics Grant No.
NNH13ZTT002N NRA.
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Cooling of Atoms near the Single-Photon Limit 

Mark G. Raizen 

Center for Nonlinear Dynamics and Department of Physics,  

The University of Texas at Austin, Austin TX 78712 

  

Laser cooling of atoms relies on momentum kicks as atoms absorb and then 

spontaneously emit many photons. This requirement has limited laser cooling 

to a small set of elements in the periodic table that have simple cycling 

transitions, and severely limits the ultimate phase space density due to 

multiple scattering.  Here we address the following question:  what is the 

minimum number of photons required to cool an atom?  We show that the 

answer is to use optical pumping to control the internal state of the atom (or 

molecule), and rely on magnetic kicks to change the momentum.  Further, we 

show that optical pumping can be accomplished mostly with stimulated 

transitions, and only one spontaneous emission is actually required.  In earlier 

implementations of this approach, we demonstrated large phase space 

compression, and showed that this is a physical realization of Maxwell’s 

demon.  I report here on a 3D variant of the earlier method which has promise 

as an alternative to laser cooling and to evaporative cooling.  As a first step, 

we have demonstrated a quasi-one-dimensional Stern-Gerlach effect which 

enables magnetic kicks in one-dimension without heating in the other 

dimensions.  I will review our experimental progress, and possible 

applications of this new method towards production of ultra-large Bose-

Einstein condensates. 
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Optically-induced Magnetization and Charge Separation for Quantum Information and 
Magneto-Photonics 

M. T. Trinh2, G. Smail1, C. Spitzfaden3, K. Makhal2, A. Ayesheshim2, and S.C. Rand1,2,3, 
1Division of Applied Physics, University of Michigan, Ann Arbor, MI, USA 

2Dept. of Electrical Engineering, University of Michigan, Ann Arbor, MI, USA 
3Dept. of Physics, University of Michigan, Ann Arbor, MI, USA 

Abstract 
In recent years light has been shown to cause intense magneto-electric (M-E) phenomena under 
non-relativistic conditions in individual molecules. Intense magnetic response has been induced 
in spinless, non-magnetic materials by ultrafast conversion of orbital angular momentum to 
rotational (or librational) angular momentum [1].  This ultrafast conversion between different 
forms of angular momentum is driven by a 2-photon interaction that enhances the orbital 
moment and obeys P-T symmetry. As a result, magnetic dipole (MD) scattering as intense as 
first order electric dipole (ED) scattering has been reported in a variety of materials at light 
intensities of 𝐼~10! W/cm2. This result implies that large magnetic fields at the optical 
frequency might be realizable at non-relativistic intensities without currents or coils. We discuss 
two ramifications of magneto-electric processes for quantum information: (a) optical generation 
of microscopic magnetic fields without electronics, and (b) control of the coupling of qubits 
through the use of all-optical Rabi splitting or Zeeman shifting of their magnetic sublevels. 

 

Fig. 1. (a) Raw data of co-polarized (red) and cross-polarized (blue) scattering intensities vs. input polarization angle in CCl4. (b) Radiation 
patterns of the data after subtraction of unpolarized background. Solid curves are fits to dipolar cos2θ  and sin2θ  functions. 
 
Evidence of M-E rectification (or static charge separation) within individual molecules will also 
be presented. The rectification field is generated despite inversion symmetry of the unperturbed 
medium through an interaction driven jointly by the electric and magnetic fields of the pump 
light. This interaction in principle enables transient charge separation or energy conversion (light 
energy to electricity) and magnetic photonic switches with unusual geometries. The effect of M-
E charge separation was observed in pentacene using a time-resolved second harmonic 
generation technique with beams intersecting at ninety degrees. A laser beam with a tilted 
wavefront acted as the optical pump with photon energy well below the bandgap to induce M-E 
rectification in the centrosymmetric, insulating crystal. The DC electric field of the M-E charge 
separation then mediated a (cascaded) four-wave-mixing interaction that induced second 
harmonic (M-EFISH) generation of the probe pulse. This permitted us to resolve the dynamics of 
M-E charge separation with femtosecond accuracy for the first time. 
Support: AFOSR FA9550-12-1-0119, FA9550-14-1-0040 and FA9550-15-1-0307. 
[1] A.A. Fisher, E.F.C. Dreyer, A. Chakrabarty, and S.C. Rand, Opt. Exp. 24, 26064(2016).   
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Tip-enhanced strong coupling:  
Broadband room temperature cavity nano-optics with single emitter 

Markus B. Raschke 
Department of Physics, Department of Chemistry, and JILA,  

University of Colorado, Boulder, USA 
Optical cavities can enhance and control the light-matter interaction by modifying the local 
electromagnetic environment of a quantum emitter. Manipulating this interaction in the non-
perturbative strong coupling regime opens new pathways from opto-electronic and chemical 
sensing to quantum information science. However, large cavity mode volumes have prevented 
strong coupling between dielectric cavities and single emitters under ambient conditions. We 
demonstrate tip-enhanced strong coupling (TESC) spectroscopy, imaging, and control based on 
scanning probe microscopy using plasmonic antenna-tips forming a nano-cavity with the emitter 
[1]. With single quantum dots we observe room temperature mod splitting up to 160 meV and anti-
crossing in the energy spectra with detuning, with nanometer scale mode confinement [2].  

In the extension to the infrared we achieve strong coupling of molecular vibrations through 
configurable optical interactions of a nanotip with an infrared resonant nanowire with hybridization 
and mode splitting. We observe nanotip-induced quantum interference of vibrational excitation 
pathways in spectroscopic nanoimaging, which we model classically as plasmonic electro-
magnetically induced scattering as the phase-controlled extension of the classical analogue of 
electromagnetically induced transparency and absorption [2].  
References 
[1] K-D Park et al, Radiative control of dark excitons at room temperature by nano-optical 
antenna-tip Purcell effect, Nat. Nanotechnol. 13, 59 (2018). 
[2] K.-D. Park, M. A. May, H. Leng, J. Wang, J. A. Kropp, T. Gougousi, M. Pelton, and M. B. 
Raschke, Tip-enhanced strong coupling spectroscopy and control of a single quantum emitter. 
(under review). 
[3] E. A. Muller, B. Pollard, H. A. Bechtel, R. Adato, D. Etezadi, H. Altug, and M. B. Raschke, 
Nanoimaging and control of molecular vibrations through electromagnetically induced scattering 
reaching the strong coupling regime. ACS Photonics 5, 3594 (2018). 

 
Fig. 1. Tip-enhanced near-field nano-cavity strong coupling of single quantum dots (A), with anticrossing (B), and extreme 
nanometer scale mode confinement (C). In extension to the mid-infrared (D), in configurable coupled tip-antenna coupling 
(E), observation of electromagnetically induced transparency and absorption (EIT/EIA) (F). 
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Twin-lattice interferometry 
Rasel E.M., C. Schubert and the QUANTUS cooperation 
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Email: rasel@iqo.uni-hannover.de 
 

Optical twin-lattices make a new class of interferometers possible. They allow to form 
symmetric interferometers by creating counter-propagating matter waves with large 
momentum out of a BEC. We have formed interferometers with a momentum separation of 
more than 400 photon recoils and a total scattering of far more than thousand photons. So far 
our method is limited by technical rather than fundamental reasons, which makes the method 
promising for approaching the sensitivities required for gravitational detection. Based on twin 
lattices, we present a new promising concept for infrasound gravitational wave detection. 

The QUANTUS cooperation comprises the group of C. Lämmerzahl (Univ. Bremen), A. Peters 
(Humboldt Univ. Berlin/Ferdinand Braun Institut), P. Windpassinger (Univ. Mainz), R. Walser 
(TU Darmstadt), and W.P. Schleich (Univ. Ulm).  
This project is supported by the German Space Agency Deutsches Zentrum für Luft- und 
Raumfahrt (DLR) with funds provided by the Federal Ministry of Economics and Technology 
(BMWI) under grant number DLR 50 WM 0346 and 50WM1641. of infrasound gravitational 
waves. The presented work is supported by the CRC 1227, the CRC 1128, and VDI 13N14838 
(TAIOL), and “Niedersächsisches Vorab” through the “Quantum and Nano-Metrology 
(QUANOMET)”  
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Testing macroscopic realism using time 
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Technology, Melbourne, Australia  
 

1. Background  
 

The Schrodinger cat state is a superposition of two 
macroscopically distinguishable states. This is 
paradoxical because according to quantum mechanics, 
such a system cannot be regarded as being in one state or 
the other, prior to a measurement. This seemingly 
contradicts the premise of “macroscopic realism”: a 
system with two macroscopically different states 
available to it must be in one or other of those two states.   
Normally, cat-states are signified by evidence within the 
framework of quantum mechanics that the system is a 
superposition rather than a mixture of two distinguishable 
states. In 1985, Leggett and Garg put forward a strategy 
whereby macroscopic realism could be tested directly [1]. 
In this way, all theories that satisfy the premise of 
macroscopic realism can be falsified.  
Leggett and Garg showed that according to quantum 
mechanics, some macroscopic systems allow a violation 
of certain inequalities, thereby falsifying macroscopic 
realism. The inequalities involve measurements on a 
system at three or more consecutive times.  
The Leggett-Garg inequalities however introduce a 
second premise as part of their definition of 
“macroscopic realism”. This is that a measurement can 
determine which state the system is in, without any 
subsequent interference with the macroscopic dynamics.  

2. Tests of Leggett-Garg macro-realism  
 

We first demonstrate the potential to test Leggett-Garg 
macro-realism using dynamical cat-states created in a 
BEC or using superconducting circuits [2].  These are 
superpositions of coherent states well separated in phase 
space. It is known that cat-states can form dynamically 
when a single mode system is placed in a coherent state, 
and then evolved under the effect of a nonlinear medium 
[2]. The evolution gives rise to a collapse and revival of 
the coherent state at periodic intervals, with the cat-
superposition states forming in between those times. The 
period T for the full revival is inversely proportional to 
the nonlinearity of the medium.  The collapse and revival 
has been observed experimentally in Bose-Einstein 
condensates [3] and in a microwave mode [4].  
We show how the Leggett-Garg inequalities are can be 
violated for these systems, using three different times 
accessible to experiments. At the intermediate time, the 
system is in a multi-component cat-state of the type 
shown in Figure 1. 

 
 

 

Figure 1: Schematic diagram of the evolution (from left 
to right) of a coherent state under the influence of a Kerr 
nonlinearity (as observed in experiment [4]).  The system at 
time t=0 is in a coherent state, depicted schematically on the 
far left by a contour plot of the state’s Q-function. The plots 
show the formation of multi-component cat-states and the 
revival of the coherent state (far right) at time T/2. The time 
period observed experimentally is of order ns. 

3. Test of macroscopic Bell local realism  
 

A tricky aspect of Leggett-Garg experiments is justifying 
the second premise. This can be avoided by considering a 
Bell test, where measurements are made on two separated 
cat-systems. Here the second Leggett-Garg premise is 
replaced with the assumption that a measurement made at 
one location cannot immediately affect the system at the 
other location in a macroscopic way. We construct a 
proposal using NOON states by which this Bell test of 
macroscopic local realism can be performed. Our 
proposal is similar to the original Bell test, except that 
polarisers are substituted with nonlinear beam splitters 
modelled by a nonlinear Josephson Hamiltonian. We also 
give an analysis of a modified scheme, in which the 
macroscopically entangled states can be created with 
significant spatial separation from two number states. 
In the proposal, the Bell polariser angle is replaced by the 
time of evolution. We show how this leads to tests of 
macroscopic reality connected with time.  
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Spatial and Temporal Resolution in Entangled Ghost Imaging 
J. Reintjes1 and M. Bashkansky2 

1. KeyW Corp, Hanover, MD USA 
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 We discuss factors that affect the spatial resolution in entangled ghost imaging.  In entangled 
ghost imaging, just as in conventional first order imaging, the spatial resolution is determined by the 
effective range of spatial frequencies, or equivalently the range of transverse k-vectors or the numerical 
aperture, in the imaging field.  In conventional first order imaging the transverse k-vectors needed to 
achieve a given level of image resolution are supplied by diffraction from structure in the object and the 
resolution is determined by the numerical aperture of the imaging system.  In entangled ghost imaging 
the range of transverse k-vectors available for spatial imaging is determined by the angular spread of 
phase matching in the SPDC crystal and the diameter of the pump beam at the SPDC crystal which 
forma an effective aperture stop.1 

 Most of the experiments in entangled ghost imaging are done with type II phase matching.  For 
this interaction, the angular spread of a single frequency signal-idler pair, determined by dispersion in 
the SPDC crystal, is relatively small.  Larger angular spreads are possible for non-degenerate signal idler 
pairs at different wavelengths.  Published analysis2 has shown that, if the temporal resolution of the 
single photon detectors is too slow to resolve the coherence time of the biphoton (the inverse of the 
bandwidth) then the various signal-idler frequency pairs combine incoherently, and the spatial resolution 
is the same as the single frequency resolution.   

We show here that, if the single photon detectors are fast enough to resolve the biphoton 
coherence time, the various signal-idler frequency pairs combine coherently, improving the spatial 
resolution.  We show the calculated joint point spread function (PSF) for a 10 nm biphoton spectral 
width generated with type II SPDC in BBO for three crystal lengths. The red solid curve shows the PSF 
for single frequency degenerate operation, commonly used in theoretical calculations.  The blue dashed 
curve shows the PSF for the full 10 nm bandwidth that would be observed with a slow integrating 
detector.  The green dotted curve shows the point spread function that is predicted to occur for a detector 
fast enough to resolve the coherence time of the 10 nm biphoton. For a 3 mm long crystal, typical of 
many experimental arrangements, the width of the predicted PSF for the fast detector is significantly 
narrower than for the single frequency degenerate case or for the slow detector with the full 10 nm 
bandwidth.  The distinction becomes even more pronounced for a 6 mm long crystal, while there is 
virtually no distinction for the 1 mm long crystal.  It is also evident that as the crystal length gets longer, 
the width of the PSF is constant for the fast detector but becomes wider (less spatial resolution) for the 
slow detector.  This reflects the fact that as the crystal length increases the angular width of the narrow 
band component decreases, while the angular width of the full 10 nm band remains constant. 

 

a b c 
Fig 1a. PSF for fast detector (green dotted), slow detector (blue dash) and single frequency degenerate 
(red solid) for L = 1 mm (a), 3 mm (b), 6 mm (c) 

 
J. Reintjes and Mark Bashkansky (2015): J. Mod. Opt., DOI: 10.1080/09500340.2015.1063723 
2. B. E. A. Saleh, A. F. Abouraddy, A. V. Sergienko, and M. C. Teich, Physical Review A, 62, 043816 
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Strong-field QED in laser-electron beam collisions

David A. Reis

Stanford PULSE Institute

Strong-field light matter interactions are
ubiquitous in the optical regime, where
tunnel ionization leads to such phenom-
ena as high-harmonic generation and above-
threshold ionization. For x rays, nonlinear
interactions have only recently become ac-
cessible using free-electron lasers such as the
LCLS[1, 2]. At sufficiently high fields, even
the vacuum becomes nonlinear. Here tunnel
ionization of the vacuum can produce copi-
ous electron-positron pairs at field strengths
comparable to the electron mass in a Comp-
ton wavelength[3]. Such fields are orders of
magnitude away from what is possible with
even the most intense lasers, but are expected
to occur in various astrophysical phenomena
as well as in beam-beam collisions in future
lepton colliders. Importantly, they can also
occur in the collisions of high energy electrons
or photons with a strong laser field.

Figure 1: Intensity dependence of multiphoton
Breit-Wheeler from E144 experiment.

In this talk, I will discuss efforts to sys-
tematically explore the strong-field regime of
QED, including at the FACET-II facility at
SLAC. I will describe what we expect to see
and how this differs qualitatively from pertur-
bative QED, such as was studied two decades
ago on the seminal SLAC Experiment-144,
including multi-photon Breit-Wheeler pair
production [4, 5], Fig. 1.

[1] S. Shwartz, et al., X-ray second harmonic
generation. Phys. Rev. Lett., 112:163901,
2014.

[2] M. Fuchs, et al., Anomalous nonlinear
x-ray Compton scattering. Nat Phys,
11:964–970, 11 2015.

[3] Di Piazza et al., Rev. Mod. Phys. Ex-
tremely high-intensity laser interactions
with fundamental quantum systems. 84,
1177, 2012.

[4] D. L. Burke, et al., Positron production
in multiphoton light-by-light scattering.
Phys. Rev. Lett., 79:1626–1629, 1997.

[5] C. Bamber, et al. Studies of nonlinear QED
in collisions of 46.6 GeV electrons with in-
tense laser pulses. Phys. Rev. D, 60:092004,
1999.
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Atom-Like Optical Gain Materials for Advanced Optoelectronics   
 

Johann Peter Reithmaier 
 

Technische Physik, Institute of Nanostructure Technologies and Analytics (INA), 
Center of Interdisciplinary Nanostructure Science and Technology (CINSaT), 

University of Kassel, Heinrich-Plett Str. 40, 34132 Kassel, Germany 
 

Although semiconductor lasers based on quantum well 
(QW) active regions are the most efficient light sources 
ever realized, there are still fundamental limitations, which 
have a large impact in device applications. For example, 
the high temperature dependence of many device proper-
ties, such as threshold current, output power, modulation 
speed, maximum operation temperature, etc. Another ex-
ample is the emission linewidth, which is typically one or-
der of magnitude broader than expected by the photon life-
time. All those effects are mainly related to a non-ideal 
gain material. In comparison to a gas laser, where the op-
tical gain is realized by atomic transitions, the gain in bulk 
or quantum well solid state materials is generated by radi-
ative interband transitions between a conduction and va-
lence band. Unfortunately, the carriers are distributed over 
a broader range of energy states within the bands and only 
a smaller part near to the lasing wavelength is contributing 
directly to the optical gain of a laser.  

Nanostructured materials using nanoscaled quantum dots 
(QDs) can theoretically overcome those problems in QW 
lasers. In this case, one can embed atomic-like emitters 
into the semiconductor material, which allow, in the ideal 
case, to concentrate all carriers to a single narrow energy 
band and to avoid any redistribution to higher order states. 
This would result in temperature-independent device per-
formances and life-time limited emission linewidths. In 
figure 1, a nearly ideal gain spectrum is illustrated from a 
quantum dot material with small size distribution and large 
level splitting.  

 
Fig. 1. Schematic gain spectrum of a nearly ideal quantum dot laser ma-
terial with small size variation, high dot density and small dot size. In 
this case, the differential gain dg/dN with dN = N2 - N1 will be very high 
and the gain nearly temperature independent. 

An overview will be given about the recent progress in 
quantum dot gain material for advanced optoelectronic de-
vices, such as temperature stable high-speed lasers [1],  
optical amplifiers [2] and narrow linewidth lasers dedi-
cated for telecom applications at 1.55 µm [3, 4]. In figure 
2, the characteristic temperatures T0 for threshold current 
and T1 for the external differential efficiency is plotted 
with record values of T0 = 140 K and T1 = 915 K.   

 

Fig. 2. Characteristic temperatures of threshold currents (left) and ex-
ternal differential efficiencies of ridge waveguide (RWG) lasers (right) 
with 6 (blue) and 8 QD layers (red), respectively. The values were deter-
mined by exponential fits over a certain temperature range [2]. 

In figure 3, the intrinsic linewidth of a distributed feedback 
(DFB) laser is plotted as function of the bias current and 
for different heat sink temperatures. Record linewidths 
down to < 50 kHz were determined between 20 - 60 °C. 

 
Fig. 3. Intrinsic laser emission linewidth (Lorentz function) extracted 
from bias current dependent spectral linewidth measurements using self-
heterodyne interferometry at different heat sink temperatures. The meas-
ured device is a distributed feedback laser with 5 QD layers in the active 
zone and with lateral gratings. The cavity length is about 1.5 mm. [4]. 
[1] A. Abdollahinia, S. Banyoudeh, A. Rippien, F. Schnabel, O. Eyal, I. 

Cestier, I. Kalifa, E. Mentowich, G. Eisenstein, J.P. Reithmaier, 
"Temperature Stability of Static and Dynamic Properties of 1.55 µm 
Quantum Dot Lasers", Opt. Exp. 26, 6056 (2018). 

[2] O. Eyal, A. Willinger, S. Banyoudeh, F. Schnabel, V. Sichkovskyi, 
V. Mikhelashvili, J.P. Reithmaier, and G. Eisenstein, "Static and dy-
namic characteristics of an InAs/InP quantum-dot optical amplifier 
operating at high temperatures", Opt. Exp. 25, 27262 (2017). 

[3] A. Becker, V. Sichkovskyi, M. Bjelica, A. Rippien, F. Schnabel, M. 
Kaiser, O. Eyal  , B. Witzigmann, G. Eisenstein, and J.P. Reithmaier, 
"Widely Tunable Narrow-Linewidth 1.5 µm Light Source Based on 
a Monolithically Integrated Quantum Dot Laser Array", Appl. Phys. 
Lett. 110, 181103 (2017). 

[4] T. Septon, S. Gosh, A. Becker, M. Bjelica, V. Sichkovskyi, A. Rip-
pien, F. Schnabel, B. Witzigmann, J.P. Reithmaier, G. Eisenstein, 
"Spectral characteristics of narrow linewidth InAs/InP quantum dot 
distributed feedback lasers", ISLC, Santa Fe (2018). 
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Electrically Triggered Emission of Indistinguishable Photons by 

Resonant Microlaser Excitation 
 

S. Kreinberg1, T. Grbešić1, M. Strauß1, A. Carmele2, 

M. Emmerling3, C. Schneider3, S. Höfling3, X. Porte1, S. Reitzenstein1 
 

1Institut für Festkörperphysik, Technische Universität Berlin, 10623 Berlin, Germany 

2Institut für Theoretische Physik, Technische Universität Berlin, 10623 Berlin, Germany 

3Technische Physik, Julius-Maximilians-Universität Würzburg, 97074 Würzburg, Germany 

 
 

High- microlasers are exciting devices to explore laser physics in the ultimate limits of thresholdless and single-

emitter lasing. Interestingly, up till know such state-of-the-art lasers have not been applied as coherent excitation 

source.  In this work we introduce a close-to-ideal application scenario of microlasers in quantum nanophotonics. 

Here, two-level emitters constitute core elements of quantum communication systems and exploring their physics is 

at the heart of quantum optics. Of special interest is the strict-resonant coherent optical excitation of such emitters to 

generate quantum light with close to ideal properties. We perform this important task, namely the coherent resonant 

excitation of solid state quantum emitter, by using an electrically driven microlaser as coherent excitation source.  
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Figure 1: (a) Schematic illustration of the experimental concept: Emission of the electrically driven microlaser in 

cryostat 1 is fiber-coupled to resonantly excite a single QD in cryostat 2. (b) Resonance fluorescence of a QD 

excited by a QD-microlaser. (c) Photon autocorrelation of a resonantly excited QD showing clear single-photon 

emission. 

Our concept (see Fig. 1(a)) for resonant excitation of a quantum emitter is based on an electrically driven high-β 

quantum dot micropillar laser which resonantly drives a single quantum dot embedded in a planar microcavity. The 

experiments are performed under continuous wave (CW) and pulsed excitation of the electrically driven microlaser 

to observe resonance fluorescence (see Fig. 1(b)), Mollow-triplet spectra, Rabi oscillations and the triggered 

emission of single photons with excellent quantum properties (see Fig. 1(c)), respectively. We investigate the 

second-order photon autocorrelation g(2)(τ) by means of a Hanbury Brown & Twiss setup and measure the photon 

indistinguishability via Hong-Ou-Mandel style two-photon quantum interference. We obtain single photons with 

strong multi-photon suppression (g(2)(0) = 0.02) and high photon indistinguishably (V = 57 ± 9%) under pulsed 

excitation with a repetition rate of 156 MHz [1]. Finally, we will give an outlook to a fully integrated scheme where 

an on-chip whispering gallery mode microlasers triggers the emission of single photons from a close-by quantum dot 

micropillar acting as single-photon source [2].    

 

References: 

[1] S. Kreinberg et al., Quantum-optical spectroscopy of a two-level system using an electrically driven micropillar 

laser as resonant excitation source, Light: Science & Applications 7, 41 (2018). 

[2] P. Munnelly et al., Electrically tunable single-photon source triggered by a monolithically integrated quantum dot 

microlaser, ACS Phot. 4, 790 (2017) 
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From eletronic noise in circuits to broadband quantum radiation 
Bertrand Reulet, Université de Sherbrooke, Canada 

 

Current and voltage fluctuations or “noise” are ubiquitous in electronic circuits. 
Among fundamental sources of such fluctuations are thermal noise, due to the 
random thermal fluctuations of charge carriers, and shot noise, due to the 
discreteness of their charge. When a conductor is cooled down to extremely low 
temperature, charge transport must be described by quantum mechanics. In this 
regime what are the properties of the electromagnetic field generated by such a 
conductor ? While a classical current is known to radiate a classical 
electromagnetic field, what is radiated by a “quantum” electrical current ? 

In a series of experiments, we show how quantum mechanics, by imposing time 
correlations between successive attempts for the electrons to cross a sample 
(see Fig. 1), modifies the properties of the radiated field which acquires quantum 
correlations. We indeed observe squeezing and entanglement between the field 
radiated at two different frequencies by an ac+dc biased tunnel junction, which is 
demonstrated by the violation of a Bell-like inequality (see Fig. 2). We also 
deduce the photon statistics of the radiation from continuous voltage 
measurements and demonstrate the presence of photon pairs. 

 
 

Fig.1 : Current-current correlations vs. time for 
various dc voltage bias on a tunnel junction 
placed at ultra-low temperature T=35mK. 

Fig.2 :Probability distribution of the 
quadratures of the voltage fluctuations at 
frequencies f1=7 GHz and f2=7.5 GHz 

 

These measurements have been performed at pairs of well separated 
frequencies in the microwave domain. Theory predicts that entanglement occurs 
for any pairs of frequencies centered around half the excitation frequency of the 
sample. This suggests the existence of ultra-broadband correlations which might 
be better formulated in time domain. In this picture, how to address photon 
statistics ? What are the quadratures of the electromagnetic field ? 
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Compact gain-saturated X-ray lasers down to 6.8 nm 
 

Jorge  J. Rocca1,  Alex Rockwood1, Yong Wang1, Shoujun Wang1, Mark Berrill1,2,            
Vyacheslav N. Shalyaptsev1 

1 Colorado State University, Fort Collins, CO 
2 Oak Ridge Nationa Laboratory, Oak Ridge, TN 

 
The need for bright, energetic ultrafast x-ray laser pulses 
has motivated the commissioning of x-ray free electron 
lasers. Alternatively, plasma-based x-ray lasers allow 
many experiments requiring bright, high energy, x-ray 
laser pulses such as single-shot nano-scale imaging to be 
conducted in compact facilities.  These lasers provide 
extremely monochromatic radiation, typically Δλ / λ = 3 
× 10-5, and when injection-seeded can reach full spatial 
and temporal coherence.   However, compact repetitively 
fired gain-saturated x-ray lasers have been limited to 
wavelengths above λ=8.85 nm [1].  

We have now extended compact plasma-based x-ray 
lasers to λ = 6.85 nm by transient traveling wave 
excitation of Ni-like Gd ions in a dense plasma [2]. The 
x-ray lasers were excited irradiating solid slab targets 
with a sequence of two laser pulses from a λ=800 nm 
chirped pulse amplification Titanium:Sapphire laser. The 
first pulse ionizes the plasma to the vicinity of the Ni-
like ionization stage, is followed by a sub-picosecond 
pump pulse impinging at grazing incidence that rapidly 
heats the electrons to produce a transient population inversion by collisional electron impact excitation. 
Isoelectronic scaling also produced strong lasing at 6.67 nm and 6.11 nm in Ni-like Tb, and amplification 
at 6.41 nm and 5.85 nm in Ni-like Dy. This scaling to shorter wavelengths was obtained progressively 
increasing the pump pulse grazing incidence angle to access increased plasma densities. We 
experimentally demonstrate that the optimum grazing incidence angle increases linearly with atomic 
number from 17 degrees for Z=42 (Mo) to 43 degrees for Z=66 (Dy). The results will enable applications 
of sub-7 nm lasers at compact facilities. 

Work supported by the US Department of Energy U.S. Department of Energy, Office of Science, Basic Energy 
Sciences, under Award (DE-FG02-04ER15592). 
 
1.   D. Alessi, Y. Wang, B. Luther, L. Yin, D. H. Martz, M.R. Woolston, Y. Liu, M. Berrill, and J.J. 
Rocca, “Efficient excitation of gain-saturated sub-9 nm wavelength table-top soft X-ray lasers and lasing 
down to 7.36 nm,” Physical Review X 1,021023 (2011). 
2.	  	  	  	  A. Rockwood, Y. Wang, S. Wang, M. Berrill, V.N. Shlyaptsev, and J.J. Rocca, "Compact gain-
saturated x-ray lasers down to 6.85 nm and amplification down to 5.85 nm". Optica. 5,257, (2018). 
	  

Fig 1. End-on plasma column spectra showing lasing at 
progressively shorter wavelengths in the 4d1 S0-4p1 P1 line of 
nickel-like lanthanide ions, down to  λ= 5.85 nm in nickel-like 
dysprosium 
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Stimulated X-Ray Emission Spectroscopy for Chemical Analysis 
 
Nina Rohringer1,2,3, Thomas Kroll4,5, Clemens Weninger3,4, Vinay P. Majety3, and Uwe 
Bergmann4,6 
 
1 DESY, Hamburg, Germany 
2 Department of Physics, Universität Hamburg, Germany 
3 Max-Planck-Institut für Struktur und Dynamik der Materie, Germany 
4 LCLS, SLAC National Accelerator Laboratory, USA 
5 SSRL, SLAC National Accelerator Laboratory, USA 
6 Stanford PULSE Institute, SLAC National Accelerator Laboratory, USA 
 
Contact Email: nina.rohringer@desy.de 
 
X-ray free-electron lasers (XFEL) deliver X-ray pulses of fs duration, at unprecedented 
intensities that open avenues for studying nonlinear optical effects and stimulated X-ray 
emission and scattering. An intriguing future perspective is the development of coherent 
attosecond nonlinear pump-probe techniques, to study charge and energy transport in 
chemical reactions and photocatalysis. Stimulated X-ray emission and stimulated X-ray 
scattering are the fundamental building blocks of these nonlinear spectroscopic 
techniques. Here we present results on amplified spontaneous K-α spectroscopy of Mn 
compounds in solution [1]. We show amplification of the K-α emission at 5.9 keV photon 
energy in MnCl2 5-molar solution by over 4 orders of magnitude up to a saturated signal, 
containing 106 detected photons in a single shot. The spectrum of the emission is 
studied as a function of the amplification and shows stark differences from the 
spontaneous K-α spectrum: For low amplification we could demonstrate gain narrowing 
with an emission width below the natural life time width of the 1s core hole. In the 
exponential gain region, the stronger K-α1 component outcompetes amplification of the 
weaker K-α2 line manifold. Within the K-α1 spectral manifold we observe, that only a few 
of the underlying multiplet lines contribute to the spectrum. At high amplification levels, 
entering the strong-field limit, the lines get broader and show a shift towards the K-α2 line 
at lower photon energies. All these measured features are well produced by our 
numerical simulation, based on the self-consistent solution of the Liouville – von 
Neumann equations for the ionic density matrix and Maxwell’s equations in paraxial 
approximation. Results of Mn(II)Cl2 are compared to NaMn(VII)O4 emission spectra. 
These compounds contain Mn in different oxidation states, and the K-α1,2 emission 
energies are different by few eV. This shift in emission energy between different 
chemical compounds is termed chemical shift and is the essence of X-ray emission 
spectroscopy. Importantly, this energy shift in the emission peaks is clearly present in 
the stimulated emission spectra. Despite the stark differences to the spontaneous X-ray 
spectra, stimulated X-ray emission spectroscopy thus prevails the chemical sensitivity 
and opens the door to more advanced nonlinear X-ray spectroscopic techniques. 
 
 
[1] T Kroll, C Weninger, R Alonso-Mori, D Sokaras, D Zhu, L Mercadier, V P Majety, A 
Marinelli, A Lutman, M W Guetg, F-J Decker, S Boutet, A Aquila, J Koglin, J Koralek, D 
P DePonte, J Kern, F D Fuller, E Pastor, T Fransson, Y Zhang, J Yano, V K Yachandra, 
N Rohringer and U Bergmann, Phys. Rev. Lett. 120, 133203 (2018) 
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X-Ray Multiphoton Ionization of Atoms and Molecules 

Daniel Rolles (J.R. Macdonald Laboratory, Kansas State University) 

Understanding how individual atoms and 
molecules respond to irradiation by intense X-
ray free-electron laser (XFEL) pulses is crucial 
for numerous applications of XFEL radiation, 
such as imaging of single (bio-)particles and 
nanocrystals, or the study of matter under 
extreme conditions. We have therefore extended 
our previous investigations of the multiphoton 
ionization of heavy atoms, such as Kr and Xe 
[1], and of high-Z atom containing molecules 
[2] from the soft into the hard X-ray range and 
to higher peak fluences than in previous studies. 
Using the 100-nm focus environment of the CXI 
end-station at the LCLS XFEL facility, we were 
able to reach peak intensities up to 1019 W/cm2 
at photon energies between 5 to 9 keV. This 
allowed us to study atomic and molecular 
ionization processes under unprecedented X-ray 
intensities and, in particular, under the identical 
conditions where typical coherent diffractive 
imaging experiments are performed. The results 
are thus important benchmarks for calculating 
radiation damage effects in FEL-based X-ray 
imaging experiments. In molecules, we observe 
a significant enhancement of the degree of 
ionization as compared to the equivalent, 
individual atoms and trace this effect to ultrafast 
charge transfer from the neighboring atoms in 
the molecule [3]. The comparison to new 
calculations, which are able to quantitatively 
reproduce the experimental data at all photon 
energies and intensities, also highlights the role 
of resonant and relativistic effects in the X-ray 
multiphoton ionization of heavy atoms [4].  
 
[1] B. Rudek et al., Nature Photon. 6, 858 (2012) 
[2] B. Erk et al., Phys. Rev. Lett. 110, 053003 (2013) 
[3] A. Rudenko et al., Nature 546, 129 (2017) 
[4] B. Rudek et al., Nature Commun. 9, 4200 (2018) 

Figure 1: Ion time-of-flight spectra of atomic 
xenon recorded with ultra-intense XFEL pulses 
at photon energies from 5.5 to 8.3 keV. 

Figure 2: Calculated fluence dependence of the 
multiple ionization of Xe atoms at 5.5 keV. 
Resonant enhancements occur at Xe27+, Xe30+, 
and Xe36+.  
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An optical cavity with single atoms: from frequency shifts to detection
weak forces

Mojtaba Moazzezi and Yuri V. Rostovtsev
Center for Nonlinear Sciences and Department of Physics, University of North Texas, Denton,

TX 76203, USA

The mechanical motion of a single atom influences its interaction with optical fields and gives
rise of a variety of mechanical optical effects [1]. The fact that the dispersion of light depends on
the atomic motion has been known for over a century [2,3]. Moreover, the optical radiation itself
can cause a mechanical motion via radiation pressure which has been understood for a long time
and used to explain the formation of the comet’s tails. The role of radiation pressure was also
understood in the last century for the early gravitational-wave detectors [4,5],and these works were
pioneering the field. Recently, optomechanical effects are the focus of a broad range of research
activities [6].

Using quantum coherence effects [7], we have developed a new technique of detection of motion
of single atoms or ions in an optical cavity. We have theoretically demonstrated that the presence
of single atom or ion inside cavity leads to a shift in cavity frequency and phase of transmitted
probe beams. It has been shown by use of EIT technique, the change of phase is extremely sensitive
to probe detuning in vicinity of resonance frequency and can be in the order of 10−4.

[1] L. D. Landau, and E. M. Lifshitz, Electrodynamics of continuous media, Vol. 8 of Course
of Theoretical Physics (Oxford, New York, Pergamon Press, 1960).

[2] H. Fizeau, Ann. Chim. Phys. 57, 385 (1859); H. Fizeau, C.R. Acad. Sci. (Paris) 33, 349
(1851); A. Fresnel, Ann. Chim. Phys. 9, 57 (1818).

[3] I. Lerche, Am. J. Phys. 45, 1154 (1977).
[4] Vladimir B Braginsky, A B Manukin, Measurement of Weak Forces in Physics Experiments,

David H Douglass (Editor) (Chicago and London, The University of Chicago Press, 1977).
[5] V. B. Braginsky, F. Y. Khalili, Quantum Measurement (Cambridge U. Press, New York,

1992); C. M. Caves, Phys. Rev. Lett. 45, 75 (1980).
[6] Markus Aspelmeyer, Pierre Meystre, and Keith Schwab, Quantum optomechanics, Phys.

Today 65, 29 (2012).
[7] O. Kocharovskaya, and Ya.I. Khanin, Sov. Phys. JETP 63, 945 (1986); M. O. Scully and

M. S. Zubairy, Quantum Optics (Cambridge University Press, Cambridge, England, 1997); S. E.
Harris, Phys. Today 50, 36 (1997); M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Rev. Mod.
Phys. 77, 633 (2005).
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Quantum Mechanical Analogies in Surface Gravity Waves 
 

Gary G. Rozenman1*, Lev Shemer2, Matthias Zimmermann3, Maxim A. Efremov3, 
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2 School of Mechanical Engineering, Faculty of Engineering, Tel-Aviv University, Tel-Aviv 6997801, Israel  
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4 Hagler Institute for Advanced Study at Texas A&M University, Texas A&M AgriLife Research, Institute for Quantum Science and Engineering (IQSE), 

and Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843-4242, USA 

In classical mechanics, a massive point-like particle accelerates in 
a linear potential. Within the quantum-mechanical description, the 
wave function corresponding to this particle accumulates a 
position-dependent phase, associated with the momentum change 
in the linear potential, as well as a position-independent Kennard 
phase that scales with the third power of time (𝑡") during which 
the particle experienced the linear potential [1]. Since 1927, this 
cubic phase has emerged in various physical phenomena [2]. 
However, although being a fundamental property of quantum 
mechanics, so far, no direct observation of the Kennard phase has 
been reported, since any setup providing us only with the 
probability density is insensitive to any global position-
independent phase.  

In many aspects, the time evolution of a wave function in 
quantum mechanics is analogous to that of surface gravity water 
wave pulses. Hence, we utilize this analogy and study for the first 
time the propagation of surface gravity water waves in an effective 
linear potential, realized by means of a time-dependent 
homogeneous and well-controlled water flow. In our experiments, 
we have measured the cubic phase, for the first time for both 
Gaussian and Airy wave packets [3]. 

Inspired by these successful experiments, we have been already 
studying other analogies between quantum mechanics and 
hydrodynamics, including quantum carpets for periodic input 
wave packets (Talbot effect), propagation dynamics of solitons in 
an effective linear potential as well as different time-dependent 
flows and black holes. In my talk I explain in detail this analogy 
between surface gravity water-waves and quantum mechanics, 
present our set-up and experimental observations of the Kennard 
phase accumulated by a wave packet having initially the Gaussian 
or Airy function envelope. Moreover, I present observations for 
different surface gravity wave patterns, similar to quantum 
carpets, and discuss a way to explore a black hole with surface 
gravity waves.  

 

 
*Corresponding Author’s Email: georgiro@mail.tau.ac.il 
[1] E. H. Kennard, Zur Quantenmechanik einfacher Bewegungstypen, Zeitschrift für Physik, 44, 326 (1927).  
[2] M. Zimmermann et al. T3 -Interferometer for atoms, Appl. Phys. B, 123:102 (2017). 
[3] G. G. Rozenman et el. Amplitude and Phase of Wavepackets in Linear Potential, Submitted to Phys. Rev. Lett. (2018) 
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Quantum Optics with X-rays: Yesterday, Today and Tomorrow 
 
Ralf Röhlsberger 
 
Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany 
 
Albert Einstein, Willis Lamb and Roy Glauber are heroes of the 20th century who paved the 
way for the raise of quantum photonic sciences. As a result, at optical wavelengths the laser 
revolutionized this field and gave birth to the field of quantum optics, amongst many others. 
This trend continues today with the rise of accelerator-driven light sources like synchrotrons 
and x-ray lasers, bringing quantum optical phenomena at x-ray energies into reach.  
 
A key role in x-ray quantum optics is played by the ultranarrow nuclear resonances of 
Mössbauer isotopes. Their ultranarrow resonance bandwidth facilitates to probe 
fundamental phenomena of the light-matter interaction like the observation of the 
collective Lamb shift [1] and electromagnetically induced transparency with nuclei [2].  
Nowadays, x-ray photonic structures can be considered as new laboratory to realize 
quantum optical concepts at x-ray energies. Striking applications include spontaneously 
generated coherences [3], the reduction of the group velocity of light to a few m/s [4] and 
Rabi oscillations between nuclear ensembles [5], that could open new avenues towards 
nonlinear interactions between x-rays and matter. 
 
Employing higher-order coherences of x-ray fields in the spirit of Glauber could even lead to 
novel concepts for quantum imaging at x-ray energies [6,7] with outstanding spatial 
resolution, e.g., for the determination of biomolecular structures. The future development 
of high-brilliance x-ray sources holds great promise for further breakthroughs in this exciting 
field. 
 
[1] R. Röhlsberger, K. Schlage, B. Sahoo, S. Couet, R. Rüffer, Science 328, 1248 (2010) 
[2] R. Röhlsberger, H.-C. Wille, K. Schlage, B. Sahoo, Nature 482, 199 (2012) 
[3] K. P. Heeg, H.-C. Wille, et int, R. Röhlsberger, J. Evers, Phys. Rev. Lett. 111, 073601 (2013) 
[4] K. P. Heeg, J. Haber, et int, R. Röhlsberger, J. Evers, Phys. Rev. Lett. 114, 203601 (2015) 
[5] J. Haber, X. Kong, et int, A. Palffy, R. Röhlsberger, Nature Photonics 11, 720 (2017) 
[6] R. Schneider, et int, I. Vartanyants, R. Röhlsberger, J. v. Zanthier,  
      Nature Physics 14, 126 (2018) 
[7] A. Classen, K. Ayyer, H. N. Chapman, R. Röhlsberger, J. v. Zanthier,  
      Phys. Rev. Lett. 119, 053401 (2017) 
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Lithium Niobate Devices for Quantum Processors 
Amir Safavi-Naeini, Asst. Professor, Stanford University 
Microwave-frequency superconducting circuits are currently being used to build the first 
coherent and scalable quantum machines with tens to hundreds of quantum bits. It is expected 
that these systems will be soon complex enough to perform tasks beyond the reach of current 
technology. In moving current systems to larger scales, we face several daunting challenges. 
The current level of coherence achieved in superconducting quantum devices, though enough 
to enable fault-tolerant operation, can only do so with a significant amount of overhead for error 
correction. Meanwhile, the superconducting quantum machines today are rapidly becoming the 
most complex coherent microwave frequency circuits that have ever been realized. To facilitate 
scaling microwave quantum machines, it is fruitful to consider classical information processing 
systems. In the domain of conventional coherent microwave systems, acoustic filters and 
resonators are ubiquitous. They have played a key role in high-frequency circuits and systems 
for decades and can be found in every mobile phone and laptop because of their high-quality 
factor and small size compared to electromagnetic components. The clear application of these 
microwave acoustic systems to the quantum 
domain has motivated experimental efforts to 
extend the success of acoustic devices to the 
quantum realm. In a series of remarkable 
experiments, thin-film, surface, and bulk acoustic 
wave resonators made of piezoelectric materials 
have coupled gigahertz acoustic resonators with 
varying levels of confinement to superconducting 
circuits. Similarly, almost all classical information 
processing systems involve the conversion of 
information across the electromagnetic 
spectrum. For example, to realize a large-scale 
quantum machine, it is exceedingly likely that we may need to implement a quantum network 
connecting independent nodes. To achieve quantum connectivity across medium to long 
distances, it is natural to consider optical photons and consequently, quantum-limited frequency 
converters between optical and microwave frequencies. 
 
Lithium niobate is a particularly exciting platform for realizing these key capabilities that enable 
scaling of quantum machines. In this talk, I will present our experimental results on the 
integration of superconducting qubits, and high-Q photonic systems and 
nanomechanical/nanophotonic integrated devices etched out of lithium niobate. I will also offer 
our vision for a “quantum acoustic processor” [1,2], which is a more programmable and 
hardware-efficient approach to quantum information processing. 
[1] Arrangoiz-Arriola et al. Phys Rev X 2018,   [2] Pechal et al. QST (2018) 
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Entangling atomic qubits with Rydberg interactions 
M. Saffman,  Department of Physics, University of Wisconsin-Madison 

Arrays of neutral atoms are being developed for scalable quantum 
computation[1]. The cost of quantum error correction implies that large 
numbers of physical qubits will be needed to reach quantum advantage for 
useful problems. Arrays of neutral atom qubits provide an opportunity for 
scaling to large numbers, and I will describe the outlook for reaching >104 
qubits in a single processing unit.  
 
To take full advantage of the large qubit number matching advances in gate 
fidelity are needed. Progress towards high fidelity Rydberg mediated 
entanglement will be presented. With intermediate gate fidelity hybrid 
quantum-classical algorithms may provide a computational advantage. An 
application of a hybrid algorithm to a high energy physics problem will be 
described.   
 
 
1. D. S. Weiss and M. Saffman, Quantum computing with neutral atoms, Phys. 
Today  70, 44 (2017).  
 
                    
Ground-Rydberg Rabi Oscillations with extended coherence in a 2D qubit array 
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X‐ray optics on a chip 
 
Tim Salditt, Malte Vassholz, Institut für Röntgenphysik, Universität Göttingen, 
 
Waveguide optics and photonics are much  less developed  in the x‐ray spectral  range than for 
visible  light.  Yet,  recent progress  in  the  fabrication of nanoscale  channels,  and  in particular  a 
combination  of  e‐beam  lithography  and  wafer  bonding  has  made  it  possible  to  define  well 
controlled arrays of nanometric waveguide channels with suitable geometric parameters. This 
has  enabled  guiding  and  filtering  of  x‐ray  beams  on  surface  sizes  of  a  few  mm2,  e.g.  for 
applications of coherent imaging [1,2]. Since we could show that sufficiently thin channels can 
support radii of curvature in the mm range [3], such channels can be designed to couple, split 
[3],  redirect  and  more  generally  manipulate  x‐ray  beamlets.  In  this  talk  we  will  discuss  the 
potential of x‐ray waveguide devices for x‐ray quantum optics, as an extension of the pioneering 
work  that was  already  demonstrated  for  x‐ray  quantum  optics  in  planar waveguides.  To  this 
end, we discuss whether x‐ray  ring  resonators based on waveguiding are possible. Finally, we 
present  first  results  of  x‐ray  fluorescence  emission  into  well‐defined  waveguide  modes  [4], 
which may even be exploitable for novel x‐ray sources.  
 
  
[1] M. Bartels, M. Krenkel, J. Habe, R.N. Wilke, T. Salditt, X‐Ray Holographic Imaging of Hydrated 
Biological Cells in Solution, Phys. Rev. Lett. 114, 048103 (2015). 
[2] H.‐Y. Chen, S. Hoffmann, T. Salditt, X‐ray beam compression by tapered waveguides  
Appl. Phys. Lett. 106, 194105 (2015)  
[3]  T.  Salditt,  S. Hoffmann, M. Vassholz,  J. Haber, M. Osterhoff,  J. Hilhorst, X‐Ray Optics  on a 
Chip: Guiding X Rays in Curved Channels, Phys. Rev. Lett. (2015), 115, 203902 
[4] S. Hoffmann‐Urlaub and T. Salditt, Miniaturized beamsplitters realized by X‐ray waveguides 
Acta Crystallogr. A (2016), 72, 515‐522. 
[5] M. Vassholz, T. Salditt et al., unpublished.  
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Multi-electron excitation and dissociation pathways in oxygen 

Alex Plunkett1, Nathan Harkema1, Robert Lucchese2, C. William McCurdy2,3, Arvinder Sandhu4 
1Department of Physics, University of Arizona, Tucson, AZ 

2Lawrence Berkeley National Lab, Berkeley, CA 
3University of California Davis, Davis, CA 

4Department of Physics and College of Optical Sciences, University of Arizona, Tucson, AZ 

asandhu@email.arizona.edu 

 

At present, there is immense interest in using attosecond XUV and x-ray sources to investigate 

correlated excited state dynamics and coupled electron-nuclear motion in molecules. I will discuss our 

recent experiment on ultrafast time-resolved transient photoelectron spectroscopy in molecular oxygen. 

An extreme ultraviolet (XUV) pulse populates the autoionizing Rydberg series converging to O2
+ c 4u- , 

and a femtosecond near-infrared (IR) pulse was used to photo-ionize these states as they dissociate. By 

monitoring the photoelectrons we probe the transition from the molecular regime to the atomic fragments 

in a state selective manner.  

Analysis of the electron spectra as a function of time delay shows three distinct features: laser 

dressing of direct photoelectrons, IR ionization of molecular nsg series with n=4-7 which fragments to 

atomic series (which allows us to verify their autoionization lifetimes), and the unexpected formation of 

4p excited atomic fragment. We explain the origin 4p excited fragment in terms of multi-electron 

excitation of repulsive Rydberg states which correspond to a p-symmetry electron attached to the ion 4g 

core. The contribution from states are hard to identify in static synchrotron studies as they result in a 

broad background in ionization signal, and their fragments do not produce direct fluorescence signals. 

The application of transient photoelectron spectrogram provides clear identification of this channel, and 

quantifies its strength relative to previously known contribution of bound ns/nd g Rydberg series.  

Work at the University of Arizona and the University of California Davis was supported by the 

U. S. Army Research Laboratory and the U. S. Army Research Office under grant number W911NF-14-

1-0383. The source development at University of Arizona is supported by the grant DE-SC0018251 

funded by the U.S. Department of Energy, Office of Science. We acknowledge support from NSF awards 

PHY-1505556 and PHY-1306308.  

       
 

Figure 1 Experimental set up showing pump-probe setup for transient photoelectron spectroscopy using XUV 

pump and IR probe. The VMI reconstruction of XUV+IR signal are subtracted from XUV along signals to 

obtain the transient changes in electron spectra. The delay dependent transient photoelectron spectrogram shows, 

the contributions from known ns and nd Rydberg series. The large contribution representing the formation of 4p 

excited atomic fragment (blue box at ~0.3 eV) represents an unexpected channel. We attribute it to Rydberg 

states formed through two-electron excitation, which dissociate at a very fast rate.  
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OfficeMath 
Murray Sargent III 

Microsoft, Redmond, WA 98050 

OfficeMath1 is the Unicode math editing and display facility built into Microsoft Word, 
PowerPoint, OneNote, Outlook, and Excel. OfficeMath typography resembles TeX’s and 
automates some tweaks that TeX delegates to the user. OfficeMath input methods2 feature 
convenient WYSIWYG editing using LaTeX or UnicodeMath3, a math ribbon, context menus, 
and ink. The environment is Office’s, which comes with internationalization, accessibility, 
spelling/grammar checking, interoperability, bibliography support, and many other 
features one expects from the leading office suite. Much of the underlying functionality is 
based on the sharable components, Page/Table/LineServices with its high-quality math 
handlers, RichEdit, OfficeArt, the math font library, DirectWrite/Uniscribe, and the Cambria 
Math font. 

The talk includes history of how this project came about as well as illustrations and demos 
of how it works, such as input and display of the “mode locking” integral4 

1

2𝜋
න

ⅆ𝜃

𝑎 + 𝑏 sin 𝜃

2𝜋

0

=
1

ξ𝑎2 − 𝑏2
 

Math speech5 and braille6 are presented revealing how math can be accessible to people 

with disabilities. For example, the math braille for the fraction 
1

2𝜋
 is ⠹⠂⠌⠆⠨⠏⠼ 

The removal of the old, but popular, Equation Editor is discussed along with how to use the 
Equation Editor Converter7 to convert Design Science math objects to native OfficeMath 
math zones. 

 
1. OfficeMath, https://blogs.msdn.microsoft.com/murrays/2018/09/30/officemath/ 

2. OfficeMath UI, https://blogs.msdn.microsoft.com/murrays/2018/10/17/officemath-ui/ 

3. UnicodeMath, https://blogs.msdn.microsoft.com/murrays/2016/09/07/unicodemath/ 

4. P. Meystre, M. Sargent III, Elements of Quantum Optics, Springer, Heidelberg, 2007, Section 7.5. 

5. Microsoft Office Math Speech, https://blogs.msdn.microsoft.com/murrays/2017/02/27/ 

microsoft-office-math-speech/ 

6. Nemeth Braille—the first math linear format, https://blogs.msdn.microsoft.com/murrays/ 

2016/07/31/nemeth-braille-the-first-math-linear-format/ 

7. Converting Microsoft Equation Editor Objects to OfficeMath, https://blogs.msdn.microsoft. 

com/murrays/2018/08/31/converting-microsoft-equation-editor-objects-to-officemath/ 
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Engineered Thermalization in Many-Body Quantum Systems 
Mohan Sarovar1, Mekena Metcalf1,  Jonathan Moussa2  

1Sandia National Laboratories, Livermore, CA 
2Molecular Sciences Software Institute, Blacksburg, VA 

 
Preparation of mixed states of many-body systems, particularly thermal states at low 
temperatures, is valuable for many scientific and algorithmic tasks, e.g. calculating finite 
temperature response of materials, Gibbs sampling for machine learning. Despite this, analog 
quantum simulation platforms typically focus on preparing pure quantum states of many-body 
systems. This is partly because preparing mixed states on many leading analog quantum 
simulation platforms, e.g. trapped cold atoms, is challenging due to the lack of scattering 
mechanisms needed to dissipate energy and thermalize. Therefore, the thermalizing 
environment must be also engineered and simulated, which is challenging since such 
environments typically contain an immense number of degrees of freedom. 
 
We develop a technique to engineer thermalization of many-body spin Hamiltonians based on 
coupling to driven, dissipative ancilla spins. We develop a Born-Markov master equation 
describing the dynamics of a many-body system coupled to fast-relaxing, driven ancilla qubits, 
and show that if the ancilla energies are periodically modulated and swept across the system 
energy spectrum, with a carefully chosen hierarchy of timescales, one can effectively thermalize 
a many-body system. We use analytical proofs and numerical investigations to demonstrate that 
the true thermal state is an approximate fixed point of the dynamics. 
 
The scheme we develop can be viewed as a protocol for filtering and transforming the 
structureless electromagnetic vacuum reservoir to a structured reservoir suitable for 
thermalizing the many-body quantum system at hand. This enables thermalization using a finite 
number of controlled ancilla degrees of freedom. 
 
 
 
 

System Ancilla 

Figure 1: An illustration of the key elements of our 
thermalization scheme. The spins on the principal lattice (gold 
colored, defining the many-body system) are coupled to ancilla 
spins (blue colored), which are driven and dissipated. 

This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Advanced Scientific 
Computing Research, under the Quantum Computing Application Teams and Quantum Algorithm Teams programs.  
 
Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions 
of Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear 
Security Administration under contract DE-NA-0003525. This paper describes objective technical results and analysis. Any subjective 
views or opinions that might be expressed in the paper do not necessarily represent the views of the U.S. Department of Energy or 
the United States Government. 
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Experimental studies of strong field quantum electrodynamics  
in the field of a high-intensity laser 

 

G. Sarri 
School of Mathematics and Physics, Queen’s University Belfast, University Road BT7 1NN, Belfast, United 
Kingdom 
 
				Quantum	Electrodynamics	 (QED)	 represents	 one	 of	 the	 greatest	 theoretical	 achievements	 in	modern	
physics,	 able	 to	 elegantly	 combine	 electromagnetism,	 quantum	mechanics,	 and	 special	 relativity	 into	 a	
unified	theory.	Its	predictions	have	been	tested	to	a	high	degree	of	precision	in	relatively	low	fields	but,	thus	
far,	little	is	experimentally	known	about	the	behaviour	of	quantum	systems	in	ultra-high	fields.	QED	effects	
become	dominant	if	these	fields,	 in	the	rest	frame	of	the	particle,	are	comparable	to	a	critical	 field,	also	
known	as	the	Schwinger	field,	of	the	order	of	ES	~	1.3x1018	V/m.	At	these	field	intensities,	exotic	phenomena	
are	expected	to	occur,	such	as	stochastic	photon	emission	[1],	electron-positron	pair	production	in	vacuum	
[2],	and	strong	radiation	reaction	[3].	Even	though	electromagnetic	fields	of	this	nature	are	expected	to	be	
present	around	massive	astrophysical	objects	(see,	for	instance,	[4]),	they	are	extremely	hard	to	achieve	
experimentally,	 with	 results	 reported	 only	 exploiting	 strong	 crystalline	 fields	 [5]	 or	 ultra-relativistic	
electron	beams	in	accelerators	[6].						
							The	fast-paced	development	of	laser	technology	and	laser-driven	particle	acceleration	is	finally	opening	
up	 the	 possibility	 of	 carrying	 out	 clean	 and	detailed	 studies	 of	 non-linear	 (i.e.	 strong-field)	QED	 in	 the	
laboratory	 by	 exploiting	 the	 interaction	 of	 an	 ultra-relativistic	 electron	 beam	with	 the	 focus	 of	 a	 high	
intensity	 laser	 (Fig	 1a).	 This	 configuration	 has	 been	 recently	 exploited	 in	 a	 series	 of	experiments	 [7,8]	
carried	out	using	the	Astra-Gemini	 laser	at	the	Rutherford	Appleton	Laboratory,	where	ultra-relativistic	
laser-accelerated	electron	 beams	 (maximum	Lorentz	 factor	 of	 gL~3500)	where	made	 to	 interact	with	a	
focussed	laser	with	a	maximum	intensity	of	~	4x1020	Wcm-2	(dimension-less	amplitude	a0	~	10),	resulting	
in	a	peak	electric	field	in	the	rest	frame	of	the	electrons	of	the	order	of	20%	of	the	Schwinger	field.		Clear	
evidence	was	found,	for	the	first	time,	of	strong	radiation	reaction	with	a	40%	electron	energy	loss	in	40	
femtoseconds	of	laser	duration	[7],	in	a	regime	where	quantum	corrections	to	the	classical	description	of	
radiation	reaction	had	to	be	included	(Fig.	1b).	
					In	 this	 talk,	 these	 recent	 experimental	 results	 will	 be	 presented,	 together	 with	 an	 outlook	 on	 the	
parameter	space	that	will	be	accessible	with	near-term	laser	and	accelerator	facilities.	

REFERENCES	
[1]	T.	G.	Blackburn	et	al.	PRL	112,	015001	(2014)	
[2]	A.	R.	Bell	et	al.,	PRL	101,	200403	(2008).	
[3]	A.	di	Piazza	et	al,	Rev.	Mod.	Phys.	84,	1177	(2012)	
[4]	J.	Sultana	et	al.	Astrophys.	J.	779,	16	(2013)	

[5]	H.	D.	Hansen	et	al.,	PRD,	69,	032001	(2004)	
[6]		C.	Bula	et	al.,	PRL	76,	3116	(1996)	
[7]	K.	Poder	et	al.,	Phys.	Rev.	X	8,	031004	(2018)	
[8]	J.	Cole	et	al.,	Phys.	Rev.	X	8,	011020	(2018)		

 

Fig.	1	a.	Electron	energies	and	laser	amplitudes	achievable	by	existing	laser	systems	(Astra-Gemini,	yellow	and	TARANIS-
X,	green)	and	near-term	facilities	(such	as	ELI-NP	and	EuPRAXIA,	red)	compared	with	different	physical	regimes.	The	red	
dashed	line	corresponds	to	the	critical	field	in	the	rest	frame	of	the	electron.	The	grey-shaded	area	shows	the	region	of	
strong-field	 QED.	 The	 green	 and	 black	 circles	 represent	 experimentally	 achieved	 and	 near-term	 parameters	 spaces,	
respectively.	b.	Measured	electron	spectra	before	(black)	and	after	(red)	propagation	through	the	focus	of	a	high-intensity	
laser	compared	with	the	prediction	of	a	semi-classical	model	of	radiation	reaction	(green).	Figure	adapted	from	Ref.	[7].	
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Quantum waves and gravity 
 

Wolfgang P. Schleich 
 
Institut für Quantenphysik and Center for Integrated Quantum Science and Technology (IQ

ST
), Universität 

Ulm, Albert-Einstein-Allee 11, 89081 Ulm, Germany; Hagler Institute for Advanced Study at Texas A&M 
University, Texas A&M; AgriLife Research, Texas A&M University, College Station, TX 77843, USA; Institute 
for Quantum Science and Engineering (IQSE), Texas A&M University, College Station, TX 77843, USA; 
Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA 

 
Atom interferometry represents a powerful tool to probe the interface of quantum 
and gravity. It is conventional wisdom that the corresponding phase shift caused 
by gravity scales quadratically with the time the atom spends in the interferometer. 
The recent experimental realization of the Stern-Gerlach interferometer [1] 
displays a cubic rather than a quadratic phase shift. We illustrate this phenomenon 
in quantum phase space using the Wigner function [2] and, in particular, compare 
and contrast the sensitivity of this device to uncertainties to the one predicted in 
the Humpty-Dumpty discussion [3].    
 
 
 

  
 

 
References: 
 
[1] O. Amit, Y. Margalit, O. Dobkowski, Z. Zhou, Y. Japha, M. Zimmermann, M.A. 
Efremov, F.A. Narducci, E.M. Rasel, W.P. Schleich, and R. Folman, T3–Stern-
Gerlach matter-wave interferometer, to be published 
 
[2] E. Giese, W. Zeller, S. Kleinert, M. Meister, V. Tamma, A. Roura, and W.P. 
Schleich, Interface of gravity and quantum mechanics illuminated by Wigner phase 
space, in: “Atom Interferometry”, Varenna Summer School 2013 
 
[3] B.G. Englert, J. Schwinger, and M.O. Scully, Is spin coherence like Humpty-
Dumpty? I. Simplified Treatment, Foundations of Physics 18, 1045 (1988); J. 
Schwinger, M.O. Scully, and B.G. Englert, Is spin coherence like Humpty-Dumpty? 
II. General Theory, Z. Phys. D 10, 135 (1988); M.O. Scully, B.G. Englert, and J. 
Schwinger, Is spin coherence like Humpty-Dumpty? III. The effects of observation, 
Phys. Rev. A 40, 1775 (1989) 
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Matter wave interferometry for inertial sensing  
and tests of fundamental physics 

 
D. Schlippert, H. Albers, C. Braxmaier, W. Ertmer, C. Meiners, L. L. Richardson,  

A. Rajagopalan, R. Rengelink, C. Schubert, D. Tell, É. Wodey, F. Guzmán, E. M. Rasel 
 

Leibniz Universität Hannover, Institut für Quantenoptik,  

Welfengarten 1, 30167 Hannover, Germany 

 

Today's state-of-the-art atom inertial sensors require improvements in stability and accuracy 

in order to fully exploit their potential with large scale factors on very long baselines on 

ground and in space, as well as in dynamic environments, e.g. for inertial navigation. We 

report on recent developments concerning the commissioning of the Very Long Baseline 

Atom Interferometry test stand. Stretching over 15 m, the facility with its high-performance 

magnetic shield, Rb-Yb atom sources, and a low-frequency seismic attenuation system will 

allow us to take on the competition with the stability of superconducting gravimeters with 

absolute measurements. By operating in a differential mode, we furthermore anticipate tests 

of the Universality of Free Fall at levels of parts in 10
13

 and below [1,2].   

We will moreover report on matter wave sensors enhanced with opto-mechanical resonators 

[3] as well as fully guided interferometry and discuss the potential of such systems in inertial 

sensing and fundamental physics. 

 

The VLBAI test stand facility is funded by the DFG. We also acknowledge financial support from DFG 

through CRC 1227 (DQ-mat), project B07. The presented work is furthermore supported by CRC 

1128 (geo-Q), project A02, by the Federal Ministry of Education and Research (BMBF) through the 

funding program Photonics Research Germany (contract number 13N14875), the German Space 

Agency (DLR) (PRIMUS-III; Grant No. 50WM1641), and by “Niedersächsisches Vorab” through the 

“Quantum- and Nano-Metrology” (QUANOMET) initiative within the project QT3. 
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[2] D. Schlippert et al., Phys. Rev. Lett. 112, 203002 (2014) 
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Chiral state transfer protocols in the vicinity  
of an exceptional point 

 
Alexander Schumer1, Juraj Feilhauer2 and Stefan Rotter1 
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Abstract: We show here that a chiral transfer of states does not necessarily rely on a dynamical loop enclosing an 
exceptional point but can also be obtained by simple parameter loops along a straight line in the vicinity of an 
exceptional point. 

 
 

In the newly emerging field of non-
Hermitian physics a special focus 
has been placed on non-Hermitian 
branch points, also called 
exceptional points (EP). This is 
because the intertwined Riemann 
sheets around these EPs [1,2] lead 
to a variety of counterintuitive 
physical phenomena especially 
when two parameters of the 
physical system are dynamically 
steered along a closed loop around 
the EP. Due to the breakdown of 
the adiabatic theorem induced 
through the non-Hermiticity, such a 
dynamical loop leads to a chiral 
mode conversion, i.e. for virtually 
all input configurations the final 
state at the end of the loop depends 
solely on the direction in which the 
loop is traversed. This appealing 
feature has meanwhile been tested in various experimental works, for example in a microwave waveguide [3], in cavity 
optomechanics [4] or in ferromagnetic [5] and in optical waveguides [6].  
 
Lately, the question has been raised in which way it is really necessary to go around in a loop that encloses the EP to obtain 
the desired chirality. First attempts to loosen the concept of a strict encircling have shown the possibility of shifting the loop 
slightly away from the EP [7] or how chirality depends on the starting points on the loop [5]. Here we now provide the 
minimal requirement that closed parameter loops in the vicinity of an exceptional point must satisfy in order to result in a 
chiral state exchange. Specifically, we show that the critical feature for a loop to produce a chiral state transfer is to traverse 
the line where the imaginary parts of the two eigenvalues that merge at the EP are the same (ℑ𝜆# = ℑ𝜆%). In this way it is, 
e.g., sufficient to execute a single parameter variation back and forth across this line of crossing imaginary parts (see Fig.1) 
to obtain a chiral state conversion. The interesting feature of this loop is that it encloses no area at all and thus also not the 
EP, which can be at a certain distance away. 
 
In my talk I will discuss the general protocol for how to obtain a chiral state transfer and its fully analytical solutions that 
substantially reduce the complexity of experimental efforts to produce a chiral state conversion.    
 
References: 
[1] N. Moiseyev, “Non-Hermitian Quantum Mechanics,” Cambridge University Press (2011). 
[2] R. El-Ganainy, K. G. Makris, M. Khajavikhan, Z. H. Musslimani, S. Rotter, and D. N. Christodoulides, “Non-Hermitian physics and PT symmetry,” Nature 
Physics 14, 11 (2018). 
[3] J. Doppler, A. A. Mailybaev, J. Böhm, U. Kuhl, A. Girschik, F. Libisch, T. J. Milburn, P. Rabl, N. Moiseyev, and S. Rotter, “Dynamically encircling exceptional points in a 
waveguide: asymmetric mode switching from the breakdown of adiabaticity,” Nature 537, 76 (2016). 
[4] H. Xu, D. J. Mason, L. Jiang, and J. G. E. Harris, “Topological energy transfer in an optomechanical system with exceptional points,” Nature 537, 80 (2016). 
[5] X.-L. Zhang, S. Wang, B. Hou, and C. T. Chan, “Dynamically Encircling Exceptional Points: In situ Control of Encircling Loops and the Role of the Starting Point,” 
Physical Review X 8, 021066 (2018). 
[6] J. W. Yoon, Y. Choi, C. Hahn, G. Kim, S. H. Song, K.-Y. Yang, J. Y. Lee, Y. Kim, C. S. Lee, J. K. Shin, H.-S. Lee, and P. Berini, “Time-asymmetric loop around an 
exceptional point over the full optical communications band,“ Nature 562, 86 (2018). 
[7] A. U. Hassan, G. L. Galmiche, G. Harari, P. LiKamWa, M. Khajavikhan, M. Segev, and D. N. Christodoulides, “Chiral state conversion without encircling an exceptional 
point,” Phys. Rev. A 96, 069908 (2017) (see also Phys. Rev. A 96, 052129 (2017)). 

Fig. 1: Dynamical state evolution of the Schrödinger equation 𝑖𝜕(𝜓(𝑡) = 𝐻(𝑡)𝜓(𝑡) modeling a generic 
non-Hermitian system consisting of two coupled harmonic modes where 𝛿 is the detuning, 𝜅 the 
coupling and 𝑔 the gain/loss parameter. The closed loops are parametrized as 𝑔 = 1,  𝜅 = 𝑔 + 1/2, 
𝛿(𝑡) = ±𝐿	sin	(2𝜋𝑡/𝑇) with 𝐿 = 1 and 𝑇 = 50. The plot shows the projection of the numerical solution 
(black line) onto the real part of the eigenvalue spectrum for an initial state subject to loss (𝜓%) or to 
gain (𝜓#). The color coding of the Riemann surfaces corresponds to the imaginary part of the 
eigenvalues where blue and orange are related to a negative and positive imaginary part, respectively. 
In (a) the detuning 𝛿 is negative at the beginning and the final states for both initial states turn out to be 
𝜓(𝑇) = 𝜓% whereas in (b) the detuning 𝛿 is positive at first resulting in 𝜓(𝑇) = 𝜓# evidently showing 
chirality in a loop of a single dynamical parameter. 

(a) (b) 
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Diamond turned Lithium-Niobate:  
ultimate quality for frequency combs and up-conversion 

A. Rueda,1,2 F. Sedlmeir,3,4 M. Kumari,1,2, G. Leuchs,3,4 and H.G.L. Schwefel1,2 

1The Dodd-Walls Centre for Photonic and Quantum Technologies, New Zealand; 2Department of Physics, Univ. of Otago, 
Dunedin, New Zealand;  3Max Planck Institute for the Science of Light, Erlangen, Germany; 4Institute for Optics, Information 
and Photonics, University Erlangen-Nürnberg, Erlangen, Germany  

harald.schwefel@otago.ac.nz 

Light can only interact with light in the presence of a nonlinear environment. One of the commercially most suc-
cessful nonlinear materials is single crystalline lithium niobate. Even with the best nonlinear material high optical 
fields are necessary for efficient nonlinear interactions. In the quest to achieve the highest efficiency for the non-
linear processes I will present our method of fabricating some of the highest quality lithium niobate resona-
tors [1]. The resonators are based on the whispering gallery mode design and I will briefly highlight two applica-
tions of these resonators.  

Common to both experiments is a high-quality diamond turned and polished, millimetre sized lithium niobate 
(LN) whispering gallery mode (WGM) resonator, coupled to a microwave cavity. In the WGM resonator both the 
microwave and the optical fields are enhanced close to the rim of the WGM resonator and strong mixing mediat-
ed by the high second order nonlinearity in LN allows for both Sum- and Difference Frequency Generation (SFG 
& DFG).  

 

Careful tuning of the phase matching in the hybrid systems leads to two different outcomes: 

Electro-optic frequency comb generation  In a system with symmetrically spaced optical modes and high mi-
crowave powers, both SFG and DFG can cascade leading to a comb with more than 180 comb lines at modest 
microwave and optical powers [2]. We will discuss the width of the comb and its use in wavelength division mul-
tiplexing in the telecommunication domain. 

Microwave-to-optical frequency conversion In the limit of low microwave powers only the first sidebands ex-
ist. Carefully selecting an avoided crossing of two intrinsically coupled optical modes results in an asymmetric 
spectrum of the optical modes, which can be tuned such that only SFG is allowed. This fundamentally noiseless 
process can transfer the quantum state of an individual microwave photon into the optical domain [3]. We will 
discuss the current state of our efforts in achieving this conversion in a cryogenic environment. 
1.  D. V. Strekalov, C. Marquardt, A. B. Matsko, H. G. L. Schwefel, and G. Leuchs, "Nonlinear and quantum optics with whis-

pering gallery resonators," J. Opt. 18, 123002 (2016). 

2.  A. Rueda, F. Sedlmeir, M. Kumari, G. Leuchs, and H. G. L. Schwefel, "Resonant Electro-Optic Frequency Comb," 
arXiv:1808.10608 [physics] (2018). 

3.  A. Rueda, F. Sedlmeir, M. C. Collodo, U. Vogl, B. Stiller, G. Schunk, D. V. Strekalov, C. Marquardt, J. M. Fink, O. Painter, 
G. Leuchs, and H. G. L. Schwefel, "Efficient microwave to optical photon conversion: an electro-optical realization," Opti-
ca 3, 597 (2016). 

 

a) Schematic of the setup for the creation of electro-optic 𝝌(2) frequency combs. The interacting fields are resonantly 
enhanced by an optical lithium niobate (WGM) and an external 3D metallic microwave cavity. b) The optical modes are 
separated by a nearly constant free spectral range (FSR) which approximately matches the frequency of the microwave 
tone W allowing for sum- and difference frequency generation (SFG, DFG) of sidebands.  

Due to the fixed microwave frequency, the comb lines are generated strictly equidistantly. This leads to a detuning of the 
comb lines from the optical modes, which are subject to dispersion, and eventually breaks the comb as illustrated in 
Figurethree dimensional microwave cavity is coupled to a crystalline whispering gallery mode resonator. Strong nonlinear 
interaction mediates efficient and coherent conversion of the microwave field into a blue shifted optical sideband. This 
constitutes a first step towards a bi-directional transducer between super-conducting quantum circuits and optical quantum 
networks. (Note that this is a photo montage between the actual 3d copper cavity and the artistic representation of a WGM.) 
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Insights into (and gleaned from) the Unruh effect from 

Quantum Optics, Quantum Statistics and the Equivalence 

Principle 

Marlan O. Scully 

Texas A&M, Princeton, Baylor 

(1) Radiation from neutral accelerated atoms (a.k.a. Unruh radiation) can be easily 

understood and derived from counter rotating terms  in the usual atom-field 

Hamiltonian. 

(2) Less clear physically, but very simple mathematically is the quantum statistical 

mechanical approach based on “temperature-as-imaginary-time”, yielding the 

Unruh temperature. 

(3) Finally, we will show how these studies provide new insight into Einstein 

equivalence principle. 
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 “A New Mobile Lab Will Have Multiple Uses” 
 

Rob Scully, Erwin Thomas, Alexei Sokolov, Bob Brick, 
Emanuela Ene, Virgil Sanders and Garrick Garza 

 
Texas A&M University 

 

ABSTRACT 

The physics department at Texas A&M is developing a new mobile lab 

incorporating different uses for Raman spectroscopy. Adjustable equipment 

and computer compatibility will ensure that previous experiments requiring 

a traditional lab can now be done from a mobile platform. The unit requires 

specialized construction at all stages and will have constant air conditioning 

as well as an uninterrupted power source for continuous operation. 

Configuration is complicated by varying dimensions and space considerations 

while excessive weight is being offset by aluminum construction. 

Experiments to be conducted will enable greater understanding of insect 

populations. Agricultural applications will be a primary focus, with crop 

stress and weed growth being studied. The equipment to be used will allow 

for identification as well as seasonal observation of numerous species. 
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Emergent electrodynamics in a quantum antiferromagnet 

 

Tigran A. Sedrakyan 

Department of Physics, University of Massachusetts, Amherst, Massachusetts 01003 USA 

 

Abstract 

In this talk, I will discuss the stability of ordered states in a two-dimensional quantum spin-

1/2  J1-J2 antiferromagnet on a frustrated triangular lattice. In the presence of next-nearest-neighbor 

antiferromagnetic coupling, J2, the model is shown to undergo a continuous transition from 120o 

ordered state to a quantum U(1) Dirac spin-liquid (QED3) at J2/J1 ~ 0.089, in accordance with 

previous variational Monte-Carlo and DMRG studies. The Maxwell U(1) gauge field emerges in 

a narrow parameter interval of 0.089 < J2/J1 < 0.116, that stabilizes the spin liquid. I will discuss 

the interplay of ordering and the emergence of the gauge field in the vicinity of unconventional 

criticality.  

 

References:  

T. A. Sedrakyan, R. Moessner, A. Kamenev, Dirac spin-liquid in a triangular antiferromagnet, (in preparation) 

T. A. Sedrakyan, V. M. Galitski, A. Kamenev, Phys. Rev. B 95, 094511 (2017) 
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Topological Insulator Lasers 
 

Mordechai Segev, Miguel A. Bandres, Gal Harari 

Technion – Israel Institute of Technology, Haifa, Israel 

Steffen Wittek, Midya Parto, Demetrios N. Christodoulides and Mercedeh Khajavikhan  

             CREOL, College of Optics and Photonics, UCF, Orlando, FL., USA 

 

Topological insulators are a new phase of matter with insulating bulk but robust edge 

conductance. These topological edge states are extremely robust, propagate in a 

unidirectional manner immune to imperfections, defects, or disorder, and as such they are 

promising unprecedented advantages in technological applications. Such topological 

protection is now known to be a ubiquitous phenomenon, occurring in many physical 

systems, ranging from photonics [1,2] and cold atoms to acoustic and mechanical systems. 

In recent years, research in topological photonics has flourished with numerous photonic 

platforms that support topologically-protected transport of light. Until recently research on 

topological systems in all fields of science was carried out in entirely passive, linear and 

conservative settings. However, the idea of introducing photonic properties (e.g., gain and 

nonlinearity) to topological systems has raised many challenges and fundamental questions, 

most importantly on the existence of topological protection in systems containing gain.   

      In two back-to-back papers last year, we demonstrated that topological protection can 

be combined with gain and loss to give rise to a new kind of laser whose lasing mode is a 

topologically protected edge mode – a topological insulator laser [3,4]. The topological 

insulator laser displays slope efficiency that is considerably higher than in the 

corresponding trivial realizations even in the presence of defects and disorder, and operates 

at a single lasing mode even considerably above threshold [3,4] 

     These results pave the way towards a new era of active topological photonics, where 

topological protection, nonlinearity, and gain combine in nontrivial ways to give rise to new 

active photonic devises such as lasers, sensors, and antennas. 

REFERENCES 

1. M. C. Rechtsman et al., Nature 496, 196 (2013). 
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Time-Domain Quantum Electrodynamics  

 

Denis Seletskiy 

Department of Engineering Physics, Polytechnique Montreal,  

email: denis.seletskiy@polymtl.ca 

Abstract:  

Ultrafast photonics enabled many dramatic advances in science most notably providing the 

ability to probe excited states of matter together with their evolution and coupling on the 

intrinsic timescales. It can be argued that the modern aim of ultrafast science is to use this 

understanding to enable dynamical control of condensed matter with light. The multi-

terahertz (multi-THz, e.g. from 1 to 100 THz) band is particularly attractive for this purpose 

as it spans over many fundamental collective excitations in ordinary and quantum matter. 

Furthermore, while some information on a quantum nature of many-body interactions in 

condensed matter can be obtained from classical spectroscopic probes, it can be argued that it 

is the temporal monitor of the non-classicality of light that is poised to gain direct access to 

nontrivial correlations of fundamental degrees of freedom in matter. For this, an experimental 

ability to sample quantum THz fields should provide first steps toward a novel regime of 

experimental subcycle quantum physics.  

 

Following the introduction, in the first part of the presentation I will make a brief overview of 

the femtosecond fiber laser technology, developed at the Univ. of Konstanz to enable 

ultrabroad detection of multi-THz fields. Next I will present a common method of electro-

optic sampling, which enables subcycle probing of the optical field. Modifications of this 

method in our recent experiments enabled direct detection of vacuum fluctuations in the 

multi-THz frequency range [1-3]. Toward the subject of control, I will present a scheme [4], 

such that by utilizing a second nonlinear crystal and co-propagating excitation pulses one can 

locally modify the quantum statistics of the multi-THz vacuum state. Fluctuations of the 

modified vacuum, sampled with subcycle temporal resolution, can reveal substantial 

redistribution of noise above and below the bare vacuum level. The ability to detect bare and 

squeezed vacuum states is the foundation for a new approach to subcycle physics. Current 

experimental and theoretical work is underway to understand and improve the sampling of 

time-domain states of quantum light toward the goal of ultrafast quantum spectroscopy. I will 

conclude by discussing latest theoretical advances in this area. 

 

[1] C. Riek et al., Science 350, 420 (2015). 

[2] C. Riek, D. V. Seletskiy, and  A. Leitenstorfer, Eur. J. Phys. 38, 024003 (2017). 

[3] A. S. Moskalenko et al., Phys. Rev. Lett. 115, 263601 (2015). 

[4] C. Riek et al., Nature 541, 376 (2017). 
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Spontaneous emission mediated by cooperative energy transfer 

to a plasmonic antenna 

Tigran V. Shahbazyan 

Department of Physics, Jackson State University, Jackson, MS 39157 USA 

Spontaneous emission by an ensemble of QEs can be greatly accelerated through 

electromagnetic correlations between QEs. A common example of cooperative emission is Dicke 

superradiance of QEs in a common radiation field leading to emergence of collective states 

radiating at a rate proportional to full ensemble size [1]. In the presence of plasmonic structure, 

QEs’ correlations are enhanced due to resonant Mie scattering while, at the same time, Ohmic 

losses in metal suppress correlations for QEs near the metal surface [2]. Thus, plasmon-enhanced 

superradiance hinges on delicate interplay between QEs’ direct coupling, plasmon-enhanced 

radiative coupling, and metal losses. 

Here we describe another mechanism of cooperative spontaneous emission by an ensemble 

of excited QEs based on cooperative energy transfer (CET) to a plasmonic antenna (see Fig.1). If  

the emission frequencies of excited QEs lie within 

plasmon spectral band, the plasmonic correlations 

between QEs lead to emergence of a collective 

state that transfers its energy at a rate 𝛾𝑒𝑡
𝑐 = ∑ 𝛾𝑒𝑡

𝑖
𝑖 , 

where 𝛾𝑒𝑡
𝑖  are individual QE-plasmon ET rates 

determined by the plasmon local density of states 

(LDOS) at the QE positions [3]. Then, if radiation 

efficiency of the plasmonic antenna is sufficiently 

high, this energy is radiated away at the same rate 

𝛾𝑒𝑡 it is being received from the QE ensemble [4]. 

Note that the CET mechanism is insensitive to 

natural variations of QEs’ frequencies caused, e.g., 

by direct dipole interactions or, in the case of QDs, 

by their size variations, if QEs’ frequencies stay 

within a broad plasmon band. Furthermore, the 

power spectrum retains the plasmon resonance 

lineshape and, therefore, is also largely 

independent of the QEs frequency variations 

within the ensemble (see Fig. 1).  

Figure 1. Upper panel: (a) Schematics of CET to a 

plasmonic resonator. (b) Schematics of QEs near Au nanorod with major and minor semiaxis a 

and b. Lower panel: Enhancement factor for power spectrum of QEs distributed at concentration 

n within dielectric shell of a core-shell gold nanonorod with outer major semiaxis a1. 
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Prospect of Verifying Gravity-Induced Collapse of Macroscopic Quantum 
Coherence Using a Schroedinger Cat Atom Interferometer 

S.M. Shahriar, T.L. Kovachy, R. Fang, R. Sarkar and J. Li 

Northwestern University, Evanston, IL, USA 
 

Microscopic particles, such as electrons or atoms, are routinely shown to be in linear 
superpositions of two wave-packets that are separated in space. However, we never observe such a 
superposition in the macroscopic world. Thus, quantum mechanics in its current form is an 
incomplete theory. In recent years, a new model of quantum mechanics has been developed that 
eliminates this incompleteness, reproducing conventional quantum mechanics for microscopic 
particles, while preventing spatially separated quantum superpositions for macroscopic particles, 
and providing a physical mechanism that collapses superpositions during measurement. The 
underlying mechanism behind this model is gravity-induced collapse of quantum superpositions1,2. 
This collapse would only be observable for macroscopic objects with masses of ~1010 to ~1012 
amu, far exceeding the masses of molecules for which matter wave interferometry has been 
carried out so far. On the other hand, creating such a quantum superposition of more massive 
objects, such as cantilevers, has proven to be impossible3, due to the complexity of the objects.   

In this talk, we will describe the prospect of 
testing this Penrose-Diosi Model (PDM) by realizing 
a scheme developed by us4,5 for atom interferometry 
with spatially separated Schroedinger Cat (SC) states 
of N 87Rb atoms, with N ranging from 108 to 1010 
(corresponding to ~8.7*109 to ~8.7*1011 amu).  A 
confirmation of this theory would represent a 
revolutionary advancement in our understanding of 
nature and reveal a fundamental interplay between 
gravity and quantum mechanics that must be 
considered in developing any theory of quantum 
gravity.  The scheme will use 87Rb atoms and non-linear interaction in an optical cavity to produce 
an SC atom interferometer.  Consisting of N atoms, the SC state would behave as a single particle, 
in a superposition of two states with a spatial separation between the centers of mass. The effect of 
gravity-induced collapse would manifest as a reduction of the visibility of the interference fringes. 
N will be varied from 108 to 1010 to determine the dependence of the visibility reduction as a 
function of the mass of the SC state and compared with the prediction of PDM.  We will discuss 
how the use of a white light cavity6 can enhance the optomechanical coupling to produce the 
degree of squeezing needed to produce the SC state.  We will also show that use of co-propagating 
Raman excitations to make an SC atomic clock5, which is considerably simpler that the SC atom 
interferometer, is expected to produce enough spatial separation for testing the PMD.  

                                                            
1 R. Penrose, “On Gravity's Role in Quantum State Reduction,” Gen. Rel. Grav. 28: 581 (1996) 
2 L. Diosi, “Models for universal reduction of macroscopic quantum fluctuations,” Phys. Rev. A 40: 1165 (1989) 
3 A. Bassi et al., “Models of wave-function collapse, underlying theories, and experimental tests,” Rev. Mod. Physics 
85: 471, (2013) 
4 R. Sarkar, R. Fang and S.M. Shahriar, “High-Compton-frequency, parity-independent, mesoscopic Schrödinger-cat-
state atom interferometer with Heisenberg-limited sensitivity,” Phys. Rev. A 98, 013636 (2018) 
5 R. Fang, R. Sarkar, and S. M. Shahriar, “Enhancing Sensitivity of an Atom Interferometer to the Heisenberg Limit 
using Increased Quantum Noise” submitted to Phys. Rev. Letts.; https://arxiv.org/abs/1707.08260. 
6 G.S. Pati, M. Salit, Messal, K. Salit, and S.M. Shahriar, “Demonstration of a Tunable-Bandwidth White Light 
Interferometer using Anomalous Dispersion in Atomic Vapor,” Phys. Rev. Lett. 99, 133601 (2007) 

Fig. 1: Illustration of a Schroedinger Cat atom 
interferometer to be used for testing the PDM. 
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Optically-tunable topological photonic crystal

Mikhail I. Shalaev,1 Wiktor Walasik,1 and Natalia M. Litchinitser1

1Department of Electrical and Computer Engineering, Duke University, USA

Topological insulators are materials that support energy transport at the surface while insulating in its
interior due to non-trivial topology of the structure. Importantly, the edge states supported in these materials
are robust to structural defects and imperfections, enabling low-loss and efficient photonic devices. We
consider photonic analogue of valley-Hall effect.

Recently, we designed and experimentally demonstrated valley-Hall topological photonic structure that
enabled backscattering-immune propagation [1]. However, demonstrated device lacks tunability, implying
that once the structure was fabricated, its functionality cannot be changed. Reconfigurability and tunability
is important for the realization of many devices such as modulators, switches, optical buffers and other
photonic devices. The structure we consider here is build out of silicon, allowing straightforward way for
its dynamic control with free-carried (FC) excitation when the structure is illuminated by the UV light.
The process of FCs injection is schematically shown on Fig. 1a. In the case when the photon energy of
control beam exceeds the band gap size of semiconductor, electrons are excited from the valence band to the
conduction band resulting to the formation of election-hole pairs and FC excitation.

The schematics of the samples is shown on Fig. 1b. The probe beam is coupled to the optical chip by
a grating, such that one half of energy propagates through the topological photonic crystal and another
half is used as a reference for transmission evaluation. Fig. 1c shows the dependence of the transmittance
on the pump fluence. In this study, we consider only two configurations: one with the trapezoidal-shape
propagation path and another with the straight interface with no bends, shown in Fig. 1f and Fig. 1e,
respectively. Transmittance peaks are shifted towards the shorter wavelength (blue shift) with up to 20nm
difference for highest pump fluence. Operating frequency change is associated with band gap position shift
caused by real part index change of silicon under illumination, see Fig. 1d. In addition to the changes in real
part of refractive index, UV illumination results to a significant rise of absorption in silicon. As a result, at
highest measured pump power the transmittance is reduced by approximately 85%. At the pump fluence
of 1.8pJ/µm2 fitted refractive index change is ∆n=-0.02+0.0013i. The transmission for straight path and
the one with bends are similar, confirming that the energy transport stays robust even under strong pump
illumination.

The control mechanism used here allows for nanosecond switching time. The system is fully compatible
with modern semiconductor technologies and operates at practically important telecommunication wave-
length. This research paves the way for efficient and reconfigurable photonic devices for future optical
communication systems.

[1] M. I. Shalaev, W. Walasik, A. Tsukernik, Y. Xu, and N. M. Litchinitser, (2018), DOI:10.1038/s41565-018-0297-6.
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Transdimensional Meta-Photonics 
Alexandra Boltasseva and Vladimir M. Shalaev 

In all areas of science ranging from mathematics and physics to data analysis and computation, 
moving from one dimensionality to the other reveals new phenomena and brings remarkable 
performance changes. Historic examples from surface science and the very recent area of optical 
metamaterials and metasurfaces have shown that transitioning from bulk, three-dimensional (3D) 
structures to two-dimensional (2D) counterparts uncovered truly new physics unattainable with 
3D systems and enabled novel applications. However, the “transdimensional” regime that by the 
definition relates to in-between dimensionalities and contains components of different dimensions, 
remains somewhat that might be overlooked. 
In the highly dynamic fields of nanophotonics and plasmonics – or metal-based nanoscale optics 
– extensive research has focused on utilizing either conventional materials in the form of thin films 
or nanoparticles with bulk material properties, or 2D structures including metal-dielectric 
interfaces and novel 2D materials. Yet, the material optical properties’ evolution in the transitional 
– transdimensional – regime between 3D and 2D is still underexplored. In such transdimensional 
materials (TDMs) that have thickness of only a few atomic layers, the material’s optical and 
electronic properties are expected to show unprecedented tailorability including unusually strong 
dependences on structural parameters such as thickness (number of atomic monolayers), 
composition (stoichiometry, doping), strain and surface termination compared to their 3D 
counterparts and conventional thin films (that are usually described by the bulk material 
properties). Similar to truly 2D materials such as graphene, transdimensional materials are also 
expected to show extreme sensitivity to external optical and electrical stimuli. With the recent 
discovery of 2D and quisi-2D materials as well as the development of novel plasmonic materials 
that can be grown as ultra-thin layers (down to few atomic layers) one can now probe the exciting 
properties of TDMs as they evolve from a single atomic layer to a larger number N when the 
properties become similar to those of the bulk material.  
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Shyam Shankar, Applied Physics, Yale University 

 

Title: To catch and reverse a quantum jump mid-flight  

 

Abstract: Quantum physics differs fundamentally from classical physics in that the measurement 

of a quantity cannot always give certain results, even in the ideal case where both the preparation 

and the measurement of the system is perfect. This idea is epitomized in the phenomenon of 

quantum jumps, first hypothesized by Bohr in his description of the radiation emitted by an excited 

hydrogen atom, and now routinely observed in the laboratory on a single quantum entity. Quantum 

jumps are fundamentally random: the time at which they occur cannot be predicted. However, 

modern measurement theory stipulates that it is possible to obtain an advance warning signaling 

the imminent occurrence of the jump, before its full completion.   Consequently, it is possible to 

reverse the jump if it is initiated by a coherent drive. We have successfully caught and reversed 

jumps [1] by implementing the indirect QND measurement of a superconducting artificial atom 

that undergoes a transition from its ground state G to a dark state D. This is achieved by monitoring 

the occupancy of an auxiliary bright level B coupled to G through a Rabi drive. Our experimental 

results, in agreement with the predictions of quantum trajectory theory with essentially no 

adjustable parameters, provide new ground for the exploration of real-time intervention techniques 

in the control of quantum systems, such as early detection of error syndromes for computation and 

sensing. More generally, our results provide support to the point of view that a single system under 

continuous, efficient observation is characterized by a time-dependent wave-function inferred 

from the record of previous measurement outcomes, and whose meaning is that of an objective, 

generalized degree of freedom. 

 

[1] Z. Minev, S.O. Mundhada, S. Shankar, P. Reinhold, R. Guttierez, R.J. Schoelkopf, M. 

Mirrahimi, H. Carmichael, M.H. Devoret,  arXiv:1803.00545.  
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Sign-definite coherence, coherent population trapping,

frequency doubling, and lasing without inversion in

open driven three-level V and Λ systems

Gavriil Shchedrin, Nathanael C. Smith,
Gijs Groeneveld, Daniel Jaschke, and Lincoln D. Carr

Colorado School of Mines, Golden, CO, 80401, USA

We explore open driven V and Λ three-level systems coupled to an environment with
dynamics governed by the Lindblad master equation. We perform a transformation into
superoperator space, which brings the Lindblad equation into a Schrödinger-like form, thus
allowing us to obtain exact analytical solutions for the density matrices of the V and Λ sys-
tems in a closed form. We establish physical conditions under which coherent manipulation
of these systems results in quasi-stationary dynamics, sign-definite coherence, coherent pop-
ulation trapping, electromagnetically induced transparency, and lasing without inversion.
We show that the quasi-stationary dynamics and sign-definite coherence in a driven Λ sys-
tem can be obtained by matching the applied Rabi frequencies with the decay rate induced
by the interaction with the environment. We find that the laser-induced Autler-Townes
doublet splitting in a driven closed Λ system transforms into a quadruplet in the presence
of interaction with an environment. Finally, we demonstrate anomalous light propagation
and continuous lasing without inversion for an open V system driven by a continuous wave
laser.
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FIG. 1: Sketch of open driven three-level systems in (a) Λ and (b) V configurations. The initial

state is prepared in the ground state |ψ(t = 0)〉 = |b〉. The Rabi frequencies, Ωp = dabEp/h̄ and

Ωc = dacEc/h̄ are expressed in terms of the dipole moments dab and dac, and amplitudes of the

applied electric fields Ec and Ep. The environment-induced decay rates from the excited state |a〉
to |b〉 and |c〉 states are given by γp and γc respectively. The imaginary part of the susceptibilities,

Im[χ(ν)], as a function of detuning ∆ and dimensionless time γt are shown for driven (c) Λ and

(d) V systems. Vanishing susceptibility results in electromagnetically induced transparency and

an extreme slowdown of the group velocity of light propagation.
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Quantum Metaphotonics: Hyperbolic Metacavity Devices  

Kun-Ching Shen1 and Din Ping Tsai1,2  
1 Research Center for Applied Sciences, Academia Sinica, Taipei 11529, Taiwan  

2 Department of Physics, National Taiwan University, Taipei 10617, Taiwan 

Hyperbolic metamaterial (HMM) with multiple metal–dielectric interfaces using nanorod arrays or multiple 

layers were presented for which the principal components of the uniaxial permittivity tensor have opposite 

sign. This results in an anomalous dispersion with an indefinite hyperbolic isofrequency contour (IFC). This 

hyperbolic dispersion leads to a high photonic density of state which enhances the spontaneous emission rate 

of light emitters through the Purcell effect [1]. It supports the propagation of a broad range of wavevectors, 

confirming that the plasmonic resonant modes are confined at a deep-subwavelength scale in all three 

dimensions [2]. Additionally, the hyperbolic curve is also used to predict the behavior of energy propagated 

inside HMM. The tailoring light effect of HMM was demonstrated on a specific polarized gain medium [3]. 

In this talk, I will present 

nanoscale HMM structures, 

named hyperbolic metacavity, on 

a specific polarized-light UV 

AlGaN sample (emission 

wavelength: 289 and 318 nm) to 

demonstrate giant enhancement in 

quantum emission efficiency and 

the light directivity. Through the 

integration of AlGaN and 

hyperbolic metacavity, the 

radiative emission rate of AlGaN 

emitter is significantly increased, which suppresses emission being consumed by nonradiative processes. 

Also, the emitter’s emission direction is efficiently directed to increase light extraction and avoid energy 

wasting in emitter structure. Furthermore, as the wave vector and metacavity size satisfy the round-trip phase 

condition for x, y, z directions. (i.e., the possible resonant modes of metacavity marked on the k-space along 

with the IFC curve), a clear sign of lasing operation of the AlGaN emitter with metacavity is therefore 

observed [4]. The results show that the specifically designed metacavity can merge all plasmon resonant 

modes within the cavity and provide a unique resonant radiation feedback to AlGaN emitter. This unique 

plasmon field allows the dipoles of AlGaN with various orientations into radiative emission, achieving 

enhancement of spontaneous emission rate and quantum efficiency, which is beneficial for coherent laser 

action. The use of the metacavity shows a promising candidate for the desired metaphotnic applications and 

the metacavity effect can be extended to many other material systems. 

[1] A. Poddubny, I. Iorsh, P. Belov, Y. Kivshar, Nature Photonics 7, 948 (2013)  
[2] X. Yang, J. Yao, J. Rho, X. Yin, X. Zhang, Nature Photonics 6, 450 (2012) 
[3] K. C. Shen, C. Hsieh, Y. J. Cheng, D. P. Tsai, Nano Energy 45, 353 (2018) 
[4] K. C. Shen, C. T. Ku, C. Hsieh, H. C. Kuo, Y. J. Cheng, D. P. Tsai, Advanced Materials 30, 1706918 

(2018). 
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EIT in an Ensemble of the Ge-Vacancies in Diamond

           Jing-Wei Fan1,2, Ivan Cojocaru1, Yanli Shi1, Linkun Jiang1, Abdulrahman Alajlan1, Ya-

Ping Yang2, Shaoyan Gao3, Olga Kocharovskaya1, Alexey V. Akimov1,4,5, Philip Hemmer1

1Texas A&M University, Department of Physics and Astronomy, 4242 TAMU, College Station, TX, USA
2MOE Key Laboratory of Advanced Micro-Structured Materials, School of Physics Science and Engineering, 

Tongji University, Shanghai 200092, China
3Department of Physics, Xi'an Jiaotong University, Xi'an, Shaanxi 710049, China

4Russian Quantum Center, 100A, Novaya Street, Skolkovo, 143025, Moscow, Russia
5PN Lebedev Institute RAS, Leninsky Prospect 53, 119991, Moscow, Russia

Recently, germanium-vacancy centers in diamond (GeVD) have attracted a lot of attention 

[1-3]. Similar to nitrogen-vacancies in diamond (NVD) they have 2-3 orders of magnitude higher 

dipole moment of the optical transition as compared to the rare-earth doped crystals. At the same 

time, as compared to NVD, they have ~ 20 times stronger zero-phonon line, orders of magnitude 

less spectral diffusion and inversion symmetry leading to smaller inhomogeneous broadening. 

Stronger zero-phonon line results in more efficient interaction of single photon with a single va-

cancy, while a smaller inhomogeneous line broadening favors also an ensemble-based interfaces, 

including realization of an ensemble-based quantum memories. Other advantage of GeVD is a 

presence of polarization selection rules at the optical transition forming the lambda system and 

large (160 GHZ) energy levels splitting in the ground state. The last advantage allows for orders 

of magnitude larger storage bandwidth compared to typically ~ MHz bandwidth in the rare-earth 

doped solids. The only disadvantage of this vacancy center is rather fast decay of the atomic co-

herence on the order of 100ns. 

Recently a relatively narrow dip in an absorption spectrum of the probe field in the vicinity 

of the resonant 602.25nm transition in GVD at the liquid helium temperature in the presence of 

the control field resonant to adjacent 602.45nm transition under the two-photon resonance condi-

tion was observed by our group. The linear dependence of the width of this deep as a function of 

the Rabi frequency was established. The goal of this work was to identify the mechanism beyond 

of the experimentally observed transparency which could be caused either by the linear ac-Stark 

splitting or by EIT.  Both our analytical estimates based on the general theoretical analysis of 

EIT in solids with inhomogeneous line broadening of both optical and low-frequency transition 

[4] and the numerical calculations under the parameters of the system corresponding to our ex-

periments indicate an important role of the atomic interference effects and a realization of a ra-

ther unusual EIT regime with a liner dependence of the width of a transparency resonance on the 

Raby frequency which was never observed so far in solids. 

[1]    A. Sipahigil, R. E. Evans, D. D. Sukachev, M. J. Burek, J. Borregaard, M. K. Bhaskar, C. 

T. Nguyen, J. L. Pacheco, H. A. Atikian, C. Meuwly, R. M. Camacho, F. Jelezko, E. 

Bielejec, H. Park, M. Lončar, and M. D. Lukin, Science 354, 6314 (2016).

[2] T. Iwasaki, F. Ishibashi, Y. Miyamoto, Y. Doi, S. Kobayashi, T. Miyazaki, K. Tahara, K. 

D. Jahnke, L. J. Rogers, B. Naydenov, F. Jelezko, S. Yamasaki, S. Nagamachi, T. 

Inubushi, N. Mizuochi, and M. Hatano, Sci. Rep. 5, 12882 (2015).

[3] D. G. England, K. A. G. Fisher, J.-P. W. MacLean, P. J. Bustard, R. Lausten, K. J. Resch, 

and B. J. Sussman, Phys. Rev. Lett. 114, 53602 (2015).

[4]      E. Kuznetsova, O.Kocharovskaya, P.Hemmer, M.Scullly, Phys. Rev. A66,063802 (2002).
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Plasmonic nanostructures for subwavelength focusing of 
light with orbital angular momentum 

Mariia Shutova and Alexei V. Sokolov 

Department of Physics and Astronomy, Institute for Quantum Science and Engineering, Texas 
A&M University, College Station, TX 77843-4242 USA 

ABSTRACT 

How do the living organisms distinguish between two identical molecules of opposite chirality? Can we, 
somehow, efficiently induce and probe dipole-forbidden or magnetic transitions in the biomolecules? 
Structured light provides a bridge between optical physics and bioscience and helps us gaining insight into 
these questions. We study structured beams of light that carry orbital angular momentum (OAM) and 
have left- or right-handed screw dislocations of phase fronts. The OAM light is chiral in the same sense as 
the biomolecules, however, diffraction limits focusing of spatial light features to micron sizes, while the 
molecules are nanometers in size. With this size mismatch, dipole-forbidden transitions (magnetic and 
electric quadrupole) are orders of magnitude weaker than electric dipole. If we preserve the chirality of 
light, while confining it into nanometer-sized volume containing the atoms of interest, dipole-forbidden 
optical transitions become as strong as the allowed ones. This will provide a tool to study the nature of 
chirality and the effect of OAM light on chiral molecules. To that end, we propose a nanoantenna for 
focusing light into subwavelength volume while preserving its chiral properties and structure1. 

 

Fig.1 (a): Experimental setup for detecting structured electric field distribution on the nanoscale. (b): Coupling of an 
atom with the plasmonic nanostructure2 allows for modification of its internal state or, in other words, induces 
dipole forbidden atomic transitions3,4. 

This work is supported by the NSF (Grant #CHE-1609608), the Welch Foundation (award A-1547) and ONR 
(award N00014-16-1-2578). 

1Arikawa, T., Morimoto, S., & Tanaka, K. (2017). Focusing light with orbital angular momentum by circular array 
antenna. Optics Express, 25(12), 13728-13735. 
2Heeres, R. W., & Zwiller, V. (2014). Subwavelength focusing of light with orbital angular momentum. Nano letters, 
14(8), 4598-4601. 
3 Schmiegelow, et al. (2016). Transfer of optical orbital angular momentum to a bound electron. Nature 
communications, 7, 12998.  
4 Afanasev, A., et al. (2018). Experimental verification of position-dependent angular-momentum selection rules for 
absorption of twisted light by a bound electron. New Journal of Physics, 20(2), 023032. 
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Topological Photonics across the Electromagnetic Spectrum 
 

Ran Gladstone, Minwoo Jung, Yang Yu, Kueifu Lai, Yuchen Han, Zhiyuan Fan, and Gennady Shvets 
School of Applied and Engineering Physics, Cornell University, Ithaca,, New York 14850, USA 

 

The 2016 Nobel Prize in Physics was awarded to Kosterlitz, Thouless, and Haldane for their pioneering 

theoretical work on the novel and counter-intuitive phases of matter that are now referred to as 

topological phases. Almost half a century after these researchers applied powerful mathematical 

techniques of topology to condensed matter systems, a new rapidly developing area is taking shape, now 

in the field of photonics. While very different in many respects from their condensed matter counterparts, 

topological phases of light share some of their unique properties that make topological photonics 

particularly suitable for practical applications.  Just as the inventors of photonic crystals (often referred to 

as the “semiconductors of light”) borrowed crucial ideas, such as propagation bands, bandgaps, and 

Brillouin zone, from condensed matter physics, so do the researchers in the field of topological photonics 

that attempts to emulate the key concepts from low-dimensional topological materials. Those include 

photonic topological insulators (PTIs), reflectionless edge states that propagate along the domain walls of   

the PTIs, and spin-polarized/valley-polarized transport. 

 

Remarkably, it is now becoming possible to use photons for emulating some of the topological phases 

that could not be constructed in condensed matter, as well as observe some of the phenomena that are 

difficult to realize. In this talk I will concentrate on such examples, including the realization of photonic 

valleytronic devices at microwave and mid-IR frequencies, valley-filtering, excitation of topologically 

protected edge states using relativistic electron beams, and emulation of AA-stacked bilayer graphene. 

Some of these concepts are illustrated in Fig.1. 

   
Figure 1| (a) Schematic of a photonic valley-Hall structures based on a sheet of graphene suspended over a nano-patterned 
electrode.  (b) Variation of the chemical potential 𝐸𝐹(𝑥, 𝑦) (in eV) produced by applying 𝑉 = 4Volts across a ℎ = 4nm gap 
between the electrode and graphene.  (c) A relativistic electron bunch excites spin- and valley-polarized edge states when 
crossing the domain wall between two topologically distinct spin-Hall PTIs.   (d) Emulation of AA-stacked graphene reveals a 
spin-valley degree of freedom and enables the control over the group velocity of the edge states.  

Finally, I will discuss how the prospect for shrinking the size of topological devices to nanoscale by using 

graphene surface plasmons interacting with plasmonic metasurfaces. The propagation of the surface 

plasmons in periodic chemical potential landscapes can provide us with a platform for rapidly 

reconfigurable topological devices that bridge the spatial gap between optical and electronic excitations. 

The possibility of constructing optical analogs of a spin-valley topological insulator will also be 

discussed, and the promise of such a scheme for obtaining “slow light” topologically protected edge states 

will be illustrated. 
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Towards X-ray Free-electron Laser Oscillators

Yuri Shvyd’ko

Advanced Photon Source, Argonne National Laboratory, Illinois, 60439, USA

X-ray free electron lasers in the oscillator configuration (XFELO) are future fully coherent hard
x-rays sources with ultra high spectral purity [1-8]. An X-ray free electron laser oscillator
(XFELO) is feasible by employing an X-ray cavity with Bragg mirrors such as diamond crys-
tals and x-ray focusing lenses. The recent progress in various R&D efforts will be summarized
addressing critical issues for realizing an XFELO.

[1.] Kwang-Je Kim, Yuri Shvyd’ko, Sven Reicher, “ A Proposal for an X-Ray Free-Electron Laser Oscillator with an Energy-Recovery Linac” Phys. Rev. Lett. 100 (2008) 244802.

[2.] Kwang-Je Kim and Yuri V. Shvyd’ko, “Tunable optical cavity for an x-ray free-electron-laser oscillator” Phys. Rev. ST Accel. Beams 12, 030703 (2009)

[3.] Yu. Shvyd’ko, S. Stoupin, A. Cunsolo, A.H. Said, and X. Huang, “High-Reflectivity High-Resolution X-Ray Crystal Optics with Diamonds”, Nature Physics, 6, 196-199
(2010) .

[4.] Yuri Shvyd’ko, Stanislav Stoupin, Vladimir Blank, and Sergey Terentyev, “Near 100% Bragg Reflectivity of X-rays” Nature Photonics, 5, 539-542 (2011).

[5.] R. R. Lindberg, K.-J. Kim, Yu. Shvyd’ko, and W. M. Fawley, ”Performance of the x-ray free-electron laser oscillator with crystal cavity”, Phys. Rev. ST Accel. Beams 14,
010701 (2011).

[6.] K.-J. Kim, Yu. V. Shvyd’ko, and R. R. Lindberg, “An X-ray Free-Electron Laser Oscillator for Record High Spectral Purity, Brightness, and Stability”. Synchrotron Radiation
News, 25, Issue 1, pp. 25-31, (2012)

[7.] Tomasz Kolodziej, Stanislav Stoupin, Xianbo Shi, Walan Grizolli, Jacek Krzywinski, Kwang-Je Kim, Jun Qian, Lahsen Assoufid, and Yuri Shvyd’ko
“Efficiency and coherence preservation studies of Be refractive lenses for XFELO application” J. Synch. Radiation (2018) 25, 354-360

[8.] Tomasz Kolodziej, Yuri Shvyd’ko, Deming Shu, Steven Kearney, Stanislav Stoupin, Wenjun Liu, Thomas Gog, Donald A. Walko, Jin Wang, Ayman Said, Tim Roberts,
Kurt Goetze, Maria Baldini, Wenge Yang, Timothy Fister, Vladimir Blank, Sergey Terentyev and Kwang-Je Kim
“High Bragg reflectivity of diamond crystals exposed to multi-kW mm−2 X-ray beams” J. Synch. Radiation (2018) 25, 1022–1029.
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 Collective nonlinear interactions in x ray into ultraviolet  

parametric down-conversion  
D. Borodin1, A. Schori1, J.-P. Rueff2, J. Ablett2 and S. Shwartz1 

 
1Physics Department and Institute of Nanotechnology, Bar Ilan University, Ramat Gan, 52900, Israel 
2 Synchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, BP 48, F-91192 Gif-sur-Yvette, France 

 
Parametric down conversion (PDC) of x rays into ultraviolet (UV) is a second order nonlinear 
process in which an x-ray photon (pump) interacts with the vacuum field via nonlinear media to 
generate an x-ray photon (signal) and a UV photon (idler). The method provides information 
about valence electron structure of the material via the interaction with the UV photons and the 
high spatial resolution is provided by the x-rays [1,2]. Nonlinear spectroscopy techniques based 
on this effect have already shown potential to be a powerful tool in solid-state physics [2]. 
However, the authors of all previous publications have considered only local atomic responses. 
Here we extend the study on nonlinear x-ray optics to include the effect of plasma oscillations. 
We explore the effect in a diamond crystal in the range of 25 eV - 54 eV where our model 
predicts resonances in that can be associated with the bulk plasmons shifted by different band 
transitions in the crystal.  
Fig. 1 shows the measured dependencies on the idler photon energy of (a) the efficiency of the 
PDC and (b) the peak position of the signal beam. In (a) the arrows point at the photon energies at 
which the theory that includes the interaction with plasmons predicts peaks. The inset presents the 
simulation of the PDC process and the arrows point at energies that correspond to the position of 
the measured spectral peaks. In (b) the inset shows the rocking curves of the PDC at the photon 
energies near the sharp change in the peak position as a function of the idler photon energy. 

 
 

Our results indicate on an unexplored field of nonlinear interactions between x-rays and plasmons 
and open the possibility for the development of a novel technique that will be used as a probe 
with atomic-scale resolution for collective excitations in crystals [3].  
 

References 
[1] I. Freund and B. F. Levine, Phys. Rev. Lett. 25, 1241 (1970). 
[2] K. Tamasaku, K. Sawada, E. Nishibori, and T. Ishikawa, Nat. Phys. 7, 705 (2011).  
[3] D. Borodin et al. submitted 
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Speaker: Sharon Shwartz, Bar Ilan University
Session: Coherent and Incoherent Soft X-Ray Radiation
Schedule: Tuesday Evening Invited Session

PQE-2019 316



 

An Ultrafast Symmetry Switch in a Weyl Semimetal 

Edbert Sie 
Stanford University 

 
Discovery of topological materials has sparked a worldwide interest to harness the topological 
properties of quantum matter, with important applications in dissipationless electronics and fault-
tolerant quantum computing. One prime example is WTe2, which is a layered semimetal that 
crystallizes in a unique structure where the emergence of massless Weyl fermions in this system 
is sensitive to atomic-scale lattice distortions. In this talk, I will discuss the topological physics 
of WTe2, and show that its topological invariants are highly tunable by means of interlayer shear 
strain, as crystallographically measured using relativistic electron diffraction [1]. We will discuss 
how ultrashort pulses of terahertz (THz) electromagnetic field can be used to drive the shear 
mode which in turn serves as an ultrafast, energy-efficient means to induce more robust, well-
separated Weyl points or to annihilate all Weyl points of opposite chirality. These results define 
new methods for ultrafast manipulation of the topological properties in 2D materials that can 
operate at THz frequencies. 

References 
[1] EJ Sie, CM Nyby, AM Lindenberg et al, Nature (2019) 
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Exploration of the Photon Statistics of a Josephson Paramp
via continuous microwave measurements

Jean Olivier Simoneau1,∗, Stéphane Virally1,2, Christian Lupien1, and Bertrand Reulet1

1 Institut Quantique, Département de Physique, Université de Sherbrooke, Sherbrooke Québec, Canada
2 Department of Engineering Physics, Polytechnique Montréal, Montréal, Québec, Canada

∗ Jean.Olivier.Simoneau@USherbrooke.ca

The electric ac current flowing through a mesoscopic device exhibits rich electromagnetic

fluctuations.[1] Those fluctuations can either be studied through the lens of charge transport

or that of quantum optics. In the quantum optics perspective, it is possible to measure the

discrete photon statistics of a microwave signal using the cumulants of its continuous voltage

fluctuations, see Figure 1.[2, 3]

I will present recent results for the photon statistics of a Josephson parametric amplifier,

the archetypal source of squeezed states in the microwave domain. The results convincingly

agree with an input-ouput model of the device and measurement setup. A comparison with

prior theoretical predictions [4] underlines the importance of the measurement apparatus – in

particular its bandwidth and frequency resolution – on the obtained statistics.

  

Figure 1: Conceptual principle of the measurements.

[1] Rolf Landauer. Nature 392(6677), 658–659 (1998).
[2] Stéphane Virally, Jean Olivier Simoneau, Christian Lupien, and Bertrand Reulet. Phys. Rev. A 93, 043813 (2016).
[3] Jean Olivier Simoneau, Stéphane Virally, Christian Lupien, and Bertrand Reulet. Phys. Rev. B 95, 060301 (2017).
[4] Ciprian Padurariu, Fabian Hassler, and Yuli V. Nazarov. Phys. Rev. B 86, 054514 (2012).
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Probing Acoustic Baths in Nanomechanical Resonators: Quantum 

Thermometry and Cool Optomechanics 
 

Robinjeet Singh
1*

, Thomas P. Purdy
1
**

 

1
 National Institute of Standards and Technology, Gaithersburg, Maryland 20899 

*robinjeet.singh@nist.gov   **thomas.purdy@nist.gov 

 

We engineer and probe thermal acoustic channels in silicon and silicon nitride 

nanomechanical resonators to develop on-demand coherence of the mechanical mode of interest. 

Our devices serve potential applications in the field of quantum thermometry, frequency 

conversion, and quantum state transfer.  

For high-stress silicon nitride membrane mechanical resonators many of the damping 

mechanisms have been studied in detail [1,2]. Much work has been done to engineer various 

internal dissipation channels and the baths associated with these channels [3,4] resulting in 

extraordinarily low internal dissipation. Understanding the dominant sources of these dissipation 

is essential for optomechanical thermometry techniques that measure temperature by optically 

monitoring the thermal Brownian motion of mechanical resonators and employ quantum 

measurement techniques to absolutely calibrate the temperature to fundamental quantum 

noise [5,6].   

In one of our engineered device, we experimentally investigate the acoustic-radiation-

dominated regime for an optically detected membrane mechanical resonator by placing an 

acoustic absorber, formed of mechanically lossy epoxy composites, on the supporting substrate 

of the resonator.  This absorber constitutes a remote 

mechanical bath, whose temperature can be adjusted 

above the ambient level by laser absorption heating.  

The coupling to various membrane modes is set by 

the location of an absorber. We demonstrate that the 

temperature of the nanomechanical resonator mode is 

given by the temperature of the acoustically coupled 

bath. We further delve into photoacoustic sensing to 

understand the potential application mechanical 

antenna applications of our device. We note that our 

device has a sensitivity of few tens of attometers of 

acoustic radiation travelling through the solid substrate.  

Additionally we fabricate ultra-coherent nanomechanical devices for potential quantum 

metrology and quantum information applications.  

 
[1] I. Wilson-Rae, “Intrinsic dissipation in nanomechanical resonators due to phonon tunneling” Phys. Rev. B 77, 

245418 (2008). 

[2] L. G. Villanueva and S. Schmid, "Evidence of Surface Loss as Ubiquitous Limiting Damping Mechanism in 

SiN Micro- and Nanomechanical Resonators" Phys. Rev. Lett. 113, 227201 (2014). 

[3] P.-L. Yu, K. Cicak, N. S. Kampel, Y. Tsaturyan, T. P. Purdy, R. W. Simmonds, and C. A. Regal, “A phononic 
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optomechanical cavity” Science 356, 1265–1268 (2017). 

[6] T. P. Purdy, P.-L. Yu, N. S. Kampel, R. W. Peterson, K. Cicak, R. W. Simmonds, and C. A. Regal, 
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Fig 1: Finite Element Model of our 

engineered device, showing a SiN membrane 

resonator mode emitting acoustic radiation 
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Theory and Simulation of NanoPatch Lasers 

P. T. Bowen, R. Zecca, X. Deputy, and D. R. Smith  
1Center for Metamaterials and Integrated Plasmonics and Department of Electrical and Computer Engineering, 101 

Science Drive, Box 90291, Duke University, Durham, NC 27713, United States  

 

We develop an analytical theory, supported by full-wave simulations, for nanolasers based on 

optical nanopatch antennas tightly coupled to a metal film. The gap region between the metal 

nanopatch and underlying metal film forms a resonant cavity, where the local fields can be strongly 

enhanced, thus enhancing the coupling factor to emitters as well as other parameters relevant to 

lasing. The theoretical approach makes use of a coupled-mode theory [1] to predict the scattering 

and field enhancement associated with the nanopatch structures. To better capture the radiative and 

resistive losses in the nanopatch system, the cavity modes are expanded in quasi-normal modes 

(QNMs). Once the effective polarizability of the nanoparticle has been found from coupled mode 

theory, the radiative losses and coupling to surface plasmons are then determined and used to 

modify the effective polarizability [2].   

With the electromagnetic problem solved, the enhanced field distribution 

is then found everywhere throughout the gap region where emitters are to 

be placed. For this analysis, a common dye molecule—Rhodamine 800—

is assumed, for which the essential parameters can be easily referenced. 

Modeling the Rhodamine 800 as a four-level system, the rate equations 

describing the population density dynamics are then solved [3], leading to 

closed-form expressions for the minimum population density for lasing, 

the minimum number of pump photons, and finally the critical lasing 

intensity threshold.  

The analytical theory can be used to perform rapid and efficient 

optimization of the key lasing parameters. Here, we consider three types 

of nanolaser geometries: The nanostripe, nanocube, and nanocylinder. We 

find that all three can exhibit considerably low thresholds at room 

temperature, with the nanocylinder and nanocube vastly outperforming 

the nanostripe. In all cases, we compare the predictions of the analytical 

theory to full-wave simulations and find excellent agreement, indicating 

the accuracy of the coupled-mode theory based on QNMs. We conclude 

that nanolaser sources based on the nanopatch geometry can be created 

based on these results 
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Molecular modulation with temporal and spatial shaping of laser fields 

A. V. Sokolov, A. Bahari, M. Shutova, A. A. Zhdanova 

Institute for Quantum Science and Engineering, and Department of Physics and Astronomy 

Texas A&M University, College Station, TX 77843-4242, USA 

Abstract 
      We develop a coherent Raman technique, termed molecular modulation, which allows ultrafast laser pulse 

shaping and non-sinusoidal field synthesis. The central feature of this technique is the preparation of an ensemble of 

molecules in a coherent superposition state. Experimentally, the molecular-modulation light source is characterized 

by a bandwidth spanning infrared, visible, and ultraviolet spectral regions, generating bursts of light synchronized 

with respect to molecular oscillations (Fig. 1). Controlled spectral and temporal shaping of the resultant waveform 

will allow arbitrary ultrafast, potentially non-sinusoidal, field synthesis. Additionally, we explore the possibility of 

optimized broadband generation via pump beam shaping. We add another dimension to the laser field engineering 

by using spatial light modulators to shape the transverse beam profiles, and move toward production of space- and 

time-tailored sub-cycle optical fields. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: (a) Molecular modulation / broadband Raman generation in PbWO4 driven by ~50 fs near-IR pump and 

Stokes pulses. The input beams are crossed at an angle, such that at the output the Stokes and anti-Stokes 

components naturally spread into a fan of multi-color beams [1]. (b) The pulse synthesized from pump, Stokes and 

anti-Stokes 1 through 4 sidebands (obtained in a different experiment, using a Raman transition in single-crystal 

diamond), as deduced from interferometric cross-correlation frequency resolved optical gating (ix-FROG) envelopes 

[2]. (c) Experimental setup for optimized Raman generation with a feedback-based wavefront shaping algorithm; 

detailed description can be found in Ref. [3]. Here yet another experimental configuration is used, with the Raman 

transition driven by chirped pulse replicas. (d) Average power of sidebands with (blue columns) and without (red 

columns) wavefront shaping [3]. 

   We acknowledge support from ONR (Grant N00014-16-1-2578) and the Welch Foundation (Award No.A-1547). 
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Non-equilibrium dynamics of open systems, quantum transport theory  

and fluctuation-dissipation theorems 

 

V. Špička, B. Velický, A. Kalvová 

Institute of Physics, Academy of Sciences of the Czech Republic 

 Na Slovance 2, 182 21 Praha 8, Czech Republic 

 

We will discuss a description of electron dynamics of small open quantum systems out of equilibrium from 

a finite time initial state over the transient period to the long time asymptotic. 

 

The non-equilibrium Fluctuation-Dissipation Theorem (FDT) is formulated within the Non-Equilibrium 

Green Function (NEGF) formalism [1,2]. The relation of this theorem to a simplified kinetic theory of non-

equilibrium dynamics of electrons in open quantum systems will be addressed.  

 

The possibility of such a simplified description will be  first discussed on non-equilibrium dynamics of the 

molecular bridge (MB) model represented by calculations of  transient  magnetic currents  between two 

ferromagnetic electrodes linked  by tunneling  junctions to a molecular size island  of an Anderson local  

center type. This model can be treated by using the full set of equations for NEGF, which can be solved 

numerically [2].  

 

This provides a reference framework for testing the possibility of a simpler and physically more transparent 

solution based on a Non-Markovian Generalized Master Equation (GME) as an approximation of the full 

set of NEGF equations, which can be derived by using the Generalized Kadanoff-Baym Ansatz (GKB [1,2]. 

 

The advantages and limitations of the use of GKBA for this simplified description will be demonstrated. It 

turns out that for our MB model the decisive feature is the spectral structure of the tunneling functions of 

both electrodes and their positioning with respect to the island level depending on the bias and the exchange 

splitting [2]. When these tunneling functions have a complex spectral structure, an improved GME, based 

on the use of a corrected GKBA, is derived [3]. 

 

The relation of the simplified GME description to non-equilibrium generalization of FDT is shown 

independently on the chosen model.  

 

[1] V. Špička, A. Kalvová, B. Velický, Int. J. Mod. Phys B 28, 1430013 (2014). 

[2] V. Špička, A. Kalvová, B. Velický, Fortschritte der Physik 65 17 00032 (2017). 

[3] A. Kalvová, B. Velický, V. Špička, EPL 121, 67002 (2018). 
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Einstein’s Light Quanta : Then and Now 
 

A. Douglas Stone – Yale University, Applied Physics 
 
 Einstein is well known for his rejection of quantum mechanics in the form it 
emerged from the work of Heisenberg, Born and Schrodinger in 1926.  Much less 
appreciated are the many seminal contributions he made to quantum theory prior to his 
final scientific verdict: that the theory was at best incomplete.   His many key conceptual 
innovations leading to the emergence of modern quantum theory place him as arguably 
its central figure [1].  In this talk I will focus on his introduction of the idea of quanta of 
light in 1905, the beginning of the photon concept in physics.  Einstein recognized these 
quanta as “fundamental waves”, i.e.  entities with wave-like properties which do not 
require a supporting medium, and he connected them closely with his argument for 
energy-mass equivalence.   
 He spent much of his research effort between 1908 and 1911 on a failed attempt 
to generalize Maxwell’s wave equation to a non-linear equation which would incorporate 
the electron charge, e, and possibly Planck’s constant, h, and yield localized solutions 
with quantized energy.  However, in 1909 he was able to derive rigorously the fluctuation 
formula for light quanta which contains both a “particle term”, linear in the radiation 
density, and a “wave term” which is quadratic, thus beginning the theory of photon 
statistics, and producing a strong argument for wave-particle duality in nature.   
 His 1916-17 works on the quantum theory of radiation derived the Planck 
blackbody formula by means of the detailed balance condition, after introducing the 
concepts of spontaneous and stimulated emission.  Spontaneous emission constituted the 
first hypothesis of intrinsic randomness in the new laws of quantum theory; it is now 
understood to be a fundamental source of entropy production in nature, which preserves 
the Second Law of Thermodynamics in quantum optics.  Moreover,  he formulated an 
argument to show that all emission of quanta is directional at the quantum level, and 
carries momentum hn/c, fortifying his belief that these quanta were full-fledged particles.   
 Around this time, he began to interpret the electromagnetic field as a “ghost field” 
which guided the quanta, and functioned like probability densities; Born explicitly 
credited Einstein’s idea with stimulating his own formulation of the probabilistic 
interpretation of electron waves.  In modern physics we recognize Einstein’s quanta as 
photons, fundamental force-carrying bosons in the Standard Model. Modern research in 
quantum optics, measurement and information physics now allows us to manipulate fully 
the quantum states of these particles, and use them to control individual atoms, as will be 
discussed in the break-out session talks. 
 

 
[1] “Einstein and the Quantum: The Quest of the Valiant Swabian”, A. Douglas Stone, Princeton 
University Press (2013). 
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Raman	  spectroscopy	  of	  mold	  spores	  
	  

Benjamin	  Strycker	  
Baylor	  Research	  and	  Innovation	  Collaborative,	  Waco,	  TX	  

Institute	  for	  Quantum	  Science	  and	  Engineering,	  Texas	  A&M	  University,	  College	  Station,	  TX	  
	  
	  

Fungal	   pathogens	   such	   as	   molds	   can	   have	   deleterious	   effects	   on	   human	   health	   and	  
industrial	  crops.	  Reduction	  of	  the	  damage	  caused	  by	  mold	  growth	  depends	  on	  quick	  and	  accurate	  
diagnosis.	  Currently,	  identification	  methods	  are	  based	  on	  morphological	  characterization	  and/or	  
DNA	  analysis,	  processes	  which	  may	  take	  many	  hours	  or	  even	  several	  weeks	  to	  accomplish.	  We	  
are	  developing	  an	  optical	  method	  of	  species	  identification,	  based	  on	  Raman	  spectroscopy,	  which	  
may	  be	  completed	  in	  a	  matter	  of	  minutes.	  	  

In	  this	  talk	  I	  will	  outline	  the	  concepts	  and	  challenges	  associated	  with	  Raman	  interrogation	  
of	  mold	  spores	  and	  discuss	  some	  of	  the	  surprises	  we	  have	  encountered	  along	  the	  way,	  such	  as	  
how	  the	  wavelength	  of	  excitation	  allows	  for	  probing	  different	  structures	  of	  the	  spore	  as	  well	  as	  
Raman	  peaks	  that	  appear	  in	  unexpected	  regions	  of	  the	  spectrum.	  	  
	  

	  
Figure	  1.	  Raman	  spectra	  of	  Aspergillus	  nidulans	  (top),	  Aspergillus	  niger	  (middle),	  and	  Aspergillus	  
clavatus	  (bottom),	  taken	  with	  excitation	  wavelengths	  of	  532	  nm	  (green),	  660	  nm	  (red),	  and	  785	  
nm	  (brown).	  
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S^2 Plenary Talk at PQE-2019 
 

 

High gain of CV 4.0nm line radiation in “water window” 
 
        S. Suckewer*,  A. Morozov,  Q. Chen,  A. Goltsov1 and M. Scully1  

 

 

        Princeton University;  also  TAMU&Baylor1                                                                                          

         Presenter*   
 
         For some time we have concentrated our work on  
development of very uniform plasma channels of various  
diameters and lengths in which very high intensity laser pulses could propagate with small 
absorption. The goal was to use such channels for our two major research projects:  
(1) development of a compact X-ray laser, XRL, in “water window” and (2) a new type of 
plasma laser based on Stimulated Raman Backscattering, SRBS, as the pump for such compact 
XRLs using a combination of both theory and experiment. In this talk I am going to present 
some details and explain the uniqueness of our approach to obtain such plasma channels, which 
are now playing a crucial role in providing high intensity XRL pulses while high gains in “ww” 
are generated. 
 

My presentation will mostly be on generation large gain in He-like CV ions at 4.0nm line 
radiation in transition to ground states and its application to the high resolution soft X-ray 
microscopy. However, I will also be discussing recent results on creation of significant intensity 
increase of H-like CVI 3.37nm line as possible second lasing line practically simultaneous with 
CV 4.0nm lasing radiation. 
 

      Generation  Pulse-Front Tilt for new SRNBS 
        Stimulated Raman Near Back-Scattering 

The conclusion of my XRL presentation will 
be dedicated to the process of growing 
biological cells in a small chamber filled with a 
thin layer of water and proceeding with 
experiment. 
 

The final part of the talk will be on 
development of the plasma laser using SRBS 
and recently proposed modifications, SRNBS, 
in order to reach higher efficiency of Raman 
amplification process and supported by 
extensive computer 2D PIC simulations.  
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Soliton Microcombs and Applications

Myoung-Gyun Suh and Kerry J. Vahala
T. J. Watson Laboratory of Applied Physics, California Institute of Technology, Pasadena,

California 91125, USA.

Optical frequency combs have revolutionized precision spectroscopy and metrology [1], and in recent
years miniature frequency combs or microcombs have been demonstrated using chip-based whispering
gallery resonators [2]. These devices use the optical Kerr effect to induce mode locking through formation
of solitons. In addition, the solitons are able to regenerate through parametric amplification that is also
provided by the Kerr effect. Soliton microcombs offer the prospect of shifting advanced metrology and
spectroscopy tools from the realm of laboratory-scale systems to compact portable systems.

After briefly discussing the principle of soliton microcomb generation, recent developments in soliton
microcomb performance and applications using high-Q silica microresonators [3] will be overviewed.
This will include efforts to reduce soliton repetition rates to low GHz rates [4] as well as direct pumping
of 10 GHz rate soliton microcombs from low-power diode lasers. Several application areas including
spectroscopy [5], LIDAR [6], imaging [7], and astronomy [8] will also be reviewed.
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Fig. 1: Soliton microcombs (in red box) and applications to spectroscopy [5], LIDAR [6], imaging [7], and astronomy [8].
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Engineering diamond for quantum optics  
and quantum simulation 

 
Shuo Sun and Jelena Vučković 

 
E. L. Ginzton Laboratory, Stanford University, Stanford, California 94305, USA 

 
Color centers in wide bandgap materials, such as silicon-vacancy (SiV) in diamond, represent 

a promising platform for implementation of quantum technologies. In this talk, I will introduce 
our efforts to create excellent SiV-photon interfaces by coupling single SiVs with nanophotonic 
structures fabricated in diamond. I will first show our demonstration of a large Purcell factor 
(>10) by coupling a single SiV with a diamond photonic crystal cavity [1]. Built upon this 
interface, we have also demonstrated frequency tunable single-photon emission from a single 
SiV by utilizing a cavity-enhanced Raman scattering process [2]. We have achieved a tuning 
range up to 100GHz - well beyond the spectral inhomogeneity of 30 GHz observed for SiVs 
embedded in nanostructures, which paves the way toward the realization of photon-mediated 
many-body interactions between different SiVs.  

In addition to high quality qubits interfaced to photons, successful implementation of 
quantum technologies also requires photonic circuits that are scalable, robust to errors, and 
exhibit minimal losses. Our recent work on 
inverse design in photonics offers a powerful 
tool to design and implement photonic circuits 
with superior properties, including robustness to 
errors in fabrication and temperature, compact 
footprints, novel functionalities, and high 
efficiencies. In the second part of my talk, I will 
discuss our recent efforts in applying this 
approach to diamond quantum hardware [3]. I 
will conclude the talk by outlining the exciting 
prospects of applying inverse designed 
nanophotonic structures for engineering many-
body interactions with tunable Hamiltonians in 
a solid-state platform.  

 
References 
[1] J. L. Zhang et al. “Strongly Cavity-Enhanced Spontaneous Emission from Silicon-Vacancy 
Centers in Diamond”, Nano Lett. 18, 1360–1365 (2018). 
[2] S. Sun et al. “Cavity-enhanced Raman emission from a single color center in a solid”, Phys. 
Rev. Lett. 121, 083601 (2018). 
[3] C. Dory et al. “Optimized diamond quantum photonics”, Manuscript under review. 

Figure 1. Examples of inverse designed quantum 
nanophotonic structures fabricated in diamond. 
Figure credit: Constantin Dory. 
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Quantum-sized metal nanoparticles: Bridging photons and chemical transformations 

Yugang Sun 

Department of Chemistry, Temple University, Philadelphia, Pennsylvania 19122, USA 

The incompatibility of the energy of a solar photon and the absorption band of a chemical bond 

prevents the use of light to activate the chemical bond for interesting chemical reactions directly.  

This presentation will focus on a strategy that enables the efficient coupling of photon energy into 

chemical bonds to selectively promote the desired chemical reactions.  The strategy relies on the 

generation of hot electrons in quantum-sized metal nanoparticles (QSMNPs, with size < 10 nm) 

upon photo-illumination and the next efficient injection of the hot electrons into specific chemical 

bonds.  The redistribution of hot electrons in the chemical bonds dissipates the kinetic energy of 

hot electrons to the chemical bonds, activating the chemical bonds to promote the target chemical 

reactions.  These sequential processes occur in a confined space, representing a series of quantum 

transitions, i) optical-to-electronic transition in quantum-sized metal nanoparticles (i.e., hot 

electron generation), ii) electronic-to-electrical transition at the nanoparticle/adsorbate interface 

(i.e., hot electron injection), and iii) electrical-to-electronic transition in adsorbate molecules (i.e., 

chemical bond activation).  These transition processes are summarized in Figure 1. 

Selective oxidation of alcohols to aldehydes rather than ketones/acids, a class of important 

chemical reactions for many industrial processes (e.g., esterification), will be used as an example 

to highlight the use of QSMNPs for photo-driven selective chemical transformation on platinum 

group metal (PMG) nanoparticle catalysts, which do not exhibit strong optical absorption.  Current 

practices primarily rely on the use of strong oxidants (e.g., permanganate and dichromate), which 

are too strong in oxidizing power to prevent over-oxidation of alcohols to ketones.  These strong 

oxidants are usually toxic and have to be removed from the products.  In contrast, using ambient 

oxygen as oxidant is promising to develop an environmentally friendly synthesis strategy that does 

not require additional separation.  However, ambient oxygen is lack of the power to oxidize 

alcohols at mild temperatures.  Therefore, precisely controlling the oxidizing power of the oxidants 

becomes crucial to promote the selective oxidation of alcohols to aldehydes.  The PMG QSMNPs 

are used to improve the selective oxidation with ambient oxygen by converting the molecular 

oxygen adsorbed on the catalyst to more active species when the QSMNPs absorb visible light.  

 

 

Figure 1. Schematic illustration of multiple quantum transition processes involved in hot-electron-driven 

chemical transformation on photo-excited quantum-sized metal catalyst nanoparticles.   
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A Stern-Gerlach separator of chiral enantiomers

based on the Casimir-Polder potential

Fumika Suzuki1,2,3, Takamasa Momose1 and S. Y. Buhmann3,4

Department of Chemistry1 & Department of Physics and Astronomy2,
University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1

Physikalisches Institut3 & Freiburg Institute for Advanced Studies4,
Albert-Ludwigs-Universität Freiburg, 79104 Freiburg, Germany

Figure 1: Enantiomers

Many molecules are chiral which can exist in left- and right-

handed forms (i.e., non-superimposable mirror images, Figure 1).

These two forms of a chiral molecule are known as enantiomers.

Distinguishing two types of enantiomers is of great practical impor-

tance. For example, in designing pharmaceuticals, it is necessary to

choose the right enantiomer to obtain the desired e↵ects since the

other enantiomer is less active, inactive, or can even have adverse

side e↵ects, including high toxicity. However, in the conventional

methods such as chromatography, the selection of columns is still

remains a matter of trial and error, and it is di�cult to find ma-

terials that show both high e�ciency and high enantio-selectivity.

Figure 2: A Stern-Gerlach separator of chiral

enantiomers.

Therefore we propose a more universal method

to separate enantiomers which only utilizes the

parity-violating Casimir-Polder force between chi-

ral metamaterials and chiral molecules induced by

photo excitations and emissions. The Casimir-

Polder force is e↵ective quantum electrodynami-

cal force between neutral, unpolarised molecules

and macroscopic bodies which arises from the

interaction of the objects’ charge and current

densities with the quantum vacuum fluctuation

of the electromagnetic field. Although the

force is typically attractive, it turned out that the sign of the force between a chi-

ral molecule and a chiral metamaterial depends on chirality of the molecule and the

material. Especially, the force takes the opposite signs for enantiomers. By us-

ing this parity-violation of the Casimir-Polder force, we separate enantiomers as follows:

Figure 3: Trajectories of chiral enantiomers in the

cavity.

We let a molecular beam composed of chi-

ral molecules pass through in a planar cav-

ity consisting of two chiral mirrors (Figure

2). Then enantiomers of opposite handedness

are deflected di↵erently due to the Casimir-

Polder force. Consequently, we found that

enantiomers of opposite handedness can be sep-

arated around one millimeter after one sec-

ond due to the parity-violation of the Casimir-

Polder force (Figure 3). Our analysis shows

that our setup can provide an alternative ex-

perimental tool for enantiomer separation, as

well as shed light on the fundamental proper-

ties of the Casimir-Polder force. Details can be found in arXiv:1808.08642 or in our poster!
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Excitation of cavity modes by a moving atom through 

virtual transitions  
Anatoly Svidzinsky 

Department of Physics & Astronomy, Texas A&M University 

Virtual transitions that do not conserve energy and occurring on a time scale governed by the 

uncertainty principle are fascinating feature of quantum electrodynamics. We consider a 

ground-state atom moving through a cavity with a constant velocity 𝑉 along a straight line in 

the direction perpendicular to the cavity axis 𝑧 (see Figure). Atom motion effectively changes 

coupling between the atom and cavity modes with time which yields atomic excitation and 

photon emission [1].  

We found that probability of simultaneous excitation of the atom and an optical vortex in the 

cavity  𝜙𝜈(𝑡, 𝑟) ∝ 𝑒±𝑖𝑚𝜑𝜌𝑚𝑒−𝜌2/𝜎2
𝑒−𝑖𝜈𝑡 is given by         

𝑃𝑚 =
𝜋𝑔2

22𝑚𝑉2
(1 −

𝑉2

𝑐2
) 𝐻𝑚

2 (
𝑑

𝜎
±

𝜎(𝜔 + 𝜈)

2𝑉
) 𝑒

−
2𝑑2

𝜎2 −
𝜎2(𝜔+𝜈)2

2𝑉2             (1), 

where 𝐻𝑚 are Hermite polynomials, 𝜔 is the atomic frequency and 𝜈 is the frequency of the 

photon. 𝑃𝑚 can be large if the transverse size of the mode is of the order of the wavelength. If 

𝑑 ∙ 𝑉 > 0 the optical vortex with right vorticity is excited with greater probability. For certain 

values of the impact parameter 𝑑 the left vorticity mode cannot be excited. The probability of 

photon absorption is obtained from (1) by changing 𝜔 → −𝜔. For random injection of atoms 

into the cavity the steady-state photon statistics for each mode is thermal. The corresponding 

temperature can be high for values of 𝑑 for which photon absorption is suppressed.   

 
 
[1] M. O. Scully, V. V. Kocharovsky, A. Belyanin, E. Fry, F. Capasso, Phys. Rev. Lett. 91, 243004 (2003). 

Figure: A ground-state atom is moving through a cavity with a constant velocity 𝑉  at impact 
parameter 𝑑. Virtual transitions yield excitation of the atom and emission of photon in cavity modes. 
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Superconducting cavity electro-optics: a platform for coherent photon 
conversion between superconducting and photonic circuits 
 
Hong Tang,  Department of Electrical Engineering, Yale University 

Leveraging the quantum information processing ability of superconducting circuits 
and long-distance distribution ability of optical photons promises the realization of 
complex and large-scale quantum networks. In such a scheme, a coherent and 
efficient quantum transducer between superconducting and photonic circuits is 
critical. However, such quantum transducer is still challenging since the use of 
intermediate excitations in current schemes introduces extra noise and limits 
bandwidth. In this talk, we report the experimental demonstration of coherent 
conversion between microwave and optical photons based on the electro-optic 
effect within a hybrid superconducting-photonic device, where planar 
superconducting resonators are integrated with aluminum nitride (AlN) optical 
cavities on the same chip. We observe the electromagnetically induced transparency 
effect in electro-optic systems, as a signature of coherent conversion between 
microwave and optical photons. Internal conversion efficiency of 25.9±0.3% and on-
chip efficiency of 2.05±0.04% are realized.  

The principle of the device operation is illustrated in Fig. 1. The optical cavity, 
consisting of materials with Pockels nonlinearity (AlN), is placed inside the 
capacitor of the LC microwave resonator. The electrical field across the capacitor 
changes the refractive index of the optical cavity, thus modulates the optical 
resonant frequency. Reversely, modulated optical fields can generate microwave 
field due to the optical mixing in the Pockels materials. Integrated AlN microring 
cavity supports low loss optical modes and provides high electro-optic coefficients 
simultaneously. A major challenge we have addressed is to realize the energy and 
phase conversation of the triple-resonance condition with ultrasmall mode volumes, 
boosting the pump photon number and vacuum coupling rate simultaneously to 
enhance the coherent conversion.  

 
Figure 1: Coherent conversion with cavity electro-optics. (a) schematic of cavity 
electro-optic systems. (b) integrated superconducting cavity electro-optic device. (c) 
diagram of frequencies in the conversion process. [arxiv: 1805.04509] 
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Attosecond and strong field condensed matter physics 
Thomas Brabec, Physics uOttawa 

 
During the interaction of intense laser fields with solids, high harmonic radiation is created due 

to interband and intraband currents. The interband mechanism is similar to the mechanism for 

high harmonic generation (HHG) in gases; an electron hole pair is born by tunnel ionization and 

quivers in the laser field; upon recollision it recombines and emits a harmonic photon. The 

intraband current is unique to solids and arises from non-parabolic band contributions.  

Since the first experimental demonstration in 2011 strong field condensed matter physics has 

evolved rapidly. The two main driving forces are i) the realization of all-solid xuv attosecond 

radiation sources and ii) the use of HHG to spatially and temporally resolve fundamental 

phenomena and structures in solids.  

First, the k-space and real space pictures of HHG and their connection will be discussed. In 

particular, the real space picture is important to extract structural information from solids. 

Then, the model is generalized to account for HHG from solid state impurities, see Figure. 

Impurities have a wide range of applications from quantum information to single electron 

transistors. These applications require knowledge of the impurity wavefunction which is quite 

difficult to measure. We show that HHG holds the potential to tomographically measure the 

wavefunction of impurities through a process related to molecular tomography of orbitals in 

the gas phase. Finally, it is shown how nano-engineering can be used to enhance the efficiency 

of HHG, thus bringing us closer to realizing efficient all-solid coherent xuv radiation sources.  

 

 Schematic of HHG from impurities in solids; a) 
impurity potential imbedded in solid potential; 
b) real space picture and c) k-space picture of 
HHG from impurities. The impurity electron is 
tunnel ionized into the conduction band, 
quivers in the laser field and emits a harmonic 
photon upon recollision with the parent 
impurity.  
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Twists, gaps, and superradiant emission on a millihertz 

linewidth transition 
James K. Thompson 

JILA, NIST, and Dept. of Physics, University of Colorado, Boulder, CO, USA 
 
I will describe superradiant pulses of light generated from an optical transition 
that does not like to radiate light:  the millihertz linewidth optical transition in 
strontium.  This new source of light may allow us to break through thermal and 
technical limitations on laser frequency stability.  The pulses of light are 
generated by laser cooling and trapping an ensemble of 105 strontium atoms 
inside a high finesse optical cavity to achieve a collective enhancement in the 
radiation rate.  I will also describe cavity-mediated spin-exchange interactions 
that emerge when the cavity is tuned away from resonance with the atomic 
transition frequency. The spin exchange interactions manifest in the experiment 
as a many-body energy gap and as one-axis twisting dynamics.  The energy gap 
may prove useful for enhancing atomic coherence times, while the one-axis 
twisting dynamics may prove useful for creating entanglement.  
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Ytterbium atom arrays in optical tweezers 
 

Jeff Thompson 
 

Princeton University, Department of Electrical Engineering, Princeton, NJ 08540 
 
 

Engineering controllable, strongly interacting many-body quantum systems is at the 
frontier of quantum simulation and quantum information processing. Arrays of laser-cooled 
neutral atoms in optical tweezers have emerged as a promising platform, because of their flexibility 
and the potential for strong interactions via Rydberg states. Existing neutral atom array 
experiments utilize alkali atoms, but alkaline-earth atoms offer many advantages in terms of 
coherence and control, and also open the door to new applications in precision measurement and 
timekeeping. In this work, we present a technique to trap individual alkaline-earth-like Ytterbium 
(Yb) atoms in optical tweezer arrays. The narrow 1S0 – 3P1 intercombination line is used for both 
cooling and imaging in a magic-wavelength optical tweezer at 532 nm. The low Doppler 
temperature allows for imaging near the saturation intensity, resulting in a very high atom detection 
fidelity. We demonstrate the imaging fidelity concretely by observing rare (1 in 104 images) 
spontaneous quantum jumps into and out of a metastable state. We also demonstrate stochastic 
loading of atoms into a two-dimensional, 144-site tweezer array. This platform will enable 
advances in quantum information processing, quantum simulation and precision measurement. 
The demonstrated narrow-line Doppler imaging may also be applied in tweezer arrays or quantum 
gas microscopes using other atoms with similar transitions, such as Erbium and Dysprosium. 

 
 

 
 
 

[1] S. Saskin, J. Wilson, B. Grinkemeyer, and J. Thompson, arXiv 1810.10517 (2018). 

(a) (b)

Figure 1 - (a) Average and (b) single-shot images of a 144 site optical 
tweezer array loaded with single Yb atoms. 
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Photoemission from solid surfaces and nanoparticles with attosecond-nanometer spatiotemporal 

resolution   -   Uwe Thumm, Physics Department, Kansas State University, Manhattan, KS 66506, USA 

 

Attosecond time-resolved spectroscopy has matured to a powerful method for investigating the electronic 

dynamics in atoms [1] that is now being transferred to the scrutiny of electronic excitations, electron 

propagation, and collective electronic effects in plasmonic nanoparticles [1,5-7] (Fig. 1) and solids [1-4] 

(Fig. 2) . Compared with photoemission from isolated gaseous atoms, numerical simulations of such 

experiments on complex targets require, in addition, the adequate modeling of (i) the target’s electronic 

band structure [1-3], (ii) elastic and inelastic scattering of released photoelectrons inside the solid [2-6], 

(iii) surface and bulk collective electronic excitations [5-7], (iv) the screening and reflection of the 

assisting IR-laser field at the solid surface [3], (v) the influence of equilibrating residual charge 

distributions on emitted photoelectrons [1], and (vi) the effect of spatially inhomogeneous plasmonic 

fields on the photoemission process [2,5-7]. 

 

 

Fig. 1: An ultrashort attosecond XUV pulse emits electrons 

into the field of a delayed IR streaking laser pulse, with the 

polarization direction rotated by the angle . The linear 

color/gray scale represents the local electric-field-strength 

enhancement for 50 nm radius Au nanospheres exposed to 

720 nm incident IR pulses with peak    intensity 1011 W/cm2 

[7]. 

I will address the extent to which photoelectron propagation in matter and the plasmonic response of 

nanostructures can be (a) represented in classical [1,6] and quantum mechanical [1-5] simulations and 

(b) retrieved in IR-streaked XUV [2,5-7] and IR-XUV two-photon interference (RABBITT) [3,4] 

photoemission spectra. As examples, I will discuss recent numerical results for photoemission from 

(adsorbate-covered) metal surfaces [2,3] (Fig. 2, in comparison with experimental data) and from 

plasmonic nanoparticles that show how spatio-temporal information of the sub-infrared-cycle plasmonic 

and electronic dynamics is embedded in time-resolved spectra (Fig.1) [5-7]. 

 

 

Fig. 2: Interferometric photoemission from an atomically 

flat surface. The mutually delayed ionizing XUV 

attosecond pulse train and assisting IR laser pulse are 

linearly p polarized and incident under an angle of 75°. 

Photoelectrons are registered within a detection 

acceptance cone centered 30° from the positive z axis in 

the IR-pulse-reflection plane [3].  

 
[1] U. T et al., in: Handbook of Photonics, Vol. 1, (Wiley 2015). 

[2] Q. Liao and U. T., Phys. Rev. A 89, 033849 (2014); ibid. 92, 031401(R) (2015).  

[3] M. J. Ambrosio and U. T., Phys. Rev. A 96, 051403 (2017); ibid. 97, 043431 (2018); ibid. submitted. 

[4] C. Chen et al., Proc. Natl. Acad. Sci. 114, E5300 (2017). 

[5] J. Li, E. Saydanzad, and U. T., Phys. Rev. A 94, 051401(R) (2016); ibid. 95, 043423 (2017). 

[6] E. Saydanzad, J. Li, and U. T., Phys. Rev. A 95, 053406 (2017); ibid. in print. 

[7] J. Li, E. Saydanzad, and U. T., Phys. Rev. Lett. A 120, 223903 (2018). 
 

Supported in part by NSF Grant No. PHY 1464417, the Chemical Sciences, Geosciences, and Biosciences Division, Office 

of Basic Energy Sciences, Office of Science, US Department of Energy under Award DE-FG02-86ER13491, and the Air 

Force Office of Scientific Research Grant No. FA9550-17-1-0369. 

Speaker: Uwe Thumm, Kansas State University
Session: Attosecond Physics 1
Schedule: Wednesday Morning Invited Session 2

PQE-2019 335



Emerging inversion-symmetric quantum emitters 
in diamond  

Matthew E Trusheim and Dirk Englund 
Massachusetts Institute of Technology, Cambridge, MA, USA 

 
Quantum emitters in diamond are promising leading spin-photon interfaces as their 

coherent, spin-selective optical transitions transduce quantum information between spin 
degrees of freedom and flying photons. In particular, emitters based on Group IV-vacancy 
complexes have a crystallographic inversion symmetry that eliminates Stark shifts to first order 
and thus reduces spectral diffusion. However, these centers are vulnerable to phonon 
scattering between closely-spaced ground orbital states, which has limited the spin coherence 
times of Si-V and Ge-V centers to less than one microsecond at readily achievable liquid-helium 
temperatures. The recently-discovered Sn-vacancy (SnV)[1] and Pb-vacancy (PbV)[2] centers 
have significantly increased orbital splittings, resulting in long spin coherence times without 
dilution-refrigerator cooling. In this talk I will discuss our experimental efforts to engineer and 
characterize these centers towards the production of high-fidelity spin-photon entanglement. 
 

Figure 1: SnV and PbV  
(a) Crystal structure of the 
PbV emitter showing 
inversion symmetry about 
the Pb atom.  
(b) Confocal micrograph of 
a single SnV emitter in a 
fabricated nanopillar. Scale 
bar: 1 μm. 

 (c) Fluorescence spectra of 
154 Pb-related emitters, circles 
indicating peak locations. Top: 
histogram showing a doublet 
around 520 nm. (d) Second-
order correlation function of a 
single SnV under resonant 
driving. Coherent Rabi 

oscillations are visible, indicating the high optical quality of the emitter. 
 
[1] Trusheim, M. E. et al. Transform-limited photons from a tin-vacancy spin in diamond. 
Submitted. arXiv 1811.07777  (2018).  
 [2 Trusheim, M. E. et al. Lead-Related Quantum Emitters in Diamond. Accepted. arXiv 
1805.12202 (2018).   
This work was supported by an appointment to the Intelligence Community Postdoctoral Research Fellowship Program 
at MIT, administered by Oak Ridge Institute for Science and Education through an interagency agreement between the 
U.S. Department of Energy and he Office of the Director of National Intelligence 
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The time-bandwidth “tyranny” in physics and engineering – and how to defeat it 
Kosmas L. Tsakmakidis 

Solid State Physics section, Department of Physics, National and Kapodistrian University of Athens, 
Panepistimioupolis, GR-157 84 Athens, Greece 

e-mails: ktsakmakidis@phys.uoa.gr ; kostsakmakidis@gmail.com 

 
A spectre is haunting applied physics and engineering — the spectre of the time-bandwidth (TB) limit.  
     It has two general manifestations: First, it characterizes wave signals, where if σt

2 denotes the time 
variance of a signal x(t)   L2( ), and σΩ

2 denotes its frequency variance, the following relation is always 
obeyed: σt

2σΩ
2 ≥ 1/4. In this instance, the TB product has the form of an inequality, and is bound only from 

below, and thus it can become very large, or in some cases infinite, such as when x(t) is a rectangular or 
square pulse. Chirped pulses, in particular, e.g. of the form E(t) = A(t)exp{jω0t + jω1t2/2}, have a bandwidth 
B = ω1Τ/(2π), i.e. they are TB-unlimited (as it is well-known in chirp radar systems, chirped pulse 
amplification, dispersion compensators, and so forth). The problem has, thus, been solved in this case. 
     The second – still unsolved – situation, 
concerns waveguiding/transmission [1-3] and 
resonant [3, 4] devices, i.e. virtually all 
systems in physics and engineering, where 
“bandwidth” now refers to the “acceptance 
bandwidth” of the device itself (not the 
bandwidth of the signal), and “time” to the 
“storage” or “interaction” time of the wave 
with the device limited by dissipative and 
radiative losses (see Fig. 1). In this case, it 
turns out [4] that the attained 
storage/interaction times Δt are, so far, 
inversely proportional to the devices’s 
bandwidth, Δω (Δt   Δω-1) or, even more 
severely, to a power of it (e.g., Δt    Δω-α, α 
= 2 or 3). This limitation severely constrains 
virtually all applications in nanophotonics, 
plasmonics, metamaterials, cavity 
electrodynamics, atomic/molecular optics, 
and condensed matter photonics – from 
“perfect” lenses (which are currently very 
slow), to invisibility cloaking devices (which are currently extremely narrowband for macroscopic objects), 
cavity/resonant systems, delay lines, modulators, and communication systems. In the talk, we shall review 
recent theoretical results [4] showing how this limit can, at last, be exceeded by orders of magnitude in 
nonreciprocal devices, and we shall present recent experimental results, corroborating the theory, 
demonstrating – for the first time ever – the practical overcoming of the TB limit, here by a factor of 30, 
in time-varying resonant systems where Lorentz reciprocity is broken by judicious modulation. 
 

References: 
[1] K. L. Tsakmakidis, A. D. Boardman, et al, Nature 450, 397 (2007). 
[2] K. L. Tsakmakidis, et al., Phys. Rev. Lett. 112, 167401 (2014) 
[3] K. L. Tsakmakidis, et al., Science 358, eaan5196 (2017).  
[4] K. L. Tsakmakidis, et al., Science 356, 1260 (2017). 
 

Dedicated to the memory of Professor Allan D. Boardman who left us recently, in Nov. 23, 2018. 

   
Figure 1: Examples of time-bandwidth limited devices in 
physics and engineering. Not all such instances are shown 
here (see also main text). Figure taken from [4].  
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Divergence-free Radiative Corrections in Circuit

Quantum Electrodynamics

Hakan E. Türeci
Department of Electrical Engineering, Princeton University, Princeton, NJ 08544, USA

Quantum computing platforms based on cavity quantum electrodynamics have seen significant
progress in recent years. The demand for rapid and high-fidelity gate operations on such platforms
casts tight constraints on the accuracy of their quantum electrodynamic modeling. In particular,
radiative corrections to the properties of artificial atoms, such as e.g. their transition frequency and
radiative lifetime, have to be calculated to a high accuracy. In the pursuit of attaining the required
accuracies, we have found ourselves facing the same problems with divergent series for radiative
corrections that has plagued the original quantum electrodynamics of a single electron in free space.
Only it is now a far more complex problem: these radiative corrections have to be calculated for the
collective properties of a very large system of electrons constituting the active degrees of freedom
of a ’qubit’ that resides in a solid state cavity, itself composed of gazillions of electrons – not to
mention the rest of what makes up a solid state material.

Despite the seemingly intractable problem we find ourselves facing, it turns out these difficulties
with divergent QED observables in a solid state system can be handled through an internally
consistent formulation of quantum electrodynamics. In particular for a superconducting circuit
realization of QED, circuit quantum electrodynamics, such a consistent formulation can be reached
starting with an accurate field theory of subgap dynamics of a Josephson junction artificial atom
capacitively coupled to an open transmission line resonator.

The construction of an internally consistent divergence-free quantum electrodynamics requires
reconsidering our basic approach to the quantization of the electromagnetic field in a light-confining
medium and the notion of normal modes. In addition, we find that an equation of motion approach
i.e. the Heisenberg picture is essential to obtaining radiative corrections free of divergences.

Along these lines, I will discuss a computational framework based on the Heisenberg-Langevin
approach [1] to address these fundamental questions in the context of circuit quantum elec-
trodynamics. This framework allows the accurate determination of the quantum dynamics of a
superconducting qubit in an arbitrarily complex electromagnetic environment free of divergences,
for any coupling strength and any degree of openness [2]. This includes the regime of overlapping
resonances and the ultra-strong coupling regime. In addition, the calculational procedure does
not resort to any of the two-level, rotating wave, Born and Markov approximations, providing
exceedingly accurate and interpretation-friendly results. If time permits, I will also discuss the
effectiveness of this computational approach in meeting the demands of present-day quantum
computing research.

References

[1] M. Malekakhlagh, A. Petrescu, H. E. Türeci, “Non-Markovian dynamics of a superconducting
qubit in an open multimode resonator”, Phys. Rev. A 94, 063848 (2016).

[2] M. Malekakhlagh, A. Petrescu, H. E. Türeci, “Cutoff-free Circuit Quantum Electrodynamics”,
Phys. Rev. Lett. 119, 073601 (2017).
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Time Gravity and Quantum mechanics.  WG Unruh

In the 20the century time came to play a central role in physics. It was not
just a way to prevent everything from happening at once, but came to play a
central role itself in dynamics. Not only did it depend on motion (Special
relativity) but gravity itself becausem explained by the inequable flow of
time from place to place. In Quantum mechanics on the other hand it tended to
play its traditional role. In this talk I will review some of the issue which
the overlap of its roles bared. From accelration radiation, to Hawking
radiation, to analog gravity, understanding the central role of time has been
crucial.
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Dynamic Huygens’ Metasurfaces Based on ENZ Media 

Jason Valentine 

Department of Mechanical Engineering 
Vanderbilt University, Nashville, Tennessee 37212, USA 

 

Active metasurfaces open new doors for achieving dynamic wavefront manipulation in an 
ultracompact footprint. One method to provide this tunability is to integrate plasmonic 
metasurfaces with active materials.  Plasmonic resonances provide large local field enhancement 
which can be engineered to coincide with a thin film active material. This is particularly amenable 
for field effect-based modulation where an extremely small volume is modulated1, though the 
inclusion of metallic resonators generates unwanted absorption loss. Dielectric resonators are an 
interesting substitute for plasmonic metasurfaces since they are far less lossy while still exhibiting 
strong resonances. However, their volumetric modes make them difficult to dynamically tune 
compared to plasmonic variants with strong field confinement.  

In this talk I will discuss how we overcome this challenge by combining dielectric 
resonators with an ENZ mode in a thin film (ITO) placed on top of the resonator.  By tuning the 
coupling between the resonators and the ENZ point of the ITO thin film, active control over the 
transmission amplitude is achieved. We design the metasurface to operate at the Huygens’ point 
where the electric and magnetic dipole modes are overlapped. This results in near-unity 
transmission in the on-state. Upon moving the ITO film through its ENZ point, absorption is 
increased reducing transmission. I will also discuss additional degrees of freedom such as spatially 
patterning the modulated area to create beam steering devices such as diffraction gratings. While 
we will focus on transmission modulation, use of lower loss ENZ films may allow this approach 
to be translated into phase modulators in the future. 

 
References 
1. Y. Huang, H. Lee, R. Sokhoyan, R. Pala, K. Thyagarajan, S. Han, D. Tsai, H. Atwater, “Gate-Tunable Conducting 
Oxide Metasurfaces,” Nano Lett., vol. 16, no. 9, pp.5319-5325, 2016. 

2. A. Howes, W. Wang, I. Kravchenko, J. Valentine, “Dynamic transmission control based on all-dielectric Huygens 
metasurfaces,” Optica, vol. 5, no. 7, pp. 787-792, 2018. 

 
Figure 1. (a) Schematic of metasurface unit cell. The blue material is silicon and the green material is ITO. px = 
py = 800 nm, h = 230 nm, hITO = 10 nm, and d = 480 nm. (b) Experimentally measured transmission as a function 
of electrical bias (c) Optical and Fourier plane images for device with the active layer patterned into a diffraction 
grating in both the transmissive state (+10V) and absorbing state (-10V). In the absorbing state a diffraction 
grating is generated which generates off-normal beams. 
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Fluorescence X-Ray Emission in Waveguide Cavities 

Malte Vassholz* and Tim Salditt   

Institut für Röntgenphysik, Universität Göttingen,  
Friedrich-Hund-Platz 1, 37077 Göttingen, Germany 

*E-mail: mvassho@gwdg.de 

Hard x-ray holographic imaging with nanometer resolution can be achieved by coupling a 
synchrotron beam into an x-ray waveguide and using the exit radiation for holographic 
illumination in a cone beam geometry. In this context, the waveguide serves as a coherence 
filter, so that the incoherent part of the incoming radiation is omitted. Due to the limited 
spatial coherence of  standard laboratory sources, a large portion of the beam is omitted if 
filtered by a waveguide. We tackle the problem of the generation of coherent x-rays in the 
laboratory context by making use of the coupling of fluorescent atoms to a waveguide 
structure.  
To this end we embed fluorescent atoms in the guiding layer of a planar x-ray waveguide 
and excite the atoms with x-rays or electron impact. We investigate the coherence of the 
emitted radiation as a measure for the coupling strength of the fluorescent atoms to the 
waveguide cavity. First observations show a pronounced mode spectrum with characteristic 
modulations as a function of the take-off angle, both for characteristic radiation as well as 
for Bremsstrahlung. By changing the distance between the excitation of the atoms and the 
waveguide’s exit, we are able to characterize the modal structure of the generated x-rays. We 
find that the observed modal structure is in good agreement with the result from finite-
difference simulations. 
The results suggest that this system can not only be used for the generation of x-rays with 
improved coherence, but that it can also allow the study of x-ray quantum effects in the 
laboratory.  
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Quantum Electromagnetic Field in Time Domain
Stéphane Virally1,2,*, Bertrand Reulet2, and Denis V. Seletskiy1

1 Institut Quantique, Département de Physique, Université de Sherbrooke, Sherbrooke, Québec, Canada
2 Département de Génie Physique, École Polytechnique de Montréal, Montréal, Québec, Canada

* Stephane.Virally@polymtl.ca
The electromagnetic (EM) field is often con-veniently first quantized in the frequency do-main, as many sources of light have narrow-band characteristics. This is not so, however,for many pulsed sources, including those usedfor ultrafast photonics, or in the microwave do-main, where pulses with very large bandwidthcan be generated easily. Measurements of theEM field in those circumstances require a goodframework for first quantization in time ratherthan frequency. Questions then arise, such as:what is the number of photons in a unicycle orsubcycle pulse, and can we predict their timesof arrival; or what are the equivalent of quadra-tures in time domain?
We show that there is a fundamental differencebetween the EM field and its second quantizedphotonic counterpart: the ladder operators ofthe latter are not directly proportional to the EMfield. The difference is inconspicuous in the fre-quency domain and is often not mentioned. Itbecomes very clear and very important in timedomain. There is, for instance, a clear differencebetween the statistics of photons and energyin subcycle pulses. Interestingly, as the energy,or the Hamiltonian, is most directly linked tothe number of photons in the frequency domain,equivalently in time domain there is a naturalquantity associated with photons: their time ofarrival. It is indeed possible to define a weightedtime of arrival operator θ̂which has an interest-ing commutator with the Hamiltonian [1]

[
Ĥ, θ̂

]
= i~N̂ , (1)

where N̂ is the photon number operator. The ex-istence of such an operator puts time and en-ergy on the same footing with respect to the no-tion of photon, and the latter is clearly cast as aquantum of action, not energy.
Quadratures of the EM field are very well de-fined when the field is first quantized in the

(a)

frequency
φ φ

(c)

frequency
φ− π

2
φ+ π

2

(b)

time
(d)

time

Figure 1: Two probe pulse quadratures in fre-quency (left) and time (right) domain.
frequency domain. We show that there existsa natural extension of these in time domain,and that quadrature probes are always a Hilberttransform of one another. The Hilbert trans-form being non-causal, there is a profound re-lation with the two-state vector formalism ofAharonov, Bergmann, and Lebowitz [2] that re-quires a forward and a backward-evolving quan-tum states. In fact, a trace on an oscilloscopeor a field measurement performed with electo-optical sampling [3] can be thought of as a two-state vector representation of the EM field andits photonic counterpart for all times betweenthe first and last measurements.
One important feature of the generalizedquadratures is their odd/even symmetries, asshown in Fig. 1. For the case of electro-opticalsampling, we show that these features arelinked to interference between the sum fre-quency and difference frequency generatedsignals in the nonlinear crystal. For voltagemeasurements in the microwave domain, theystem from symmetries of the transforms usedto compute them.

[1] Virally et al., arXiv:1810.06932 [quant-ph] (2018).
[2] Aharonov et al., Phys. Rev. B 134, 1410 (1964).
[3] Riek et al., Science 350, 420 (2015).
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Cooperative effects in single diamond nanocrystals at room temperature 

Thomas Volz 

Department of Physics and Astronomy, Macquarie University, Sydney, Australia 

ARC Centre of Excellence for Engineered Quantum Systems (EQUS) 

Superradiance (SR) is a cooperative effect that 

occurs when an ensemble of indistinguishable 

quantum emitters couples collectively to a mode of 

the electromagnetic field as a single, massive 

dipole. The occurrence of SR indicates the build-

up of large-scale coherence between the 

individual dipoles. Due to the many available 

pathways for photon emission from an ensemble 

of excited emitters, the de-excitation process leads 

to the formation of highly-entangled symmetric 

superposition states. These Dicke states have 

symmetries that render them immune to certain 

types of environmental noise that affect all 

emitters in the same way and cannot resolve 

individual dipoles. In a solid-state setting, this 

includes global dephasing due to long-wavelength phonon modes. However, local dephasing 

mechanisms, such as coupling to short-wavelength phonons or electric fields arising from ionisation 

or defects, can destroy the cooperative behaviour of a system. The requirement of high emitter density 

and low local decoherence has made SR hard to observe at room temperature in solid-state systems. 

In our experiments, we were able to observe room-temperature SR from single, highly luminescent 

nanodiamonds (NDs) with spatial dimensions much smaller than the wavelength of light , and each 

containing a large number (a few thousand) of embedded NV centres [1]. Under pulsed off-resonant 

excitation, we observe ultrafast radiative lifetimes (Fig.1) and super-Poissonian photon statistics of 

the light emitted from the fastest NDs. We explain our observations with a theoretical model that 

suggests cooperative domains of up to 50 NV centres for the fastest NDs.  

While SR occurs when the collection of emitters is inverted under 

pulsed excitation, cooperative effects can also play a significant 

role when continuously driving an ensemble of identical emitters 

with laser light.  In an optical tweezer experiment in liquid (Fig.2), 

we were able to observe the modification of the optical trapping 

strength of a ND when the trapping laser frequency was tuned 

close to the atomic resonance of NV centres embedded in the ND 

[2]. This indicates the presence of atomic forces due to the NV 

centres, in addition to the ‘bulk’ trapping forces on the entire ND. 

Notably, the magnitude of the observed effect suggests that due to 

the large density of NV centres, cooperative behaviour greatly contributes to the trapping strength 

modification. In contrast to the case of SR, the global dephasing of the cooperative domains of NV 

centres with respect to the trapping laser limits the strength of the cooperative forces observed in the 

experiment. Our results are a starting point for further systematic study of cooperative effects in a well-

controlled, solid-state quantum system. Engineering of cooperative colour centre ensembles in diamond 

could advance applications in quantum sensing, energy harvesting, and efficient photon detection. 

[1] Carlo Bradac, et al., Nature Communications 8, 1205 (2017). 

[2] Mathieu L. Juan, et al., Nature Physics 13, 241–245 (2017).  

Fig.1: Fluorescence decay curves and corresponding fits for 

four different NDs. Experimental data and theory match well. 

Fig.2: Artist’s impression of a ND 

optically trapped near a mirror surface. 
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Bose-Einstein condensation in a plasmonic lattice 
 

T. K. Hakala, A. J. Moilanen, A. I. Väkeväinen, R. Guo, J.-P. Martikainen, K. S. Daskalakis, 

H. T. Rekola, A. Julku and P. Törmä 
 

Department of Applied Physics, Aalto University, Finland 

aaro.vakevainen@aalto.fi 

 

Plasmonic structures can enhance light-matter interaction by concentrating electromagnetic energy in 

very small mode volumes. We study a system of gold nanoparticles arranged in a periodic lattice that 

supports collective plasmon resonances, so-called surface lattice resonances (SLRs). An SLR 

excitation can be considered as a quasiparticle that consist of a mixture of a photon and electron 

oscillation in individual metal nanoparticles. Here, we demonstrate a Bose-Einstein condensate (BEC) 

of these plasmonic quasiparticles in a lattice of gold nanoparticles [1]. 

 

We pump organic dye molecules at one end of the nanoparticle lattice and the molecules emit photons 

to the SLR mode. The SLR excitations start to propagate along the lattice, and interaction between the 

SLR excitations and organic dye molecules makes the SLR excitations to thermalize to lower energies. 

Thermalization occurs due to subsequent absorption and re-emission process upon propagation. With 

suitable choice of lattice periodicity, this interaction leads to condensation, which takes place at room 

temperature and in a picosecond timescale. Condensation at room temperature is possible due to a 

very small effective mass of the quasiparticles (~10-7 me). 

 

The experiment utilizes the propagation of the SLR excitations and the “open cavity character” of the 

system. The dynamics of condensate formation can be followed along the lattice with spatially 

resolved spectroscopy. We also study the crossover of BEC and lasing and observe a transition from 

BEC to lasing when the periodicity of the lattice is slightly varied. This new form of condensate has 

technological potential due to its ultrafast, room-temperature and on-chip nature. 

 
 

 
 

Figure 1. Dye molecules are pumped at one end of the lattice and SLR excitations start to propagate from that 

end. Propagating excitations undergo a redshift (decrease in energy) along the dispersion band of the system, 

and eventually condense to the bottom of the band. Condensation shows a clear threshold. (a) Artistic 

illustration. (b) Measured dispersion diagram. (c) Emission spectra collected from the other end of the lattice, 

as a function of the pump fluence. 

 
 

[1] T. K. Hakala, A. J. Moilanen, A. I. Väkeväinen, R. Guo, J.-P. Martikainen, K. S. Daskalakis, H. T. Rekola, 

A. Julku and P. Törmä, Bose-Einstein condensation in a plasmonic lattice, Nature Physics 14, 739-744 

(2018). 
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Scalable quantum photonics using quantum dots 
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Quantum photonic devices require methods to efficiently generate photonic qubits and to create strong 
photon-photon interactions.  Quantum dots can provide both of these crucial functionalities.  They are ideal 
single photon sources that exhibit both high efficiency and indistinguishability.  Furthermore, coupling 
them to high Q cavities with small mode volumes enables the strong coupling regime where a nonlinearities 
can enter the single photon regime. 

In this talk I will describe our effort to attain scalable quantum photonic devices using quantum dots. I will 
first describe a quantum transistor where a single photon can control a quantum dot spin and vice versa 1. 
This switch realizes a transistor operating at the fundamental quantum limit, where in picoseconds 
timescales a single photon flips the orientation of a spin and the spin flips the polarization of the photon. 
This device provides the key mechanism to achieve photon-photon interactions and generate photonic 
entanglement 2, which is one of the two central requirements for photonic quantum information.  I will 
discuss how this device can be used to achieve efficient optical readout of a quantum dot spin using a cavity 
QED system 3,4. This approach utilizes the spin-dependent cavity reflectivity to determine the spin state, 
and is particularly important for qubits such as quantum dot spins that do not possess a good cycling 
transition for resonance fluorescence detection.  

I will also describe our efforts to scale the quantum photonic circuits to larger number of devices.  I will 
show a technique to achieve on-chip tuning of quantum dots in order to create indistinguishable emitters 
coupled to cavities and waveguides 5–7.  I will also describe new fabrication methods we are pursuing for 
hybrid integration of quantum dots with silicon photonics 6.   
References: 
1. Sun, S., Kim, H., Solomon, G. S. & Waks, E. A quantum phase switch between a single solid-state spin and 

a photon. Nat. Nanotechnol. 11, 539{\textendash}544 (2016). 
2. Sun, S. & Waks, E. Deterministic generation of entanglement between a quantum-dot spin and a photon. 

Phys. Rev. A 90, 42322 (2014). 
3. Sun, S. & Waks, E. Single-shot optical readout of a quantum bit using cavity quantum electrodynamics. 

Phys. Rev. A 94, 12307 (2016). 
4. Sun, S., Kim, H., Solomon, G. S. & Waks, E. Cavity-enhanced optical readout of a single solid-state spin. 

arXiv Prepr. arXiv1706.05582 (2017). 
5. Kim, J.-H., Richardson, C. J. K., Leavitt, R. P. & Waks, E. Two-Photon Interference from the Far-Field 

Emission of Chip-Integrated Cavity-Coupled Emitters. Nano Lett. 16, 7061–7066 (2016). 
6. Kim, J.-H. et al. Hybrid Integration of Solid-State Quantum Emitters on a Silicon Photonic Chip. Nano Lett. 

acs.nanolett.7b03220 (2017). doi:10.1021/acs.nanolett.7b03220 
7. Kim, J.-H., Cai, T., Richardson, C. J. K., Leavitt, R. P. & Waks, E. Two-photon interference from a bright 

single-photon source at telecom wavelengths. Optica 3, 577–584 (2016). 
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Simulating chiral dynamics in quantum optics 

Da-Wei Wang 

Department of Physics, Zhejiang University 

 

Abstract: Topological or chiral physics have been vastly investigated in electrons, photons and 

phonons. In electrons, large magnetic field and low temperature are usually necessary. Topological 

photonic and acoustic structures require exotic methods to synthesize gauge field. I will introduce 

a momentum-space lattice composed by timed Dicke states (single photon superradiant states) [1], 

based on which the chiral edge currents are observed in atoms at room temperature [2]. This 

quantum optical system requires neither magnetic field nor low temperature and can be extended 

to simulate the Haldane model [3]. A variation of the Haldane model can also be realized in a 

cavity QED system, which involves with synthetic spin-orbit coupling and effective magnetic 

fields for photons in a Fock-state lattice [4]. We experimentally realized a similar scheme in 

superconducting qubits, where anti-symmetric spin exchange interaction (also known as the 

Dzyaloshinskii-Moriya interaction) was synthesized and dynamics of chiral spin clusters were 

observed [5]. 
 
 
[1] D.-W. Wang, R.-B. Liu, S.-Y. Zhu and M.O. Scully, PRL 114, 043602 (2015). 
[2] H. Cai, J. Liu, J. Wu, S.Y. Zhu, J.X. Zhang and D.-W. Wang, arXiv 1807.11111 (2018), to appear in PRL (2019). 
[3] D.-W. Wang, H. Cai, L. Yuan, S.-Y. Zhu and R.-B. Liu, Optica 2, 712 (2015). 
[4] D.-W. Wang, Han Cai, Renbao Liu and M. O. Scully, Phys. Rev. Lett. 116, 220502 (2016). 
[5] D.-W. Wang, C. Song, W. Feng, H. Cai, D. Xu, H. Deng, H. Li, D. Zheng, X. Zhu, H. Wang, S.Y. Zhu and M.O. 
Scully, arXiv 1712.05261 (2017). 
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Mechanically-Mediated Spin-Photon Interfaces  
 

Hailin Wang 
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hailin@uoregon.edu 

 

 

 I will discuss our current experimental progress toward the development of a mechanically-mediated 
spin-photon interface, without relying on the optical properties of the spin.  In this interface, a mechanical 
oscillator couples to evanescent optical fields of whispering gallery modes (WGMs) in a silica microsphere 
via radiation pressure and to a spin system via the strain induced by long wavelength mechanical vibrations 
(see Fig. 1).  Two types of mechanical oscillators, featuring out-of-plane and in-plane mechanical 
vibrations, respectively, are pursued.  For a proof-of-principle demonstration, negatively-charged nitrogen 
vacancy (NV) centers in diamond are used as a model spin system.   
 
 

 
 

Fig. 1. (a) Schematic illustrating interactions between an optical cavity mode and a spin system 
mediated by a mechanical oscillator.  (b) An experimental implementation where evanescent fields of 
WGMs in a silica microsphere couple to mechanical vibrations of a diamond spin-mechanical 
resonator.  In this system, the optomechanical coupling takes place via radiation pressure and the spin-
mechanical coupling takes place via mechanical strain of the diamond lattice.   

 

ωm
(a)

(b)

Diamond spin-
mechanical resonator

Silica microsphere
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Wide-field Coherent Anti-Stokes Raman Scattering 
Microscopy Based on Picosecond Supercontinuum Source1 

Yujie Shen,1 Jizhou Wang,1 Kai Wang,1 Alexei V. Sokolov,1,2 and Marlan O. Scully1,2 

1Texas A&M University, College Station, Texas 77843, USA 
2Baylor University, Waco, Texas 77458, USA 

Coherent anti-Stokes Raman scattering (CARS) is a promising tool for nonlinear optical imaging. 
Because of the coherent nature of the nonlinear generation, efficient production of CARS signal requires 
phase matching, which is typically achieved by focusing the beams tightly onto the sample. CARS 
microscopes can provide high spatial resolution, but the drawbacks are that image acquisition takes time 
and tightly focused beams may easily damage the samples. Instead, with wide-field CARS one can obtain 
a spectroscopic wide-field image directly at video rate2, which can be used to monitor chemical 
components in a living cell without fluorescent labelling.  

                 
 
 
 
 
Our group demonstrates a single-beam wide-field CARS microscopy setup by using a picosecond laser 
with 10  μJ  pulse energy at 1064 nm wavelength (Fig. 1). In this experiment, a high energy 
supercontinuum (SC) source, which is served as probe field in CARS, is generated through a large-mode-
area photonic crystal fiber (LMA PCF). As a result, a broad range of Raman bands can be excited over a 
wide spatial region. By applying different bandpass filters, CARS images of different Raman vibrations 
can be acquired correspondingly. We demonstrate that this setup can be used for chemical mapping, by 
imaging a mixture of polystyrene and poly (methyl-methacrylate) beads (Fig. 2). Such a wide-field CARS 
microscopy can be used for gas sensing, cytometry and biomedical applications where species 
identification and high-frame-rate imaging are required. 

This work is supported by the NSF (Grant #CHE-1609608), the Welch Foundation (award A-1547) and 
ONR (award N00014-16-1-2578). 

1Shen, Yujie Shen, Y., Wang, J., Wang, K., Sokolov, A. V., & Scully, M. O. "Wide-field coherent anti-Stokes Raman                  
scattering microscopy based on picosecond supercontinuum source." APL Photonics 3.11 (2018): 116104.  
2Heinrich, Christoph, Stefan Bernet, and Monika Ritsch-Marte. "Wide-field coherent anti-Stokes Raman scattering microscopy." 
Applied physics letters 84.5 (2004): 816-818. 

Fig 1. Experimental setup of the wide-field CARS 
Microscopy. L: Cube lens; F: filter; S: sample; OAP: off-axis 
parabolic mirror; D: dichroic mirror. 

 

Fig 2. (a) CARS images of the polystyrene and poly mixture 
captured by the CCD camera. (b) CARS image of the mixture 
around 3050 cm-1 band region (blue). (c) CARS image of the 
mixture of the 2950 cm-1 band region (green). (d) CARS spectra 
of a PS bead and a PMMA bead. The scale bars in the figures 
correspond to 5μm. 
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Femtosecond Pump-Probe Study of Two-photon Laser 

Induced Fluorescence of Krypton 
Kai Wang1, Yejun Wang1, Jizhou Wang1, Zhenhuan Yi1, Waruna, D. Kulatilaka1, Alexei V. Sokolov1,2, and Marlan O. Scully1,2 

1 Texas A&M University, College Station, TX, 77843, USA 
2Baylor University, Waco, TX, 77458, USA 

Abstract 
Krypton (Kr), as a chemically inert noble gas, can be used as an effective tracer via two-photon laser induced 

fluorescence (TPLIF). For example, Kr TPLIF has gained significant interests in numerous combustions, 

plasma diagnostics, and aerodynamic ground testing applications [1]. Kr TPLIF is used to calibrate the 

concentration of hydrogen atoms in flame, and can also give a stable system for detailed studies of level-

specific collisional energy transfer processes. Here, we perform a pump-probe study of TPLIF of Kr-He gas 

mixtures at 1 atmosphere pressure (Fig. 1(a)). The experimental results enable us to obtain the radiative decay 

rates and collisional decay rates of corresponding Kr energy levels associated with TPLIF. We use 

femtosecond laser pulses centered at 204.1 nm to excite Kr from the 4p6[1S0] ground state to the 5p’[3/2]2 

excited state via two photon absorption (Fig. 1(b)). A subsequent ultrafast probe centered at 826 nm is tuned 

to be in resonance with 5p’[3/2]2 →5s[1/2]1 transition of Kr. We use a collinear configuration for this pump-

probe study. The spectrum at 826 nm is recorded with a spectrometer while scanning the time delay between 

the pump and the probe for different concentrations of Kr. For example, in pure Kr, we observe a fluorescence 

quenching when the pump and the probe overlap in time (Fig. 1(c)). The current results of the femtosecond 

pump-probe study of TPLIF is within the parameter range of yoked superfluorescence [2]. Theoretical 

analysis is under way.  

This work is supported by the ONR (award N00014-16-1-2578). 

 

 

Fig. 1. (a) Experimental 

Setup. DM: Dichroic 

Mirror. GS: Gas Cell. 

BD: Beam Dump. TS: 

Translation Stage. (b) 

Energy level diagram of 

Kr two-photon 

excitation. (c) The 

measured probe at 826 

nm via time delay 

between the pump and 

the probe.   

 

 

 

 

 

 

 

 

 

Reference. 
[1] Yejun Wang, Cade Capps, and Waruna D. Kulatilaka, “Femtosecond two-photon laser-induced 

fluorescence of krypton for high-speed flow imaging,” Opt. Express, 42 (4), 711-714 (2017). 

[2] Luqi Yuan, Anatoly A. Svidzinsky, “Gain without population inversion in a yoked superfluorescence 

scheme,” PRA, 85 033806 (2012).  
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World’s Deepest-Penetration and Fastest Optical Cameras:  
Photoacoustic Tomography and Compressed Ultrafast Photography 

 
Lihong V. Wang, Ph.D., Bren Professor 

Andrew and Peggy Cherng Department of Medical Engineering, Department of Electrical Engineering, 
California Institute of Technology 

http://COILab.caltech.edu/ 
 
We developed photoacoustic tomography to peer deep into biological tissue. Photoacoustic tomography 
(PAT) provides in vivo omniscale functional, metabolic, molecular, and histologic imaging across the 
scales of organelles through organisms. We also developed compressed ultrafast photography (CUP) to 
record 10 trillion frames per second, 10 orders of magnitude faster than commercially available camera 
technologies. CUP can tape the fastest phenomenon in the universe, namely, light propagation, and can 
be slowed down for slower phenomena such as combustion. 

PAT physically combines optical and ultrasonic waves. Conventional high-resolution optical 
imaging of scattering tissue is restricted to depths within the optical diffusion limit (~1 mm in the skin). 
Taking advantage of the fact that ultrasonic scattering is orders of magnitude weaker than optical 
scattering per unit path length, PAT beats this limit and provides deep penetration at high ultrasonic 
resolution and high optical contrast by sensing molecules. Broad applications include early-cancer 
detection and brain imaging. The annual conference on PAT has become the largest in SPIE’s 20,000-
attendee Photonics West since 2010. 

CUP can image in 2D non-repeatable time-evolving events. CUP has a prominent advantage of 
measuring an x, y, t (x, y, spatial coordinates; t, time) scene with a single exposure, thereby allowing 
observation of transient events occurring on a time scale down to 100 femtoseconds, such as propagation 
of a light pulse. Further, akin to traditional photography, CUP is receive-only—avoiding specialized 
active illumination required by other single-shot ultrafast imagers. CUP can be coupled with front optics 
ranging from microscopes to telescopes for widespread applications in both fundamental and applied 
sciences. 

Selected publications 
1. Nature Biotechnology 21, 803 (2003).  
2. PRL 92, 033902 (2004). 
3. Nature Biotechnology 24, 848 (2006). 
4. Nature Protocols 2, 797 (2007). 
5. Nature Photonics 3, 503 (2009). 
6. Nature Materials 8, 935 (2009). 
7. Nature Photonics 5, 154 (2011). 
8. Nature Materials 10, 324 (2011).  
9. Science 335, 1458 (2012). 
10. Nature Medicine 18, 1297 (2012). 
11. PNAS 110, 5759 (2013). 
12. PNAS 111, 21 (2014). 
13. Nature 516, 74 (2014). 
14. Nature Photonics 8, 931 (2014). 
15. Nature Photonics 9, 126 (2015). 
16. Nature Communications 6, 5904 (2015).  
17. Nature Methods 12, 407 (2015). 
18. Nature Methods 13, 67 (2016).  
19. Nature Methods 13, 627 (2016)  
20. Science Advances 3, e1601814 (2017)  
21. Nature Biomedical Engineering 1, 0071 (2017)  
22. Science Advances 3, e1602168 (2017) 
23. Nature Communications 8, 780 (2017) 
24. Nature Communications 8, 1386 (2017)  
25. Nature Communications 9, 2352 (2018) 
26. Nature Communications 9, 2734 (2018) 

 
In vivo 3D photoacoustic tomography image 
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Plasmonic Ni-TiO2 Heterostructures for Visible-Light Driven  

Photochemical Reactions 

W. David Wei, Ph.D. 

Department of Chemistry and Center for Catalysis, 

 University of Florida, United States, wei@chem.ufl.edu 

 

Plasmon-mediated carrier transfer (PMCT) at metal-semiconductor heterojunctions has 

been extensively exploited to drive photochemical reactions, offering intriguing 

opportunities for solar photocatalysis. However, to date, most studies have been 

conducted using noble metals. Inexpensive materials capable of generating and 

transferring hot carriers for photocatalysis via PMCT have been rarely explored. Here, 

we demonstrate that the plasmon excitation of Ni induces the transfer of both hot 

electrons and holes from Ni to TiO2 in a rationally designed Ni-TiO2 heterostructure. 

Furthermore, it is discovered that the transferred hot electrons either occupy oxygen 

vacancies (VO) or produce Ti3+ on TiO2 while the transferred hot holes are located on 

surface oxygens at TiO2. Moreover, the transferred hot electrons are identified to play a 

primary role in driving methylene blue (MB) degradation. Taken together, our results 

validate Ni as a promising low-cost plasmonic material for prompting visible-light 

photochemical reactions. 
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Nonreciprocal parity-time symmetry in coupled microcavities and chip-

based optical isolator with bulk stimulated Brillouin scattering  

Min Xiao1,2 and Xiaoshun Jiang1 
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Sciences, and School of Physics, Nanjing University, Nanjing 210093, China. 
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             Non-Hermitian Hamiltonian can have entire real eigen-values under the parity-time (PT) 

symmetric operation.  Many interesting phenomena have been discovered with PT symmetry and 

its breaking in various gain-loss coupled optical systems. Coupled active-passive microcavity 

system turns out to be one of the ideal systems to study the PT-symmetry evolution through the 

exception point (at which PT symmetry breaks down) with a precisely controlled coupling 

coefficient [1,2]. In our recent work, by exploring the directional momentum conservation of the 

bulk stimulated Brillouin scattering (SBS), which provides the necessary gain, for the WGMs in 

a high-Q silica microtoroid resonator, we experimentally demonstrated the nonreciprocal PT-

symmetry phenomenon in two coupled passive-active microresonators, as shown in Fig. 1, i.e. 

the system exhibits PT-symmetry behavior when the 

signal light is injected in the same direction as the pump 

light for the SBS, but behaves as a normal coupled 

passive cavity system when light is injected from the 

opposite direction.[3]  

         On-chip non-magnetic optical isolator is an 

essential component in building integrated photonic 

circuitry. However, the typical “optical isolators” based 

on nonlinearities suffer from the dynamical 

reciprocity principle when lights are injected from 

both directions. Previously, we used the 

unidirectional optical parametric amplification 

process in a silica toroid microcavity to bypass this 

dynamical reciprocity.[4] Here, using this directional 

bulk SBS gain with nonlinearity in a single 

microtoroid, we have further demonstrated a true 

chip-based optical isolator with lights injecting 

simultaneously from both forward and backward 

directions [3].  

[1] Chang, L. et al. Parity-time symmetry and variable optical isolation in active-passive-coupled 

microresonators. Nat. Photon. 8, 524-529 (2014). 

[2] Peng, B. et al. Parity-time-symmetric whispering-gallery microcavities. Nat. Phys. 10, 394-398 (2014). 

[3] Ma, J. et al. On-chip optical isolator and nonreciprocal parity-time symmetry induced by stimulated 

Brillouin scattering. arXiv:1806.03169 (2018).  

[4] Hua, S. et al. Demonstration of a chip-based optical isolator with parametric amplification. Nat. 

Commun. 7, 13657 (2016). 

Figure 1  Nonreciprocal parity-time (PT) symmetry 

in two directly coupled whispering-gallery-mode 

(WGM) microtoroid resonators where one is 

simply a passive toroid while the other possesses 

gain induced by SBS. The Brillouin toroid is a 

unidirectional active resonator resonant and is 

optically pumped to produce a directional 

Brillouin gain. The pump wave is launched into 

the Brillouin toroid only in the forward direction 

to enable the directional SBS process. 
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Whispering-gallery-mode resonators: a versatile platform for light-matter interactions 
Lan Yang 

Department of Electrical and Systems Engineering, Washington University, St. Louis, MO 63130 

In the last 15 years Whispering-Gallery-Mode (WGM) resonator-based photonic systems 
have emerged as frontrunners in a variety of areas from fundamental scientific research to 
practical applications including communication, sensing and public health. They have been 
exploited to significantly enhance light-matter interactions, creating the opportunities for a 
wealth of new scientific discoveries and technological breakthroughs.  
In this talk, I will present two examples to show the WGM as a versatile platform for both 
fundamental research and applications. First, I will introduce a phonon laser achieved in a 
coupled resonator system, in which mechanical mode is supported in one of the resonators1 
(Fig. 1). By adjusting the system to an exceptional point (EP), a non-Hermitian degeneracy 
featuring the coalescence of the eigenvalues and the corresponding eigenstates, the increased 
optical noise imprints on the mechanical mode. Consequently, the broadening of the 
linewidth of the phonon laser is observed. It provides an optical approach to tune the 
linewidth of a phonon laser. 

Figure 1. Left panel: a 
phonon laser formed by 
two coupled resonators. 
Right panel: Linewidth 
variation in a phonon 
laser tuned around an 
EP. 
 

Optical sensing is the example I will present to 
show the applications of WGM resonators 
beyond a lab tool for fundamental research. 
The underlying mechanics for WGM sensors 
will be discussed. Of a special note is the 
recent progress in non-Hermitian physics, 
which has revealed a new route to further 
enhance the performance of WGM sensors2. I 
will compare the performance of a 
conventional WGM sensor and an EP sensor 
and explain difference of the mode splitting 
signals in response to the perturbation from a 
sensing target in those two different scenarios 
(Fig. 2). In the end, I will wrap up my talk on 
WGM sensors for IoT applications. 

References  
1. “A phonon laser operating at an exceptional point,” J. Zhang, B. Peng, Ş. K. Özdemir, K. Pichler, 

D. O. Krimer, G. Zhao, F. Nori, Y. Liu, S. Rotter, and L. Yang, Nature Photonics, 12, 479-484 
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Quantum	Critical	Detector	
 

Li-Ping Yang and Zubin Jacob  

Birck Nanotechnology Center and Purdue Quantum Center, School of Electrical and Computer 
Engineering, Purdue University, West Lafayette, IN 47906, U.S.A 

Ultra-sensitive weak signal detectors are usually based on phase transitions, such as the 
superconducting nanowire single-photon detector and the bubble chamber (using superheated 
liquid) in high energy physics. During the measurement, the detector is pre-biased around a critical 
point, thus the incident weak signal pulse can trigger a phase transition to generate a large output 
signal. The key amplification within these critical detectors is based on thermodynamic phase 
transitions, which are classical phase transitions. In our recent work (arXiv:1807.04617), we 
proposed a quantum analog of the classical critical detector with an amplification scheme 
that exploits quantum criticality in first-order dynamical quantum phase transitions (DQPT). 
 
In this talk, I will introduce a first-order quantum-phase-transition model, which exhibits giant 
sensitivity 𝜒 ∝ 	𝑁%  (𝑁  the spin number) at the critical point, which can be used to beat the 
Heisenberg limit in quantum metrology. Exploiting this effect, we propose a quantum critical 
detector to amplify weak input signals. The time-dynamic quantum critical detector functions by 
triggering a first-order dynamical quantum phase transition in a system of spins with long-range 
interactions coupled to a bosonic mode. Our numerical simulation demonstrates features of the 
dynamical quantum phase transition, which leads to a time-dependent quantum gain. We also show 
the linear scaling with the spin number 𝑁 in both the quantum gain and the corresponding signal-
to-quantum noise ratio during the time evolution of the device. Our proposed detector can be a 
resource for metrology, weak signal amplification, and single photon detection. 
 

	
Fig. 1 Left: Schematic of the quantum critical detector. The bosonic 𝑑-mode with frequency 𝜔(=1 
is the output mode. The spins are immersed in a homogeneous magnetic field along 𝑧 -axis 
inducing an energy splitting 𝜖. The spin-boson coupling 𝜆 is in 𝑥-direction and the all-to-all spin-
spin coupling 𝐽 is along 𝑦-axis. The system is pre-biased close to the critical point. The input weak 
signal leads to a small time-dependent variation in spin-boson coupling 𝜆(𝑡) and triggers a first-
order dynamical quantum phase transition to realize the amplification in our quantum critical 
detector. Right: Phase diagram of our proposed quantum critical detector. 
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Toward Continuous-Wave Molecular Modulation Using Glass Microresonators

D. C. Gold, J. T. Karpel, and D. D. Yavuz

Department of Physics, 1150 University Avenue, University of Wisconsin, Madison, WI, 53706

Molecular modulation relies on using highly coherent molecular vibrations or rotations to modu-
late light and produce broadband output spectrum [1]. Extending this technique to the continuous-
wave (CW) domain would allow the synthesis of optical waveforms with arbitrary shapes in fem-
tosecond time scales, with absolute coherence times easily in the milliseconds [2]. We have recently
shown that by using a free-space cavity with a high-finesse at the pump and Stokes wavelengths,
many aspects of molecular modulation can be extended to the CW domain [3]. When the cavity
resonance condition is simultaneously satisfied for both laser beams, high intensities build up inside
the cavity and diatomic molecules can be driven to a highly coherent state. With the molecules pre-
pared in a highly coherent state, a separate mixing beam can pass through the system and become
modulated, producing frequency upshifted (anti-Stokes) and downshifted (Stokes) sidebands.

One important challenge in the CW experiments is the low single-pass conversion efficiency. To
address this challenge, over the last year, we have been working on extending these experiments
to Raman active glass microspheres. In these systems, the whispering gallery modes of the micro-
spheres replace the high-finesse cavity. Such microresonators can have quality factors exceeding
1010, and efficient Raman lasing in these systems with pump thresholds at the microwatt power
levels has been observed [4]. I will discuss our numerical simulations where we have attempted to
accurately model CW molecular modulation in a CaF2 microsphere. I will also discuss our recent
experimental progress toward observing CW molecular modulation in these systems.

References
[1] A. V. Sokolov et al., J. Mod. Opt. 52, 285 (2005).

[2] J. J. Weber and D. D. Yavuz, Opt. Lett. 38, 2449 (2013).

[3] D. C. Gold, J. T. Karpel, E. A. Mueller, and D. D. Yavuz, Opt. Lett. 43, 1003 (2018).

[4] I. S. Grudinin and S. Maleki, Opt. Lett. 32, 166 (2007).
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Temporal solitons and optical frequency combs in microcavities 
Xu Yi 

Department of Electrical and Computer Engineering and Department of Physics 
University of Virginia, USA 

 
Microcavities enhances light and matter interaction by confining light in very small space for relative long 
period of time. It has broad applications in nonlinear optics, sensing, cavity QED, opto-mechanics, and 
parity-time symmetry. A recent development in microcavities is the generation of temporal solitons and 
optical frequency combs. Optical solitons are wave packets that resist chromatic dispersion through a self-
induced potential well. They have many interesting properties and are important to supercontinuum 
generation and mode-locked lasers. Their recent demonstration in optical microcavities has provided a new 
platform for the study of nonlinear optical physics with practical implications for miniaturization of time 
standards, spectroscopy tools, and frequency metrology systems. These solitons offset cavity loss by Kerr 
parametric gain, and compensate cavity dispersion with Kerr nonlinear shift. They orbit around a closed 
waveguide path and produce a repetitive output pulse stream at a rate set by the roundtrip time. This new 
miniature system has found its application in spectroscopy, coherent communication, ranging, and 
frequency synthesis. Moreover, its unique physics has led to observation of many unforeseen physical 
phenomena involving compound soliton states, such as Stokes solitons, soliton number switching and 
soliton crystals [1]. 
 
In this talk, I will first give an overview of the field discussing some of the recent developments. I will then 
describe our recent work of imaging the dynamical behaviors of microcavity solitons in real time [2]. A 
wide range of complex soliton transient behavior are characterized in the temporal or spectral domain, 
including soliton formation, collisions, spectral breathing, and soliton decay. This method can serve as a 
visualization tool for developing new soliton applications and understanding complex soliton physics in 
microcavities. 

 
Figure: (A) Microcavity solitons relies on the double balance of dispersion and Kerr nonlinearity, as well 
as parametric gain and cavity loss.  (B) The soliton field envelope in a ring resonator. (C) Optical 
spectrum of microcavity soliton. (D) Time domain frequency-resolved optical gating (FROG) spectrum of 
a single soliton. Images from T. Kippenberg, A. Gaeta, M. Lipson, M. Gorodetsky, “Dissipative Kerr 
solitons in optical microresonators”, Science, 361, 567 (2018).  

[1] T. Kippenberg, A. Gaeta, M. Lipson, M. Gorodetsky, “Dissipative Kerr solitons in optical 
microresonators”, Science, 361, 567 (2018). 
[2] Xu Yi, Qi-Fan Yang, Ki Youl Yang, Kerry Vahala, “Imaging soliton dynamics in optical 
microcavities”, Nature Communications, 9, 3565 (2018).  
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Experimental demonstration of Rabi Oscillations produced by adiabatic pulse 
due to initial atomic coherence 

Zhenhuan Yi1, Xingchen Zhao1, Zhiguo Wang1,2, Tao Peng1,  

Anatoly Svidzinsky1, Hichem Eleuch 1, Marlan O. Scully1,3,4 
1Texas A&M University, 2Xi’an Jiaotong University ,3Baylor University ,4Princeton University 

ABSTRACT 

Quantum Amplification by Superradiant Emission of Radiation 

(QASER) [1] is a recently proposed mechanism to achieve light 

amplification in the backward direction. For a two-level 

system, this mechanism requires  weak Rabi oscillations driven 

by a long adiabatic pulse of far-detuned radiation. But as 

shown in Fig. 1, when a slow raising adiabatic pulse (Δ ⋅ 𝜏 ≫ 1) 

drives a two-level system, it will not induce Rabi oscillations 

[2], instead, the population in the excited state will only 

adiabatically follow the envelope of the pulse. While if the 

system is prepared in a superposition state 𝛼|𝑎⟩ + 𝛽|𝑏⟩, Rabi 

oscillation can be seen with an adiabatic driving pulse. We 

experimentally show that with initial atomic coherence, such 

oscillations can be observed and this method points the way 

to a possible experimental demonstration of the QASER.  

_______________ 

References: 
[1] A. Svidzinsky, L. Yuan, and M. Scully, Phys. Rev. X, 3, 41001 (2013).     
[2] A. Svidzinsky, H. Eleuch, and M. Scully, Opt. Lett. 42, 65 (2017). 

Fig. 2 (Left) Population in the upper levels follows the envelope of the adiabatic pulse. (Right) 

When initial coherence is present, Rabi oscillations are observed. For both figures, red dashed 

curves are experimental data, blue solid curves are numerical simulations. 
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Broadband time-asymmetry of light through parametric loops around an exceptional point in a 

Si-photonic structure 

Jae Woong Yoon1, Youngsun Choi2, Gunpyo Kim2, Seok Ho Song2, Ki-Yeon Yang3, Jeong Yub Lee3, Choloong 

Hahn4, and Pierre Berini4, 

1Electronics and Telecommunications Research Institute (ETRI), Korea 
2Department of Physics, Hanyang University, Korea 
3Samsung Advanced Institute of Technology (SAIT), Samsung Electronics, Korea 
4Center for Research in Photonics, University of Ottawa, Canada 

 

Environmental interferences in devices and systems are in many cases regarded as being problematic or 

undesirable for their proper operations. However, recent development of non-Hermitian physics and photonics 

has opened up intriguing possibility of using environmental interferences as a key constituent element that 
controls physical states in remarkably efficient ways even beyond conventional closed-system approaches [1,2]. 

For example, unidirectional diffraction, which requires complicated time-varying components in Hermitian 

cases, is obtainable simply by including carefully-configured stationary absorbing components in conventional 

diffracting systems [3,4]. Further examples are synchronization of oscillators without any nonlinear injection-
locking mechanism [5], omnidirectional broadband anti-reflection boundaries using space analogy of the 

Kramers-Kronig relation [6], spontaneous tuning of non-radiative wireless power transfer systems [7], and 

detector sensitivity enhancement at a modal branch point [8,9], to mention a few. 
Another interesting case is chiral mode transfer through adiabatic topological operations around a non-

Hermitian singularity known as exceptional point (EP) [8,9]. In this effect, an initial state is either adiabatically 

transferred to an independent state or returns back to itself depending on the direction of rotational stimulus on a 
parametric loop enclosing an EP. This not only demonstrates a possibility of conceptually exotic chiral systems 

based on carefully engineered environmental interaction scheme but also suggests technological relevance of 

non-Hermitian, open-system dynamics for realizing robust time-asymmetric or non-reciprocal systems [10]. 

In this talk, we provide our recent progress for creating a robust device structure that performs the adiabatic 
topological operations around a parity-time-symmetric EP in the optical domain [11]. We devise a Si-photonic 

waveguide structure where propagation and attenuation constants of the fundamental guided mode are 

independently controlled in a remarkably simple structure that can be generated by a single lithographic process. 
Intriguingly, the fabricated devices produce the chiral mode-transfer effect over the entire optical 

telecommunications window from 1.26 m to 1.675 m. Further including nonlinear optical effects such as two-
photon absorption, free-carrier effect, and saturated gain in addition to our present device scheme may enable 

broadband on-chip optical isolators that have been formidable to realize so far. We will provide the design 

principle, fabrication methods, test results in detail, and discuss future directions of this topic. 
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Frontiers	of	Nonlinear	X-ray	Interactions	with	Matter	
Linda	Young	

	

Argonne	National	Laboratory,	Argonne,	IL,	60439	USA	
	Department	of	Physics	and	James	Franck	Institute,	The	University	of	Chicago,	Chicago,	

IL,	60637	USA	
	
	 Over	the	past	decade	the	world	has	witnessed	the	marriage	of	accelerator	and	
optical	 physics	 to	 produce	 x-ray	 free	 electron	 lasers	which	 generate	 roughly	 a	 billion-
fold	 increase	 in	 peak	 brightness	 for	 engineered	 sources	 of	 radiation	 out	 to	 Ångstrom	
wavelengths	 and	 achieve	 focused	 intensities	 of	 1020	W/cm2.	 	What	 are	 the	 dominant	
interaction	mechanisms	at	these	extreme	intensities	and	short	wavelengths?		How	are	
absorption,	scattering	and	propagation	modified?	 	Can	we	harness	the	power	of	these	
sources	 that	 typically	 operate	 with	 stochastically	 varying	 self-amplified	 spontaneous	
emission	 pulses?	 What	 are	 the	 prospects	 to	 use	 the	 latest	 schemes	 (two-color	
attosecond	 pulses	 with	 controlled	 bandwidths)	 to	 perform	 analogues	 of	
multidimensional	optical	spectroscopies	at	short	wavelengths?			In	this	talk,	I	will	review	
current	 understanding	 of	 the	 basic	 interaction	 phenomena,	 ultrafast	 controlled	
modification	 of	 absorption,	 and	 the	 road	 toward	 single	 molecule	 imaging	 via	 the	
“diffract-before-destroy”	 method	 as	 an	 introduction	 to	 this	 session	 dedicated	 to	 the	
frontiers	of	nonlinear	x-ray	interactions	with	matter.	
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Abstract for PQE 2019 

 

Metasurfaces utilize strong interactions between light and two-dimensional 

nanostructured interfaces to control light at will, and enable us to break away 

from the reliance on light propagation by transferring an optical interface into 

functional devices. I will describe the effort of my research lab in creating flat 

optical devices that show record-breaking performance. These include broadband 

achromatic flat lenses that and multicolor phase-amplitude metasurface 

holograms. 

We show that structural dispersion engineering of meta-atoms enables chromatic 

aberration correction in meta-lenses. We experimentally demonstrate 

polarization-independent meta-lenses that work in the transmission mode with 

focusing efficiencies up to 50%, and operate continuously over a wavelength 

range of 1200-1650 nm. 

We also show that anisotropic meta-atoms allow for independent and complete 

control of optical phase and amplitude for more than one color of light. We 

demonstrate high efficiency, all-dielectric, amplitude and phase metasurface 

holograms and generate 2D and 3D holographic images at up to two colors in the 

near-infrared.  
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Spin-valley locking and topological phase transition  

in photonic crystals 
 

Baile Zhang1,2 

1Division of Physics and Applied Physics, School of Physical and Mathematical Sciences, 

Nanyang Technological University, Singapore. 

2Centre for Disruptive Photonic Technologies, Nanyang Technological University, 

Singapore. 

 

Valley photonic crystals utilize valley as the new degree of freedom to manipulate 

electromagnetic waves, in much the same way as valleytronic materials steer electrons. 

Here we will talk about the construction of a valley photonic crystal, the realization of 

spin-valley locking, and the topological phase transition that is induced by the 

competition between spin-orbit coupling and inversion symmetry breaking. Moreover, 

different spin/valley-polarized states behave differently when they couple to external 

environment, which may find use in future photonic applications.   
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Nanocavities for Strong Light-Matter Interaction 

Shunping Zhang 

School of Physics and Technology, Wuhan University, Wuhan 430072, China 

 

Metallic nanoparticles are excellent optical antenna for enhanced spectroscopy, light harvesting 

or light emitting devices. The capability of concentrating light into a deep subwavelength volume 

allows them to function as nanocavities that boost the light-matter interaction. On the other hand, 

monolayer transition metal dicalcogenides (TMDs) exhibit giant excitonic effect that is promising 

for room-temperature integrated nanophotonics. The combination of plasmonic nanocavities and 

TMDs provide an unique route of constructing hybrid devices with unprecedented functionality.  

In this talk, I will show how to realize strong coupling of plasmons with excitons in TMDs close 

to a single plasmonic nanocavity. 

The anti-crossing behavior of the 

hybrid system can be mapped 

unambiguously by scanning the 

plasmon resonance across the 

exciton transition, free of 

statistical inhomogeneous 

uncertainty from typical 

nanocavities.[1] By inserting a 

monolayer WSe2 into the gap 

between a Ag nanocube and a Au 

mirror, the excitons can overlap 

with the strong near-field of 

plasmons very well. Using 

similar plasmon-scanning 

technique, we can determine the 

Rabi splitting of the hybrid 

system and correlate it with 

photoluminescence (PL) measurement (Figure 1). A 1000 (1700) times PL enhancement is achieved 

for those excitons under the nanocube (inside the hot spot). This enhancement is proved to originate 

from ‘plexciton’-enhanced fluorescence, different from the traditional plasmon enhanced 

fluorescence in the weak coupling regime.[2] Finally, a 1L MoS2 within the nanogap between a Au 

nanoparticle and a Au mirror is used as probe for surface enhanced Raman scattering. This allows 

precise determination of the local electric field intensity in the nanogap, revealing the quantum 

limited plasmonic field enhancement.[3]  

 

1. D. Zheng, S. Zhang, Q. Deng, et al., Nano Lett. 17, 3809 (2017). 

2. J. W. Sun, H. T. Hu, D. Zheng, et al., ACS Nano 12, 10393-10402 (2018).  

3. W. Chen, S. Zhang, M. Kang, et al., Light: Science & Applications 7, 56 (2018). 

Figure 1. Left: hybrid plasmonic nanocavity and TMD for 

maximum fluorescence brightness. Right: experimental PL 

enhancement (top) and Rabi splitting (bottom) from the hybrid 

system. 
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Electrically driven single-photon superradiance 
from constructed long molecular chains in a plasmonic nanocavity 

Yang Zhang 

Hefei National Laboratory for Physical Sciences at the Microscale,  

University of Science and Technology of China, Hefei, Anhui 230026, China 

Superradiance is a quantum phenomenon associated with the cooperative spontaneous emission from a 

collection of emitters. Single-photon superradiance, with only one of emitters excited, can directly reveal 

the quantum coherence nature of superradiance and provide important insights into the physics of collective 

field-matter interactions. Such single-exciton collective states and the associated quantum coherence also 

play a key role in the optical properties of molecular aggregates and the energy transfer processes in 

molecular complexes. However, it is very challenging to deterministically produce these states due to the 

lack of precise control on molecular configuration parameters together, including number of coupled 

monomers, intermolecular distances, molecular dipolar orientations as well as the dipole phase relations. 

Here we demonstrate the realization of electrically driven single-photon superradiance from artificially 

constructed molecular chains and investigate the interaction between the superradiant states and a plasmonic 

nanocavity. Sub-nanometer resolved spectroscopic imaging for molecular chains reveals the local optical 

response of superradiant states. Second-order photon correlation measurements for these superradiant peaks 

show evident photon antibunching effects with single-photon purities g(2)(0)<0.5, indicating the occurrence 

of single-photon superradiance and the formation of single-exciton superradiant state. The nanocavity 

plasmon is found to modify the SPS behavior but not to destroy the intrinsic coherence established by the 

intermolecular dipole-dipole coupling. Our results open up new routes to study energy transfer and quantum 

many-body physics at individual molecule level. 

 

Figure Engineering electrically driven molecular fluorescence from constructed molecular chains. 
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Quantum Coherence Effects in Biology 

Zhedong Zhang, Girish S. Agarwal and Marlan O. Scully 
Institute for Quantum Science and Engineering, Texas A&M University, College Station, TX 77843 

 

Abstract 
 

The collective properties in both physical and biological systems are of great importance for 

understanding many peculiar phenomena, i.e., superefficient energy transfer in photosynthesis 

and cognitive function of some molecular machinery at work in living cells. The studies of these 

phenomenon suggested a significant role of quantum coherence, which for example, was shown 

to greatly enhance the energy transfer efficiency in photosynthetic complexes. On the other hand, 

Fröhlich suggested a condensation of energy at the lowest mode of polar vibrations once the 

external energy supply exceeds a threshold. Provided sufficient energy pump the system attains 

a steady state where a large fraction of energy accumulates at the lowest mode, which is a 

reminiscence of Bose-Einstein condensate. Here I will briefly survey the coherence effect in 

biological materials that was recently revealed by coherent multidimensional spectroscopy and 

further explain our recent work on the out-of-equilibrium condensate in polar vibrations. We 

develop a quantum statistical theory for such systems and it reveals the critical behavior of the 

system. The energy redistribution among different vibrational modes with nonlinearity included 

is shown to be essential for achieving the condensate and the phonon statistics, yielding an 

analogy to laser operation. We further study the spectroscopic properties of the Fröhlich 

condensate, which illustrates the long-lived coherence and collective nature of such out-of-

equilibrium condensate. Finally we propose some protein systems as the possible candidates for 

observing such collective modes in THz regime using spectroscopic technique. 

 

 

Figure 1: (a) Schematic of molecular vibrations driven into far-from-equilibrium regime; (b) Vibrational modes absorb energy from 
external source at rate of s and surrounding medium acting as thermal bath causes the dissipation at rate of φ. Bath is also 
responsible for energy redistribution (nonlinear) at rate of χ; (c) Feynman diagrams for those one-phonon and two-phonon 
processes. The latter is an analogy to an effective Raman scattering including the Stokes and anti-Stokes processes.   
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Advances in Tip-Enhanced Raman Spectroscopy: Molecular-Semiconductor 
Interactions and Fiber-Plasmonic Probe 

 
Zhenrong Zhang  

 
Department of Physics, Baylor University, Waco, TX 76798, USA 

 
One of the major hurdles of probing light-matter interaction in nano-scale regime is the efficient 
delivery and collection of electromagnetic energy to and from the nanoscale region of interest. 
Metallic plasmonic nano-probes can efficiently excite and detect the near-field at nanoscale for 
near-field imaging and sensing applications such as tip-enhanced Raman spectroscopy (TERS). 
We have studied the interaction of molecules with bulk MoS2, a semiconductor, using TERS. 
MoS2, has attracted tremendous attention due to promising applications in electronics, photonics, 
and catalysis. Here we have compared the difference in the interaction of sub-monolayer copper 
phythalocyanine (CuPc) molecules with MoS2 (Fig. 1a) and Au. The relative Raman peak ratio 
and Raman peak position shift from spatial TERS mapping show the difference in the adsorbates-
adsorbates interaction and the adsorbates-substrates interaction on Au and MoS2 substrates. We 
have investigated the limits of Raman signal enhancement on bulk MoS2.  
 
I will also report the design, fabrication, and far-field characterization of fiber-plasmonic probes 
for TERS. In our device, light in a fiber couples with the surface plasmons of a nano-antenna (Fig. 
1b). The coupled plasmonic mode then propagates down the conical waveguide to the narrow apex 
where it gets localized and strongly focused, exhibiting immense field enhancement. The needle-
shaped antenna is grown by electron beam assisted chemical deposition of metal on the fiber end 
facet. Far field emission to the side of the probe, optical spectra, and mode profiles transmitted 
through the probe demonstrate the excitation of surface plasmons on the antennae. The probe can 
be implemented into TERS setup to obtain spectroscopic information at the nanoscale. 
 
 

 

 

Fig. 1: (a) TERS map of submonolayer CuPc on MoS2. (b) The schematic of excitation and collection 
paths for photonic crystal fiber (PCF) TERS probe overlaid with the SEM image of the nano-antenna on 
the facet of PCF.  

Speaker: Zhenrong Zhang, Baylor University
Session: Quantum Optics: From Fundamentals to Applications
Schedule: Thursday Evening Invited Session

PQE-2019 366



Imaging through Scattering Media via Cross-spectrum 

Xingchen Zhao1, Tao Peng1, Zhenhuan Yi1, Lida Zhang1, Yanhua Shih2, and Marlan O. Scully1,3 

1Texas A&M University, College Station, Texas 77843, USA 
2University of Maryland, Baltimore County, Baltimore, Maryland 21250, USA 

3Bayor University, Waco, Texas 76706, USA 

ABSTRACT 

Imaging through complex media remains one of the most challenging issues in optics1. When photons pass through 
such media, the majority of them undergo multiple scattering and deviate from the straight-line path, while the 
unscattered photons, also known as “ballistic photons”, are only a tiny portion of the output signal. The degradation of 
incident light information (such as direction of propagation and polarization) due to scattering results in blurring images 
captured by conventional optical imaging systems, which is encountered in a variety of situations such as poor visibility 
on foggy days, identifying objects in turbid fluids, and imaging internal structure of biological tissues2. Over past 
decades, enormous theoretical and experimental progress had been made to enhance the ability to extract ballistic 
photons and/or manipulating light fields in complex media, which in turn boost the development of methods that attempt 
to retrieve useful information and reconstruct the image of object in the presence of scattering. Although exciting 
progress has been achieved, current modalities are subject to various limitations, which impair their capability and 
versatility in practice. Here we introduce a new method based on the cross-spectrum of an intensity-modulated laser to 
image an object hidden behind ground glass diffusers. Our method is non-invasive, easy to implement, and can work 
for both static and dynamic media with penetration depth only limited by incident optical power. With high detection 
speed, the system is also expected to be able to identify moving targets through scattering media. 

 

Figure 1. (a) Experimental setup. An intensity-modulated He-Ne laser is directed to the object hidden behind ground 
glass diffuser. The output light is split into two components for calculating cross-spectrum and generating the image 
of the object. (b) Image obtained by measuring light intensity and using the cross-spectrum method. GT: ground truth. 
SD: static diffuser. DD: dynamic diffuser. 
                                                             
1 Rotter, S. et al. Rev. Mod. Phys. 89, 015005 (2017). 
2 Ntziachristos, V. Nat. Methods 7, 603 (2010). 
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Topological Photonics in Open Systems  
Bo Zhen  
University of Pennsylvania  
 
Topological photonics has recently become one of the most exciting fields of research; yet most 
research has been limited within the framework of Hermitian systems (closed and lossless). In this 
talk, I will focus on the recent progress in understanding topological photonics in systems with 
open boundary conditions using the mathematical framework of non-Hermitian systems. In 
particular, I will discuss (1) our theoretical efforts in formulating the topological band theory in 
general non-Hermitian settings [1]; and (2) our experimental discovery of a bulk Fermi arc and 
polarization half charges in a photonic crystal slabs, both originated from the topological properties 
of exceptional points [2].   
 
Reference  
[1] Physical review letters 120 (14), 146402 (2018).  
[2] Science 359 (6379), 1009-1012 (2018).  
 
 

 
 
Figure 1 Observation of bulk Fermi arc and polarization half charge from paired exceptional 
points | (left) A photonic crystal slab sample exhibiting a pair of exceptional points in its spectrum. 
(right) The iso-frequency contours of this sample show novel features at different frequencies, 
including a bulk Fermi arc (top) and polarization half-charges (bottom), both originated from 
topological properties of exceptional points.   
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All-optical devices based on manipulating photons in the synthetic dimensions

Zheng-Wei Zhou1, 2

1Key Laboratory of Quantum Information, Chinese Academy of Sciences,
University of Science and Technology of China, Hefei, 230026, China

2CAS Center For Excellence in Quantum Information and Quantum Physics, Hefei, 230026, China

Orbital angular momentum (OAM) of light is a fundamen-
tal optical degree of freedom. It is characterized by unlimited
number of available angular momentum states, and has proved
invaluable in diverse recent studies ranging from quantum in-
formation to optical communication. In this talk, we will in-
troduce fully new applications of photon’s orbital angular mo-
mentum in supporting photonic synthetic dimension. The ba-
sic idea is to design a degenerate cavity supporting photonic
modes carrying different orbital angular momentum (i.e. the
Laguerre-Gaussian modes), whose resonance frequencies are
the same. By coupling photons in different orbital angular
momentum states, a single degenerate cavity is equivalent to a
1D coupled-cavity array. Consequently, 1D coupled degener-
ate cavity array can be used to simulate 2D physics (see Fig.
1)[1].

All-optical photonic devices are crucial for many important
photonic technologies and applications, ranging from optical
communication to quantum information processing. Conven-
tional design of all-optical devices is based on photon propa-
gation and interference in real space, which may rely on large
numbers of optical elements and the requirement of precise
control makes this approach challenging.
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FIG. 1: A 1d array of degenerate cavities for simulating 2d lattice.

Here, we propose an unconventional route for engineer-
ing all-optical devices based on manipulating photon’s OAM
degrees of freedom in photonic synthetic dimensions. We
demonstrate this design concept by showing how important
optical devices such as quantum memory[2] and topological
photonic orbital angular momentum switch[3] can be real-
ized using synthetic OAM lattices in degenerate cavities. The
design route utilizing synthetic photonic lattices may signifi-
cantly reduce the requirement for numerous optical elements
and their fine tuning in conventional design, paving the way
for realistic all-optical photonic devices with novel function-
alities.
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Guang-Can Guo, and Zheng-Wei Zhou, Quantum simulation of
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Guang-Can Guo, Chuanwei Zhang, and Zheng-Wei Zhou,
Synthetic-lattice enabled all-optical devices based on orbital
angular momentum of light, Nature Communications 8,16097
(2017).

[3] Xi-Wang Luo, Chuanwei Zhang, Guang-Can Guo, and Zheng-
Wei Zhou, Topological photonic orbital angular momentum
switch, Phys. Rev. A 97, 043841 (2018).

Speaker: Zhengwei Zhou, University of Science & Technology of China
Session: Topological Phenomena in Quantum Optics
Schedule: Monday Evening Invited Session

PQE-2019 370



T 3-interferometers probing a linear potential

M. Zimmermann1, M.A. Efremov1, W. Zeller1, O. Amit2, Y. Margalit2,
R. Folman2, J.P. Davis3, F.A. Narducci4, W.P. Schleich1,5, E.M. Rasel6

1Institut für Quantenphysik and Center for Integrated Quantum Science and Technology (IQST ),
Universität Ulm, Ulm, Germany

2Department of Physics, Ben-Gurion University, Be’er Sheva, Israel
3AMPAC, North Wales, USA

4Naval Postgraduate School, Monterey, USA
5Hagler Institute for Advanced Study at Texas A&M University, Texas A&M AgriLife Research,

Institute for Quantum Science and Engineering (IQSE), and Department of Physics and Astronomy,
Texas A&M University, College Station, USA

6Institut für Quantenoptik, Leibniz Universität Hannover, Hannover, Germany

In the last years different atom interferometers have been suggested [1] and realized [2], which probe
a linear potential and have a contribution to the phase shift that scales as T 3, in contrast to con-
ventional atom interferometers with a phase scaling as T 2. Here T denotes the total interferometer
time. Moreover, recently a Stern-Gerlach interferometer [3-5] has been constructed which reveals a
pure cubic phase scaling.

We review and compare these interferometers by applying a representation-free formalism [6]. In
particular, we show that the cubic phase is a result of a branch-dependent linear potential, which is
piecewise constant in time. Furthermore, a T 3-interferometer should be closed in order to obtain a
high contrast, that is the differences in momentum δp(t) and position δz(t) between its two branches,
depicted exemplarily in Fig. 1, have to vanish for t = T . Finally, we relate the resulting cubic phase
shift to the area in space-time enclosed by the two interferometer branches.

Fig. 1: Displacements in momentum δp(t) and position δz(t) between the two branches of a T 3-
interferometer.

[1] M. Zimmermann et al., Appl. Phys. B 123:102 (2017)
[2] G.D. McDonald et al., EPL 105(6):63001 (2014)
[3] D. Bohm, Quantum Theory (Prentice-Hall, 1951)
[4] B.-G. Englert et al., Found. Phys. 18(10):1045 (1988)
[5] Y. Margalit et al., arXiv:1801.02708
[6] M. Zimmermann et al., to be submitted
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X-ray superradiance in free space 

J. von Zanthier1,2 
 

1Institute of Optics, Information and Photonics, University of Erlangen-Nuremberg, Germany 
2Erlangen Graduate School in Advanced Optical Technologies (SAOT), University Erlangen-Nuremberg, Germany 
 
We investigate directional superradiance, observed with distant, non-interacting and initially 
uncorrelated sources incoherently emitting in free space [1-3]. In our approach, correlations among 
the sources are produced via successive measurement of photons at particular positions such that 
the detection is unable to identify the individual photon source. In this case, a system of initially 
fully excited two-level atoms cascades down the ladder of symmetric Dicke states each time a 
spontaneously emitted photon is recorded [4,5]. Detecting m photons scattered from N > m atoms 
amounts to measuring the m-th order photon correlation function. Measuring this function thus 
allows (a) the production of any symmetric Dicke state from initially uncorrelated sources and (b) 
the observation of superradiant emission patterns of the resultant Dicke states. As it turns out the 
same algorithm is also applicable for initially uncorrelated incoherently emitting classical sources 
[6]. We apply this scheme to demonstrate directional superradiance in the x-ray domain at λ = 13.2 
nm using the light from the FLASH free-electron-laser facility at DESY, Hamburg, made 
incoherent by a diffuser.  
 
Fig. 1: Normalized m-th order photon correlation 
function for m = 1,…, 8 as a function of the position 
of the m-th detector for N = m statistically 
independent thermal light sources, aligned 
equidistantly along a line and emitting XUV photons 
at 13.4 nm. For m = 2,…, 8, the focussed emission 
of the m-th photon at δ1 = 0 after m-1 photons have 
been recorded at δ2, …, δm-1 = 0 is clearly visible.  
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