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Preface

Welcome to PQE-2017. This is the 47th annual Winter Colloquium on the Physics of
Quantum Electronics, one of the longest running conferences on laser and quantum physics.

There are 278 talks scheduled over 5 days, including 39 plenary and 239 invited talks,
covering a wide range of physics including plasmonics and hot electron science, X-ray
optics and quantum optics, quantum imaging, attosecond physics, biophotonics, quantum
information science, exotic states of light, highly nonlinear optical systems and filamen-
tation, quantum and novel sensing, quantum opto-mechanics, metamaterials, nano lasers
and electronics, quantum electronics and quantum optics, semiconductor opto-electronics,
collective and many-body effects, and mesoscopic physics. 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 arrangedmost of the sessions. AlanWillner, Alexei
Sokolov, AlexeyAkimov, ChristophKeitel, ErnstM.Rasel, Eugene Polzik, Gennady Shvets,
Gerd Leuchs, Girish Agarwal, Harald Schwefel, Howard Lee, Hui Cao, Jean Pierre Wolf,
Jens Eisert, Joachim von Zanthier, Johann Peter Reithmaier, Leonid Butov, Mankei Tsang,
Mark Havey, Mark Raizen, Miles Padgett, Misha Ivanov, Nader Engheta, Naomi Halas,
Nikolay Zheludev, Olga Kocharovskaya, Patrice Genevet, Paul Corkum, Peter Nordlander,
Philippe Grangier, Ralf Röhlsberger, Renbao Liu, Robert Boyd, Stefan Kröll, Stephan
Reitzenstein, Stephen Rand, Szymon Suckewer, Tamar Seideman, Vasily Astratov, Volker
Deckert, Wolfgang Lechner, and Wolfgang Schleich all contributed their organizational
skills to this program.

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 Stefanie Pacheco 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 8-13, 2017. The program consists of three parts:
there is a reception on Sunday evening, January 8; the technical sessions are on Monday
through Friday mornings and evenings, January 9–13; and the poster session with dinner is
on Thursday afternoon, January 12. All events take place in the Cliff Lodge at Snowbird.

Event When and Where

Reception Sunday evening, January 8
Time: 6:00 p.m.
Room: Golden Cliff
Notes: Includes pizza and crudités buffet dinner.

Continental Breakfast Monday-Friday mornings, January 9-13
Time: 7:00 a.m.
Room: Ballroom 2
Notes: Includes coffee and tea, juice, and pastries.

Technical Sessions Monday-Friday, January 9-13
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 12

Time: 5:30 p.m. – 7:00 p.m.
Room: Ballroom 3
Notes: Posters may be put up starting Wednesday morning,
January 11. The “official” session is listed above, and in-
cludes 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% which varies 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 should work as well. Participants also receive a $12.50 access fee to the Cliff
Spa (normally $25.00) and a 20% discount on treatments of 50 minutes or more.

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.
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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-2017 at 10:50 a.m. on Wednesday morning, January 11, 2017. The 2017 winners are:

Naomi Halas, Rice University
For groundbreaking work in nano-bio-photonics.

Mikhail Lukin, Harvard University
For field opening contributions to quantumoptics, quantum informatics and quantum
biology.

Rainer Weiss, Massachusetts Institute of Technology
For pioneering the laser gravitational wave detector.

Naomi Halas Mikhail Lukin Rainer Weiss

Halas photo provided by Prof. Halas, 2016. Used with permission. Lukin photo provided by Prof. Lukin, 2016. Used with permission. Weiss photo provided by Prof. Weiss, 2016. 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 3, 4, or 5 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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5.1 Block diagrams of sessions

7:00

7:25

9:10

10:30

10:50

12:00

19:00

20:50

Plenary Session 1 – Ballroom 1&2

Invited Session:

Hot Carriers

Ballroom 1

Invited Session:
Quantum Imaging

with Incoherent
Light: From the

Visible to X-Rays
Magpie A

Invited Session:
Quantum

Dynamics of
Optical Spin

Physics
Magpie B

Continental Breakfast – Ballroom 1&2

Coffee Break – Ballroom 2

Plenary Session 2 – Ballroom 1&2

Invited Session:
 Quantum and
Computational

Imaging

Ballroom 1

Afternoon free

Plenary Session 3 – Ballroom 1&2

Invited Session:

 Novel X-Ray
Spectroscopies

Ballroom 1

Invited Session:
 Technologies for

OAM
Transmission

Links
Magpie A

Monday, January 9, 2017

Invited Session:

 Plasmonic
Photochemistry 1

Magpie A

Invited Session:
Spectroscopic
imaging: from

physics to medicine 

Magpie B

Invited Session:
 

Quantum Networks

Wasatch A

Invited Session:
 

Plasmonic
Photochemistry 2

Wasatch A

Invited Session:

 Biophotonics 

Magpie B

Invited Session:
 Mid-IR

Filamentation and
Atmospheric

Control 
Magpie B

Invited Session:
 

Attosecond
Physics 

Magpie B
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7:00

7:25

9:10

10:30

10:50

12:00

19:00

20:50

Plenary Session 1 – Ballroom 1&2

Invited Session:
 Quantum System
Identification and

Compressed
Sensing

Ballroom 1

Invited Session:
Physics Based on
Rare Earth Doped

Crystals 1

Magpie A

Invited Session:
  Advanced Optics

in Nano/Micro
Structured Optical

Fiber  
Magpie B

Continental Breakfast – Ballroom 1&2

Coffee Break – Ballroom 2

Plenary Session 2 – Ballroom 1&2

Invited Session:
 

Quantum Opto-
Mechanics

Ballroom 1

Afternoon free

Plenary Session 3 – Ballroom 1&2

Invited Session:
Physics Based on
Rare Earth Doped

Crystals 1

Ballroom 1

Invited Session:
 

Electron optics 1

Magpie A

Tuesday, January 10, 2017

Invited Session:
 Nonlinear and

Topological
Phenomena in
Metamaterials

Magpie A

Invited Session:
Spectroscopic
imaging: from

physics to medicine 

Magpie B

Invited Session:
Physics Based on
Rare Earth Doped

Crystals 1

Wasatch A

Invited Session:
 

 Semiconductor
Quantum Optics

Wasatch A

Invited Session:
  Nonlinear and

Topological
Phenomena in
Metamaterials

Magpie B

Invited Session:
 High Harmonics

Generation in
Solids

Magpie B

Invited Session: 
 Nonequilibrium
and Plasmonic

Systems

Magpie B
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7:00

7:30

9:10

10:30

11:20

12:00

19:00

20:50

10:50

Plenary Session 1 – Ballroom 1&2

Invited Session:
 

New Frontiers in
Quantum Optics 1

Ballroom 1

Invited Session:
 Physics of

Semiconductor
Nanolasers

Magpie A

Invited Session:
 QED with

Extremely Intense
Laser Pulses

Magpie B

Continental Breakfast – Ballroom 1&2

Coffee Break – Ballroom 2

Plenary Session 2 – Ballroom 1&2

Invited Session:
 

Modern Trends in
Quantum Optics 1 

Ballroom 1

Invited Session:
 

Electron optics 2

Magpie A

Invited Session:

 New Frontiers in
Quantum Optics 2

Magpie B

Afternoon free

Plenary Session 3 – Ballroom 1&2

Invited Session:
 Plasmon

Enhanced Probe
Spectroscopies –
Theory and Expt.

Ballroom 1

Invited Session:
 Rydberg

Blockade: What is
Good and What is

Bad
Magpie A

Invited Session:
 

Precision Atom
Interferometry

Magpie B

Invited Session:

 Molecular
Modulation

Wasatch A

Wednesday, January 11, 2017

Presentation of the
Willis E. Lamb Award for Laser Science and Quantum Optics

 Ballroom 1&2

Invited Session:

 Quantum X-Ray
Optics

Wasatch A

Invited Session:
 

 Cooperativity and
Light Scattering 1 

Wasatch A
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7:00

7:25

9:10

10:30

10:50

12:00

19:00

20:50

Plenary Session 1 – Ballroom 1&2

Invited Session:
 

Diamond Quantum
Sensing

Ballroom 1

Invited Session:
 Collective

Phenomena in
Semiconductor

Materials
Magpie A

Invited Session:
 

Mesoscopic Optics

Magpie B

Continental Breakfast – Ballroom 1&2

Coffee Break – Ballroom 2

Plenary Session 2 – Ballroom 1&2

Invited Session:
Laser

Filamentation in
Gases 1

Ballroom 1

Afternoon free

Plenary Session 3 – Ballroom 1&2

Invited Session:
 Quantum

Metrology for
Super-Resolution

Imaging
Ballroom 1

Invited Session: 
 Nonlinear Optics
of ε-near-zero and

Plasmonic
Materials
Magpie A

Thursday, January 12, 2017

Invited Session:
  Physics of

Quantum Electronics
in Medicine

Magpie A

Invited Session:
Spectroscopic
imaging: from

physics to medicine 

Magpie B

Invited Session:
 

Cooperativity and
Light Scattering 2

Wasatch A

Invited Session:
Laser

Filamentation in
Gases 2

Wasatch A

Invited Session:
 

Quantum Gases 

Magpie B

Invited Session:
 

Transverse angular
momentum of light

Magpie B

Invited Session:  
Plasmonic

Antennas and
Nanoscopy

Magpie B

17:30
Poster Session and Buffet Dinner – Ballroom 2&3

PQE-2017 15



Numbers in brackets refer to the page number of the abstract

7:00

7:25

9:10

10:30

10:50

12:00

19:00

20:50

Plenary Session 1 – Ballroom 1&2

Invited Session:
 Quantum Optics

and QED in
Hyperbolic

Environment
Ballroom 1

Invited Session:
 

Semiconductor
Laser Physics

Magpie A

Invited Session:
 Exotic Photonics:

Nonlinear,
Topological, and

Active - 1
Magpie B

Continental Breakfast – Ballroom 1&2

Coffee Break – Ballroom 2

Plenary Session 2 – Ballroom 1&2

Invited Session:
 

 Applications of X-
Ray Lasers

Ballroom 1

Afternoon free

Plenary Session 3 – Ballroom 1&2

Invited Session:
 

Modern Trends in
Quantum Optics 3

Ballroom 1

Invited Session: 
 Fundamental
Problems in

Quantum Physics

Magpie A

Friday, January 13, 2017

Invited Session:
 

Quantum Annealing

Magpie A

Invited Session:
Spectroscopic
imaging: from

physics to medicine 

Magpie B

Invited Session:
 

Metasurfaces and
Metamaterials

Wasatch A

Invited Session: 
 Quantum State

Transfer between
Microwaves and

Optics
Wasatch A

Invited Session:
 Exotic Photonics:

Nonlinear,
Topological, and

Active - 2
Magpie B

Invited Session:
 

Metasurfaces and
Applications

Magpie B

Invited Session: 
 

Modern Trends in
Quantum Optics 2 

Magpie B
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5.2 List of all sessions in detail

Monday, January 9, 2017

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

7:30 Peter Nordlander, Rice University, “Frontiers in Plasmonics: Quantum Effects and Hot Carrier
Generation” [ 268 ]

8:00 Joachim von Zanthier,University of Erlangen, Germany, “Quantum Imaging with Incoherent Light
from a Free-Electron Laser” [ 378 ]

8:30 Stephen Rand, University of Michigan, “Optical Magnetism in a New Light” [ 286 ]

Monday Morning Invited Session 1

Breakout Session 1: Hot Carriers.
Location: Ballroom 1 — Peter Nordlander, Chair

9:10 Jacob Khurgin, Johns Hopkins University, “Excited electrons in metal: from frigid to tepid to
scalding hot”” [ 194 ]

9:30 Jeremy Munday, University of Maryland, “Hot carrier optoelectronic devices based on ultra-thin
metallic films” [ 262 ]

9:50 Tianquan Lian, Emory University, “Towards Rational Control of Efficient Plasmon Induced Hot
Electron Transfer” [ 227 ]

10:10 Stephan Link, Rice University, “Ultrafast Dynamics of Plasmonic Nanostructures” [ 231 ]

Breakout Session 2: Quantum Imaging with Incoherent Light: From the Visible to X-Rays.
Location: Magpie A — Joachim von Zanthier, Chair

9:10 Henry Chapman, CFEL DESY, “Macromolecular X-Ray Diffractive Imaging Using Imperfect
Crystals” [ 109 ]

9:30 Marco Genovese, INRiM, “Beating the Classical Diffraction Limit in Confocal Microscopy” [ 147 ]
9:50 Sharon Shwartz, Bar Ilan University, “X-ray ghost imaging and ghost diffraction with a laboratory

source” [ 322 ]
10:10 David Kieda, University of Utah, “Using HBT Interferometry for Astronomical Imaging” [ 195 ]
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Breakout Session 3: Quantum Dynamics of Optical Spin Physics.
Location: Magpie B — Stephen Rand, Chair

9:10 Antoinette (Toni) Taylor, Los Alamos National Laboratory, “Directly probing spin dynamics in
insulating antiferromagnets using ultrashort THz pulses” [ 339 ]

9:30 Tom Silva, National Institute of Standards and Technology, “Good things come in small packages:
Insights from the use of table-top high harmonic generation sources to study ultrafast magnetization
dynamics” [ 324 ]

9:50 Brian Zhou, University of Chicago, “Accelerated quantum control using superadiabatic dynamics
in a solid-state lambda system” [ 376 ]

10:10 Andrei Kirilyuk, Radboud University, “All-optical switching: mechanisms and time scales” [ 197 ]

Breakout Session 4: Attosecond Physics.
Location: Wasatch A — Mette Gaarde, Chair

9:10 Arvinder Sandhu,University of Arizona, “Laser modification of molecular autoionizing states: The
role of electronic symmetry” [ 305 ]

9:30 Agnieszka Jaron-Becker, JILA, University of Colorado, Boulder, “Multielectron effects in strong
field processes” [ 183 ]

9:50 Andreas Becker, JILA, University of Colorado, Boulder, “Laser driven nonadiabatic electron dy-
namics in molecules” [ 87 ]

10:10 Samuel Bengtsson, Lund University, “Controlled Free Induction Decay in the Extreme Ultraviolet”
[ 92 ]

Monday Morning Plenary Session 2
Location: Ballrooms 1 and 2 — George R. Welch, Chair

10:50 Miles Padgett, University of Glasgow, “The Spatial Resolution of Ghost Imaging” [ 270 ]
11:20 Naomi Halas, Rice University, “Active Plasmonic Devices and Processes” [ 162 ]

Monday Morning Invited Session 2

Breakout Session 1: Quantum and Computational Imaging.
Location: Ballroom 1 — Miles Padgett, Chair

12:00 Andrew Harvey, University of Glasgow, “Computational 3D Microscopy with Extended Depth of
Field”

12:20 John Howell, University of Rochester, “Quantum Inspired Precision Measurement” [ 172 ]
12:40 Andrew Forbes, University of the Witwatersrand, “Creating a quantum link for image transfer”

[ 137 ]
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Breakout Session 2: Plasmonic Photochemistry 1.
Location: Magpie A — Naomi Halas, Chair

12:00 SteveCronin,USC, “Hot-ElectronDriven Photocatalysis and PhotoexcitedChargeCarrierDynamics
in TiO2-Passivated Photocatalysts” [ 117 ]

12:20 Renee Frontiera,University ofMinnesota, “Ultrafast surface-enhancedRaman spectroscopic studies
of plasmon-molecule dynamics” [ 138 ]

12:40 Christy Landes, Rice University, “Super Temporal-Resolved Microscopy (STReM)” [ 210 ]

Breakout Session 3: Biophotonics.
Location: Magpie B — Vladislav Yakovlev, Chair

12:00 Aleksander Rebane,Montana State University, “Ultrafast multi-photon absorption: from nonlinear-
optical directed evolution of fluorescent proteins to all-optical molecular voltmeter” [ 291 ]

12:20 Volker Schweikhard, Rice University, “Peeking deep into human cells using multiplex superreso-
lution and live-cell microscopy” [ 310 ]

12:40 Hyungsik Lim, City University of New York, Hunter College, “Third-harmonic Generation for
Label-free Imaging of Schwann Cell Myelination” [ 230 ]

Breakout Session 4: Quantum Networks.
Location: Wasatch A — Mikael Afzelius, Chair

12:00 Christoph Simon, University of Calgary, “Quantum networks: around the globe and in the brain?”
[ 325 ]

12:20 Virginia Lorenz, University of Illinois at Urbana-Champaign, “Multidimensional tomography of
quantum photonic sources” [ 238 ]

12:40 Paul Huillery, Durham university, “Contactless non-linear optics using Rydberg atoms” [ 178 ]

Monday Evening Plenary Session
Location: Ballrooms 1 and 2 — Frank Narducci, Chair

19:00 Ralf Röhlsberger, DESY, “High-Purity Polarization Spectroscopy with X-rays” [ 302 ]
19:30 Alan Willner, University of Southern California, “High-Capacity Communications Using Multi-

plexing of Multiple Orbital-Angular-Momentum Beams” [ 358 ]
20:00 Vladislav Yakovlev, Texas A&M University, “Per aspera ad astra: getting light through opaque

medium” [ 361 ]
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Monday Evening Invited Session

Breakout Session 1: Novel X-Ray Spectroscopies.
Location: Ballroom 1 — Ralf Röhlsberger, Chair

20:50 Peter Abbamonte, University of Illinois, Urbana-Champaign, “Dynamical signatures of exciton
condensation in 1T-TiSe2” [ 66 ]

21:10 Martin Beye, DESY, “Towards Highly Efficient Soft X-ray Spectroscopy in Solids” [ 94 ]
21:30 Johann Haber, DESY, “Collective Strong Coupling in X-Ray Quantum Optics” [ 159 ]
21:50 Jörg Evers, MPI for Nuclear Physics, Heidelberg, “Inducing and detecting collective population

inversions of Mössbauer nuclei” [ 131 ]
22:10 Dennis Rätzel, University of Vienna, “Gravitational properties of light” [ 301 ]

Breakout Session 2: Technologies for OAM Transmission Links.
Location: Magpie A — Alan Willner, Chair

20:50 Wang Jian, Huazhong University of Science and Technology, “Recent progress in fiber-based struc-
tured light communications” [ 186 ]

21:10 Carmelo Rosales-Guzman, University of the Witwatersrand, “Hybrid communication with orbital
angular momentum modes of light” [ 299 ]

21:30 Liang Feng, State University of New York at Buffalo, “Orbital Angular Momentum Microlaser”
[ 133 ]

21:50 Zhen Qu, University of Arizona, “OAMCommunication in Strong Atmospheric Turbulence Regime
Enabled by Adaptive Optics and LDPC Coding” [ 283 ]

22:10 Vladimir Malinovsky, US Army Research Lab, “Abnormal Rabi oscillations in self-correcting
quantum structures” [ 244 ]

Breakout Session 3: Mid-IR Filamentation and Atmospheric Control.
Location: Magpie B — Jérôme Kasparian, Chair

20:50 Paris Panagiotopoulos, University of Arizona, “Long Range Atmospheric Transport of Multi-TW
Ultrashort mid-IR Pulses” [ 271 ]

21:10 Ruxin Li, Shanghai Institute of Optics and Fine Mechanics, “Water Condensation and Snowfall
Induced by Laser Filamentation and Ionization in a Cloud Chamber” [ 225 ]

21:30 Audrius Pugzlys, TU Vienna, “Spatial and Temporal Control over Filamentation of Mid-IR Pulses
in Ambient Air” [ 282 ]

21:50 Cord Arnold, Lund University, “Energy scaling of gas nonlinear optics” [ 79 ]
22:10 JérômeKasparian,University of Geneva, “Modulating the radiative transmission of the atmosphere

with high-power laser filaments” [ 189 ]
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Breakout Session 4: Plasmonic Photochemistry 2.
Location: Wasatch A — Naomi Halas, Chair

20:50 Wei David Wei, University of Florida, “Plasmon-Driven Anisotropic Growth of Gold Nanoprisms:
Cooperative Action of Surfactants with Light” [ 354 ]

21:10 Eric Borguet, Temple University, “Plasmonic Synthesis of a Solid Material: Au Hydride” [ 96 ]
21:30 Katherine (Kallie) Willets, Temple University, “Measuring electrochemical reactions on single

nanoparticles: combining optical and electrochemical nanoscopy” [ 357 ]
21:50 Isabell Thomann, Rice University, “Photo-induced force mapping of plasmonic nanostructures”

[ 342 ]
22:10 Mubeen Syed, University of Iowa, “Engineering Plasmonic Systems for Fuel and Chemical Produc-

tion” [ 337 ]

Tuesday, January 10, 2017

Tuesday Morning Plenary Session 1
Location: Ballrooms 1 and 2 — Olga Kocharovskaya, Chair

7:30 Jens Eisert, FU Berlin, “Learning Much from Little: New Ideas about Reconstructing Quantum
States and Processes from Data” [ 126 ]

8:00 Stefan Kröll, Lund University, “Quantum information, quantum optics and laser frequency stabi-
lization based on rare earth doped crystals” [ 208 ]

8:30 Tamar Seideman, Northwestern University, “Current-Driven Phenomena in NanoToys: Defeats,
Victories and Directions” [ 313 ]

Tuesday Morning Invited Session 1

Breakout Session 1: Quantum System Identification and Compressed Sensing.
Location: Ballroom 1 — Jens Eisert, Chair

9:10 Thomas Monz, University of Innsbruck, “Frontiers of Tomography” [ 259 ]
9:30 JoelWallman,University of Waterloo, “Efficiently characterizing quantum gates and circuits” [ 351 ]
9:50 Lukas Knips, LMU & MPQ Munich, “Multiqubit State Tomography from a Physical Perspective”

[ 198 ]
10:10 Alexander Gaeta, Columbia University, “Photon Processing via Four-Wave Mixing” [ 142 ]

PQE-2017 21



Numbers in brackets refer to the page number of the abstract

Breakout Session 2: Quantum Information, Quantum Optics and Laser Frequency
Stabilization Based on Rare Earth Doped Crystals 1.
Location: Magpie A — Stefan Kröll, Chair

9:10 Mikael Afzelius, University of Geneva, “Generating non-classical correlations between photons and
spins in a crystal” [ 68 ]

9:30 Andrei Faraon, California Institute of Technology, “Quantum light-matter interfaces based on
rare-earth-doped crystals and nano-photonics” [ 132 ]

9:50 Philippe Goldner, Chimie ParisTech, “Narrow optical and spin linewidths in rare earth doped nano-
and micro-structures” [ 152 ]

10:10 David Hunger, Karlsruhe Institute of Technology (KIT), “Towards cavity-enhanced single-rare-
earth-ion detection” [ 179 ]

Breakout Session 3: Advanced Optics in Nano/Microstructured Optical Fiber.
Location: Magpie B — Howard Lee, Chair

9:10 Ayman Abouraddy, CREOL, UCF, “From Structured Multimaterial Fibers to the Digital Design of
Photonic Particles” [ 67 ]

9:30 Mathias Kolle,Massachusetts Institute of Technology, “Bio-inspired Color-tunable Photonic Fibers
for Colorimetric Mechanical Sensing” [ 203 ]

9:50 QiminQuan,Harvard University, “Plasmonic biosensing on a nanofiber and in a nanocavity” [ 284 ]
10:10 Howard Lee, Baylor University and Texas A&M University, “Nanocrystal Upconversion and Ad-

vanced Light Manipulation in Nanostructured Optical Fibers” [ 214 ]

Breakout Session 4: Nonequilibrium and Plasmonic Systems.
Location: Wasatch A — Peter Nordlander, Chair

9:10 Matthew Pelton, University of Maryland Baltimore County, “Nanolasers using colloidal quantum
wells” [ 273 ]

9:30 Pierre Berini, University of Ottawa, “Surface plasmon distributed feedback lasers” [ 93 ]
9:50 Alejandro Manjavacas, University of New Mexico, “Anisotropic response in nanostructures with

balanced gain and loss” [ 246 ]
10:10 Lasse Jensen, Penn State, “Atomistic Electrodynamics Simulations of Plasmonic Nanoparticles”

[ 185 ]

Tuesday Morning Plenary Session 2
Location: Ballrooms 1 and 2 — Alexander Gaeta, Chair

10:50 Eugene Polzik, Copenhagen University, “Quantum Mechanics in the Negative Mass Reference
Frame” [ 278 ]

11:20 Nikolay Zheludev, Southampton UK and NTU Singapore, “Flying donuts: toroidal electromagnetic
excitations in matter and free space” [ 375 ]
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Tuesday Morning Invited Session 2

Breakout Session 1: Quantum Opto-Mechanics.
Location: Ballroom 1 — Eugene Polzik, Chair

12:00 Tobias Kippenberg, EPFL
12:20 Markus Aspelmeyer, VCQ, University of Vienna, “Quantum optomechanics with levitated solids:

from dielectrics to superconductors” [ 81 ]
12:40 Jack Harris, Yale University, “Observation of quantum optomechanical effects in a liquid” [ 164 ]

Breakout Session 2: Nonlinear and Topological Phenomena in Metamaterials.
Location: Magpie A — Nikolay Zheludev, Chair

12:00 Meir Orenstein, EE, Technion, Haifa, “The Topological Structure of Electromagnetics in the
Nanoscale and Light-Matter Interactions” [ 269 ]

12:20 Shu Yang, University of Pennsylvania, “Reconfigurable nanoparticle assemblies guided by the
topological defects of liquid crystals” [ 363 ]

12:40 Augustine Urbas, AFRL, “Nonlinear Scattering and Time Resolved Nonlinear Properties of Plas-
monic Materials and Systems” [ 347 ]

Breakout Session 3: Electron- and Photon-Driven Dynamics in Nano-Electronics.
Location: Magpie B — Tamar Seideman, Chair

12:00 Ara Apkarian,University of California, Irvine, “Photons and electrons at conductive and capacitive
plasmonic nanojunctions” [ 77 ]

12:20 Karina Morgenstern, Ruhr-Universität Bochum, “STM investigation of laser driven processes at
surfaces” [ 261 ]

12:40 Yoram Selzer, Tel Aviv University, “Plasmon Controlled Molecular Junctions” [ 314 ]

Breakout Session 4: Quantum Information, Quantum Optics and Laser Frequency
Stabilization Based on Rare Earth Doped Crystals 2.
Location: Wasatch A — David Hunger, Chair

12:00 Yann Le Coq, LNE-SYRTE, “Stabilizing a laser on a rare-earth doped crystal for application to
optical lattice clocks” [ 212 ]

12:20 David Leibrandt, NIST, “Laser frequency stabilization based on steady-state spectral-hole burning
in Eu3+:Y2SiO5” [ 216 ]

12:40 Charles Thiel,Montana State University, “Design and Characterization of Materials for Rare-earth
Quantum Memories” [ 341 ]
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Tuesday Evening Plenary Session
Location: Ballrooms 1 and 2 — Anatoly Svidzinsky, Chair

19:00 Nader Engheta, University of Pennsylvania, “Low-Index Photonics” [ 129 ]
19:30 Wolfgang Schleich, Ulm University/TAMU, “Focusing of wave packets without forces” [ 307 ]
20:00 Paul Corkum, University of Ottawa, “Linking High Harmonics from Solids and Gases” [ 116 ]

Tuesday Evening Invited Session

Breakout Session 1: Quantum and Bio-Inspired Metamaterials.
Location: Ballroom 1 — Nader Engheta, Chair

20:50 François Marquier, Institut d’Optique, Lab. Charles Fabry, “Revisiting quantum optics with
surface plasmons” [ 249 ]

21:10 Francesco De Angelis, Istituto Italiano di Tecnologia, “From Bio-Inspired to Bio-Logic Metamate-
rials” [ 118 ]

21:30 Mikhail Noginov, Norfolk State University, “Light-Matter Interactions Controlled with Metamate-
rials” [ 267 ]

21:50 Harry Atwater, California Institute of Technology, “Tunable Materials and Metasurfaces – from
Quantum to Perfect” [ 83 ]

22:10 Uriel Levy, Hebrew University of Jerusalem, “Dielectric metasurfaces for phase, amplitude and
polarization control” [ 220 ]

Breakout Session 2: Electron optics 1.
Location: Magpie A — Ady Arie, Chair

20:50 Katharina Priebe, Uni Göttingen, Germany, “Coherent control of free-electron momentum super-
position states” [ 280 ]

21:10 Hugo Larocque, University of Ottawa, “Characterization Methods of Twisted Electrons and using
them as Spin-Polarization Filters” [ 211 ]

21:30 Ben McMorran, University of Oregon, “Electron Vortices and Other Sculpted Electrons: Produc-
tion, Measurement, and Application” [ 253 ]

21:50 Joshua McNeur, Friedrich Alexander University, “Staged acceleration, microbunching, and focus-
ing in a dielectric laser accelerator” [ 254 ]

22:10 Vaclav Spicka, Czech Academy of Sciences, “Non-equlibrium dynamics of molecular bridge model
Limits to simplified description by Generalized Master Equations” [ 333 ]
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Breakout Session 3: High Harmonics Generation in Solids.
Location: Magpie B — Paul Corkum, Chair

20:50 Shambhu Ghimire, SLAC/Stanford University, “Anisotropic high-order harmonics from crystalline
solids” [ 148 ]

21:10 Olga Smirnova, MBI Berlin, “High harmonic generation spectroscopy of laser induced phase
transitions in strongly correlated systems” [ 329 ]

21:30 Rupert Huber, University of Regensburg, Germany, “Subcycle terahertz control of electronic quan-
tum motion” [ 175 ]

21:50 Eleftherios Goulielmakis, MPI of Quantum Optics, “Route to Coherent Electronics” [ 155 ]
22:10 Mette Gaarde, Louisiana State University, “Multilevel perspective on high harmonic generation in

solids” [ 141 ]

Breakout Session 4: Semiconductor Quantum Optics.
Location: Wasatch A — Stephan Reitzenstein, Chair

20:50 Alexander Carmele, TU Berlin, “Steering quantum statistics in nanostructured semiconductor
environments” [ 108 ]

21:10 Nika Akopian, DTU, “Nanowire Quantum Dots Tuned to Atomic Resonances” [ 72 ]
21:30 Fei Ding, Leibniz Universität Hannover, “Towards quantum interference with semiconductor entan-

gled photon sources” [ 122 ]
21:50 Sven Hoefling,Wuerzburg University, “Quantum Light Emission from Two-Dimensional Transition

Metal Dichalcogenides” [ 170 ]
22:10 Peter McMahon, Stanford University, “Combinatorial optimization using networks of optical para-

metric oscillators: present (bulk) and future (on-chip) OPO Ising machines” [ 252 ]

Wednesday, January 11, 2017

Wednesday Morning Plenary Session 1
Location: Ballrooms 1 and 2 — Michael Fleischhauer, Chair

7:30 Mikhail Lukin, Harvard University, “New Frontiers of Quantum Optical Science” [ 239 ]
8:00 Yong Hee Lee, KAIST, “Evolution of Small Semiconductor Lasers” [ 215 ]
8:30 Christoph Keitel, Max Planck Institute for Nuclear Physics, “High-energy quantum processes in

extremely intense laser pulses” [ 192 ]
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Wednesday Morning Invited Session 1

Breakout Session 1: New Frontiers in Quantum Optics 1.
Location: Ballroom 1 — Mikhail Lukin, Chair

9:10 Michael Fleischhauer, University of Kaiserslautern, “Topological order in finite-temperature and
driven dissipative systems” [ 136 ]

9:30 Susanne Yelin, University of Connecticut, “An Atom Mirror” [ 366 ]
9:50 Jeff Thompson, Princeton University, “Symmetry-protected collisions between strongly interacting

photons” [ 343 ]
10:10 Jake Taylor, Joint Quantum Institute, “Probing quantum matter with light” [ 340 ]

Breakout Session 2: Physics of Semiconductor Nanolasers.
Location: Magpie A — Yong Hee Lee, Chair

9:10 Weng Chow, Sandia National Laboratories, “High spontaneous-emission factor emitters: from
spontaneous emission and superradiance to lasing” [ 115 ]

9:30 Frank Jahnke, University of Bremen, Germany, “Atomically thin semiconductors as a novel active
material for nanoscale devices” [ 182 ]

9:50 Stephan Reitzenstein, Technische Universität Berlin, “Mutual Coupling and Synchronization of
high-β Quantum Dot Microlasers” [ 295 ]

10:10 Raphaël Butté, EPFL, “High beta III-nitride nanobeam cavities: a versatile platform for nanofabri-
cation and quantum optics” [ 105 ]

Breakout Session 3: Quantum Electrodynamics with Extremely Intense Laser Pulses.
Location: Magpie B — Christoph Keitel, Chair

9:10 Mattias Marklund, Chalmers University, “Aspects of QED in Laser-Matter Interactions” [ 247 ]
9:30 Thomas Grismayer,Universidade de Lisboa, Portugal, “Multidimensional QED cascades and QED

vacuum nonlinearities” [ 158 ]
9:50 Stepan Bulanov, Lawrence Berkeley National Laboratory, “Depletion in Intense Fielda” [ 103 ]
10:10 Gianluca Sarri, Queen’s University Belfast, “QED in ultra-high laser fields: current experimental

results and perspectives” [ 306 ]

Breakout Session 4: Cooperativity and Light Scattering 1.
Location: Wasatch A — Juha Javanainen, Chair

9:10 Anatoly Svidzinsky, Texas A&M University, “Single-photon superradiance and radiation trapping
by atomic shells” [ 336 ]

9:30 Robin Kaiser, CNRS, UCA, NICE, “Single Photon Dicke Sub- and Superradiance” [ 187 ]
9:50 Mark Havey, Old Dominion University, “Light Scattering from Cold Rubidium Atoms” [ 165 ]
10:10 Petru Tighineanu, Niels Bohr Institute, “Single-Photon Superradiance from a Large Quantum Dot”

[ 345 ]
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Wednesday Morning Plenary Session 2
Location: Ballrooms 1 and 2 — Virgil Sanders, Chair

10:50 Marlan Scully, Texas A&M University and Baylor University, “Presentation of the 2017 Willis E.
Lamb Award for Laser Science and Quantum Optics”

11:20 Rainer Weiss, Massachusetts Institute of Technology, “Gravitational wave detection by laser inter-
ferometry: Opening of a new field of astronomy and astrophysics” [ 355 ]

Wednesday Morning Invited Session 2

Breakout Session 1: Modern Trends in Quantum Optics 1.
Location: Ballroom 1 — Deniz Yavuz, Chair

12:00 Kohzo Hakuta, University of Electro- Communications, Japan, “Cavity QED on an Optical
Nanofiber” [ 161 ]

12:20 Svetlana Malinovskaya, Stevens Institute of Technology, “oral” [ 243 ]
12:40 Barry Garraway, University of Sussex, UK, “RF-dressed atom wave-guides and traps: Quantum

technology applications and Landau-Zener theory” [ 144 ]

Breakout Session 2: Electron optics 2.
Location: Magpie A — Wolfgang Schleich, Chair

12:00 Ady Arie, Tel-Aviv University, “Structured super oscillating electron wave functions” [ 78 ]
12:20 Herman Batelaan, University of Nebraska-Lincoln, “Vacuum field decoherence” [ 86 ]
12:40 Maxim Efremov, Institute of Quantum Physics, Ulm University, “T3 - phase for charged matter-

waves” [ 124 ]

Breakout Session 3: New Frontiers in Quantum Optics 2.
Location: Magpie B — Susanne Yelin, Chair

12:00 Nathalie de Leon, Princeton University, “New color centers in diamond for long distance quantum
communication” [ 377 ]

12:20 Peter Maurer, Stanford University, “Nanoprobes for electron microscopy with bio-specificity”
[ 251 ]

12:40 ArneWickenbrock, JGUMainz, “Measuring the magnetic field of the heart in the heart or Towards
endocscopic magnetic field sensors based on nitrogen vacancy centers in diamonds for biomedical
applications” [ 356 ]
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Breakout Session 4: Quantum X-Ray Optics.
Location: Wasatch A — Jörg Evers, Chair

12:00 PetrM.Anisimov, LosAlamosNational Laboratory, “Quantumevolution of 1D electrons in classical
XFELs” [ 75 ]

12:20 Wen-Te Liao, National Central University, Taiwan, “The generation of short X-Ray pulses from a
Mössbauer source using magnetic fields” [ 228 ]

12:40 Xiangjin Kong,Max Planck Institute for Nuclear Physics, “Using nuclear transitions to control and
store x-ray photons” [ 204 ]

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

19:00 Volker Deckert, University of Jena, “Plasmon Enhanced Probe Spectroscopies – Current State of
Theory and Experiment” [ 120 ]

19:30 Philippe Grangier, Institut d’Optique - CNRS, “Rydberg Blockade, from quantum gates to quantum
simulations.” [ 157 ]

20:00 Ernst M. Rasel, Leibniz Universität Hannover, “Precision atom interferometry and clocks featuring
gravitational wave detection” [ 289 ]

Wednesday Evening Invited Session

Breakout Session 1: Plasmon Enhanced Probe Spectroscopies – Current State of Theory
and Experiment.
Location: Ballroom 1 — Volker Deckert, Chair

20:50 Ruben Esteban, DIPC, “Driving SERS at the atomic scale” [ 130 ]
21:10 Stefanie Graefe, FSU Jena, “Theoretical investigation of the spatial resolution of Tip-Enhanced

Raman Spectroscopy” [ 156 ]
21:30 Markus Raschke, University of Colorado, “Nano-focused multimodal imaging, control, and inter-

action dynamics: Ultrafast spectroscopy reaching the single emitter limit” [ 288 ]
21:50 François Lagugné-Labarthet,Western University, Canada, “Plasmon-enhanced Vibrational Spec-

troscopy for Life Science” [ 209 ]
22:10 Norbert Kroo, Hungarian Academy of Sciences, “Surface plasmon assisted electron and photon

emission in strong femtosecond laser fields” [ 206 ]
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Breakout Session 2: Rydberg Blockade: What is Good and What is Bad.
Location: Magpie A — Philippe Grangier, Chair

20:50 Mark Saffman, University of Wisconsin-Madison, “Quantum Computing with Atomic Qubits and
Rydberg Interactions: Progress and Challenges” [ 304 ]

21:10 Trey Porto, Joint Quantum Institute, NIST and UMD, “Contaminant-State Broadening Mechanism
in a Driven Dissipative Rydberg System” [ 279 ]

21:30 Igor Lesanovsky,University of Nottingham, “Role of position disorder in interacting Rydberg lattice
gases” [ 217 ]

21:50 Sebastian Hofferberth,University of Stuttgart, “A single Rydberg superatom coupled to a quantized
light field” [ 171 ]

22:10 Alexey Gorshkov, Joint Quantum Institute, “Few-body and many-body physics with Rydberg po-
laritons” [ 154 ]

Breakout Session 3: Precision Atom Interferometry and Clocks Featuring Gravitational
Wave Detection.
Location: Magpie B — Ernst M. Rasel, Chair

20:50 Peter Asenbaum, Stanford University, “Precision atom interferometry and gravitational wave de-
tection” [ 80 ]

21:10 Philippe Bouyer, CNRS - IOGS, “Testing general relativity with airborne and underground atom
interferometers” [ 98 ]

21:30 Christian Schubert, Leibniz Universität Hannover, “Infrasound gravitational wave detection” [ 308 ]
21:50 Shimon Kolkowitz, JILA/NIST, “Gravitational wave detection with optical lattice atomic clocks”

[ 202 ]
22:10 Frank Narducci, Naval Air Systems Command, “Ramsey spectroscopy in the presence of magnetic

field gradients” [ 263 ]

Breakout Session 4: Molecular Modulation.
Location: Wasatch A — Alexei Sokolov, Chair

20:50 Alexei Sokolov, Texas A&M University, “Molecular modulation in gasses and solids with spatio-
temporal shaping of optical fields” [ 331 ]

21:10 Masayuki Katsuragawa, University of Electro- Communications, Japan, “Designability of optical
processes composed of discrete spectrum” [ 190 ]

21:30 Francesco Tani, Max Planck Institute for the Science of Light, “Blue–shifting soliton driven high
harmonics” [ 338 ]

21:50 DavidGold,University of Wisconsin-Madison, “Progress towards sub-femtosecond pulse generation
using molecular modulation” [ 151 ]

22:10 Alexandra Zhdanova, Texas A&M University, “Towards Synthesis of Ultrafast Waveforms using
Coherent Raman Sidebands” [ 373 ]
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Thursday, January 12, 2017

Thursday Morning Plenary Session 1
Location: Ballrooms 1 and 2 — Renbao Liu, Chair

7:30 Ronald Walsworth, Harvard University, “Magnetic Imaging using Quantum Defects in Diamond”
[ 352 ]

8:00 Leonid Butov, University of California San Diego, “Collective phenomena in indirect excitons”
[ 104 ]

8:30 Hui Cao, Yale University, “Speckle-Based Spectrometer” [ 107 ]

Thursday Morning Invited Session 1

Breakout Session 1: Diamond Quantum Sensing.
Location: Ballroom 1 — Ronald Walsworth, Chair

9:10 Quan Li, The Chinese University of HongKong, “Hydrogel based nanodiamond quantum sensor”
[ 224 ]

9:30 Renbao Liu, Chinese University of Hong Kong, “Magnetic criticality enhanced diamond nanother-
mometer” [ 233 ]

9:50 Kai-Mei Fu,University ofWashington, “Wide-field optical imaging of nanomagnetic sensors” [ 140 ]
10:10 Milos Nesladek, University Hasselt & IMEC, Belgium, “Towards High-Frequency Operation of NV

Spins using Hybrid Opto-Electric Diamond Devices” [ 265 ]

Breakout Session 2: Collective Phenomena in Semiconductor Materials.
Location: Magpie A — Leonid Butov, Chair

9:10 Xu Xiaodong, University of Washington, “Excitons in 2D Semiconductor Heterostructures” [ 360 ]
9:30 Ronen Rapaport, The Hebrew University of Jerusalem, “A dark liquid of dipolar excitons” [ 287 ]
9:50 Hui Deng, University of Michigan, “Coherent polariton laser in a designable microcavity” [ 121 ]
10:10 Fengcheng Wu, Argonne National Laboratory, “Topological Excitons in Moiré Heterobilayer”

[ 359 ]

Breakout Session 3: Mesoscopic Optics.
Location: Magpie B — Hui Cao, Chair

9:10 Aristide Dogariu, CREOL, “Light Transport in Correlated Media”
9:30 Sylvain Gigan, Laboratoire Kastler-Brossel, “two photon quantum walks in a multimode fiber”

[ 150 ]
9:50 Juan Jose Saenz, Donostia International Physics Center (DIPC), Spain, “Casimir-like interactions

between particles under fluctuating laser fields” [ 303 ]
10:10 Alexey Yamilov, Missouri S&T, “Eigenchannels in scattering media: from manipulation to inverse

design” [ 362 ]
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Breakout Session 4: Plasmonic Antennas and Nanoscopy.
Location: Wasatch A — Vasily Astratov, Chair

9:10 Javier García de Abajo, ICFO, “Challenges and Opportunities in Deep-Subwavelength Nanoplas-
monics” [ 143 ]

9:30 Zhaowei Liu, UCSD, “Plasmonics and Metamaterials Enhanced Super Resolution Microscopy”
[ 236 ]

9:50 Femius Koenderink, FOM Institute AMOLF, “Polarimetric k-space microscopy of single plasmon
antennas” [ 201 ]

10:10 Vasily Astratov, UNC-Charlotte, “Microspherical Nanoscopy: From Plasmonic to Biomedical
Imaging” [ 82 ]

Thursday Morning Plenary Session 2
Location: Ballrooms 1 and 2 — Thad Walker, Chair

10:50 Misha Ivanov, MBI Berlin, “Strong-Field Pumped Lasing in Atoms and Molecules:The Bound
States of the Free Electron” [ 180 ]

11:20 Mark Raizen, University of Texas at Austin, “Physics of Quantum Electronics in Medicine” [ 285 ]

Thursday Morning Invited Session 2

Breakout Session 1: Lasing Mechanisms during Laser Filamentation in Gases 1.
Location: Ballroom 1 — Misha Ivanov, Chair

12:00 Mathew Britton, University of Ottawa, “Ellipticity and time dependence of the gain in the nitrogen
molecular ion” [ 102 ]

12:20 Yi Liu, LOA, ENSTA, France/USST, Shanghai, China, “Superradiance from air plasma pumped by
800nm femtosecond pulses” [ 235 ]

12:40 Erik Lötstedt, The University of Tokyo, “Ultrafast Population Inversion in N2+ in Laser Induced
Filament” [ 242 ]

Breakout Session 2: Physics of Quantum Electronics in Medicine.
Location: Magpie A — Mark Raizen, Chair

12:00 Thad Walker, University of Wisconsin-Madison, “Fetal Magnetocardiography With an Atomic
Magnetometer Array” [ 350 ]

12:20 Jonathan Sessler, The University of Texas at Austin, “Photodynamic Therapy With Texaphyrin”
[ 315 ]

12:40 Lloyd Lumata, University of Texas at Dallas, “Hyperpolarized Magnetic Resonance for Metabolic
Assessment of Cancer” [ 240 ]
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Breakout Session 3: Quantum Gases.
Location: Magpie B — Alexey Akimov, Chair

12:00 Benjamin Lev, Stanford University, “Supermode-Density-Wave-Polariton Condensation” [ 219 ]
12:20 Igor Ferrier-Barbut, Stuttgart University, “Dipolar Quantum Droplets” [ 135 ]
12:40 Gavriil Shchedrin, Colorado School of Mines, “Driven two-component Bose–Einstein condensate

in optical lattices” [ 316 ]

Breakout Session 4: Cooperativity and Light Scattering 2.
Location: Wasatch A — Mark Havey, Chair

12:00 Serguei Skipetrov, CNRS, Grenoble, “Scaling analysis of localization transition for light in a 3D
atomic system” [ 328 ]

12:20 Romain Bachelard, Universidade de São Paulo, “Spatial and temporal localization of light in two
dimensions” [ 84 ]

12:40 Juha Javanainen,University of Connecticut, “Mean-field response of a cold gas to light, and beyond”
[ 184 ]

Thursday Evening Plenary Session
Location: Ballrooms 1 and 2 — Alexander Lvovsky, Chair

19:00 Mankei Tsang, National University of Singapore, “Quantum Theory of Superresolution for Inco-
herent Optical Imaging” [ 346 ]

19:30 Robert Boyd,University of Ottawa, “Large Optical Nonlinearity of Indium Tin Oxide in its Epsilon-
Near-Zero Spectral Region” [ 101 ]

20:00 Gerd Leuchs,MPG, “The quantum vacuum, classical optics and the fine structure constant” [ 218 ]

Thursday Evening Invited Session

Breakout Session 1: Quantum Metrology for Super-Resolution Imaging.
Location: Ballroom 1 — Mankei Tsang, Chair

20:50 Warwick Bowen,University of Queensland, “Quantum-limited single molecule biosensing: probing
nanoscale biological machinery in its native state” [ 99 ]

21:10 Alexander Lvovsky, University of Calgary, Russian Quantum Center, “Super-Resolution Mi-
croscopy with Heterodyne Detection” [ 241 ]

21:30 Hugo Ferretti, University of Toronto, “Beating Rayleigh’s Curse Using SPLICE” [ 134 ]
21:50 Jaroslav Rehacek, Palacký University Olomouc, “Achieving quantum-limited optical resolution”

[ 292 ]
22:10 Zdenek Hradil, Palacký University Olomouc, “Fischer information and resolution beyond the

Rayleigh limit” [ 173 ]
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Breakout Session 2: Nonlinear Optics of Epsilon-Near-Zero and Plasmonic Materials.
Location: Magpie A — Robert Boyd, Chair

20:50 Israel De Leon, Monterrey Institute of Technology, “Radiative Processes of Dipole Emitters in
Active Plasmonics and Epsilon-Near-Zero Materials” [ 119 ]

21:10 Orad Reshef, University of Ottawa, “Nonlinear optical response of highly nonlinear low-index
materials” [ 296 ]

21:30 M. Zahirul Alam, University of Ottawa, “A Metasurface For Large Nonlinear Refraction” [ 73 ]
21:50 Daryl Vulis, Harvard University, “Monolithic CMOS-compatible zero-index metamaterials” [ 349 ]
22:10 Michal Lipson, Columbia University, “Extreme Nonlinear Optics in Nano-Photonics”

Breakout Session 3: Transverse angular momentum of light.
Location: Magpie B — Gerd Leuchs, Chair

20:50 Peter Banzer, Max Planck Institute for the Science of Light, “Nanoscopic Lighthouses, Photonic
Wheels and Transverse Spin of Light” [ 85 ]

21:10 Arno Rauschenbeutel, TU Wien, Austria, “Quantum Optical Diode and Circulator Based on the
Chiral Interaction between Spin-Polarized Atoms and Photons with Transverse Spin” [ 290 ]

21:30 Andrea Aiello, MPL-Erlangen, “Transverse Spin and Orbital Angular Momentum of Light” [ 70 ]
21:50 Cyriaque Genet, CNRS, “From transverse spinning fields to chiral optical forces” [ 145 ]
22:10 Hannes Pichler, Harvard, “Many-body physics with chiral light–matter interactions” [ 275 ]

Breakout Session 4: Lasing Mechanisms during Laser Filamentation in Gases 2.
Location: Wasatch A — Misha Ivanov, Chair

20:50 Mary Matthews, University of Geneva, “Light amplification by nearly free electrons in a laser
filament” [ 250 ]

21:10 Felipe Morales Moreno, Max Born Institute, “Optical lasing during laser filamentation in the
Nitrogen molecule: ro-vibrational inversion” [ 260 ]

21:30 Maria Richter, Universidad Autónoma Madrid, “Light amplification by nearly free electrons in a
laser filament” [ 297 ]

21:50 Pavel Polynkin, University of Arizona, “Rotational mechanism of optical gain in nitrogen molecular
ions” [ 277 ]

22:10 George Gibson, University of Connecticut, “Direction excitation of diatomic molecules by strong
laser fields” [ 149 ]
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Friday, January 13, 2017

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

7:30 Girish Agarwal, Texas A&M University, “Quantum Optics and QED in Hyperbolic Environment”
[ 69 ]

8:00 Johann Peter Reithmaier, INA, University of Kassel, “Impact of nanoscale physics on the perfor-
mance of optoelectronic devices” [ 294 ]

8:30 Gennady Shvets, Cornell University and UT-Austin, “Topological Photonics: Science and Applica-
tions” [ 321 ]

Friday Morning Invited Session 1

Breakout Session 1: Quantum Optics and QED in Hyperbolic Environment.
Location: Ballroom 1 — Girish Agarwal, Chair

9:10 Zubin Jacob, Purdue University, “Super-Coulombic Atom-Atom Interactions in Hyperbolic Media”
[ 181 ]

9:30 Stephen Hughes, Queen’s University, “Do Hyperbolic Metamaterial Resonators Make Good Single
Photon Sources?” [ 176 ]

9:50 Vinod Menon, City College of New York, “Photonic hypercrystals for control of light-matter inter-
action” [ 255 ]

10:10 Hong Chen, Tongji University, “Manipulation of Light by Tuning from Elliptic to Hyperbolic
Environment” [ 111 ]

Breakout Session 2: Semiconductor Laser Physics.
Location: Magpie A — Johann Peter Reithmaier, Chair

9:10 John Bowers, University of California Santa Barbara, “InAs/GaAs quantum dot lasers on exact
GaP/Si (001) and other templates” [ 100 ]

9:30 Kent Choquette, University of Illinois, “Non-Hermitian Properties of Microcavity Laser Arrays”
[ 114 ]

9:50 Gadi Eisenstein, Technion, “Coherent Control of Room Temperature Quantum Dot Optical Ampli-
fiers” [ 125 ]

10:10 Yasuhiko Arakawa, University of Tokyo, “Quantum Dot Lasers on Silicon”
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Breakout Session 3: Exotic Photonics: Nonlinear, Topological, and Active - 1.
Location: Magpie B — Gennady Shvets, Chair

9:10 Marin Soljačić, Massachusetts Institute of Technology, “Exotic Nanophotonic States for Enhanced
Active Photonic Systems” [ 332 ]

9:30 David Smith, Duke University, “Theoretical and Numerical Investigation of Optical Bistability with
Film-Coupled Nanopatches” [ 330 ]

9:50 Ganesh Subramania, Sandia National Lab, “Topological Photonics Research at Sandia Lab” [ 334 ]
10:10 FrancescoMonticone,Cornell University, “Parity-time symmetric nonlocalmetasurfaces: Focusing

and imaging through balanced loss and gain” [ 258 ]

Breakout Session 4: Modern Trends in Quantum Optics 2.
Location: Wasatch A — Kohzo Hakuta, Chair

9:10 Marlan Scully, Texas A&M University and Baylor University, “Electromagnetically Induced Trans-
parency Dynamically Modulated Superradiant and Subradiant States” [ 311 ]

9:30 Dawei Wang, Texas A&M University, “Topological Cavity QED: A magic beam splitter for
Schrodinger cat states” [ 353 ]

9:50 Yuri Rostovtsev, University of North Texas, “Control of spontaneous emission: trapping of ions in
excited states” [ 300 ]

10:10 Philip Hemmer, Texas A&M University, “Toward custom design of diamond-based quantum sen-
sors” [ 168 ]

Friday Morning Plenary Session 2
Location: Ballrooms 1 and 2 — Jorge Rocca, Chair

10:50 Szymon Suckewer, Princeton University, “Recombination X-Ray Laser in “Water-Window” for
High Resolution X-Ray Microscopy of Biological Cells in Natural Environment” [ 335 ]

11:20 Wolfgang Lechner, University of Innsbruck, “Quantum Annealing with Parity Constraints” [ 213 ]

Friday Morning Invited Session 2

Breakout Session 1: Applications of X-Ray Lasers.
Location: Ballroom 1 — Szymon Suckewer, Chair

12:00 Jorge Rocca, Colorado State University, “High Average Power Table-Top Soft X-Ray Lasers and
Their Enabling Pump Laser Technology” [ 298 ]

12:20 Carmen Menoni, Colorado State University, “The multiple facets of nanoscale imaging using soft
x-ray light from bright table-top lasers” [ 256 ]

12:40 Thomas Kroll, SLAC National Accelerator Laboratory, “Stimulated Hard X-ray Emission Spec-
troscopy: Fundamentals and Insight from the Manganese 5.9 keV K-alpha fluorescence” [ 205 ]
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Breakout Session 2: Quantum Annealing.
Location: Magpie A — Wolfgang Lechner, Chair

12:00 Salvatore Mandrà, Quantum Artificial Intelligence Lab (QuAIL) @ NASA Ames, “Exponentially-
Biased Ground-State Sampling of Quantum Annealing Machines with Transverse-Field Driving
Hamiltonians.” [ 245 ]

12:20 Montangero Simone, Ulm University, “Quantum annealing and optimal control” [ 326 ]
12:40 Lukas Sieberer, University of California Berkeley, “Approximate solutions to hard optimization

problems by quantum annealing” [ 323 ]

Breakout Session 3: Exotic Photonics: Nonlinear, Topological, and Active - 2.
Location: Magpie B — Gennady Shvets, Chair

12:00 Alexey Belyanin, Texas A&M University, “Nonlinear optics of massless Dirac fermions in graphene
and topological insulators” [ 90 ]

12:20 Steve Anlage, University of Maryland, “Intermodulation in Nonlinear SQUID Meta-Materials:
Experiment and Theory” [ 76 ]

12:40 Xiao Hu, WPI-MANA, NIMS, “Topological Photonic Crystals” [ 174 ]

Breakout Session 4: Metasurfaces and Metamaterials.
Location: Wasatch A — Hongkun Park, Chair

12:00 Mark Brongersma, Stanford University, “Electrically Tunable Metamaterial Devices”
12:20 Chase Ellis, U.S. Naval Research Laboratory, “Actively Modulated Surface Phonon-Polaritons

Within the Long-Wave and Far Infrared” [ 128 ]
12:40 Alexey Akimov, Texas A&M University, “Coupling of single NV center in diamond to the single

mode fiber” [ 71 ]

Friday Evening Plenary Session
Location: Ballrooms 1 and 2 — Alexey Belyanin, Chair

19:00 Olga Kocharovskaya, Texas A&M University, “Towards intense sub-femtosecond coherent x-ray
sources via laser modulation of the resonant active medium” [ 200 ]

19:30 Hongkun Park, Harvard University, “Toward Quantum Optics in Flat Land” [ 272 ]
20:00 Patrice Genevet, CRHEA, CNRS, France, “From planar to conformable optics with metasurfaces”

[ 146 ]
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Friday Evening Invited Session

Breakout Session 1: Modern Trends in Quantum Optics 3.
Location: Ballroom 1 — Yuri Rostovtsev, Chair

20:50 Fuli Li, Xi’an Jiaotong University, “Generation of continuous-variable quadripartite cluster states
in a circuit QED system” [ 222 ]

21:10 Deniz Yavuz, University of Wisconsin-Madison, “Coherent Magnetic Response at Optical Frequen-
cies Using Atomic Transitions” [ 365 ]

21:30 Ivan Divliansky, University of Central Florida - CREOL, “Holographic phase plates – multifunc-
tional devices for optical modes manipulations” [ 123 ]

21:50 Luqi Yuan, Stanford University, “Achieving nonreciprocal unidirectional single-photon quantum
transport using the photonic Aharonov-Bohm effect” [ 368 ]

22:10 Goong Chen, Texas A&M University, “Mathematical analysis of parametric resonance, from the
Mathieu equation to QASER” [ 110 ]

Breakout Session 2: Fundamental Problems in Quantum Physics.
Location: Magpie A — Vaclav Spicka, Chair

20:50 Igor Pikovski, Harvard University, “Gravitational Phenomena in Low-Energy Quantum Systems”
[ 276 ]

21:10 Andre Gontijo Campos, Princeton University, “Unveiling new analytical solutions as well as the
classical limit of the Dirac equation” [ 153 ]

21:30 Suzy Lidström, Physica Scripta, Royal Swedish Academy of Sciences, “Life, the Universe, and
Everything – 42 Fundamental Questions” [ 229 ]

21:50 Peter Keefe, University of Detroit Mercy, “Considerations on Bardeen Hysteresis: Violation or
Vindication of the Second Law?” [ 191 ]

22:10 Roland Allen, Texas A&MUniversity, “Ultrafast phase transitions in advanced materials responding
to fast intense laser pulses, including light-induced superconductivity” [ 74 ]

Breakout Session 3: Metasurfaces and Applications.
Location: Magpie B — Patrice Genevet, Chair

20:50 Reza Khorasaninejad, Harvard University, “Planar Optics at Visible Wavelengths based on Tita-
nium Dioxide” [ 193 ]

21:10 Michael Sinclair, Sandia National Laboratories, “Semiconductor-based passive, active, and non-
linear dielectric metasurfaces” [ 327 ]

21:30 QiongHe,FudanUniversity of China, “Tailor the functionalities ofmetasurfaces based on a complete
phase diagram” [ 166 ]

21:50 Sergey Kruk, Australian National University, “All-dielectric resonant nanophotonics: metasurfaces
and nonlinear effects” [ 207 ]

22:10 Yang Zhao, Stanford University, “All-Optical Chiral Resolution with Achiral Plasmonic Nanostruc-
tures” [ 372 ]
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Breakout Session 4: Quantum State Transfer between Microwaves and Optics.
Location: Wasatch A — Harald Schwefel, Chair

20:50 Harald Schwefel, University of Otago, “Efficient microwave to optical photon conversion: an
electro-optical realisation” [ 309 ]

21:10 Andrew Higginbotham, JILA: CU Boulder & NIST, “Approaching quantum operation of a
microwave-mechanical-optical transducer” [ 169 ]

21:30 James Haigh, Hitachi Cambridge Laboratory, “Towards microwave-to-optical conversion in
magneto-optical resonators” [ 160 ]

21:50 Jevon Longdell,University of Otago, “Towards quantum frequency conversion between microwaves
and light using rare-earth ion dopants” [ 237 ]

22:10 Christoph Marquardt, MPL Erlangen, “Nonlinear Whispering Gallery Resonators: Shaping Pho-
tons in All Degrees of Freedom” [ 248 ]
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5.3 Poster session

Joe Becker, Texas A&M University
“Fiber Integrated Nitrogen Vacancy Probes: Magnetic Gradiometry and Stimulated Fluorescence Quenching”
[ 88 ]

Tuguldur Begzjav, Texas A&M University
“Theoretical investigation of driven FAST-CARS system” [ 89 ]

Jonathan Ben-Benjamin, IQSE, Baylor
“Phase space made easy” [ 91 ]

Blake Birmingham, Baylor / TAMU
“Ambient Nanoscale Tip-Enhanced Raman Mapping of Submonolayer CuPc on Au and MoS2” [ 95 ]

Frédéric Bouchard, University of Ottawa
“High-dimensional quantum cloning of twisted photons” [ 97 ]

Han Cai, Texas A&M University
“Electromagnetically Induced TransparencywithDynamicallyModulated Superradiant and Subradiant states”
[ 106 ]

Rongxin Chen, Texas A&M University
“Steady-state mechanical entanglement via reservoir engineering” [ 112 ]

Mutian Cheng, AHUT
“ingle photon scattering in one dimensional waveguide coupled to multi-atoms with dipole-dipole interaction”
[ 113 ]

Hichem Eleuch, Texas A&M University, IQSE
“Magnus expansion method for two-level atom interacting with few-cycle pulse” [ 127 ]

Edward Fry, Texas A&M University
“Ultraviolet (250–550 nm) absorption spectrum of pure water” [ 139 ]

Kyong Chol Han, Texas A&M University
“Electric Dipole, Magnetic Dipole, and Quadrupole Transitions in Fine and Hyperfine Structures of Atomic
and Nuclear Systems” [ 163 ]

Zhe He, Texas A&M University
“Nano-optical imaging of tip-surface interaction in monolayer WS2” [ 167 ]

Dong Hui, Texas A&M University, IQSE
“Maximum Work Extracted from an Energy Flow with Entropy Flux in Light-harvesting System” [ 177 ]

Anna Kashkanova, Yale University
“Superfluid helium optomechanics in a Fabry-Perot cavity.” [ 188 ]

Barnabas Kim, Texas A&M University, IQSE
““Effective” interactions between identical particles are just “Effective”.” [ 196 ]

Brian Ko, Baylor/TAMU
“Biophotonics: Studying Biological Samples Using Advanced Optical Techniques” [ 199 ]

Fu Li, Texas A&M University, IQSE
“Single-photon superradiance and radiation trapping by atomic shells” [ 221 ]

Haozhen Li, Texas A&M University
“Effects of engineering initial states and quantum interference near the edge of a photonic band gap on the
entanglement” [ 223 ]

Sheng-Wen Li, Texas A&M University
“Mutual information description of entropy production” [ 226 ]

Zack Liege, Baylor/TAMU
— Title not entered —

Peter Qiang Liu, Sandia National Labs
“Graphene-induced Quenching of the Optical Phonons in the Underlying III-V Semiconductor Heterostruc-
tures” [ 232 ]
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Sheng Liu, Sandia National Labs
“Novel linear and nonlinear optical properties enabled by direct-gap semiconductor metamaterials” [ 234 ]

Satyendra Kumar Mishra, Texas A&M University
“Urea detection using fiber optic plasmonic sensor” [ 257 ]

Frank Narducci, Naval Air Systems Command
“A dual accelerometer/gyroscope using continuous opposing atomic beams” [ 264 ]

Reed Nessler, TAMU IQSE
“Single and paired parametric oscillators” [ 266 ]

Tao Peng, Texas A&M University, IQSE
“Time full evolution of the laser” [ 274 ]

Katharina Priebe, Uni Göttingen, Germany
“Coherent control of free-electron momentum superposition states” [ 281 ]

Matthew Reichert, Princeton University
“Evolution of Spatial Entanglement of Realistic Biphotons” [ 293 ]

Rob Scully, Texas A&M University
“The use of Drones in Detection of Crop Stress” [ 312 ]

Yujie Shen, Texas A&M University
“Picosecond supercontinuum generation for CARS microscopy” [ 317 ]

Alexey Shkarin, Yale University
“Gaussian quantum optomechanics with superfluid helium density waves” [ 318 ]

Anton Shutov, Texas A&M University
“Atmospheric remote sensing via optically pumped CO2 laser and plasma mirror” [ 319 ]

Mariia Shutova, Texas A&M University
“Subfemtosecond pulse synthesis via coherent broadband generation in Raman crystal.” [ 320 ]

Jonathan Thompson, Texas A&M University
“A new MIE scattering: Microscopic Interface Engineering for enhanced spectroscopy” [ 344 ]

Dmitri Voronine, Texas A&M University
“Quantum plasmonics for nanoscale bio-imaging” [ 348 ]

Yuanmu Yang, Sandia National Labs
“Ultrafast Amplitude and Polarization Switch in a High-Q Cadmium Oxide Perfect Absorber” [ 364 ]

Zhenhuan Yi, Texas A&M University
“Toward FAST CARS II: Experimental aspects” [ 367 ]

Lida Zhang, Texas A&M University, IQSE
“Two-mode squeezing in a four-wave mixing process with symmetric gain and loss” [ 369 ]

Zhenrong Zhang, Baylor University
“Surface Defects on Exfoliated MoS2” [ 370 ]

Xingchen Zhao, Texas A&M University
“Driving Rabi Oscillation by Adiabatic Pulse due to Initial Atomic Coherence” [ 371 ]

Alexandra Zhdanova, Texas A&M University
“The Effect of Spatially Tailored Beams on Supercontinuum Generation” [ 374 ]
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Tuesday morning invited session 1, abstract on page 67
“From Structured Multimaterial Fibers to the Digital Design of Photonic Particles”

Mikael Afzelius, University of Geneva
Tuesday morning invited session 1, abstract on page 68
“Generating non-classical correlations between photons and spins in a crystal”

Girish Agarwal, Texas A&M University
Friday morning plenary session 1, abstract on page 69
“Quantum Optics and QED in Hyperbolic Environment”

Andrea Aiello, MPL-Erlangen
Thursday evening invited session, abstract on page 70
“Transverse Spin and Orbital Angular Momentum of Light”

Alexey Akimov, Texas A&M University
Friday morning invited session 2, abstract on page 71
“Coupling of single NV center in diamond to the single mode fiber”

Nika Akopian, DTU
Tuesday evening invited session, abstract on page 72
“Nanowire Quantum Dots Tuned to Atomic Resonances”

M. Zahirul Alam, University of Ottawa
Thursday evening invited session, abstract on page 73
“A Metasurface For Large Nonlinear Refraction”

Roland Allen, Texas A&M University
Friday evening invited session, abstract on page 74
“Ultrafast phase transitions in advanced materials responding to fast intense laser pulses, including light-
induced superconductivity”

Petr M. Anisimov, Los Alamos National Laboratory
Wednesday morning invited session 2, abstract on page 75
“Quantum evolution of 1D electrons in classical XFELs”

Steve Anlage, University of Maryland
Friday morning invited session 2, abstract on page 76
“Intermodulation in Nonlinear SQUID Meta-Materials: Experiment and Theory”

Ara Apkarian, University of California, Irvine
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Yasuhiko Arakawa, University of Tokyo
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“Quantum Dot Lasers on Silicon”
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Ady Arie, Tel-Aviv University
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Cord Arnold, Lund University
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Peter Asenbaum, Stanford University
Wednesday evening invited session, abstract on page 80
“Precision atom interferometry and gravitational wave detection”

Markus Aspelmeyer, VCQ, University of Vienna
Tuesday morning invited session 2, abstract on page 81
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“Spatial and temporal localization of light in two dimensions”
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Thursday evening invited session, abstract on page 85
“Nanoscopic Lighthouses, Photonic Wheels and Transverse Spin of Light”

Herman Batelaan, University of Nebraska-Lincoln
Wednesday morning invited session 2, abstract on page 86
“Vacuum field decoherence”

Andreas Becker, JILA, University of Colorado, Boulder
Monday morning invited session 1, abstract on page 87
“Laser driven nonadiabatic electron dynamics in molecules”

Joe Becker, Texas A&M University
Poster Session, abstract on page 88
“Fiber IntegratedNitrogen Vacancy Probes: MagneticGradiometry and Stimulated FluorescenceQuenching”

Tuguldur Begzjav, Texas A&M University
Poster Session, abstract on page 89
“Theoretical investigation of driven FAST-CARS system”

Alexey Belyanin, Texas A&M University
Friday morning invited session 2, abstract on page 90
“Nonlinear optics of massless Dirac fermions in graphene and topological insulators”

Jonathan Ben-Benjamin, IQSE, Baylor
Poster Session, abstract on page 91
“Phase space made easy”

PQE-2017 42



Samuel Bengtsson, Lund University
Monday morning invited session 1, abstract on page 92
“Controlled Free Induction Decay in the Extreme Ultraviolet”

Pierre Berini, University of Ottawa
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“Towards Highly Efficient Soft X-ray Spectroscopy in Solids”
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Eric Borguet, Temple University
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Warwick Bowen, University of Queensland
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Han Cai, Texas A&M University
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“Electromagnetically Induced Transparency with Dynamically Modulated Superradiant and Subradiant
states”

Hui Cao, Yale University
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“Speckle-Based Spectrometer”

Alexander Carmele, TU Berlin
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“Steering quantum statistics in nanostructured semiconductor environments”

Henry Chapman, CFEL DESY
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Goong Chen, Texas A&M University
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“Mathematical analysis of parametric resonance, from the Mathieu equation to QASER”

Hong Chen, Tongji University
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Rongxin Chen, Texas A&M University
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“Steady-state mechanical entanglement via reservoir engineering”

Mutian Cheng, AHUT
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“ingle photon scattering in one dimensional waveguide coupled to multi-atoms with dipole-dipole interaction”

Kent Choquette, University of Illinois
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“Non-Hermitian Properties of Microcavity Laser Arrays”

Weng Chow, Sandia National Laboratories
Wednesday morning invited session 1, abstract on page 115
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Paul Corkum, University of Ottawa
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“Linking High Harmonics from Solids and Gases”

Steve Cronin, USC
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“Hot-Electron Driven Photocatalysis and Photoexcited Charge Carrier Dynamics in TiO2-Passivated Photo-
catalysts”

Jon Davis, AMPAC / NAVAIR
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“From Bio-Inspired to Bio-Logic Metamaterials”

Israel De Leon, Monterrey Institute of Technology
Thursday evening invited session, abstract on page 119
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Philippe Grangier, Institut d’Optique - CNRS
Wednesday evening plenary session, abstract on page 157
“Rydberg Blockade, from quantum gates to quantum simulations.”

Thomas Grismayer, Universidade de Lisboa, Portugal
Wednesday morning invited session 1, abstract on page 158
“Multidimensional QED cascades and QED vacuum nonlinearities”
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Johann Haber, DESY
Monday evening invited session, abstract on page 159
“Collective Strong Coupling in X-Ray Quantum Optics”

James Haigh, Hitachi Cambridge Laboratory
Friday evening invited session, abstract on page 160
“Towards microwave-to-optical conversion in magneto-optical resonators”

Kohzo Hakuta, University of Electro- Communications, Japan
Wednesday morning invited session 2, abstract on page 161
“Cavity QED on an Optical Nanofiber”

Naomi Halas, Rice University
Monday morning plenary session 2, abstract on page 162
“Active Plasmonic Devices and Processes”

Kyong Chol Han, Texas A&M University
Poster Session, abstract on page 163
“Electric Dipole, Magnetic Dipole, and Quadrupole Transitions in Fine and Hyperfine Structures of Atomic
and Nuclear Systems”

Jack Harris, Yale University
Tuesday morning invited session 2, abstract on page 164
“Observation of quantum optomechanical effects in a liquid”

Andrew Harvey, University of Glasgow
Monday morning invited session 2
“Computational 3D Microscopy with Extended Depth of Field”

Mark Havey, Old Dominion University
Wednesday morning invited session 1, abstract on page 165
“Light Scattering from Cold Rubidium Atoms”

Qiong He, Fudan University of China
Friday evening invited session, abstract on page 166
“Tailor the functionalities of metasurfaces based on a complete phase diagram”

Zhe He, Texas A&M University
Poster Session, abstract on page 167
“Nano-optical imaging of tip-surface interaction in monolayer WS2”

Philip Hemmer, Texas A&M University
Friday morning invited session 1, abstract on page 168
“Toward custom design of diamond-based quantum sensors”

Andrew Higginbotham, JILA: CU Boulder & NIST
Friday evening invited session, abstract on page 169
“Approaching quantum operation of a microwave-mechanical-optical transducer”

Sven Hoefling, Wuerzburg University
Tuesday evening invited session, abstract on page 170
“Quantum Light Emission from Two-Dimensional Transition Metal Dichalcogenides”

Sebastian Hofferberth, University of Stuttgart
Wednesday evening invited session, abstract on page 171
“A single Rydberg superatom coupled to a quantized light field”
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John Howell, University of Rochester
Monday morning invited session 2, abstract on page 172
“Quantum Inspired Precision Measurement”

Zdenek Hradil, Palacký University Olomouc
Thursday evening invited session, abstract on page 173
“Fischer information and resolution beyond the Rayleigh limit”

Xiao Hu, WPI-MANA, NIMS
Friday morning invited session 2, abstract on page 174
“Topological Photonic Crystals”

Rupert Huber, University of Regensburg, Germany
Tuesday evening invited session, abstract on page 175
“Subcycle terahertz control of electronic quantum motion”

Stephen Hughes, Queen’s University
Friday morning invited session 1, abstract on page 176
“Do Hyperbolic Metamaterial Resonators Make Good Single Photon Sources?”

Dong Hui, Texas A&M University, IQSE
Poster Session, abstract on page 177
“Maximum Work Extracted from an Energy Flow with Entropy Flux in Light-harvesting System”

Paul Huillery, Durham university
Monday morning invited session 2, abstract on page 178
“Contactless non-linear optics using Rydberg atoms”

David Hunger, Karlsruhe Institute of Technology (KIT)
Tuesday morning invited session 1, abstract on page 179
“Towards cavity-enhanced single-rare-earth-ion detection”

Misha Ivanov, MBI Berlin
Thursday morning plenary session 2, abstract on page 180
“Strong-Field Pumped Lasing in Atoms and Molecules:The Bound States of the Free Electron”

Zubin Jacob, Purdue University
Friday morning invited session 1, abstract on page 181
“Super-Coulombic Atom-Atom Interactions in Hyperbolic Media”

Frank Jahnke, University of Bremen, Germany
Wednesday morning invited session 1, abstract on page 182
“Atomically thin semiconductors as a novel active material for nanoscale devices”

Agnieszka Jaron-Becker, JILA, University of Colorado, Boulder
Monday morning invited session 1, abstract on page 183
“Multielectron effects in strong field processes”

Juha Javanainen, University of Connecticut
Thursday morning invited session 2, abstract on page 184
“Mean-field response of a cold gas to light, and beyond”

Lasse Jensen, Penn State
Tuesday morning invited session 1, abstract on page 185
“Atomistic Electrodynamics Simulations of Plasmonic Nanoparticles”
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Wang Jian, Huazhong University of Science and Technology
Monday evening invited session, abstract on page 186
“Recent progress in fiber-based structured light communications”

Robin Kaiser, CNRS, UCA, NICE
Wednesday morning invited session 1, abstract on page 187
“Single Photon Dicke Sub- and Superradiance”

Anna Kashkanova, Yale University
Poster Session, abstract on page 188
“Superfluid helium optomechanics in a Fabry-Perot cavity.”

Jérôme Kasparian, University of Geneva
Monday evening invited session, abstract on page 189
“Modulating the radiative transmission of the atmosphere with high-power laser filaments”

Masayuki Katsuragawa, University of Electro- Communications, Japan
Wednesday evening invited session, abstract on page 190
“Designability of optical processes composed of discrete spectrum”

Peter Keefe, University of Detroit Mercy
Friday evening invited session, abstract on page 191
“Considerations on Bardeen Hysteresis: Violation or Vindication of the Second Law?”

Christoph Keitel, Max Planck Institute for Nuclear Physics
Wednesday morning plenary session 1, abstract on page 192
“High-energy quantum processes in extremely intense laser pulses”

Reza Khorasaninejad, Harvard University
Friday evening invited session, abstract on page 193
“Planar Optics at Visible Wavelengths based on Titanium Dioxide”

Jacob Khurgin, Johns Hopkins University
Monday morning invited session 1, abstract on page 194
“Excited electrons in metal: from frigid to tepid to scalding hot””

David Kieda, University of Utah
Monday morning invited session 1, abstract on page 195
“Using HBT Interferometry for Astronomical Imaging”

Barnabas Kim, Texas A&M University, IQSE
Poster Session, abstract on page 196
““Effective” interactions between identical particles are just “Effective”.”

Tobias Kippenberg, EPFL
Tuesday morning invited session 2

Andrei Kirilyuk, Radboud University
Monday morning invited session 1, abstract on page 197
“All-optical switching: mechanisms and time scales”

Lukas Knips, LMU & MPQ Munich
Tuesday morning invited session 1, abstract on page 198
“Multiqubit State Tomography from a Physical Perspective”
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Brian Ko, Baylor/TAMU
Poster Session, abstract on page 199
“Biophotonics: Studying Biological Samples Using Advanced Optical Techniques”

Olga Kocharovskaya, Texas A&M University
Friday evening plenary session, abstract on page 200
“Towards intense sub-femtosecond coherent x-ray sources via laser modulation of the resonant active medium”

Femius Koenderink, FOM Institute AMOLF
Thursday morning invited session 1, abstract on page 201
“Polarimetric k-space microscopy of single plasmon antennas”

Shimon Kolkowitz, JILA/NIST
Wednesday evening invited session, abstract on page 202
“Gravitational wave detection with optical lattice atomic clocks”

Mathias Kolle, Massachusetts Institute of Technology
Tuesday morning invited session 1, abstract on page 203
“Bio-inspired Color-tunable Photonic Fibers for Colorimetric Mechanical Sensing”

Xiangjin Kong, Max Planck Institute for Nuclear Physics
Wednesday morning invited session 2, abstract on page 204
“Using nuclear transitions to control and store x-ray photons”

Thomas Kroll, SLAC National Accelerator Laboratory
Friday morning invited session 2, abstract on page 205
“Stimulated Hard X-ray Emission Spectroscopy: Fundamentals and Insight from the Manganese 5.9 keV
K-alpha fluorescence”

Norbert Kroo, Hungarian Academy of Sciences
Wednesday evening invited session, abstract on page 206
“Surface plasmon assisted electron and photon emission in strong femtosecond laser fields”

Sergey Kruk, Australian National University
Friday evening invited session, abstract on page 207
“All-dielectric resonant nanophotonics: metasurfaces and nonlinear effects”

Stefan Kröll, Lund University
Tuesday morning plenary session 1, abstract on page 208
“Quantum information, quantum optics and laser frequency stabilization based on rare earth doped crystals”

François Lagugné-Labarthet, Western University, Canada
Wednesday evening invited session, abstract on page 209
“Plasmon-enhanced Vibrational Spectroscopy for Life Science”

Christy Landes, Rice University
Monday morning invited session 2, abstract on page 210
“Super Temporal-Resolved Microscopy (STReM)”

Hugo Larocque, University of Ottawa
Tuesday evening invited session, abstract on page 211
“Characterization Methods of Twisted Electrons and using them as Spin-Polarization Filters”

Yann Le Coq, LNE-SYRTE
Tuesday morning invited session 2, abstract on page 212
“Stabilizing a laser on a rare-earth doped crystal for application to optical lattice clocks”
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Wolfgang Lechner, University of Innsbruck
Friday morning plenary session 2, abstract on page 213
“Quantum Annealing with Parity Constraints”

Howard Lee, Baylor University and Texas A&M University
Tuesday morning invited session 1, abstract on page 214
“Nanocrystal Upconversion and Advanced Light Manipulation in Nanostructured Optical Fibers”

Yong Hee Lee, KAIST
Wednesday morning plenary session 1, abstract on page 215
“Evolution of Small Semiconductor Lasers”

David Leibrandt, NIST
Tuesday morning invited session 2, abstract on page 216
“Laser frequency stabilization based on steady-state spectral-hole burning in Eu3+:Y2SiO5”

Igor Lesanovsky, University of Nottingham
Wednesday evening invited session, abstract on page 217
“Role of position disorder in interacting Rydberg lattice gases”

Gerd Leuchs, MPG
Thursday evening plenary session, abstract on page 218
“The quantum vacuum, classical optics and the fine structure constant”

Benjamin Lev, Stanford University
Thursday morning invited session 2, abstract on page 219
“Supermode-Density-Wave-Polariton Condensation”

Uriel Levy, Hebrew University of Jerusalem
Tuesday evening invited session, abstract on page 220
“Dielectric metasurfaces for phase, amplitude and polarization control”

Fu Li, Texas A&M University, IQSE
Poster Session, abstract on page 221
“Single-photon superradiance and radiation trapping by atomic shells”

Fuli Li, Xi’an Jiaotong University
Friday evening invited session, abstract on page 222
“Generation of continuous-variable quadripartite cluster states in a circuit QED system”

Haozhen Li, Texas A&M University
Poster Session, abstract on page 223
“Effects of engineering initial states and quantum interference near the edge of a photonic band gap on the
entanglement”

Quan Li, The Chinese University of HongKong
Thursday morning invited session 1, abstract on page 224
“Hydrogel based nanodiamond quantum sensor”

Ruxin Li, Shanghai Institute of Optics and Fine Mechanics
Monday evening invited session, abstract on page 225
“Water Condensation and Snowfall Induced by Laser Filamentation and Ionization in a Cloud Chamber”

Sheng-Wen Li, Texas A&M University
Poster Session, abstract on page 226
“Mutual information description of entropy production”
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Tianquan Lian, Emory University
Monday morning invited session 1, abstract on page 227
“Towards Rational Control of Efficient Plasmon Induced Hot Electron Transfer”

Wen-Te Liao, National Central University, Taiwan
Wednesday morning invited session 2, abstract on page 228
“The generation of short X-Ray pulses from a Mössbauer source using magnetic fields”

Suzy Lidström, Physica Scripta, Royal Swedish Academy of Sciences
Friday evening invited session, abstract on page 229
“Life, the Universe, and Everything – 42 Fundamental Questions”

Zack Liege, Baylor/TAMU
Poster Session

Hyungsik Lim, City University of New York, Hunter College
Monday morning invited session 2, abstract on page 230
“Third-harmonic Generation for Label-free Imaging of Schwann Cell Myelination”

Stephan Link, Rice University
Monday morning invited session 1, abstract on page 231
“Ultrafast Dynamics of Plasmonic Nanostructures”

Michal Lipson, Columbia University
Thursday evening invited session
“Extreme Nonlinear Optics in Nano-Photonics”

Peter Qiang Liu, Sandia National Labs
Poster Session, abstract on page 232
“Graphene-induced Quenching of the Optical Phonons in the Underlying III-V Semiconductor Heterostruc-
tures”

Renbao Liu, Chinese University of Hong Kong
Thursday morning invited session 1, abstract on page 233
“Magnetic criticality enhanced diamond nanothermometer”

Sheng Liu, Sandia National Labs
Poster Session, abstract on page 234
“Novel linear and nonlinear optical properties enabled by direct-gap semiconductor metamaterials”

Yi Liu, LOA, ENSTA, France/USST, Shanghai, China
Thursday morning invited session 2, abstract on page 235
“Superradiance from air plasma pumped by 800nm femtosecond pulses”

Zhaowei Liu, UCSD
Thursday morning invited session 1, abstract on page 236
“Plasmonics and Metamaterials Enhanced Super Resolution Microscopy”

Jevon Longdell, University of Otago
Friday evening invited session, abstract on page 237
“Towards quantum frequency conversion between microwaves and light using rare-earth ion dopants”

Virginia Lorenz, University of Illinois at Urbana-Champaign
Monday morning invited session 2, abstract on page 238
“Multidimensional tomography of quantum photonic sources”
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Mikhail Lukin, Harvard University
Wednesday morning plenary session 1, abstract on page 239
“New Frontiers of Quantum Optical Science”

Lloyd Lumata, University of Texas at Dallas
Thursday morning invited session 2, abstract on page 240
“Hyperpolarized Magnetic Resonance for Metabolic Assessment of Cancer”

Alexander Lvovsky, University of Calgary, Russian Quantum Center
Thursday evening invited session, abstract on page 241
“Super-Resolution Microscopy with Heterodyne Detection”

Erik Lötstedt, The University of Tokyo
Thursday morning invited session 2, abstract on page 242
“Ultrafast Population Inversion in N2+ in Laser Induced Filament”

Svetlana Malinovskaya, Stevens Institute of Technology
Wednesday morning invited session 2, abstract on page 243
“oral”

Vladimir Malinovsky, US Army Research Lab
Monday evening invited session, abstract on page 244
“Abnormal Rabi oscillations in self-correcting quantum structures”

Salvatore Mandrà, Quantum Artificial Intelligence Lab (QuAIL) @ NASA Ames
Friday morning invited session 2, abstract on page 245
“Exponentially-Biased Ground-State Sampling of Quantum Annealing Machines with Transverse-Field Driv-
ing Hamiltonians.”

Alejandro Manjavacas, University of New Mexico
Tuesday morning invited session 1, abstract on page 246
“Anisotropic response in nanostructures with balanced gain and loss”

Mattias Marklund, Chalmers University
Wednesday morning invited session 1, abstract on page 247
“Aspects of QED in Laser-Matter Interactions”

Christoph Marquardt, MPL Erlangen
Friday evening invited session, abstract on page 248
“Nonlinear Whispering Gallery Resonators: Shaping Photons in All Degrees of Freedom”

François Marquier, Institut d’Optique, Lab. Charles Fabry
Tuesday evening invited session, abstract on page 249
“Revisiting quantum optics with surface plasmons”

Mary Matthews, University of Geneva
Thursday evening invited session, abstract on page 250
“Light amplification by nearly free electrons in a laser filament”

Peter Maurer, Stanford University
Wednesday morning invited session 2, abstract on page 251
“Nanoprobes for electron microscopy with bio-specificity”

Peter McMahon, Stanford University
Tuesday evening invited session, abstract on page 252
“Combinatorial optimization using networks of optical parametric oscillators: present (bulk) and future
(on-chip) OPO Ising machines”
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Ben McMorran, University of Oregon
Tuesday evening invited session, abstract on page 253
“Electron Vortices and Other Sculpted Electrons: Production, Measurement, and Application”

Joshua McNeur, Friedrich Alexander University
Tuesday evening invited session, abstract on page 254
“Staged acceleration, microbunching, and focusing in a dielectric laser accelerator”

Vinod Menon, City College of New York
Friday morning invited session 1, abstract on page 255
“Photonic hypercrystals for control of light-matter interaction”

Carmen Menoni, Colorado State University
Friday morning invited session 2, abstract on page 256
“The multiple facets of nanoscale imaging using soft x-ray light from bright table-top lasers”

Satyendra Kumar Mishra, Texas A&M University
Poster Session, abstract on page 257
“Urea detection using fiber optic plasmonic sensor”

Francesco Monticone, Cornell University
Friday morning invited session 1, abstract on page 258
“Parity-time symmetric nonlocal metasurfaces: Focusing and imaging through balanced loss and gain”

Thomas Monz, University of Innsbruck
Tuesday morning invited session 1, abstract on page 259
“Frontiers of Tomography”

Felipe Morales Moreno, Max Born Institute
Thursday evening invited session, abstract on page 260
“Optical lasing during laser filamentation in the Nitrogen molecule: ro-vibrational inversion”

Karina Morgenstern, Ruhr-Universität Bochum
Tuesday morning invited session 2, abstract on page 261
“STM investigation of laser driven processes at surfaces”

Jeremy Munday, University of Maryland
Monday morning invited session 1, abstract on page 262
“Hot carrier optoelectronic devices based on ultra-thin metallic films”

Frank Narducci, Naval Air Systems Command
Wednesday evening invited session, abstract on page 263
“Ramsey spectroscopy in the presence of magnetic field gradients”
Poster Session, abstract on page 264
“A dual accelerometer/gyroscope using continuous opposing atomic beams”

Milos Nesladek, University Hasselt & IMEC, Belgium
Thursday morning invited session 1, abstract on page 265
“Towards High-Frequency Operation of NV Spins using Hybrid Opto-Electric Diamond Devices”

Reed Nessler, TAMU IQSE
Poster Session, abstract on page 266
“Single and paired parametric oscillators”

Mikhail Noginov, Norfolk State University
Tuesday evening invited session, abstract on page 267
“Light-Matter Interactions Controlled with Metamaterials”
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Peter Nordlander, Rice University
Monday morning plenary session 1, abstract on page 268
“Frontiers in Plasmonics: Quantum Effects and Hot Carrier Generation”

Meir Orenstein, EE, Technion, Haifa
Tuesday morning invited session 2, abstract on page 269
“The Topological Structure of Electromagnetics in the Nanoscale and Light-Matter Interactions”

Miles Padgett, University of Glasgow
Monday morning plenary session 2, abstract on page 270
“The Spatial Resolution of Ghost Imaging”

Paris Panagiotopoulos, University of Arizona
Monday evening invited session, abstract on page 271
“Long Range Atmospheric Transport of Multi-TW Ultrashort mid-IR Pulses”

Hongkun Park, Harvard University
Friday evening plenary session, abstract on page 272
“Toward Quantum Optics in Flat Land”

Matthew Pelton, University of Maryland Baltimore County
Tuesday morning invited session 1, abstract on page 273
“Nanolasers using colloidal quantum wells”

Tao Peng, Texas A&M University, IQSE
Poster Session, abstract on page 274
“Time full evolution of the laser”

Hannes Pichler, Harvard
Thursday evening invited session, abstract on page 275
“Many-body physics with chiral light–matter interactions”

Igor Pikovski, Harvard University
Friday evening invited session, abstract on page 276
“Gravitational Phenomena in Low-Energy Quantum Systems”

Pavel Polynkin, University of Arizona
Thursday evening invited session, abstract on page 277
“Rotational mechanism of optical gain in nitrogen molecular ions”

Eugene Polzik, Copenhagen University
Tuesday morning plenary session 2, abstract on page 278
“Quantum Mechanics in the Negative Mass Reference Frame”

Trey Porto, Joint Quantum Institute, NIST and UMD
Wednesday evening invited session, abstract on page 279
“Contaminant-State Broadening Mechanism in a Driven Dissipative Rydberg System”

Katharina Priebe, Uni Göttingen, Germany
Tuesday evening invited session, abstract on page 280
“Coherent control of free-electron momentum superposition states”
Poster Session, abstract on page 281
“Coherent control of free-electron momentum superposition states”

Audrius Pugzlys, TU Vienna
Monday evening invited session, abstract on page 282
“Spatial and Temporal Control over Filamentation of Mid-IR Pulses in Ambient Air”
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Zhen Qu, University of Arizona
Monday evening invited session, abstract on page 283
“OAM Communication in Strong Atmospheric Turbulence Regime Enabled by Adaptive Optics and LDPC
Coding”

Qimin Quan, Harvard University
Tuesday morning invited session 1, abstract on page 284
“Plasmonic biosensing on a nanofiber and in a nanocavity”

Mark Raizen, University of Texas at Austin
Thursday morning plenary session 2, abstract on page 285
“Physics of Quantum Electronics in Medicine”

Stephen Rand, University of Michigan
Monday morning plenary session 1, abstract on page 286
“Optical Magnetism in a New Light”

Ronen Rapaport, The Hebrew University of Jerusalem
Thursday morning invited session 1, abstract on page 287
“A dark liquid of dipolar excitons”

Markus Raschke, University of Colorado
Wednesday evening invited session, abstract on page 288
“Nano-focused multimodal imaging, control, and interaction dynamics: Ultrafast spectroscopy reaching the
single emitter limit”

Ernst M. Rasel, Leibniz Universität Hannover
Wednesday evening plenary session, abstract on page 289
“Precision atom interferometry and clocks featuring gravitational wave detection”

Arno Rauschenbeutel, TU Wien, Austria
Thursday evening invited session, abstract on page 290
“Quantum Optical Diode and Circulator Based on the Chiral Interaction between Spin-Polarized Atoms and
Photons with Transverse Spin”

Aleksander Rebane, Montana State University
Monday morning invited session 2, abstract on page 291
“Ultrafast multi-photon absorption: from nonlinear-optical directed evolution of fluorescent proteins to all-
optical molecular voltmeter”

Jaroslav Rehacek, Palacký University Olomouc
Thursday evening invited session, abstract on page 292
“Achieving quantum-limited optical resolution”

Matthew Reichert, Princeton University
Poster Session, abstract on page 293
“Evolution of Spatial Entanglement of Realistic Biphotons”

Johann Peter Reithmaier, INA, University of Kassel
Friday morning plenary session 1, abstract on page 294
“Impact of nanoscale physics on the performance of optoelectronic devices”

Stephan Reitzenstein, Technische Universität Berlin
Wednesday morning invited session 1, abstract on page 295
“Mutual Coupling and Synchronization of high-β Quantum Dot Microlasers”
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Orad Reshef, University of Ottawa
Thursday evening invited session, abstract on page 296
“Nonlinear optical response of highly nonlinear low-index materials”

Maria Richter, Universidad Autónoma Madrid
Thursday evening invited session, abstract on page 297
“Light amplification by nearly free electrons in a laser filament”

Jorge Rocca, Colorado State University
Friday morning invited session 2, abstract on page 298
“High Average Power Table-Top Soft X-Ray Lasers and Their Enabling Pump Laser Technology”

Carmelo Rosales-Guzman, University of the Witwatersrand
Monday evening invited session, abstract on page 299
“Hybrid communication with orbital angular momentum modes of light”

Yuri Rostovtsev, University of North Texas
Friday morning invited session 1, abstract on page 300
“Control of spontaneous emission: trapping of ions in excited states”

Dennis Rätzel, University of Vienna
Monday evening invited session, abstract on page 301
“Gravitational properties of light”

Ralf Röhlsberger, DESY
Monday evening plenary session, abstract on page 302
“High-Purity Polarization Spectroscopy with X-rays”

Juan Jose Saenz, Donostia International Physics Center (DIPC), Spain
Thursday morning invited session 1, abstract on page 303
“Casimir-like interactions between particles under fluctuating laser fields”

Mark Saffman, University of Wisconsin-Madison
Wednesday evening invited session, abstract on page 304
“Quantum Computing with Atomic Qubits and Rydberg Interactions: Progress and Challenges”

Virgil Sanders, Texas A&M University, IQSE
No presentation

Arvinder Sandhu, University of Arizona
Monday morning invited session 1, abstract on page 305
“Laser modification of molecular autoionizing states: The role of electronic symmetry”

Gianluca Sarri, Queen’s University Belfast
Wednesday morning invited session 1, abstract on page 306
“QED in ultra-high laser fields: current experimental results and perspectives”

Wolfgang Schleich, Ulm University/TAMU
Tuesday evening plenary session, abstract on page 307
“Focusing of wave packets without forces”

Christian Schubert, Leibniz Universität Hannover
Wednesday evening invited session, abstract on page 308
“Infrasound gravitational wave detection”
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Harald Schwefel, University of Otago
Friday evening invited session, abstract on page 309
“Efficient microwave to optical photon conversion: an electro-optical realisation”

Volker Schweikhard, Rice University
Monday morning invited session 2, abstract on page 310
“Peeking deep into human cells using multiplex superresolution and live-cell microscopy”

Jim Scully, American Airlines
No presentation

Marlan Scully, Texas A&M University and Baylor University
Friday morning invited session 1, abstract on page 311
“Electromagnetically Induced Transparency Dynamically Modulated Superradiant and Subradiant States”
Wednesday morning plenary session 2
“Presentation of the 2017 Willis E. Lamb Award for Laser Science and Quantum Optics”

Rob Scully, Texas A&M University
Poster Session, abstract on page 312
“The use of Drones in Detection of Crop Stress”

Tamar Seideman, Northwestern University
Tuesday morning plenary session 1, abstract on page 313
“Current-Driven Phenomena in NanoToys: Defeats, Victories and Directions”

Yoram Selzer, Tel Aviv University
Tuesday morning invited session 2, abstract on page 314
“Plasmon Controlled Molecular Junctions”

Jonathan Sessler, The University of Texas at Austin
Thursday morning invited session 2, abstract on page 315
“Photodynamic Therapy With Texaphyrin”

Gavriil Shchedrin, Colorado School of Mines
Thursday morning invited session 2, abstract on page 316
“Driven two-component Bose–Einstein condensate in optical lattices”

Yujie Shen, Texas A&M University
Poster Session, abstract on page 317
“Picosecond supercontinuum generation for CARS microscopy”

Alexey Shkarin, Yale University
Poster Session, abstract on page 318
“Gaussian quantum optomechanics with superfluid helium density waves”

Moshe Shuker, Rafael
No presentation

Anton Shutov, Texas A&M University
Poster Session, abstract on page 319
“Atmospheric remote sensing via optically pumped CO2 laser and plasma mirror”

Mariia Shutova, Texas A&M University
Poster Session, abstract on page 320
“Subfemtosecond pulse synthesis via coherent broadband generation in Raman crystal.”

PQE-2017 59



Gennady Shvets, Cornell University and UT-Austin
Friday morning plenary session 1, abstract on page 321
“Topological Photonics: Science and Applications”

Sharon Shwartz, Bar Ilan University
Monday morning invited session 1, abstract on page 322
“X-ray ghost imaging and ghost diffraction with a laboratory source”

Lukas Sieberer, University of California Berkeley
Friday morning invited session 2, abstract on page 323
“Approximate solutions to hard optimization problems by quantum annealing”

Tom Silva, National Institute of Standards and Technology
Monday morning invited session 1, abstract on page 324
“Good things come in small packages: Insights from the use of table-top high harmonic generation sources
to study ultrafast magnetization dynamics”

Christoph Simon, University of Calgary
Monday morning invited session 2, abstract on page 325
“Quantum networks: around the globe and in the brain?”

Montangero Simone, Ulm University
Friday morning invited session 2, abstract on page 326
“Quantum annealing and optimal control”

Michael Sinclair, Sandia National Laboratories
Friday evening invited session, abstract on page 327
“Semiconductor-based passive, active, and nonlinear dielectric metasurfaces”

Serguei Skipetrov, CNRS, Grenoble
Thursday morning invited session 2, abstract on page 328
“Scaling analysis of localization transition for light in a 3D atomic system”

Olga Smirnova, MBI Berlin
Tuesday evening invited session, abstract on page 329
“High harmonic generation spectroscopy of laser induced phase transitions in strongly correlated systems”

David Smith, Duke University
Friday morning invited session 1, abstract on page 330
“Theoretical and Numerical Investigation of Optical Bistability with Film-Coupled Nanopatches”

Alexei Sokolov, Texas A&M University
Wednesday evening invited session, abstract on page 331
“Molecular modulation in gasses and solids with spatio-temporal shaping of optical fields”

Marin Soljačić, Massachusetts Institute of Technology
Friday morning invited session 1, abstract on page 332
“Exotic Nanophotonic States for Enhanced Active Photonic Systems”

Vaclav Spicka, Czech Academy of Sciences
Tuesday evening invited session, abstract on page 333
“Non-equlibrium dynamics of molecular bridge model Limits to simplified description by Generalized Master
Equations”

Ganesh Subramania, Sandia National Lab
Friday morning invited session 1, abstract on page 334
“Topological Photonics Research at Sandia Lab”
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Szymon Suckewer, Princeton University
Friday morning plenary session 2, abstract on page 335
“Recombination X-Ray Laser in “Water-Window” for High Resolution X-Ray Microscopy of Biological Cells
in Natural Environment”

Vivishek Sudhir, EPFL
No presentation

Anatoly Svidzinsky, Texas A&M University
Wednesday morning invited session 1, abstract on page 336
“Single-photon superradiance and radiation trapping by atomic shells”

Mubeen Syed, University of Iowa
Monday evening invited session, abstract on page 337
“Engineering Plasmonic Systems for Fuel and Chemical Production”

Francesco Tani, Max Planck Institute for the Science of Light
Wednesday evening invited session, abstract on page 338
“Blue–shifting soliton driven high harmonics”

Antoinette (Toni) Taylor, Los Alamos National Laboratory
Monday morning invited session 1, abstract on page 339
“Directly probing spin dynamics in insulating antiferromagnets using ultrashort THz pulses”

Jake Taylor, Joint Quantum Institute
Wednesday morning invited session 1, abstract on page 340
“Probing quantum matter with light”

Charles Thiel, Montana State University
Tuesday morning invited session 2, abstract on page 341
“Design and Characterization of Materials for Rare-earth Quantum Memories”

Isabell Thomann, Rice University
Monday evening invited session, abstract on page 342
“Photo-induced force mapping of plasmonic nanostructures”

Jeff Thompson, Princeton University
Wednesday morning invited session 1, abstract on page 343
“Symmetry-protected collisions between strongly interacting photons”

Jonathan Thompson, Texas A&M University
Poster Session, abstract on page 344
“A new MIE scattering: Microscopic Interface Engineering for enhanced spectroscopy”

Petru Tighineanu, Niels Bohr Institute
Wednesday morning invited session 1, abstract on page 345
“Single-Photon Superradiance from a Large Quantum Dot”

Mankei Tsang, National University of Singapore
Thursday evening plenary session, abstract on page 346
“Quantum Theory of Superresolution for Incoherent Optical Imaging”

Augustine Urbas, AFRL
Tuesday morning invited session 2, abstract on page 347
“Nonlinear Scattering and Time Resolved Nonlinear Properties of Plasmonic Materials and Systems”
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Dmitri Voronine, Texas A&M University
Poster Session, abstract on page 348
“Quantum plasmonics for nanoscale bio-imaging”

Daryl Vulis, Harvard University
Thursday evening invited session, abstract on page 349
“Monolithic CMOS-compatible zero-index metamaterials”

Thad Walker, University of Wisconsin-Madison
Thursday morning invited session 2, abstract on page 350
“Fetal Magnetocardiography With an Atomic Magnetometer Array”

Joel Wallman, University of Waterloo
Tuesday morning invited session 1, abstract on page 351
“Efficiently characterizing quantum gates and circuits”

Ronald Walsworth, Harvard University
Thursday morning plenary session 1, abstract on page 352
“Magnetic Imaging using Quantum Defects in Diamond”

Dawei Wang, Texas A&M University
Friday morning invited session 1, abstract on page 353
“Topological Cavity QED: A magic beam splitter for Schrodinger cat states”

Zhiguo Wang, TAMU, IQSE
No presentation

Wei David Wei, University of Florida
Monday evening invited session, abstract on page 354
“Plasmon-Driven Anisotropic Growth of Gold Nanoprisms: Cooperative Action of Surfactants with Light”

Rainer Weiss, Massachusetts Institute of Technology
Wednesday morning plenary session 2, abstract on page 355
“Gravitational wave detection by laser interferometry: Opening of a new field of astronomy and astrophysics”

George R. Welch, Texas A&M University
No presentation

Arne Wickenbrock, JGU Mainz
Wednesday morning invited session 2, abstract on page 356
“Measuring the magnetic field of the heart in the heart or Towards endocscopic magnetic field sensors based
on nitrogen vacancy centers in diamonds for biomedical applications”

Katherine (Kallie) Willets, Temple University
Monday evening invited session, abstract on page 357
“Measuring electrochemical reactions on single nanoparticles: combining optical and electrochemical
nanoscopy”

Alan Willner, University of Southern California
Monday evening plenary session, abstract on page 358
“High-Capacity Communications Using Multiplexing of Multiple Orbital-Angular-Momentum Beams”

Jean Pierre Wolf
No presentation
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Fengcheng Wu, Argonne National Laboratory
Thursday morning invited session 1, abstract on page 359
“Topological Excitons in Moiré Heterobilayer”

Xu Xiaodong, University of Washington
Thursday morning invited session 1, abstract on page 360
“Excitons in 2D Semiconductor Heterostructures”

Vladislav Yakovlev, Texas A&M University
Monday evening plenary session, abstract on page 361
“Per aspera ad astra: getting light through opaque medium”

Alexey Yamilov, Missouri S&T
Thursday morning invited session 1, abstract on page 362
“Eigenchannels in scattering media: from manipulation to inverse design”

Shu Yang, University of Pennsylvania
Tuesday morning invited session 2, abstract on page 363
“Reconfigurable nanoparticle assemblies guided by the topological defects of liquid crystals”

Yuanmu Yang, Sandia National Labs
Poster Session, abstract on page 364
“Ultrafast Amplitude and Polarization Switch in a High-Q Cadmium Oxide Perfect Absorber”

Deniz Yavuz, University of Wisconsin-Madison
Friday evening invited session, abstract on page 365
“Coherent Magnetic Response at Optical Frequencies Using Atomic Transitions”

Susanne Yelin, University of Connecticut
Wednesday morning invited session 1, abstract on page 366
“An Atom Mirror”

Zhenhuan Yi, Texas A&M University
Poster Session, abstract on page 367
“Toward FAST CARS II: Experimental aspects”

Luqi Yuan, Stanford University
Friday evening invited session, abstract on page 368
“Achieving nonreciprocal unidirectional single-photon quantum transport using the photonic Aharonov-Bohm
effect”

Lida Zhang, Texas A&M University, IQSE
Poster Session, abstract on page 369
“Two-mode squeezing in a four-wave mixing process with symmetric gain and loss”

Zhenrong Zhang, Baylor University
Poster Session, abstract on page 370
“Surface Defects on Exfoliated MoS2”

Xingchen Zhao, Texas A&M University
Poster Session, abstract on page 371
“Driving Rabi Oscillation by Adiabatic Pulse due to Initial Atomic Coherence”

Yang Zhao, Stanford University
Friday evening invited session, abstract on page 372
“All-Optical Chiral Resolution with Achiral Plasmonic Nanostructures”
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Alexandra Zhdanova, Texas A&M University
Wednesday evening invited session, abstract on page 373
“Towards Synthesis of Ultrafast Waveforms using Coherent Raman Sidebands”
Poster Session, abstract on page 374
“The Effect of Spatially Tailored Beams on Supercontinuum Generation”

Nikolay Zheludev, Southampton UK and NTU Singapore
Tuesday morning plenary session 2, abstract on page 375
“Flying donuts: toroidal electromagnetic excitations in matter and free space”

Brian Zhou, University of Chicago
Monday morning invited session 1, abstract on page 376
“Accelerated quantum control using superadiabatic dynamics in a solid-state lambda system”

Nathalie de Leon, Princeton University
Wednesday morning invited session 2, abstract on page 377
“New color centers in diamond for long distance quantum communication”

Joachim von Zanthier, University of Erlangen, Germany
Monday morning plenary session 1, abstract on page 378
“Quantum Imaging with Incoherent Light from a Free-Electron Laser”
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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 8,
2017. The selection committee for the 2017 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 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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Dynamical signatures of exciton condensation in 1T‐TiSe2 
 
A. Kogar*, S. Vig*, M. S. Rak*, A. A. Husain*, F. Flicker§, Y. I. Joe*, L. Venema*, G. J. MacDougall*, T. C. 

Chiang*, E. Fradkin*, J. van Wezel¥, P. Abbamonte* 

 

* Department of Physics and Seitz Materials Research Laboratory, University of Illinois, Urbana, IL, 

61801, USA 
§Department of Physics, University of California, Berkeley, California 94720, USA 
¥ Institute of Physics, University of Amsterdam, 1098 XH Amsterdam, The Netherlands  

 

 

Light absorbed by a semiconductor creates an excited electron and hole which, being oppositely 

charged, may bind together into an exciton.1 In the 1960s it was realized that, if this binding energy 

were larger than the semiconductor band gap, excitons would have negative energy and 

spontaneously proliferate.1,2,3 The resulting “excitonic insulator” is a macroscopic condensate of 

electron‐hole pairs characterized by a redistribution of electronic charge, or charge‐density wave 

(CDW). For the last 50 years, no experimental technique has unambiguously identified an excitonic 

insulator in nature, despite many candidate 

materials being investigated. The reason is that 

its tell‐tale signature—an electronic “soft mode” 

with finite momentum—could not be detected 

with any experimental technique. In this talk I 

will describe our use of a new, meV‐resolution, 

momentum‐resolved electron energy‐loss 

spectroscopy (M‐EELS) technique to study the 

transition metal dichalcogenide 1T‐TiSe2. We find 

that, near TC = 190 K, this material exhibits a soft 

electronic collective mode that disperses to zero 

energy, indicating condensation of electron‐hole 

pairs with finite center‐of‐mass momentum (see 

figure). This excitation hardens at low 

temperature into an amplitude mode of an 

excitonic condensate coupled to the crystal 

lattice. Our study represents the first explicit 

evidence for the condensation of excitons in any 

material, enabling future studies of a new type of 

macroscopic quantum condensate.  

 

1  Knox, R. S., Theory of Excitons (Academic, New York, 1963).  
2  Mott, N. F., The transition to the metallic state, Phil. Mag. 6, 287‐309 (1961) 
3  Keldysh, L. V., Kopaev, Y. V., Possible instability of the semimetallic state toward coulomb interaction, 
Sov. Phys. Solid State 6, 2219‐2224 (1965) 

                                                            

Figure: Dispersion of the plasmon in 1T‐TiSe2 at 

T=100K. The plasmon energy resides at zero energy, 

indicating crystallization of electron‐hole pairs with 

finite center‐of‐mass momentum.

Speaker: Peter Abbamonte, University of Illinois, Urbana-Champaign
Session: Novel X-Ray Spectroscopies
Schedule: Monday Evening Invited Session
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From structured multimaterial fibers to the digital design of photonic particles  
 

Ayman F. Abouraddy 
 

CREOL, The College of Optics & Photonics, University of Central Florida, Orlando, FL 32816, USA 
 

Multimaterial fibers are opening up many new avenues for 
producing electronic and optoelectronic devices in the form 
factor, length, and costs associated with optical fibers [1]. 
Incorporating multiple materials in intimate contact at the 
nanoscale in such fibers makes surface-tension-driven fluid 
instabilities relevant to these structures, particularly at elevated 
temperatures when the viscosity drops. We have recently 
observed a variation of the Rayleigh-Plateau capillary instability 
(PRI) that is thermally initiated in multimaterial fibers [2]. 
When the fiber temperature is elevated, surface tension leads to 
an axially continuous to develop into a necklace of periodically 
located perfect spheres [3,4]; Fig. 1.  

This approach to creating micro- and nano-spheres has 
several unique advantages: (1) the PRI in principle if scale-free, 
it occurs over many orders-of-magnitude in linear scale (from 

the millimeter scale to 20 nm); (2) incorporating multiple cores through a stack-and-draw process allows 
for the efficiency of the technique to be increased; and (3) starting from a macroscopic preform, almost 
arbitrary structures can be created that are then realized at the particle level. We are thus able to produce 
particles at the scale of an optical wavelength that contain nanoscale architectures of high-index materials 
that are compartmentalized in the particle 3D volume along the radial or azimuthal dimensions. These 
particles allow for new waves of controlling optical scattering. We demonstrate control over the scattering 
cross section in high-index-contrast core-shell particles of fixed outer diameter above and below that 
afforded by the constitutive materials (Fig. 2); and we show polarization-dependent scattering from 
spherically symmetric particles with internal broken symmetry. 

In addition, mechanical-geometric instabilities at room-
temperature in multimaterial fibers driven by polymer cold-
drawing produces novel optical effects such as a nanoscale 
venetian-blind camouflage effect [5]. 
References 

1. A. F. Abouraddy, M. Bayindir, G. Benoit, S. D. Hart, K. Kuriki, N. Orf, O. 
Shapira, F. Sorin, B. Temelkuran, and Y. Fink, “Towards multimaterial 
multifunctional fibres that see, hear, sense and communicate,” Nature 
Materials 6, 336 (2007). 

2. S. Shabahang, J. J. Kaufman, D. S. Deng, and A. F. Abouraddy, 
“Observation of the Plateau-Rayleigh capillary instability in multi-material 
optical fibers,” Appl. Phys. Lett. 99, 161909 (2011). 

3. J. J. Kaufman, G. Tao, S. Shabahang, E.-H. Banaei, D. S. Deng, X. Liang, S. 
G. Johnson, Y. Fink, and A. F. Abouraddy, “Structured spheres generated by 
an in-fibre fluid instability,” Nature 487, 463 (2012). 

4. G. Tao, J. J. Kaufmann, S. Shabahang, R. R. Naraghi, S. V. Sukhov, J. D. 
Joannopoulos, Y. Fink, A. Dogariu, and A. F. Abouraddy, “Digital design of 
multimaterial photonic particles,” Proc. Natl. Acad. Sci. (USA) 113, 6839 
(2016). 

5. S. Shabahang, G. Tao, J. J. Kaufman, Y. Qiao, L. Wei, T. Bouchenot, A. P. 
Gordon, Y. Fink, Y. Bai, R. S. Hoy, and A. F. Abouraddy, “Controlled 
fragmentation of multimaterial fibers and films via polymer cold-drawing,” 
Nature 534, 529 (2016). 

 

Figure 1. PRI-driven breakup in a multimaterial 
fiber [1-3]. 

Figure 2. Scattering from core-shell particles [4]. 

Speaker: Ayman Abouraddy, CREOL, UCF
Session: Advanced Optics in Nano/Microstructured Optical Fiber
Schedule: Tuesday Morning Invited Session 1
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Generating non-classical correlations between photons and spins in a crystal 
 

Mikael Afzelius, Group of Applied Physics, University of Geneva 
 

The ability to generate quantum correlations between photons and excitations in matter is a key 
resource for quantum repeaters and quantum networks. Photons are ideal carriers of quantum 
information and matter excitations (eg. spins) can act as long-duration quantum memories to 
establish heralded entanglement between remote locations.  Solid-state devices are gaining 
interest as potential quantum nodes. These are interesting both from a fundamental point of view 
and for future large-scale deployment of quantum technologies. A large variety of solid-state 
systems are currently being investigated, among those single color centers or defects, ensembles 
of ions and mechanical oscillators.  
 
In our work, we investigate ensembles of rare-earth ions doped 
into crystals (see figure to the right). These have excellent optical 
properties, and at 4 K or below they can have both long optical 
and spin coherence times. They also exhibit large 
inhomogeneous broadening in the optical domain, which can be 
used for time/frequency multiplexing, provided that the 
associated inhomogeneous dephasing can be controlled 
 
We here present an experiment where we can generate quantum correlations between collective 
spin excitations in a Eu3+:Y2SiO5 crystals and single photons at 580 nm, with a quantum storage 
time of the spin component approaching 1 ms. The experiment is based on spontaneous Raman 
scattering generating Stokes photons correlated with spin excitations, as in the DLCZ scheme that 
is used in laser-cooled gases. It has proven difficult, however, to perform a DLCZ experiment rare-
earth crystals, due to the inhomogeneous broadening. To counter this effect we employ 
inhomogeneous dephasing control on both the optical and the spin transition, using an atomic 
frequency comb (AFC) and a spin echo sequence, respectively. 
In this way, we are also able to produce a stream of time-separated spontaneous Stokes photons, 
which are time correlated with a corresponding stream of anti-Stokes photons, which 
demonstrates the multimode capacity of the scheme. 
 
To verify the quantum nature of the correlations we measure both the second-order cross-
correlation between the Stokes/anti-Stokes photons (shown below), as well as the second-order 
auto-correlation of each mode, which violate 
the Cauchy-Schwarz inequality. This work 
shows that rare-earth crystals can be used to 
generate long-lived quantum correlations 
between spins and single photons, with an 
unique ability of temporal multiplexing that 
is important for increasing the speed of 
future quantum repeaters. 

Speaker: Mikael Afzelius, University of Geneva
Session: Quantum Information, Quantum Optics and Laser Frequency Stabilization Based on Rare Earth Doped Crystals 1
Schedule: Tuesday Morning Invited Session 1
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Quantum optics and quantum electrodynamics in hyperbolic environment 

 
G. S. Agarwal 

Texas A&M University 
 
 
Hyperbolic metamaterials (HMM) provide us with a new platform for studying 
quantum optical effects, like enhanced spontaneous emission, long range dipole-
dipole interactions and characteristics of the collective emission. The HMM provide 
us with very large density of states over a broad frequency range. The density of states 
in HMM has important consequences for black body radiation for example it changes 
the temperature dependence of the Stefan-Boltzmann law. A review of these 
developments will be given which will be followed by experimental results and 
further developments in the session on the subject.  
 
 

girish.agarwal@tamu.edu 

Speaker: Girish Agarwal, Texas A&M University
Schedule: Friday Morning Plenary Session 1
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Transverse Spin and Orbital Angular Momentum of Light 
 

Andrea Aiello 
 

Max Planck Institute for the Science of Light, Erlangen, Germany 

 
A circularly polarized electromagnetic plane wave carries an electric field that rotates clockwise 

or counterclockwise around the propagation direction of the wave. According to the handedness of 

this rotation, its longitudinal spin angular momentum density is either parallel or antiparallel to the 

propagation of light. However, there are also light waves that are not simply plane and carry an 

electric field that rotates around an axis perpendicular to the propagation direction, thus yielding 

transverse spin angular momentum density. Electric field configurations of this kind have been 

suggestively dubbed photonic wheels [1-2]. It has been recently shown that photonic wheels are 

commonplace in optics as they occur in electromagnetic fields confined by waveguides, in strongly 

focused beams, in plasmonic and evanescent waves [3]. 

Such fields enable numerous applications, for example in nano-optics, topological photonics, 

biosensing and near-field microscopy, including 3D control over single atoms, molecules and 

nanostructures, and the development of chiral nanophotonic interfaces and plasmonic devices [4]. 

Theoretical and experimental investigations of these fields often pose formidable computational and 

measurement challenges due to the intrinsic three-dimensional vector nature of light at nanoscale with 

complex spatial variations. In this talk, I will report on the recent developments of optics with light 

carrying transverse angular momenta, presenting both the underlying principles and the latest 

achievements, and highlighting the new capabilities and future applications emerging from this still 

young yet advanced field of research [5].  
 

 
 

Fig. 1 from [5]. Snapshots of amplitude (hues) and polarization (arrows) distributions of the electric field of a suitably 

tailored Bessel beam propagating along the z-axis. The field rotates in the plane of the figure (meridional plane) 

counterclockwise around the x-axis. This rotation is the hallmark of a photonic wheel. 
 

[1] A. Aiello, N. Lindlein, Ch. Marquardt, and G. Leuchs, Phys. Rev. Lett. 103, 100401 (2009) 

[2] P. Banzer, M. Neugebauer, A. Aiello, Ch. Marquardt, N. Lindlein, T. Bauer, and G. Leuchs,  

       Journal of the European Optical Society - Rapid publications 8 (2013) 

[3] A. Aiello, M. Neugebauer, P. Banzer, and G. Leuchs, Nature Photonics 9, 789 (2015) 

[4] L. Novotny and B. Hecht, Principles of Nano-optics, 2nd ed. (Cambridge University Press, New York, 2013) 

[5] A. Aiello, and P. Banzer, Journal of Optics 18, 085605 (2016) 

Speaker: Andrea Aiello, MPL-Erlangen
Session: Transverse angular momentum of light
Schedule: Thursday Evening Invited Session
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Coupling of single NV center in diamond to the single mode fiber 

Alexey V. Akimov 

Texas A&M University, USA 

Nitrogen vacancy (NV) color centers in diamond attract a lot of attention of quantum optics and 

quantum information community. Due to its long coherence time, possibility of optical readout of 

electronics spin state and possibility to store information in nearby nuclear spins using this center long 

quantum memory even at room temperature1, long distance quantum entanglement2 and quantum 

registers3 has been demonstrated. Besides quantum information application, this color centers is 

proven as a good high-resolution sensor of magnetic field4. Such a sensor able to combine nanometer 

resolution with single spin sensitivity. Furthermore, due to it is low chemical activity diamond could be 

used as in-vivo sensor. Recently successful implementation of NV nanodiamonds as temperature 

sensors for measurement of thermal activation of transient receptor potential was demonstrated5. NV 

color center in diamond could also be used for measurement of electric fields, tension, rotation or force. 

This sensor could offer or high resolution or cutting edge sensitivity if bulk sample is used. Also due to 

its unique photo stability this color centers found application in imaging, in particular bio imaging as 

well as high resolution imaging such as STED or RESOLFT. In many of these applications, one of the 

important issues is efficiency with which light emission of the color center is collected.  

Number of methods of efficient collection of nanodiamond emission was suggested including 

implementation of nanopillars6, cavities7 and plasmonic8 structures. In our research, we focus our 

efforts on utilization of nearfield effects in metamaterial and all-dielectric structures, including 

development of techniques of handling and positioning of nanodiamonds on such a structures. This 

approach has advantage of broadband collection, which may be of great benefit for sensing and imaging 

applications as well as room temperature quantum information devices. In this contribution, we 

present our results on broadband collection of NV color centers emission using optical fiber and 

nanostructures.  

References 

1. Maurer, P. C. et al. Room-Temperature Quantum Bit Memory Exceeding One Second. Science (80-. ). 336, 1283–1286 (2012). 

2. Bernien, H. et al. Heralded entanglement between solid-state qubits separated by three metres. Nature 497, 86–90 (2013). 

3. Dutt, M. G. et al. Quantum register based on individual electronic and nuclear spin qubits in diamond. Science 316, 1312–1316 
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4. Schirhagl, R., Chang, K., Loretz, M. & Degen, C. L. Nitrogen-vacancy centers in diamond: nanoscale sensors for physics and 
biology. Annu. Rev. Phys. Chem. 65, 83–105 (2014). 

5. Fedotov, I. V et al. Fiber-optic control and thermometry of single-cell thermosensation logic. Sci. Rep. 5, 15737 (2015). 

6. Babinec, T. M. et al. A diamond nanowire single-photon source. Nat. Nanotechnol. 5, 195–199 (2010). 

7. Johnson, S. et al. Tunable cavity coupling of the zero phonon line of a nitrogen-vacancy defect in diamond. New J. Phys. 17, 11 
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Speaker: Alexey Akimov, Texas A&M University
Session: Metasurfaces and Metamaterials
Schedule: Friday Morning Invited Session 2
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Nanowire	Quantum	Dots	Tuned	to	Atomic	Resonances	
	

Nika	Akopian	
	

DTU	Fotonik,	Technical	University	of	Denmark,	2800	Kongens	Lyngby,	Denmark	
	
	
Quantum	 dots	 tuned	 to	 atomic	 resonances	 represent	 an	 emerging	
field	of	hybrid	quantum	systems	where	the	advantages	of	quantum	
dots	and	natural	atoms	can	be	combined	[1,2].	Embedding	quantum	
dots	in	nanowires	boosts	this	hybrid	system	with	a	set	of	powerful	
possibilities,	 such	 as	 precise	 positioning	 of	 the	 emitters,	 excellent	
photon	 extraction	 efficiency	 and	 direct	 electrical	 contacting	 of	
quantum	dots.	
	
In	 this	 talk	 I	will	present	a	controllably	grown	nanowire-quantum-
dot	 system	 frequency	 tuned	 to	 atomic	 transitions.	 We	 grow	 GaAs	
quantum	 dots	 in	 AlGaAs	 nanowires	 with	 pure	 crystal	 structure	
around	quantum	dots	and	excellent	optical	properties.	We	precisely	
control	 the	 dimensions	 of	 quantum	 dots	 and	 their	 position	 inside	
nanowires,	 and	 demonstrate	 that	 the	 emission	wavelength	 can	 be	
engineered	over	the	range	of	at	least	30	nm	around	765	nm.	We	then	apply	an	external	magnetic	
field	 to	 tune	 the	 emission	 frequency	 of	 nanowire	 quantum	 dots	 to	 the	 D2	 transition	 of	 87Rb.	
Moreover,	we	 use	 the	 Rb	 transitions	 to	 precisely	measure	 the	 actual	 spectral	 linewidth	 of	 the	
photons	emitted	from	a	nanowire	quantum	dot	to	be	smaller	than	10	µeV,	beyond	the	limit	of	a	
high-resolution	spectrometer.	
	
Our	work,	 therefore,	 brings	 highly	 desirable	 functionalities	 to	 quantum	 technologies,	 enabling,	
for	 instance,	 a	 realization	 of	 an	 arbitrary	 number	 of	 nanowire	 single-photon	 sources,	 all	
operating	at	the	same	frequency	of	an	atomic	transition.	

	
Figure	2	
Left:	Photoluminescence	(PL)	
spectra	of	three	samples	with	
different	 growth	 times	 of	 a	
QD	 (5,	 7	 and	 15	 seconds).	
Inset	 shows	 a	 spectral	 zoom	
of	one	of	the	emission	lines.	
Right-top:	 PL	 spectra	 of	 an	
exciton	 in	 a	 nanowire	 QD	
scanned	 through	 the	 atomic	
transitions.	
Right-bottom:	 Transmission	
of	 the	 QD	 emission	 through	
the	 Rb,	 obtained	 by	 tracing	
the	bottom	line	in	top.	The	fit	
(blue	 line)	 reveals	 a	 very	
narrow	linewidth	of	9.4	μeV.	
	

[1]	N.	Akopian	et	al.,	Nature	Photon.	5,	230	(2011)	
[2]	H.	M.	Meyer	et	al.,	Phys.	Rev.	Lett.	114,	123001	(2015)	

Figure	 1	 |	 GaAs	 quantum	 dot	
(QD)	 in	AlGaAs	nanowire	 (NW)	
coupled	to	Rb	atom.	

Speaker: Nika Akopian, DTU
Session: Semiconductor Quantum Optics
Schedule: Tuesday Evening Invited Session
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A Metasurface For Large Nonlinear Refraction 
     

M. Zahirul Alam1, Sebastian A. Schulz1, Jeremy Upham1, Israel De Leon2, Robert W. Boyd1 
1Department of Physics, University of Ottawa, Canada. 

2School of Engineering and Sciences, Tecnológico de Monterrey, Mexico.    
     
All-optical signal processing and computation is often hailed as the breakthrough technology 
for the next generation of computation and communication devices.  The efficiency and the 
dimension of such a device depend critically on the nonlinear optical response of the 
material. For example, the strength of the intensity-dependent refractive index, a third order 
nonlinear optical response of a material, determines how much phase shift a control beam 
can impress on a signal beam while both beams propagate over a finite distance through that 
material. Due to the perturbative magnitude of such a nonlinear interaction, all-optical active 
devices necessarily require a propagation distance orders of magnitude larger than the 
wavelength. This requirement limits the maximum integration density, which is many orders 
of magnitude smaller than the state-of-the-art electronic integrated circuits.  
 
We have recently demonstrated 
that the nonlinear contribution to 
refractive index in an epsilon-
near-zero material can be larger 
than the linear index [1]. The 
nonlinear refractive index 
coefficient in this material can 
be almost 100 times larger than 
that of other known materials.  
 
In this talk we will present 
experimental and theoretical 
results of a 50 nm thick meta-
surface design using an epsilon 
-near-zero material and plasmonic 
dipole antenna array to engineer  
a record nonlinear refractive index. 
Specifically, we will demonstrate that the metasurface exhibits an ultrafast nonlinear index 
150 million times larger than that of silica glass and a total nonlinear change of the real part 
of the effective refractive index larger than 3.50 at 1300 nm wavelength (Fig. 1) with sub-
picosecond recovery time. 
 
Furthermore, we will present a set of generalized design principles for spectral tailoring of 
large nonlinear refraction with femtojoules of energy using a sub-100 nm thick structure.  
 

1. Large optical nonlinearity of indium tin oxide in its epsilon-near-zero region, M.  
Zahirul Alam, I. De Leon, R. W. Boyd, Science 352, 795 (2016). 

Figure 1 The nonlinear contribution to refractive 
index as a function of peak intensity. 
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Ultrafast phase transitions in advanced materials  
responding to fast intense laser pulses,  

including light-induced superconductivity 
 

Ross Tagaras, Ayman Abdullah-Smoot, Michelle Gohlke, David Lujan, James Sharp,  
and Roland E. Allen, Texas A&M University 
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Quantum	evolution	of	1D	electrons	in	classical	XFELs	

Petr	M.	Anisimov	
Los	Alamos	National	Laboratory,	Los	Alamos,	NM	87545	
	
X-ray	free	electron	lasers	(XFELs)	are	the	brightest	sources	of	x-ray	radiation	used	
around	 the	world	 to	make	 scientific	 discoveries	 at	 a	 femtosecond	 time	 scale	 and	
with	 nanometer	 resolution.	 As	 such,	 they	 have	 become	 an	 indispensable	 tool	 for	
learning	 about	 function	 and	 structure	 of	 soft	 mater,	 e.g.	 proteins,	 and	 of	 novel	
materials,	 e.g.	 high	 TC	 superconductors.	 As	 the	 coherent	 properties	 of	 x-ray	
radiation	 generated	 by	 XFELs	 improve,	 AMO	 physics	 at	 nanometer	 scale	 will	
become	possible.		
	
An	original	theory	developed	by	Madey	in	1971	[1]	was	based	on	quantum	analysis	
of	 photon	 generation	 by	 relativistic	 electrons	 in	 alternating	 magnetic	 field	 of	 an	
undulator.	However,	after	significant	debate,	 the	classical	description	of	XFELs	has	
won	over	its	quantum	counterpart	and	has	been	successfully	used	to	design	XFELs.	
In	most	cases,	the	theory	of	classical	electromagnetism	adequately	accounts	for	the	
behavior	 of	 XFELs.	 However,	 future	 XFELs	 will	 generate	 higher	 energy	 photons	
using	 less	energetic	electrons	so	quantum	effects	of	electron	recoil	and	shot	noise	
may	have	to	be	considered.	
	
This	 work	 summarizes	 the	 most	 general	 quantization	 procedure	 based	 on	 the	
Hamiltonian	 formulation	of	an	XFEL	 interaction	 in	1D	case.	The	procedure	 relates	
the	 conventional	 variables	 to	 canonical	 coordinates	 and	 momenta	 and	 does	 not	
require	the	transformation	from	the	laboratory	frame	into	the	co-moving	Bambini–
Renieri	frame	[2].	The	relation	of	a	field	operator	to	a	photon	annihilation	operator	
is	 clearly	 identified	 that	 reveals	 the	 meaning	 of	 the	 quantum	 FEL	 parameter,	
introduced	 by	Bonifacio	 [3],	 as	 a	 number	 of	 photons	 emitted	 by	 a	 single	 electron	
before	the	saturation	takes	place.	
	
The	quantum	description	is	then	applied	to	study	how	quantum	nature	of	electron	
affects	 the	startup	of	XFEL	and	how	quantum	electrons	becomes	 indistinguishable	
from	a	classical	ensemble	of	electrons	due	to	 its	 interaction	with	a	ponderomotive	
potential	of	an	XFEL.	
	

1. Madey	J	M	J	1971	J.	Appl.	Phys.	42	1906–13;	
2. Bambini	A	and	Renieri	A	1978	Lett.	Nuovo	Cimento	21	399–404	
3. Bonifacio	R,	Piovella	N,	Robb	G	R	M	and	Schiavi	A	2006	Phys.	Rev.	Spec.	Top.—

Accelerators	Beams	9	090701	
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Intermodulation in Nonlinear SQUID Metamaterials:  
Experiment and Theory  

Daimeng Zhang, Melissa Trepanier, T. M. Antonsen, Edward Ott, Steven Anlage  
Physics and ECE Departments, University of Maryland, College Park, Maryland  20742-4111 USA 

Tel. +1 301 405 7321, Fax +1 301 405 3779.  anlage@umd.edu 
 

The response of nonlinear metamaterials and superconducting electronics to two-tone excitation is 
critical for understanding their use as low-noise amplifiers and tunable filters. A new setting for such studies is 
that of metamaterials made of radio frequency superconducting quantum interference devices (rf-SQUIDs). The 
two-tone response of self-resonant rf-SQUID meta-atoms and metamaterials is studied here via intermodulation 
(IM) measurement over a broad range of tone frequencies and tone powers. A sharp onset followed by a 
surprising strongly suppressed IM region near the resonance is observed. Using a two time scale analysis 
technique, we present an analytical theory that successfully explains our experimental observations. The theory 
predicts that the IM can be manipulated with tone power, center frequency, frequency difference between the 
two tones, and temperature. This quantitative understanding potentially allows for the design of rf-SQUID 
metamaterials with either very low or very high IM response.     

 
This work is supported by the NSF-GOALI Program through Grant No. ECCS-1158644 and the Center 

for Nanophysics and Advanced Materials (CNAM). 
 

The calculated Hamiltonian of a single rf SQUID 
as a function of δR and δI for rf flux amplitudes of (a) 
0.23, (b) 0.0, and (c) −0.23. (d) The color map of the 
calculated Hamiltonian as a function of δR and δI for rf 
flux amplitude of 0.23, with contours from −1 to −0.5 
with a step of 0.05. (e) The calculated Hamiltonian as a 
function of δR when δI=0 with different values of rf flux. 
(f) A zoom-in plot of the dashed box in (e). The 
transition rf flux value to bistability is around 0.22. All 
assume a center frequency of 17.35 GHz. 
 
 
 
 
 

 
 The time elapsed trajectories for  �̂�𝛿(𝑡𝑡) = 𝛿𝛿𝑅𝑅 + 𝑖𝑖𝛿𝛿𝐼𝐼  for 
one beat period calculated by (a) the dynamical model, 
(b) the numerical simulation, and (c) the steady-state 
model. The inset of (c) zooms in on the trajectory 
around the origin by five times. (d)  δ(t)  calculated from 
the dynamical model, and (e) is a zoom-in of the dashed 
box in (d) showing the ringing behavior.  
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Photons	  and	  electrons	  at	  conductive	  and	  capacitive	  plasmonic	  nanojunctions	  
K.	  T.	  Crampton	  and	  V.	  A.	  Apkarian	  

	  
The	   prototypical	   plasmonic	   nanojunction,	   formed	   by	   a	   gold	   nanosphere	  

dimer,	  presents	  surprisingly	  rich	  physics.	  We	  probe	  the	  nantenna	  and	  its	  molecular	  
load	   through	   time	   and	   frequency	   domain	   polarization	   resolved	   Raman	   scattering.	  
Distinct	   scattering	   processes	   that	   can	   be	   identified	   include:	   electronic	   Raman	  
scattering,	   Raman	   scattering	   on	   gap	   and	   conduction	   plasmons,	   plasmon	   coupled	  
Raman	   scattering	   on	   the	   molecular	   load	   (SERS),	   and	   metal-‐molecule	   scattering.	  
Polarization	   resolved	   Raman	   of	   the	   nantenna	   identifies	   chiral	   and	   magnetic	  
plasmons	   and	   giant	   Raman	   optical	   activity	   that	   shows	   orientation	   dependent	  
handedness.	   Although	   the	   molecular	   SERS	   polarization	   tracks	   the	   nantenna,	   the	  
molecule	   reports	   dramatic	   variations	   in	   the	   local	   fields	   it	   senses	   through	   its	  
vibrational	  line	  intensity	  pattern,	  which	  serves	  as	  a	  tensorial	  reporter	  of	  local	  fields	  
and	   field	   gradients.	   The	   quantum	   limit	   of	   plasmonics	   is	   interrogated	   through	  
simultaneous	   measurements	   of	   time-‐resolved	   CARS,	   SRS	   and	   Raman,	   while	  
modulating	  the	  junction	  gap	  between	  conductive	  and	  capacitive	  states.	  This	  allows	  
the	   observation	   of	   the	   interplay	   between	   coherent	   and	   incoherent	   dynamical	  
processes,	   including	   the	   observation	   of	   warm	   and	   tunneling	   electrons	   observed	  
through	  electronic	  Raman	  scattering	  amplified	  by	  junction	  plasmon	  resonances.	  	  

Fig.	   1.	   	   Distinct	   Raman	   scattering	   channels	   on	   a	   gold	   nanodumbbell	   antenna	   and	   its	  
molecular	   load,	   recorded	   at	   532	   nm	   (blue)	   and	   633	   nm	   (red):	   electronic	   Raman	   scattering	  
polarized	  Stokes	  (i)	  and	  depolarized	  anti-‐Stokes	  (ii),	  SERS	  Stokes	  (iii)	  with	  variation	  relative	  
vibrational	  intensities	  and	  anti-‐Stokes	  (iv)	  that	  is	  completely	  absent	  at	  532	  nm	  (v).	  Some	  of	  the	  
many	  available	  scattering	  channels	  observed	  experimentally	  are	  highlighted	  (i-‐v).	  	  
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Structured super oscillating electron wave functions 
 

Ady Arie 

School of Electrical Engineering, Tel-Aviv University, Israel  
 

Super-oscillating beams are characterized by sub-diffraction features. Here we demonstrate the 

generation of electron beam having central spots that are more than two times smaller with respect to the 

diffraction limit. In addition we demonstrate the arbitrary of structuring of this central spot. By adding 

orbital angular momentum to it we obtain a super-oscillating vortex beam having a smaller dark core 

with respect to the regular vortex beam. 

The diffraction limited spot size of a lens was derived back in the 19
th
 century by Abbe and Lord 

Rayleigh. However, spots with much smaller features can be obtained at the focal plane when the lens is 

illuminated by an appropriately structured beam, rather than a plane wave illumination. These beams are 

super-oscillatory [1], i.e. they oscillate locally faster than their highest Fourier component (given by the 

ratio between the lens Numerical Aperture and the wavelength). Whereas this concept is known for many 

years with light beam [2], we have recently extended it to the massive-particle wave function of a free 

electron [3]. We experimentally demonstrated an electron central spot of radius 106 pm, which is already 

at the size of typical atoms and is more than two times smaller than the diffraction limit of the 

experimental setup used.  

In addition, we demonstrated a systematic method to shape the amplitude and phase profile of the 

sub-diffraction spot, for both light waves [4] and matter waves [3]. This extends the available super-

oscillating shapes beyond the simple Gaussian-like sub-diffraction spots that were used so far. In 

particular, the Laguerre-Gauss function was used to structure super-oscillating electron vortex beams. 

The super-oscillating vortex beam carries orbital angular momentum, and is characterized by a doughnut 

shape, with a dark central core. We generated super-oscillating vortex beams with topological charges of 

1 and 3, and in both cases their central dark core was smaller than that of the corresponding diffraction 

limited vortex beams.  

 
Fig. 1: Schematic illustration of the generation of super-oscillating electron wave function. The desired wave 

function is created in the +1 and -1 diffraction orders, see [3] for more details. 

 
References 
1. M. Berry, "Faster than Fourier," in Quantum Coherence and Reality, Celebration of the 60th Birthday of Yakir Aharonov, J. 

S. Anandan and J. L. Safko, eds. (World Scientific, 1994), pp. 55–65. 

2. G. Di Francia, "Super-gain antennas and optical resolving power," Nuovo Cim. 9, 426 (1952). 

3. R. Remez, Y. Tsur, P.-H. Lu, A. H. Tavabi, R. E. Dunin-Borkowski and A. Arie, "Super-oscillating Electron Wave Functions 

with Sub-diffraction Spots", arXiv:1604.05929v2, Submitted (2016), 

4. B. K. Singh, H. Nagar, Y. Roichman, and A. Arie, "Particle manipulation beyond the diffraction limit using structured super-

oscillating light beams," arXiv:1609.08858,  Submitted (2016). 
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Energy scaling of gas nonlinear optics 
C.L. Arnold1*, C. M. Heyl1, H. Coudert-Alteirac1, M. Miranda1, M. Louisy1, K. Kovacs2,3, V. Tosa2,3, 

E. Balogh3,4, K. Varjú3,4, A. L’Huillier1, and A. Couairon5  

1Lund University, P. O. Box 118, SE-221 00 Lund, Sweden,    2National Institute for R&D Isotopic and Molecular Technologies, Cluj-
Napoca, Romania,   3ELI-ALPS, ELI-Hu Nkft, Dugonics ter 13, Szeged 6720, Hungary,   4University of Szeged, Dom ter 9, 6720 Szeged, 

Hungary,   5Centre de Physique Théorique, École Polytechnique, CNRS, F-91128, Palaiseau, France 
*Corresponding author: Cord.Arnold@fysik.LTH.se 

Nonlinear light-matter interactions, such as filamentation, pulse compression, generation of optical 
harmonics, and acceleration of particles, are at the heart of ultrafast science. Scaling such phenomena 
to e.g. higher pulse energy is a crucial task in order to fully exploit the potential of novel laser 
developments. Two important attempts into this direction are: (i) the energy scaling of pulse post-
compression via spectral broadening through filamentation [1,2] or nonlinear propagation inside hollow 
capillaries [3] and (ii) the energy, average power, and repetition rate scaling of HHG extreme-
ultraviolet (XUV) attosecond pulse sources [4-5]. 

Here, we present a general methodology that allows the invariant scaling of various nonlinear light-
matter interactions in gases, under the condition that spatial dimensions, gas density, and laser pulse 
energy are adjusted appropriately. The model is discussed along with its limitations. Experimental 
verification based on filamentation is presented. 

We illustrate the scaling formalism from a typical nonlinear propagation equation, which is shown 
to be scale-invariant in reasonable approximation for a large range of nonlinear interactions in gases. In 
essence, a given nonlinear interaction can be up- or down-scaled in pulse energy without changing the 
general nonlinear characteristics of the interaction. Parameters, such as the spectral phase or the carrier-
to-envelope offset phase (CEP) remain unchanged as well as the characteristics of frequency converted 
fields, while their energy scales according to the input field. 

The scaling model is experimentally verified by studying pulse compression in filamentation, a 
process where many nonlinear optical phenomena play a critical role. Fig. 1 shows an illustration of the 
experiment. The input pulse energy was varied in a range of a factor up to 20, while focal length, and 
gas pressure were adjusted according to our scaling formalism. The measured characteristics of the 
few-cycle, compressed output pulses were found very similar over the whole scaling range. The 
experimental results clearly support our scaling formalism. 

 

Figure 1: (a) Illustration of pulse compression via filament scaling. In (b) and (c), the reconstructed temporal 
intensity profile and the corresponding measured spectral amplitude (solid lines) and phase (dashed lines) after 
recompression are shown for three different parameter sets with increasing laser pulse energy. An arbitrary 
offset was added to the displayed data for better visualization. The grey shaded area in (c) shows the input laser 
spectrum. 

References: 
[1] A. Couairon and A. Mysyrowicz,” Phys. Rep. 441, 47 (2007).   [2] P. A. Zhokhov and A. M. Zheltikov, Phys. Rev. A, 
89, 043816 (2014).   [3] F. Böhle et al., Las. Phys. Lett., 11, 095401 (2014).   [4] C. Heyl et al., J. Phys. B, 45, 074020 
(2012).   [5] J. Rothhardt et al., New Jour. Phys., 16, 033022 (2014).   [6] C. Heyl et al., Optica, 3, 75 (2016) . 
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Precision atom interferometry and gravitational wave detection 

P. Asenbaum, C. Overstreet, T. Kovachy, D.D. Brown, J. M. Hogan, and M. A. Kasevich 

Department of Physics, Stanford University, Stanford, California 94305 

Freely  falling  atoms  are  ideal  test  masses  to  study  gravitational  interactions.  Light  pulse 

interferometry  allows  one  to  study  the motion  of  the  atoms  in  respect  to  the  laser  beams, 

which act as rulers for the atomic position. Recent advances  in  interferometer times and  large 

momentum transfer [1] enable high precision tests of fundamental physics, e.g. the equivalence 

principle.  These  techniques  also make  effects measureable  that  rely  on  large  wave  packet 

separation, such as spacetime curvature across a quantum state [2]. 

Due to the high sensitivity, atom interferometers separated by a long baseline are a promising 

candidate to detect gravitational waves [3].   The  interferometers share common beam splitter 

pulses, which again measure their separation. The long baselines required to reach a sensitivity 

to detect gravitational waves couple in laser frequency noise due to the finite propagation time 

between the test masses. Atoms, however, offer a unique solution by utilizing highly coherent 

optical  transitions  that  can be excited by  single photons, and are,  therefore, not  sensitive  to 

laser frequency fluctuations [4]. 

 

[1] T. Kovachy, P. Asenbaum,  C. Overstreet, C. A. Donnelly, S. M. Dickerson, A. Sugarbaker, J. M.      

Hogan & M. A. Kasevich, Quantum superposition at the half‐metre scale, Nature 528, 530–533 

(2015) 

[2]  P. Asenbaum, C. Overstreet, T. Kovachy, D.D. Brown, J. M. Hogan, and M. A. Kasevich, Phase 

shift in atom interferometry due to spacetime curvature, arXiv:1610.03832 (2016) 

[3] S. Dimopoulos, P. W. Graham, J. M. Hogan, M. A. Kasevich, S. Rajendran, Gravitational wave 

detection with atom interferometry, Phys. Lett. B 678, 37‐40 (2009). 

[4] P. W. Graham, J. M. Hogan, M. A. Kasevich, S. Rajendran, New method for gravitational wave 

detection with atomic sensors, Phys. Rev. Lett. 110, 171102 (2013) 
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Quantum optomechanics with levitated solids:       
from dielectrics to superconductors 

 

Markus Aspelmeyer 
1Vienna Center for Quantum Science and Technology (VCQ), Faculty of Physics, 

University of Vienna, 1090 Vienna, Austria 
E-mail: markus.aspelmeyer@univie.ac.at 

 
Quantum optics provides a high-precision toolbox to enter and to control the quantum 
regime of the motion of massive mechanical objects [1]. Levitation of solid-state objects 
is a unique approach to realise (nano- or micro-) mechanical devices with minimal 
mechanical losses [2]. Besides improved sensing capabilities such systems have the 
potential for significantly increased coherence time when operated in the quantum 
regime. This opens the door to a hitherto untested parameter regime of macroscopic 
quantum physics [3,4]. The availability of quantum superposition states involving 
increasingly massive objects could enable a completely new class of experiments, in 
which the source mass character of the quantum system starts to play a role. This 
addresses directly one of the outstanding questions at the interface between quantum 
physics and gravity, namely “how does a quantum system gravitate?”. This is 
reminiscent of Feynman’s proposal at the 1957 Chapel Hill Conference on the 
generation of entanglement through gravitational interaction [5]. I will discuss the 
feasibility of such experiments and the relevance of quantum controlling levitated 
mechanical systems [6-8].   
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Tunable Materials and Metasurfaces – from Quantum to Perfect 
 

Harry A. Atwater  
California Institute of Technology, Pasadena, CA 91125 USA 

 *corresponding author: haa@caltech.edu 
 

Tuning the complex dielectric function of low-dimensional materials and nanophotonic antenna arrays 
enables scientific exploration of quantum materials such graphene, phosphorene and topological insulators and, 
as well nanophotonic device applications including electronic phase and amplitude modulators for the near 
infrared (conducting oxides) and mid infrared (graphene). We discuss light-matter interactions in these quantum 
materials and report dynamically tunable metasurfaces in monolayer graphene with >π phase modulation and 
‘perfect’ absorption approaching 100%. 
  We have explored the photonic properties of thin electrostatically gated phosphorene and (Bi1-xSbx)2Te3 

topological insulators using mid-infrared spectroscopy measurements.  We combine these optical experiments 
with transport measurements and ARPES to identify the observed spectral modulation as a combination of 
gate-variable Pauli-blocking of bulk interband optical transitions at higher energies and modulation of intraband 
transitions associated with both topological surface stated (TSS) and the bulk free carrier density.   

In the domain of device applications, we experimentally demonstrate a gate-tunable metasurface that enables 
dynamic electrical control of the phase and amplitude of plane wave reflection. Tunability arises from 
field-effect modulation of the complex refractive 
index of conducting oxide layers incorporated into 
metasurface antenna elements which are configured 
in a reflectarray geometry. We measure a phase shift 
of >π and ~ 30% change in the reflectance by 
applying 2.5 V gate bias. Additionally, we 
demonstrate modulation at frequencies exceeding 10 
MHz, and electrical switching of +/-1 order 
diffracted beams, a basic requirement for electrically 
tunable beam-steering phased array metasurfaces.   

 We further demonstrate electronically 
tunable mid-infrared transmission that utilizes 
resonant absorption in graphene plasmonic ribbons 
to modulate the extraordinary optical transmission 
effect in subwavelength metallic slit arrays. 
Resonant absorption in plasmonic modes of 
nanoscale monolayer graphene ribbons situated 
inside subwavelength metallic slits can efficiently block the coupling channel for extraordinary optical 
transmission, leading to a strong suppression of transmission. Full wave simulations predict a transmission 
modulation of 95.7% via this mechanism. Measurements reveal a transmission modulation of 96%, yielding an 
experimental realization of ‘perfect’ absorption in monolayer graphene.   

 
Schematic of graphene plasmonic ribbons coupled to subwavelength 
metallic slit array. Transverse magnetic (TM) polarized incoming light 
induces surface plasmons on the top metal surface (1) that tunnelthrough 
the subwavelength metallic slits (2), exciting surface plasmons (3) in 
graphene plasmonic ribbons inside the subwavelength metal slits, blocking 
light transmission. 
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Spatial and temporal localization of light in two dimensions 

C. E. Máximo1, N. Piovella2, Ph. W. Courteille1, R. Kaiser3, and R. Bachelard1 
1Instituto de Física de São Carlos, Universidade de São Paulo, 13560-970 São Carlos, SP, Brazil 

2Dipartimento di Fisica, Università degli Studi di Milano, Via Celoria 16, Milano I-20133, Italy 
3Université de Nice Sophia Antipolis, Institut Non-Linéaire de Nice, UMR 7335, F-06560 Valbonne, France 

Despite decades of active research, punctuated by several contradictory experimental and theoretical claims, 
the mere existence of Anderson localization of light, a regime where light cannot propagate due to 
interference effects between randomly distributed scatterers, has not been demonstrated yet. Recent 
theoretical works suggest that the vectorial nature of light might actually prohibit localization [1].  

We here present a study on the scattering of 
light in two dimensions, a regime where both 
scalar or as a vectorial electromagnetic waves 
coexist (see Fig. 1). These two types of wave 
have completely decoupled scattering 
dynamics, each exhibiting its own properties. 
For example, the analysis of lifetimes shows 
that both types of waves exhibit subradiance, 
i.e., decay times much beyond that of a single 
atom. However, for the vectorial case, these 
lifetimes are actually limited by radiation 
trapping, a phenomenon that does not rely on 
interferences, whereas for scalar light, 
lifetimes can be orders of magnitude larger [2]. 

 Figure 1: Two-dimensional scattering scheme: The radiation 
of wave number k close to the atomic transition ka = ωa/c ≈ k, 
is confined in a plane. Two eigenvectors are shown: a localized 
s-polarized mode in the right and an extended p-polarized 
mode in the left. 

As for the spatial aspect, the scaling analysis (a paradigmatic tool to probe localization properties) reveals 
that only scalar waves do localize, supporting the theoretical claim in three dimensions that the extra terms 
present in vectorial light (near-field, anisotropy, coupled atomic sublevels) do prevent localization. 

Figure 2: Inverse lifetime 𝛾𝛾𝑛𝑛
(0) versus localization length 𝜉𝜉 of the 

modes for scalar light. rCM refers to the distance of the center 
of mass of the mode to the center of the cloud 

Interestingly, we also observe a lack of 
correlation between lifetimes and localization 
length. In other words, modes that are strongly 
localized in space may have not so long 
lifetimes, and modes not so localized may 
exhibit very long lifetimes (see Fig.2). 

This suggests that trapping in space (Anderson 
localization) and time (Dicke subradiance) may 
actually be two very different phenomena, 
scaling with different parameters [2]. This is 
corroborated by recent results reporting Dicke 
subradiance in dilute samples [3], whereas 
Anderson localization would require high 
densities anyhow. 

[1] S. E. Skipetrov and I. M. Sokolov, Phys. Rev. Lett. 112, 023905 (2014). 
[2] C.E. Máximo, N. Piovella, Ph.W. Courteille, R. Kaiser, R. Bachelard, Phys. Rev. A 92, 062702 (2015). 
[3] W. Guerin, M.O. Araujo, R. Kaiser,  Phys.Rev.Lett. 116, 083601 (2016). 
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Nanoscopic Lighthouses, Photonic Wheels and Transverse Spin of Light 
Peter Banzer 

Max Planck Institute for the Science of Light, Staudtstr. 2, D-91058 Erlangen, Germany and 
Department of Physics, Friedrich-Alexander-University Erlangen-Nuremberg, Staudtstr. 7/B2, D-

91058 Erlangen, Germany 
 

The evanescent field created upon total internal reflection of a plane wave from a dielectric-air 
interface shows a subtle but important feature overlooked for a long time (see [1] and references 
therein). It is elliptically polarized with the polarization ellipse lying in the plane of incidence. The spin 
(density) is therefore purely transverse in this field. If the propagation direction of the totally reflected 
plane wave is reversed, the transversely spinning evanescent fields change their handedness. 
Conversely, an electric field, for instance created by a point-like dipole, spinning about an axis that is 
parallel to an air-dielectric interface will yield strongly directional emission into the higher index half-
space above the angle of total internal reflection as a result of interference in the near-field. Switching 
the spinning sense therefore also switches the emission directionality.  

Similar to the case of evanescent waves or surface plasmons, the phenomenon of transversely 
spinning fields – or photonic wheels in analogy to a rolling mechanical wheel (see Fig.) – can also be 
observed when a beam of light is tightly focused as indicated already by Richards and Wolf in their 
seminal paper in 1959 [2]. In the focal plane, strong longitudinal field components are formed, 
oscillating ±π/2 out of phase with respect to the transverse field [1]. Depending on the polarization of 
the input beam, the local spin (density) can have transverse components or be even purely transverse 
[1].  

This effect of transverse spin components of focused light beams in combination with the 
aforementioned directional emission of a spinning dipole across an interface paves the way for a whole 
range of different applications and effects [1].  

In this talk we review our recent work on the transverse spin of light and related phenomena and 
applications. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.: Artist’s impression of a photonic wheel – an electric field spinning in the propagation plane 
similar to the rotation of spokes in a mechanical wheel. Adapted from [1]. 
 
[1] A. Aiello, P. Banzer, M. Neugebauer, G. Leuchs, ”From transverse angular momentum to photonic 
wheels,” Nat. Photon. 9, 789-795 (2015). 
[2] B. Richards & E. Wolf, “Electromagnetic diffraction in optical systems. II. Structure of the image 
field in an aplanatic system,” Proc. R. Soc. Lond. A 253, 358–379 (1959). 
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Vacuum field decoherence 

 

Herman Batelaan 

 

 Jorgensen Hall, Department of Physics and Astronomy, University of Nebraska-

Lincoln, Lincoln NE68588-0111, USA. 

 

In work done in Tubingen, decoherence induced by a Silicon wall was reported for an 

electron interferometer [1]. Multiple theories predict decoherence due the presence of a 

wall based on different physical phenomena. Two examples are, Zurek’s image charge 

diffusion effects [2], and Levinson’s following the idea of Schwinger’s persistence 

amplitude, and predicting vacuum field induced decoherence [3].  

 Inspired by this work, we measured a diffraction pattern of electrons from nano-

fabricated gratings. The diffraction peaks were broadened by the presence of a Silicon 

wall (Fig.1). We also investigated the effect of a metal wall on the diffraction pattern, 

relevant to the theoretical predictions. Is the broadening due to time-reversible dephasing 

or time-irreversible decoherence? How do you detect that? What is the relation between 

the two experiments? We will report on our experimental observations, the outlook for 

detecting vacuum fluctuations (which is promising), and discuss the above questions.  

[1] P. Sonnentag and F. Hasselbach, Phys. Rev. Lett. 98, 200402 (2007). 

[2] J. R. Anglin, J. P. Paz, and W. H. Zurek, Phys. Rev. A 55, 4041-4053 (1997). 

[3] Y. Levinson, J. Phys. A 37, 3003-3017 (2004). 

Contact: hbatelaan2@unl.edu, http://unlcms.unl.edu/cas/physics/batelaan/ 

Fig.1 Electron decoherence. 

The spatial pattern (middle 

bottom) shows a loss of 

visibility for electrons 

passing close to a wall.  
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Laser driven nonadiabatic electron dynamics in molecules 

A. Becker, M. Miller, and A. Jaron-Becker 

JILA and Department of Physics, University of Colorado, Boulder, CO 80309-0440, USA 

andreas.becker@colorado.edu 

We discuss theoretical analysis of nonadiabatic electron dynamics emerging from molecular 

systems driven by intense femtosecond laser fields [1]. These nonadiabatic dynamics have been 

seen to modify ionization and fragmentation behavior in large molecular systems driven by mid-

IR laser fields. The hydrogen molecular ion has proven an exceptional model system for simulating 

the nonadiabatic features found in larger molecules. When dissociating, H2
+ passes through a 

regime of internuclear distances which are accompanied by near-degeneracy of the ground and 

first-excited state. The strong coupling of these states to the driving laser field enhances ionization 

rates and induces transient localization of the electron wavepacket, mimicking the charge density 

modulation theoretically observed in larger molecules and the increased ionization experimentally 

reported [2,3]. The capacity for H2
+ to reproduce nonadiabatic dynamics was further explored as 

a means of testing the influence of nonadiabatic electron dynamics upon common signatures of 

strong-field physics. In particular, transient electron localization was shown to strongly alter 

fragmentation behavior upon molecular dissociation [4], modify photoelectron distributions after 

laser-induced ionization [5], and to modulate the high energy plateau of HHG, introducing spectral 

minima reflective of transiently suppressed ionization[6]. 

Supported by U.S. Department of Energy and National Science Foundation 

[1] M.R. Miller, Y. Xia, A. Becker and A. Jaron-Becker, Optica 3, 259 (2016). 

[2] T. Zuo and A.D. Bandrauk, Phys. Rev. A 52, R2511 (1995). 

[3] T. Seideman, M.Yu. Ivanov and P.B. Corkum, Phys. Rev. Lett. 75, 2819 (1995). 

[4] F. He, A. Becker, and U. Thumm, Phys. Rev. Lett. 101, 213002 (2008). 

[5] N. Takemoto and A. Becker, Phys. Rev. Lett. 105, 203004 (2010). 

[6] M.R. Miller, A. Jaron-Becker, and A. Becker, Phys. Rev. A 93, 013406 (2016). 
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Fiber Integrated Nitrogen Vacancy Probes: Magnetic
Gradiometry and Stimulated Fluorescence Quenching

Joe Becker1, Sean Blakley1, Ilya Fedotov1,2,3, Andrey Fedotov1,2,3, and Aleksei M. Zheltikov1,2,3

1Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843-4242 USA
2Physics Department, Intl. Laser Center, M. V. Lomonosov Moscow State University, Moscow 119992, Russia

3Russian Quantum Center, Skolkovo, Moscow Region 143025, Russia

Nitrogen-vacancy (NV) color centers in diamond have proven to be a robust solid-state
quantum system. We leverage this unique system, which allows us to manipulate and polarize
an electron spin at room temperature using optical radiation, to create a compact dual core
fiber magnetic gradiometry probe. Magnetic gradiometry measurements have the advantage
that they are insensitive to spatially uniform magnetic field backgrounds while still allowing
high-spatial resolution measurements of variations in magnetic fields. Our previous work used
two separate fibers to preform gradiometry measurements with a spatial resolution of 0.5 mm
[1]. By integrating the two fibers into a single dual core photonic crystal fiber (see Fig. 1) we
have increased the spatial resolution of our gradiometry measurements to 4 microns.

We also are reporting an observed stimulated fluorescence quenching seen in our system when
we illuminate the NV diamond with infrared light [2]. We see that an increase in infrared power
results in a decrease in ODMR photoluminescence (see Fig. 2). This result can open a path
toward a novel stimulated emission depletion (STED) regime for super-resolution microscopy.

[1] S M Blakley, I V Fedotov, S Ya Kilin, and A M Zheltikov. Room-temperature magnetic gradiometry with fiber-coupled nitrogen-
vacancy centers in diamond. Optics Letters, 40(16):3727, aug 2015.

[2] S. M. Blakley, A. B. Fedotov, J. Becker, N. Altangerel, I. V. Fedotov, P. Hemmer, M. O. Scully, and A. M. Zheltikov. Stimulated
fluorescence quenching in nitrogenvacancy centers of diamond: temperature effects. Optics Letters, 41(9):2077, may 2016.

Figure 1: (a) A schematic of the dual core fiber gradiom-
etry experiment. We used a beam splitter (BS) to split the
ND:YAG 532 nm pump laser into each fiber core. The NV flu-
orescence was collected using the same fiber then isolated us-
ing a long-pass filter (F) and collected on a photodiode (PD).
The optically detected magnetic resonance (ODMR) spectrum
was measured using lock-in detection observed as dips in NV
fluorescence collected at PD. (b) An image of the dual core
photonic crystal fiber with 4 µm spacing between cores.

Figure 2: NV ODMR spec-
tra measured in the presence of
both the 532 nm pump and in-
frared radiation. We keep the
pump power constant and vary
the infrared power from 2 to
220 mW. Fluorescence quench-
ing is seen as infrared power in-
creases.
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Theoretical investigation of driven FAST-CARS system

Tuguldur Begzjava, Hui Donga and Zhenhuan Yia and Marlan O. Scullya,b,c

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

University, Princeton, New Jersey 08544, USA

Coherent anti-Stokes Raman scattering (CARS) technique is a well developed spectroscopy for de-
tecting from simple chemical molecules to complex bio-molecules. Recently, an advanced CARS spectro-
scopic technique - femtosecond adaptive spectroscopic technique via CARS (FAST-CARS) is developed
[1] to identify deadly anthrax spores. The application of the FAST-CARS technique is not limited to
detection of bacterial spores, it also can be used for rapid sensing of gas mixture [2].
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Figure 1: Level scheme and Raman transitions
(a) and simple representation of driven
FAST-CARS system (b). Femtosecond pump 1
and Stokes pulses 2 make molecular coherence
between ground c and excited vibrational state b.
Picosecond probe pulse 3 probes the coherence
and, as a result, signal pulses s+ and s− are
generated due to splitting of level b under the
influence of continious driving field 4.

The main goal of the driven FAST-CARS is to increase
the sensitivity using extra driving laser to detect the desired
compounds of the gas mixture which we call target molecule.
The driving laser beam only couples the excited vibrational
level b into auxiliary level d of the target molecule (see
Figure.1) and in such a way one can modulate the coherence
of the target molecule. By means of phase sensitive detection
and the created modulation of the coherence, we are able to
distinguish the target molecule from other molecules in the
gas mixture.
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Figure 2: Signal spectrum from driven FAST-CARS system.

In this work, we try to get analytical solution for signal spectra and perform numerical analysis to
validate the analytical solution. Since we drive the system with continious laser beam, the semi-classical
Hamiltonian of the FAST-CARS system can be written in the dressed state basis |+〉 and |−〉 which split
the FAST-CARS signal into two components with frequencies ωs+Ωdr/2 and ωs−Ωdr/2 (see Figure.2).
We numerically calculate FAST-CARS signal without any approximation and demonstrate signal peak
splitting.

[1] D. Pestov et al., Optimizing the Laser Pulse Configuration for Coherent Raman Spectroscopy, Science 316, 265-268
(2007).

[2] D. Pestov et al., ”Real-Time Sensing of Gas Phase Mixtures via Coherent Raman Spectroscopy” in Conference on Lasers
and Electro-Optics/Quantum Electronics and Laser Science Conference and Photonic Applications Systems Technologies,
OSA Technical Digest (CD) (Optical Society of America, 2008), paper CTuI2.
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Nonlinear optics of massless Dirac fermions in graphene and topological insulators 
 

Yongrui Wang, Mikhail Tokman, and Alexey Belyanin 
Department of Physics & Astronomy, Texas A&M University, College Station, TX, USA 

 
Massless chiral Dirac electrons in graphene and on the surface of 3D topological 

insulators such as Bi2Se3 demonstrate universal optical absorbance and strong optical 
nonlinearities. Although both systems constitute a centrosymmetric medium for in-plane 
electron excitations, their second-order nonlinear response becomes non-zero and in fact 
quite strong when its spatial dispersion is taken into account. In this case the anisotropy is 
induced by in-plane wave vectors of obliquely incident or in-plane propagating 
electromagnetic waves, as in Fig. 1. The spatial dispersion in momentum space is of 
course equivalent to the nonlocal response in real space. The magnitude of the second-
order nonlinear conductivity grows rapidly with wavelength and exhibits strong 
enhancement at the Fermi edge; see Fig. 2. We outline main results of the quantum 
theory of the second-order nonlinear response and discuss its application to various 
nonlinear processes, such as second harmonic and difference frequency generation, 
parametric decay, and generation of entangled photon-plasmon states.  

  
 

Fig. 1. A sketch of the second order 
nonlinear current generation in the 
graphene plane for obliquely incident 
light. 

 
 
 
 
 
 
 
  

Fig. 2. Nonzero components of the second 
order nonlinear conductivity tensor for the 
process of second harmonic generation as a 
function of the fundamental frequency. The 
pump is incident at 45 degrees. The Fermi 
energy EF is 200 meV and the scattering rate is 
100 fs. Note strong resonances when the 
fundamental frequency or its second harmonic 
are equal to 2 EF.  

 
 

 
1. Y. Wang, M. Tokman, and A. Belyanin, Second-order nonlinear optical response of graphene, Phys. 

Rev. B accepted; http://arxiv.org/abs/1609.02073. 
2. M. Tokman, Y. Wang, I. Oladyshkin, A. Ryan Kutayah, and A. Belyanin, Laser-driven parametric 

instability and generation of entangled photon-plasmon states in graphene, Phys. Rev B. 93, 235422 
(2016). 

3. X. Yao, M.D. Tokman, and A. Belyanin, Efficient nonlinear generation of THz plasmons in graphene 
and topological insulators, Phys. Rev. Lett. 112, 055501 (2014). 
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Phase space made easy 

J. S. Ben-Benjamin 

                       IQSE, College Station, TX   and   Baylor University, Waco, TX 

 

ABSTRACT 

Looking at the figures below, one immediately notices the great 

simplification that comes from representing a quantum state in phase-space.  

Below, a Gaussian quantum state is plotted in phase-space, with its time 

evolution depicted by a dashed black line.  The free particle, constant force, 

and harmonic oscillator Hamiltonians which we chose for illustration, evolve 

each phase-space point according to the classical equations of motion. 

However, representing a quantum state in phase space, and using phase-

space representations for the calculation[1] of quantum expectation values 

seems to be poorly understood, and furthermore, intimidating. 

We present a simple method of finding the phase-space representation of 

quantum operators[2].  This method is most easily shown using expressions due 

to Englert[3], which we motivate.  Every thought requires 3 lines or less. 

    

     
The Wigner function of a Gaussian quantum state evolving under different Hamiltonians.  

Each phase-space point follows the classical trajectory, which is plotted as a dashed line. 

[1] M. Hillery, R.F. O'Connell, M.O. Scully, E.P. Wigner, Physics Reports, 106, 121–167 (1984). 

[2] J.S.Ben-Benjamin, M.B.Kim, W.P.Schleich, W.B.Case, L.Cohen (2016). Fortschr. Phys. 

[3] B-G Englert, Journal of Physics A: Mathematical and General, 22, 625 (1989). 
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Controlled Free Induction Decay in the Extreme Ultraviolet
S. Bengtsson, E. W. Larsen, D. Kroon, S. Camp, M. Miranda, C. L. Arnold, A. L’Huillier, 

K. J. Schafer, M. B. Gaarde, L. Rippe, and J. Mauritsson.

The control and manipulation of light pulses is important for global telecommunication, manufacturing 
and many other key technological areas including fundamental research. Control over laser pulses with 
acusto optical modulators or electro optical modulators is needed to push the boundaries of what we know
and what we are able to do. Optical sources are also constantly improved. In recent years, sources for 
coherent light in the extreme ultraviolet (XUV) have emerged, mainly using the technique of High order 
Harmonic Generation (HHG)1 or electron oscillation in free electron lasers2.  The shaping of pulses in the 
XUV regime has so far proven to be difficult, and
in HHG this is mainly done by controlling the
fundamental pulse. 

To control and shape XUV pulses, we propose to
use the phenomena of Free Induction decay
(FID)3-5. A FID signal can be generated by
exciting a gas medium, which has bound state
resonances in the XUV regime. We demonstrate
that this emission can be controlled and shaped
via the use of an off-resonance control pulse that
ac Stark-shifts the states. Through this Stark-shift
the phases of the emitting atoms are changed as a
function of intensity of the control pulse. One of
the possibilities this method gives rise to, is to
redirect the XUV emission on a timescale of
femtoseconds, resulting in a very fast optical
modulator. 

In this talk, I will present experimental results
demonstrating control over the direction of the
FID emission, as well as how absorption and the
observed spectral profile is modified after the
excitation pulse has passed the medium.

[1] M. Lewenstein et al., Phys. Rev. A, 49, 2117 (1994)
[2] W. Ackermann et al., Nat. Photon. 1, 336, (2007)
[3] R. Brewer et al., Phys. Rev. A, 6, 2001-2007 (1972)
[4] F. Hopf et al., Phys. Rev. A, 7, 2105-2110 (1973)
[5] S. Bengtsson et al., arxiv:1611.04836 [physics.atom-ph]

Figure 1. Illustration of controlled Free Induction Decay 
(FID).       (a) A short XUV pulse (blue) passes through an 
ensemble of atoms resulting in a FID signal (purple) emitted 
out of phase. (b) On the flat-field spectrometer this results in 
destructive interference, normally called absorption. (c-d) A 
delayed, co-propagating, control pulse that is slightly spatially
offset is used to redirect the FID emission. This effectively 
changes the width of the absorption feature.

Figure 2. Experimental result showing high order 
harmonics and emission from Fano states in argon that are
redirected.
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Surface plasmon distributed feedback lasers 

Elham Karami Keshmarzi,1 R. Niall Tait,1 and Pierre Berini2,3,4 

1Dept. of Electronics, Carleton University, Ottawa, Canada; 2School of Electrical Engineering and Computer 

Science, 3Dept. of Physics, and 4Centre for Research in Photonics, University of Ottawa, Ottawa Canada 

   Distributed feedback (DFB) lasers are 

compact optical sources used in optical 

integrated circuits, providing a highly coherent 

(single-mode) output. These lasers are normally 

realized in semiconductor quantum well 

structures using dielectric waveguides. Surface 

plasmon waveguides are interesting alternatives 

to dielectric waveguides, enabling different 

device architectures and functions, and offering 

greater confinement (with higher attenuation). 

Loss compensation, amplification and lasing 

with surface plasmons have been demonstrated 

in various guiding structures; indeed, 

significant progress has been achieved in this 

area within a very short timespan.1 Surface 

plasmon DFB lasers have been proposed as 

sources to produce a high-quality emission.2 

Here we describe structures realized according 

to this concept and present first experimental 

results of lasing. 
 

 
Fig. 1. Sketch of a plasmonic DFB laser comprising a 

metal stripe step-in-width Bragg grating on a SiO2 layer 

covered with a layer of IR-140 doped PMMA as the 

optical gain medium. The structure is pumped form the 

top and the emission is collected from a cleaved facet. 

 

    Our DFB lasers, sketched in Fig. 1, consist of 

a 20 nm thick Ag stripe on a thick SiO2 layer, 

covered with 450 nm of IR-140 doped PMMA 

as the active medium. The Ag stripe is stepped 

in width (1 to 0.5 µm) in a pitch of Λ ~ 300 nm 

forming a 1st order Bragg grating with a center 

wavelength of λB ~ 880 nm, corresponding to 

the peak emission wavelength of IR-140 dye 

molecules. Figs. 2 show surface plasmon mode 

field distributions computed at 0 = 880 nm. 

 
Fig. 2. Computed surface plasmon mode field 

distribution for 20 nm thick, 0.5 (left) and 1 µm (right) 

wide Ag stripes, on SiO2, covered with PMMA. 

 

    The lasers were pumped optically from the 

top using 10 ns laser pulses at 810 nm with 

maximum peak energy density of ~40 mJ/cm2. 

Single mode lasing near 880 nm was observed 

for various DFB laser lengths and pump 

intensities. A kink in light-light curves was 

observed along with extremely narrow emission 

spectra. The threshold for lasing was ~ 7 

mJ/cm2. Fig. 3 shows a lasing mode output 

captured using an infrared camera. 

 

 
Fig. 3. Measured mode output from a surface plasmon 

DFB laser, captured using an infrared camera. 

 

References: 
[1] P. Berini, and I. De Leon, Surface plasmon-polariton 

amplifiers and lasers, Nature Photonics 6, 16–24 (2012). 

[2] K. Keshmarzi, R. N. Tait, and P. Berini, Long-range 

surface plasmon single-mode laser concepts, J. Appl. 

Phys. 112, 063115 (2012). 
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Towards Highly Efficient Soft X-ray 
Spectroscopy in Solids 

Martin Beye (martin.beye@desy.de) 
DESY, FS-FLASH, Hamburg, Germany 

Functionality of  complex materials is often encoded in their fundamental excitation spectrum. Soft X-ray 
photon-in photon-out spectroscopies (like for example resonant inelastic X-ray scattering, RIXS [1]) offer a 
unique probe for matter in all aggregate states: By choosing the right X-ray energy, one can selectively 
study active centers in different materials, while being able to observe low-energetic excitations responsible 
for functionality, like phonons and magnons, as well as all kinds of  electronic excitations. 

The drawback of  these spectroscopies is usually the low signal level: Most of  the incoming photons are 
emitted as energetic electrons (>99%) and soft X-ray spectrometers necessarily have a limited acceptance 
angle, detecting only about 10-5 of  the nearly isotropically emitted photons. 

There are several approaches to overcome those limitations: While building more efficient spectrometers is 
one line of  progress, the use of  more evolved quantum optical processes is desired. To this end, free-
electron lasers provide intense and coherent soft X-ray pulses enabling novel spectroscopies. Earlier 
schemes were based on amplified spontaneous emission (ASE) [2,3] and provided some improvement in 
signal levels, although with limited control over the underlying processes. Novel studies use either well-
characterized broadband pulses or fully controlled two-color pulses provided by specific operation modes 
of  a free-electron laser. 

Due to the ultrashort intrinsic time scales for X-ray excited states, it turns out that many concurrent 
processes are at play in addition to the desired transitions, partially shielding the desired signals. With some 
theoretical considerations though, we can arrive at a full characterization of  the underlying processes and 
are now in a position to explore more evolved schemes. Ideas will be presented how to make use of  the 
coherent beams to circumvent these issues and gain orders of  magnitude in efficiency for soft X-ray 
spectroscopy from solids. 

[1] Ament et al., „Resonant Inelastic X-ray Scattering Studies of  Elementary Excitations“, Rev. Mod. Phys. 
83, 705 (2011). 

[2] Rohringer et al., „Atomic Inner-Shell X-ray Laser at 1.46 Nanometres Pumped by an X-ray Free-
Electron Laser“, Nature 481, 488 (2012). 

[3] Beye et al., „Stimulated X-ray Emission for Materials Science“, Nature 501, 191 (2013).
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Ambient Nanoscale Tip-Enhanced Raman Mapping of Submonolayer CuPc on Au 
and MoS2 

 

Blake Birmingham1, Dmitri V. Voronine2, Zachary Liege1, Nick Larson1, Weigang Lu1, Zhenrong 
Zhang1, Marlan O. Scully1,2,3 

 

1Department of Physics, Baylor University 

2Institute for Quantum Science and Engineering, Texas A&M 

3Princeton University 

 
Pushing the limits of detection is key to characterization of interactions and reactions of 

molecules.  Here Tip-Enhanced Raman Spectroscopy (TERS) is used to detect sub-monolayer 

Copper Phthalocyanine (CuPc) molecules on both metal and semiconductor substrates.  Isolated 

single molecules are detected and localized on a rough Au surface in ambient conditions via 

AFM-TERS mapping.  Local characterization of an isolated molecular signal is studied by spatially 

coordinated spectral mapping of Raman scattering with 10 nm tip position spacing.  We observe 

that isolated regions of molecular signal show a wide distribution of Raman-shifted frequency 

response and differing molecular excitation denoted by a spread of relative peak intensity.  This 

is compared with sub-monolayer CuPc molecular islands self-assembled on bulk MoS2 surface.  

Spatial TERS mapping shows defined regions of CuPc signal, undetectable without tip-

enhancement.  There is also an observable difference in Raman shift frequency distribution 

between edge and center regions of the CuPc islands, likely due to differences in molecular 

spacing and orientation.  In comparison between the Au and MoS2 substrates there is a clear 

difference in the interaction between the metal center of the CuPc molecules and the surface 

denoted by a distinguishable frequency shift of the vibrational mode of metal center.  

Figure: a) STM image of individual CuPc molecules on bulk MoS2.  b) Tip-Enhanced Raman Spectra of 
CuPc on rough Au surface.  c)TERS map of CuPc Island on bulk MoS2. 

a) b) c) 
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Plasmonic Synthesis of a Solid Material: Au Hydride 

Eric Borguet 

Department of Chemistry, Temple University, Philadelphia, Pennsylvania 19122, USA. 
 

Nanometer-sized gold structures are currently drawing great interest because their optical 

properties can drive chemical reactions important in photocatalysis.  In particular, when 

irradiated with low-intensity visible photons, nanosized gold particles produce localized surface 

plasmons that can decay in hot electrons, which are capable of dissociating H2 molecules at the 

surface.  We demonstrate that this dissociation reaction leads to the generation of a new material 

as detected by a change in the optical properties of the Au nanostructures.1  The electric 

permittivity measured at the surface of the gold nanoparticles by in-situ spectroscopic 

ellipsometry indicates the formation of a metastable gold hydride layer following the dissociation 

of H2.  Our first-principles, density-functional theory based computations justify the formation of 

a gold hydride through the interaction of Au with atomic hydrogen.  

     A                                                                                                    B 

 
(A) Theoretical dielectric function for Au(111) surface unit cell (Fig. 3) with and without hydrogen  are 
compared.  An overall blue shift of 0.06 eV in the imaginary part of the dielectric function is seen.   (B) 
Schematic of the in-situ spectroscopic ellipsometry setup with broadband illumination from top. 

 
1. Plasmonic Synthesis of a Solid Material: Au Hydride, Devika Sil, Christopher Lane, Ethan Glor, Kyle 

Gilroy, Safiya Sylla, Bernardo Barbiellini, Robert Markiewicz, Svetlana Neretina, Arun Bansil, Zahra 
Fakhraai, and Eric Borguet (in preparation) 
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High-dimensional quantum cloning of twisted photons  

Frédéric Bouchard, Robert Fickler, Robert W. Boyd and Ebrahim Karimi 

Department of Physics, University of Ottawa, 25 Templeton St., Ottawa, Ontario, K1N 6N5 Canada 

In the classical world, information can be perfectly copied without any fundamental limitation. This is 
not the case in the quantum world due to the no-cloning theorem [1]. This result is not a matter of technical 
limitations, but rather a fundamental limitation. The no-cloning theorem turns out to be necessary for 
quantum information to be consistent with many fundamental principles such as the no-signaling theorem 
and the uncertainty principle. Although perfect cloned copies of an unknown quantum system cannot be 
achieved, one may ask how good a clone copies are fundamentally allowed to be produced. Hence, 
quantum cloning machines may generate copies with some maximal fidelity, where the fidelity of the clone 
is defined as the overlap of the initial state that is to be cloned with the cloned copy. An expression for the 
optimal cloning fidelity of the 1 → 2 universal quantum cloning machine is given by F=1/2+1/(1+d) [2], 
where d is the dimension of the Hilbert space of the cloned states. Orbital angular momentum (OAM) 
states of single photons, associated with twisted phase fronts, can serve as a physical realization of a d-
dimensional quantum states, referred as qudits. 

Figure 1. (a) The average cloning fidelities are plotted along with amplitude probability matrices from which the fidelity values are 
extracted from. The shaded area corresponds to cloning fidelities not accessible by any optimal UQCM. (b) Experimentally reconstructed 
density matrices of the Gaussian state before and after cloning are shown along with their theoretical counterpart. 

We use the symmetrization method to realize a universal optimal quantum cloning machine for high-
dimensional OAM states. Increasing the dimensionality of the input quantum states results in a decrease 
of the cloning fidelity. Interestingly, this behaviour can serve as an intuitive explanation of the superiority 
of high-dimensional quantum cryptography. In our experiment, we measure the cloning fidelity of the 
cloning machine for different input states belonging to the logical OAM basis of various dimensions, d  
{2, 3, 4, 5, 6, 7}. We find perfect agreement of the experimentally evaluated cloning fidelities to the 
theoretical predictions of the high-dimensional 1 → 2 UQCM (see Fig 1 (a)). As a test of the universality 
of our cloner, we perform full quantum state tomography on the cloned state in the case of an arbitrary 
input state. As an exemplary, visually interesting high-dimensional state, we investigate the cloning of the 
so-called Gaussian state presented in Figure 1 (b). Very good agreement of the experimental data to the 
theory is observed. In conclusion, we have performed optimal quantum cloning of optical orbital angular 
momentum qudits, using the symmetrisation method. High dimensional quantum cloning has great 
fundamental importance in quantum information, quantum cryptography and quantum communication 
protocols. 

[1] W. K. Wootters and W. H. Zurek, “A single quantum cannot be cloned”, Nature 299, pp. 802 (1982). 
[2] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, “Quantum Cloning”, Reviews of Modern Physics 74, pp. 145 (2002). 

Speaker: Frédéric Bouchard, University of Ottawa
Schedule: Thursday Afternoon Poster Session

PQE-2017 97



Testing	general	relativity	with	airborne	and	underground	atom	
interferometers	

A. Bertoldi1, B. Barrett1, L. Antoni-Micollier1, B. Battelier1, W. Chaibi4, R. Geiger2, B. Canuel1, L. 
Chichet1, G. Condon1, S. Gaffet3, A. Landragin2, and P. Bouyer1 

1LP2N, IOA, Rue François Mitterrand, F-33400, Talence, 2SYRTE, 61, avenue de l'Observatoire, F-75014 PARIS, 
3LSBB, La Grande Combe, F-84400 Rustrel, 4ARTEMIS, Côte‐d’azur Observatory, Nice, France 

 
The remarkable success of atom coherent manipulation techniques has motivated competitive research 

and development in precision metrology. Matter-wave inertial sensors – accelerometers, gyrometers, 
gravimeters – based on these techniques are all at the forefront of their respective measurement classes. 
Atom inertial sensors provide nowadays about the best accelerometers and gravimeters and allow, for 
instance, to make the most precise monitoring of gravity or to device precise tests of the weak equivalence 
principle (WEP). I present here some recent advances in theses fields :  

The outstanding developments of laser-cooling techniques and related technologies allowed the 
demonstration of an airborne matter-wave interferometers, which operated in the micro-gravity environment 
created during the parabolic flights of the Novespace Zero-g aircraft. Using two atomic species (for instance 
39K and 87Rb) allows to verify that two massive bodies will undergo the same gravitational acceleration 
regardless of their mass or composition, allowing a test of the Weak Equivalence Principle (WEP). 
New concepts of matter-wave interferometry can be used to study sub Hertz variations of the strain tensor 
of space-time and gravitation. For instance, the MIGA instrument which is currently built in France, will 
allow the monitoring of the evolution of the gravitational field at unprecedented sensitivity, which will be 
exploited both for geophysical studies and for Gravitational Waves (GWs) detection. 

 
Test of the equivalence principle with 2 atomic species in the weighlessness 

environement of the 0-g AIRBUS. 
 

Dual Matter-Wave Inertial Sensors in Weightlessness, Brynle Barrett, et al., Nature Communications, DOI : 
10.1038/NCOMMS13786 
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Quantum-limited single molecule biosensing: probing nanoscale 
biological machinery in its native state 

N. P. Mauranyapin, L. S. Madsen, M. A. Taylor, M. Waleed and W. P. Bowen 
Australian Centre for Engineered Quantum Systems, University of Queensland, Australia 

E-mail: w.bowen@uq.edu.au 

Sensors that are able to detect and track single unlabelled biomolecules are an important tool 
both to understand biomolecular dynamics and interactions, and for medical diagnostics 
operating at their ultimate detection limits. Recently, exceptional sensitivity has been achieved 
using the strongly enhanced evanescent fields provided by optical microcavities and 
plasmonic resonators [1,2]. However, at high field intensities photodamage to the biological 
specimen becomes increasingly problematic [3]. Here, we introduce a new approach to 
evanescent biosensing that combines dark field illumination and heterodyne detection in an 
optical nanofibre-based platform [4] (see Fig. 1). This allows operation at the fundamental 
precision limit introduced by quantisation of light. We achieve state-of-the-art sensitivity with a 
four order-of-magnitude reduction in optical intensity, for the first time reaching beneath 
known photoinduced biological damage thresholds. We demonstrate quantum noise limited 
tracking of single biomolecules as small as 3.5 nm, allowing surface-molecule interactions to 
be monitored over extended periods (inset, Fig. 1).  
 

This research provides a pathway to probe the dynamics of the nanoscale biological 
machinery of living systems in their native state, without either labels or photoinduced 
changes in their behavior. By achieving quantum noise limited precision, our approach also 
presents a step towards quantum-enhanced single-molecule biosensors. 

Fig. 1: Diagram of experiment. Inset: Real-time detection of BSA (left) and anti-e. coli antibody (right). 
 

[1] M. D. Baaske, M. R. Foreman and F. Vollmer, Nature Nanotechnology 9 933-939 (2014); [2] Y. 
Pang and R. Gordon, Nano Letters 12 402-406 (2012); [3] See e.g. U. Mirsaidov, W. Timp, K. Timp, M. 
Mir, P. Matsudaira and G. Timp, Phys. Rev. E. 78  021910 (2008); [4] N.P. Mauranyapin et al. 
arxiv:1609.05979 (2016). 
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InAs/GaAs quantum dot lasers on exact GaP/Si (001) and 
other templates 

J. E. Bowers*1, A. Y. Liu1, Daehwan Jung1, Justin Norman1, A. C. Gossard1 and Minjoo 
Larry Lee2 

1University of California Santa Barbara, California, USA 
2University of Illinois, Urbana-Champaign, Illinois, USA. 

*bowers@ece.ucsb.edu  
 
The silicon photonics field is advancing rapidly, with many new devices demonstrated 

recently [1]. Demonstrations have shown significantly improved performance that is now 
approaching that of devices on native InP substrates. In addition to the many passive devices, 
including AWGs, isolators, and circulators, active devices including lasers, modulators, 
amplifiers and photodetectors are reaching higher levels of integration. Over 400 devices have 
been integrated onto a single waveguide for applications such as integrated transmitters for 
datacom and telecom, true time delay PICs for phased array radars, and LIDAR.  

III-V quantum dot lasers grown on silicon are proving to be a promising light source for 
silicon photonics [1].  Previous demonstrations have relied on intentionally offcut silicon 
substrates to suppress antiphase domains from III-V on silicon heteroepitaxy.  However, exact 
on-axis silicon substrates are needed for compatibility with CMOS process flows.   We 
recently reported the first demonstration of an electrically pumped quantum dot laser grown 
on exact silicon substrates without offcut.  The seven layers of quantum dots were grown on a 
GaP/Si (001) template with MBE. The same active structure was also grown on a GaAs 
substrate for comparison.  Fig. 1a shows a photoluminescence (PL) comparison of the two as-
grown laser structures, showing similar peak wavelengths, while the intensity of the laser on 
GaP/Si is ~60% that of on GaAs.  Fig. 1b shows room temperature continuous wave (CW) 
light-current (LI) comparisons of 1mm long by 7 µm wide ridge lasers on GaAs (Ith = 44 mA) 
and on GaP/Si (Ith=105 mA), both with as-cleaved facets. CW lasing spectra measured from a 
device on GaP/Si is shown in Fig. 1c. 

There are five reasons quantum dot lasers may finally replace quantum well lasers: 1) 
reduced sensitivity to dislocations (important for growth on Si), 2)higher temperature 
operation, 3) low threshold, 4) reduced reflection sensitivity, 5) reduced sensitivity to surface 
recombination, allowing smaller, lower power lasers.  A comparison of QW and QD lasers 
will be summarized in the presentation. 

(a)	 (b)	 (c)	

 
Figure 1: Room temperature PL (a) and LI comparisons (b) of lasers on GaAs vs on 

GaP/Si. c) Optical spectra of a laser on GaP/Si below and past threshold. 

[1] A. Y. Liu, S. Srinivasan, J. Norman, A. C. Gossard, J. E. Bowers, Photonics 
Research, 3, 5 (2015) 
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Large Optical Nonlinearity of Indium Tin Oxide in its  
Epsilon-Near-Zero Spectral Region 

 
Robert W. Boyd 

 

Department of Physics and School of Electrical Engineering and Computer Science 
University of Ottawa 

Ottawa, ON K1N 6N5 Canada 
 
Recent work [1-3] has shown that optical materials can display an extremely large optical nonlinear 
response in their epsilon-near-zero (ENZ) spectral region, that is, at wavelengths where the real 
part of the dielectric constant (relative permittivity) is very small. In this talk we review this topic 
from the point of view of developing a conceptual understanding of why the nonlinear response is 
so large under ENZ conditions and of exploring the implications of this work for applications in 
the field of photonics. In the work published in reference [1], we report that indium tin oxide (ITO) 
has an ENZ wavelength of approximately 1.24 µm. In this spectral region, the value of n2 is as 
much as 1000 times larger than its value in the shorter-wavelength, visible spectral region. We 
also show that the nonlinear optical response can be further enhanced by exciting the sample at 
non-normal incidence. The unprecedently large value of n2 suggests that these materials will play 
a key role in the future development of applications in the field of photonics. 
 
1. Large optical nonlinearity of indium tin oxide in its epsilon-near-zero region, M. Zahirul Alam, 

I. De Leon, R. W. Boyd, Science 352, 795 (2016).  
2. Enhanced nonlinear refractive index in ε-near-zero Materials, L. Caspani, R. P. M. Kaipurath, 

M. Clerici, M. Ferrera, T. Roger, J. Kim, N. Kinsey, M. Pietrzyk, A. Di Falco, V. M. Shalaev, 
A. Boltasseva, and D. Faccio, Phys. Rev. Lett. 116, 233901 (2016). 

3. Optical response of dipole antennas on an epsilon-near-zero substrate, S.A. Schulz, A.A. Tahir, 
M. Zahirul Alam, J. Upham, I. De Leon, and R.W. Boyd, Phys. Rev. A 93, 063846 (2016). 
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Ellipticity and time dependence of the gain in the nitrogen molecular ion 

Mathew Britton1, Patrick Laferrière1, Dong Hyuk Ko1, Chunmei Zhang1, Ladan Arissian1,2,3, Michael 
Spanner1,2, Paul B. Corkum1,2 

1Department of Physics, University of Ottawa, Ottawa, Ontario, Canada 
2National Research Council of Canada, Ottawa, Ontario, Canada 

3University of New Mexico, Albuquerque, New Mexico, USA 

 Lasing on the B to X transitions in nitrogen molecular ion plasmas created by 
multiphoton ionization is of interest for remote sensing. However, despite its 

reproducibility, the physical 
mechanism responsible for the gain 
remains unclear. We investigate the 
gain in ambient air and using a 200 

m wide supersonic gas jet in 
vacuum. 
 First we prepare an elliptically 
polarized femtosecond pulse and use 
it to ionize ambient air. We monitor 
the forward on-axis light that consists 
of broad continuum, conical and 
molecular emissions. All depend on 
the ellipticity of the pump. We 
characterize the N2

+ ion emission at 
428 and 391 nm based on its 
polarization and dependence on 

pump ellipticity. Figure 1 shows an example of this type of measurement. It depicts the 
intensity of the forward 428 nm ion emission as a function of the quarter wave plate 
(vertical) and polarizer angle (horizontal). 
 In the second set of measurements we employ pump and probe beams to pump 
and monitor the gain as a 
function of time in a plasma 
channel. The plasma channel is 
created by ionizing pure nitrogen 
that is released from a 
supersonic gas jet into vacuum. 
An 800 nm femtosecond pulse is 
the pump, and a weak portion of 
this beam is frequency-doubled 
and delayed to seed the pump-
induced gain. In addition, this 
setup allows us to link the gain to 
high harmonic generation via a high 
harmonics spectrometer that we use to monitor harmonic yield and cutoff. Figure 2 
shows a typical pump-probe measurement made for pump intensities listed on the 
figure and linearly polarized pump and probe. It shows a rapidly decaying, strongly 
modulated rotational structure. The polarization characteristics and time dependence 
gives us insight to the mechanisms contributing (or not contributing) to the gain. 

Figure 2. Time dependence of N2
+ gain at 391 nm in a 

gas jet 

Figure 1. Polarization characteristics of N2
+ emission at 

428 nm in air 
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Depletion in Intense Fields 
S. S. Bulanov 

Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA 
 
     With the increase of laser intensity, the interaction between particles and fields enter the radiation 
dominated regime and then as the interaction becomes highly nonlinear the quantum effects come into play. 
For the fields of even higher intensities the vacuum breakdown becomes 
possible. These effects are a part of a new emerging branch of physics, 
namely the High Intensity Particle Physics (see Fig. 1) [1], which 
occupies a significant region in the Standard Model parameter space and 
is largely unexplored both theoretically and experimentally, since these 
effects, which were previously believed to be of theoretical interest only, 
are now becoming experimentally accessible. One of the open questions 
of the high intensity particle physics is the back reaction of the processes 
of either pair production or photon emission on the intense EM field. 
Usually these processes are considered using the external field 
approximation. However, it was recently pointed out that the creation of 
new particles can lead to the depletion of the EM field energy, which 
means that the approximation of the external field is no longer valid in this case.  
     The problem of the backreaction during the process of electron-positron pair production by a circularly 
polarized electromagnetic wave propagating in a plasma [2] is a model case that can be used to characterize     
the depletion effect. The approach to this problem is based on the relativistic Boltzmann-Vlasov equation 
with a source term representing the Schwinger formula for the pair creation rate. The damping of the wave, 
the nonlinear up-shift of its frequency due to the plasma density increase and the effect of the damping on 
the wave polarization are shown as a function of the wave amplitude. 
     The interaction of electrons, positrons, and photons with 
intense electromagnetic fields gives rise to multi-photon 
Compton and Breit-Wheeler processes. It is shown that 
electrons and/or positrons undergo a cascade-type process 
involving multiple emissions of photons. These photons can 
consequently convert into electron-positron pairs. As a result, 
charged particles quickly lose their energy developing an 
exponentially decaying energy distribution. Moreover, the 
multi-photon nature of Compton and Breit-Wheeler processes 
implies the absorption of a significant number of photons. As 
a result, the interaction of a highly charged electron bunch with 
an intense laser pulse can lead to a significant depletion of the 
laser pulse energy, thus rendering the external field 
approximation invalid (see Fig. 2) [3]. We found this to happen when the laser pulses are sufficiently intense 
(a0 ∼ 103) and a lower bound for the number of electrons in a volume of a laser wave-length cubed is 
exceeded, namely N~6.8 × 1011 γ 0.92 a−1.08. It is expected that this threshold will be overcome in the case of 
EM avalanches. As a consequence, laser depletion will not just be due to the creation of e+e− pairs as 
considered previously, but must also be taken into account in laser photon absorption.  
 
[1] S. S. Bulanov, C. B. Schroeder, E. Esarey, and W. P. Leemans, Phys. Rev. A 87, 062110 (2013). 
[2] S. S. Bulanov,A. M. Fedotov, and F. Pegoraro, Phys. Rev. E 71, 016404 (2005). 
[3] D. Seipt, T. Heinzl, M. Marklund, and S. S. Bulanov, submitted to PRL.  

Figure	1.	Cube	of	theories	from	[1]. 

Figure	2.	The	number	of	radiating	electrons	
required	to	see	significant	depletion	plotted	as	a	
function	of	γe	and	a0.	The	dashed	white	curves	
represent	𝜔"Δ𝑥 ≫ 1	so	that	photon	emission	is	
incoherent	across	the	relevant	parameter	space.		
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Collective phenomena in indirect excitons 
 

L.V. Butov 
 

University of California at San Diego, La Jolla, CA 92093-0319 
 

An indirect exciton (IX) is a bound pair of an electron and a hole confined in spatially separated 
layers. Due to their long lifetimes, IXs can cool below the temperature of quantum degeneracy. This 
gives an opportunity to realize and study cold exciton gases. We will present spontaneous 
coherence in a cold gas of IXs [1]. 

Pattern formation was observed in earlier studies of IXs [2]. We will present fluctuation and 
commensurability effect of IX density wave in IX pattern formation [3]. 

We will present long-range spin currents in a coherent gas of IXs. The spin currents result in the 
appearance of a variety of polarization patterns, including helical patterns, four-leaf patterns, spiral 
patterns, bell patterns, and periodic patterns. We will present control of the spin currents by a 
magnetic field [4]. 

IXs are dipoles and their energy can be controlled by voltage. This gives an opportunity to 
create a variety of potential landscapes for IXs. We will present spontaneous coherence and 
condensation of IXs in a trap [5,6].  

Due to their built-in dipole moment, IXs form a correlated system. We will present a method 
for determining correlations and a proof-of-principle demonstration of the method indicating strong 
correlations in a gas of IXs [7]. 

We will present artificial materials where a coherent state of IXs can be realized at high 
temperatures [8]. 

Acknowledgements. Our studies of IXs are supported by NSF grant 1640173 and NERC, a 
subsidiary of SRC, through SRC-NRI Center Excitonic Devices, by DOE Office of Basic Energy 
Sciences under award DE-FG02-07ER46449, and by NSF DMR award 1407277. 
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Excitons in a Trap, Nano Lett. 12, 2605 (2012). 

6. S.V. Lobanov, N.A. Gippius, L.V. Butov, Theory of condensation of indirect excitons in a trap, 
Phys. Rev. B 94, 245401 (2016). 

7. M. Remeika, J.R. Leonard, C.J. Dorow, M.M. Fogler, L.V. Butov, M. Hanson, A.C. Gossard, 
Measurement of exciton correlations using electrostatic lattices, Phys. Rev. B 92, 115311 
(2015). 

8. M.M. Fogler, L.V. Butov, K.S. Novoselov, High-temperature superfluidity with indirect 
excitons in van der Waals heterostructures, Nature Commun. 5, 4555 (2014). 
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High beta III‐nitride nanobeam cavities: a versatile platform for nanofabrication and 
quantum optics 

 

R. Butté,1 I. M. Rousseau,1 N. Vico Triviño,1 S. T. Jagsch,2 G. Callsen,2 S. Kalinowski,2 I. Sánchez‐
Arribas,1 K. Shojiki,1 J.‐F. Carlin,1 A. Hoffmann,2 S. Reitzenstein,2 and N. Grandjean1 

1Institute of Physics, École Polytechnique Fédérale de Lausanne, CH‐1015 Lausanne, Switzerland 
2Institute of Solid State Physics, Technische Universität Berlin, D‐10623 Berlin, Germany 

 

Thanks to recent progress  in  terms of nanofabrication, one‐dimensional photonic crystal nanobeam 
cavities emerged at  the end of  the past decade as a suitable platform to realize  low‐threshold high 
spontaneous emission coupling factor (β) nanolasers.  In this talk, we will report on blue emitting high‐
quality factor (Q) III‐nitride photonic crystal nanobeam cavities containing a single InGaN/GaN quantum 
well  (QW)  gain  medium. We  will  show  that  the  first  generation  of  such  nanobeams  exhibits  low‐
threshold cw blue lasing at room temperature thanks to the combination of a high‐Q value and a high 
β (> 0.7) ensuring efficient funneling of spontaneously emitted photons into the lasing mode [1]. The 
transition from incoherent to coherent light emission is monitored through power‐dependent second‐
order  autocorrelation  function  (g(2)(0))  measurements  using  a  Hanbury‐Brown  and  Twiss 
interferometer  configuration,  which  show  a  progressive  transition  from  thermal  emission  to  the 
Poisson  limit  (Fig. 1(a))  [2]. Temperature‐dependent  input‐output curves  reveal a complex  interplay 
between  the  zero‐  and  the  two‐dimensional  nature  of  the QW  gain medium.  Fabrication  statistics 
performed on a new generation of nanobeam cavities (Fig. 1(b)) show a twofold increase in the Q value 
(> 4000) with a high fabrication yield (> 95%) thanks to the use of a single‐step pattern transfer process. 
Interestingly,  statistical  analysis  accounting  for  absorption  losses  indicates  that  disorder  models 
comprised of normally‐distributed hole size and position fluctuations could not explain the dominant 
contribution to experimental Q but that nanoscale roughness also comes into play [3]. Besides, using a 
sidewall Bragg cross‐grating coupler (Fig. 1(c)) allowed to increase the integrated far‐field intensity of 
those structures by nearly one order of magnitude [4], a key asset for g(2)(0) measurements. 

Figure 1: (a) Value of the second‐order autocorrelation function at zero‐time delay as a function of input power. (b) Scanning 

electron micrograph at 75o tilt of a III‐N photonic crystal nanobeam suspended in air over silicon substrate. (c) Overhead 

enlarged view of a nanobeam cavity incorporating a cross‐grating coupler. 

[1] N. Vico Triviño et al., Nano Letters 15, 1259 (2015). 
[2] S. T. Jagsch et al., submitted to Nat. Commun.; arXiv:1603.06447. 
[3] I. Rousseau et al., submitted to Phys. Rev. B. 
[4] I. Rousseau et al., Appl. Phys. Lett. 108, 201104 (2016). 
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Electromagnetically	Induced	Transparency	with	Dynamically	
Modulated	Superradiant	and	Subradiant	states		

	 	 Wei	Feng1,2,	Da-Wei	Wang2,	Han	Cai2,	Shi-Yao	Zhu1,3	and	Marlan	O.	Scully2,4,5	
1Beijing Computational Science Research Center, Beijing, China; 

  2Texas A&M University, College Station, TX 77843; 
3Department of Physics, Zhejiang University, Hangzhou 310027, China 

 4Princeton University, Princeton, NJ 08544, 
5Baylor University, Waco, TX 76798 

Abstract	

We	 construct	 electromagnetically	 induced	 transparency	 (EIT)	 by	 dynamically	 coupling	 a	
superradiant	 state	 with	 a	 subradiant	 state.	 The	 superradiant	 and	 subradiant	 states	 with	
enhanced	 and	 inhibited	 decay	 rates	 act	 as	 the	 excited	 and	 metastable	 states	 in	 EIT,	
respectively.	Their	energy	difference	is	determined	by	the	distance	between	the	atoms	and	
can	 be	 revealed	 by	 the	 EIT	 spectra,	 which	 renders	 this	 method	 useful	 in	 subwavelength	
metrology.	 The	 scheme	 can	 also	 be	 applied	 to	 many	 atoms	 in	 nuclear	 quantum	 optics,	
where	the	transparency	point	due	to	counter-rotating	terms	can	be	observed.	

	
2

such that the states |egi and |gei have energies ⌦c and
�⌦c respectively, the symmetric state |+i evolves with
time |+(t)i = (e�i⌦ct|egi+ei⌦ct|gei)/

p
2. At t = ⇡/2⌦c,

we obtain |+(t)i = �i|�i. Therefore, the states |+i and
|�i can be coupled by a local energy o↵set between the
two atoms. The Hamiltonian can be written as (assuming
~ = 1)

H =!+|+ih+| + !�|�ih�| + ⌦c(t)(|+ih�| + |�ih+|)
� ⌦p(e

�i⌫pt|+ihgg| + h.c.),
(2)

where !± = ! + �± with ! the transition frequency of
a single atom, and we have used the rotating wave ap-
proximation for the probe field. To make the coupling
between |+i and |�i on resonance, we need to dynam-
ically modulate the energy o↵set ⌦c(t) / sin(⌫t) with
⌫ = !+ � !� = 2�c. With this it is clear that Eq. (2) is
the standard EIT Hamiltonian.

Subwavelength metrology.–This scheme can be realized
by dressing the two atoms with a moving standing wave,
Es = 2E cos(⌫st) cos(⌫t/2 � kx) where ⌫ = ⌫1 � ⌫2,
⌫s = (⌫1 + ⌫2)/2 and k = ⌫s/c with ⌫1 (⌫2) being the
frequency of the plane wave component in x̂ (�x̂) direc-
tion, as shown in Fig. 1 (b). If ⌫s is far detuned from
the transition frequency !, the dynamic Stark shift is

�S =
2E2d2 cos2(⌫t/2 � kx)

! � ⌫s
, (3)

where d is the dipole matrix element between |ei and
|gi. For two atoms with distance r = x1 � x2 where
x1,2 are the coordinates of the two atoms, their energy
o↵set ⌦c(t) = ⌦0 sin(kr) sin(⌫t��) with ⌦0 = E2d2/(!�
⌫s) and � = kx1 + kx2 is an irrelevant phase factor.
Meanwhile, this modulation also introduces a universal
frequency shift �u(t) = ⌦0[1+cos(kr) cos(⌫t��)], which
generates sidebands in the absorption spectra and can be
neglected if ⌦0 ⌧ ⌫ (see [25]).

The absorption spectra can be calculated by the Liou-
ville equation,

@⇢

@t
= � i[H, ⇢] +

X

j=+,�

�j

2
[2|ggihj|⇢|jihgg|

� |jihj|⇢� ⇢|jihj|].
(4)

Since H is time-dependent with frequency ⌫, the coher-

ence can be expanded h+|⇢|ggi =
P

n ⇢
[n]
+gge

in⌫t. Eq.(4)
can be solved with the Floquet theorem [38] and the ab-

sorption is proportional to Im⇢
[0]
+gg, the imaginary part

of the zero frequency component [25].
The counter-rotating terms of ⌦c(t) can be neglected

for small distance between the two atoms and weak dress-
ing field when ⌦0 sin(kr) ⌧ �c. We obtain typical EIT
absorption spectra with two absorption peaks and one
transparency point, as shown in the black curve of Fig. 2
(a). In particular, we can observe symmetric absorption

Probe Laser

(b)

(a)

FIG. 1. (Color online) (a) Two two-level atoms form an
EIT system with the symmetric (superradiant) state the ex-
cited state and the anti-symmetric (subradiant) state the
metastable state. (b) The symmetric and anti-symmetric
states are resonantly coupled by the dynamic Stark shift in-
duced by a moving standing wave with velocity v.

peaks when the modulation frequency to ⌫ = 2�c. Please
note that the probe detuning �p = !+�0 +�c +⌦0�⌫p

has taken into account all the static energy shifts of |+i
state, including ⌦0, the static part of the universal Stark
shift �u(t). The e↵ect of the counter-rotating terms and
the universal shift �u(t) emerge either when we increase
the distance between the two atoms or increase the dy-
namic Stark shift ⌦0, which is proportional to the inten-
sity of the dressing standing wave. Multiple side peaks
are observed in the red and blue curves in Fig. 2 (a).

We can use the following procedure for the subwave-
length metrology, as shown in Fig. 2 (b). We first re-
duce the intensity of the standing wave to only allow
two peaks to appear in the spectra. Then we tune the
frequency di↵erence ⌫ until the two absorption peaks be-
come symmetric, which yields the collective energy shift
�c = ⌫/2. The distance between the two atoms can be
obtained by the relation between �c(r) and r [25]. Since
�c(r) / 1/r3 for small distance r ⌧ �, the sensitivity
�⌫/�r / 1/r4. Furthermore, a natural preference for this
metrology is that the distance between the two atoms
is small and the dressing field is weak. This is in par-
ticular useful for the subwavelength imaging and for the
biological samples that cannot sustain strong laser field.

Once the EIT is achieved, we can realize other related
phenomena. In particular, we can use the adiabatic pop-
ulation transfer to prepare the subradiant state |�i, by
adiabatically tuning down ⌦0 and tuning up ⌦p at the
two-photon resonance. The maximum value of ⌦p should
be smaller than �c to avoid populating the |eei state.
The |�i state can be used for storage of quantum infor-
mation due to its long life time [39].

Generalization to many atoms.–The mechanism can be

	

FIG.1	 (a)	 Two	 two-level	 atoms	 form	 an	 EIT	 system	 with	 the	 symmetric	 (superradiant)	
state	 the	excited	 state	 and	 the	anti-symmetric	 (subradiant)	 state	 the	metastable	 state.	
(b)	 The	 symmetric	 and	 anti-symmetric	 states	 are	 resonantly	 coupled	 by	 the	 dynamic	
Stark	shift	induced	by	a	moving	standing	wave	with	velocity	v	
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Speckle-Based Spectrometer 
 

Hui Cao 

 

Department of Applied Physics, Yale University, New Haven CT 06511 
hui.cao@yale.edu 

 
The conventional spectrometers rely on one-to-one spectral-to-spatial mapping. Such mapping is 
necessary for a wavelength demultiplexer but not a spectrometer. Complex spectral to spatial 
mapping has been explored with disordered photonic crystals, thin scattering media, and random 
polychromat, for spectrometer application. The disorder-induced scattering of light produces 
wavelength-dependent speckle patterns which can be used as fingerprints to identify unknown 
spectra. We recently utilized multiple scattering of light in a random photonic chip to build a 
compact on-chip spectrometer. The probe signal diffuses through a scattering medium generating 
wavelength-dependent speckle patterns which are used to recover the input spectrum after 
calibration. In contrast to single scattering or diffraction from a thin disordered material that 
gives a linear scaling of spectral resolution with dimension L, the multiple scattering in a lossless 
diffusive medium makes the scaling quadratic, thus the resolution increases more rapidly with L. 
By fabricating the scattering structure on-chip, we can efficiently channel the scattered light to 
the detectors and engineer the disordered medium to reduce out-of-plane scattering. We obtain 
sub-nanometer (0.75 nm) resolution (at a wavelength of 1500 nm) with a very small (25 µm 
radius) footprint [1].  

A multimode fiber also generates speckle via interference among the guided modes. The output 
speckle pattern is unique for each wavelength, thus can be used to identify the spectral content of 
input light [2]. The spectral resolution scales with the fiber length [3]. Since optical fibers have 
been optimized for long-distance transmission with minimal loss, long fibers can be used to 
provide fine resolution without sacrificing sensitivity. We have reached a record resolution of 1 
pm at a wavelength of 1500 nm using a 100-meter long multimode fiber, outperforming the 
state-of-the-art grating spectrometers [4]. In addition, the fiber spectrometer can simultaneously 
measure many spectral channels, thanks to the mapping from one-dimensional spectrum to two-
dimensional (real) space. We have achieved broad-band operation with a 4 cm long fiber, 
covering the wavelength range of 400 nm – 750 nm with 1 nm resolution. The fiber 
spectrometer, consisting of the fiber which can be coiled to a small volume and a monochrome 
camera that records the speckle pattern, is compact, lightweight, and low cost. By integrating a 
wavelength division multiplexer with five multimode optical fibers, we have overcome the trade-
off between spectral resolution and bandwidth [5]. An efficient algorithm is developed to achieve 
accurate reconstruction of both sparse and dense spectra in the presence of noise. 
 

[1] B. Redding, S. F. Liew, R. Sarma and H. Cao, Nat. Photon. 7, 746 (2013). 

[2] B. Redding and H. Cao, Opt. Lett. 7, 3384 (2012). 

[3] B. Redding, S. M. Popoff, and H. Cao, Opt. Express 21, 6584 (2013).  

[4] B. Redding, M. Alam, M. Seifert, and H. Cao, Optica 1, 175 (2014). 

[5] S. F. Liew, B. Redding, M. A. Choma, H. Tagare, and H. Cao, Opt. Lett. 41, 2029 (2016). 
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Steering quantum statistics in nanostructured semiconductor
environments

Alexander Carmele∗
Inst. für Theoretische Physik, Nichtlineare Optik und Quantenelektronik, TU Berlin, Hardenbergstr. 36 EW 7-1, 10623 Berlin, Germany

Semiconductor nanostructures, such as quantum dots, are versatile platforms to realize quantum light sources
albeit the presence of many-body based dissipation and dephasing procesess in the surrounding material [1]. In
contrast, such semiconductor environments might even be an enabling factor for applications. Microscopic
theory beyond typical perturbation approaches helps to unravel such interesting and exciting venues to exploit
intrinsical degrees of freedom to shape and control quantum correlations. Here, we present examples, in which
dissipation, disorder or electron scattering supports or stabilizes the generation of quantum correlations and
statistics in condensed matter systems.

Mainly, we focus on non-Markovian spin-phonon interaction in a monolithic microlens with a single de-
terministically integrated QD (Figure 1, left) [2]. Such a system allows via optical pumping the generation of
highly indistinguishable photons. In particular, the pulse separation reveals a plateau in the visibility curve,
explainable via a non-Markovian colored noise. For short pulse separations, the environment is still corre-
lated and allows for indistinguishable photon emission processes (Figure 1, right). The degree of correlation is
furthermore enhanced, if the reservoir is itself shaped and controlled via a feedback mechanism [3].

In another example, we investigate a Kitaev spin chain in the presence of particle loss (Figure 2). In the
closed system case, the Kitaev chain exhibits Majorana zero modes, which form an important building block in
the field of topologically protected quantum memories. In this work, we investigate the resilience of such Majo-
rana edge modes in the presence of incoherent symmetry-breaking dissipation. We show that strong disorder in
the surrounding magnetic fields can lead to an exponential gain in the edge modes stability compared to the case
of a homogeneous system, i.e. the externally applied disorder partially counteracts the degrading mechanism
and we find a stretched exponential decay instead of purely exponential loss of coherence (Figure 3).

Both examples show, that many-body based system-bath interaction includes interesting degrees of freedom
to tailor and steer quantum correlations, and allows for a wide range of applications in deterministically fabri-
cated semiconductor environments.

[∗] The presented work is done in collaboration with Stephan Reitzenstein, Alexander Thoma, Tobias Heindel
(experiments), and Markus Heyl, Marcello Dalmonte, Yumian Su, and Andreas Knorr (theory).
References
[1] F. Jahnke (Ed.). “Quantum optics with semiconductor nanostructures”, Elsevier (2012).
[2] A. Thoma, et al., Phys.Rev.Lett. 116, 033601 (2016).
[3] J. Kabuss, F. Katsch, A. Knorr, and A. Carmele, JOSA B, 33, 7 (2016); and in preparation.
[4] A. Carmele, et al., Phys.Rev. B 92, 195107 (2015).
Alexander Carmele ( alex@itp.tu-berlin.de )
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Macromolecular X-Ray Diffractive Imaging Using Imperfect Crystals 
Henry N. Chapman

Center for Free-Electron Laser Science, DESY, Hamburg, Germany


The resolution of a macromolecular electron density map is crucial for proper biological 
interpretation of structure and function.  In crystallography, the resolution is set by the 
highest scattering angles recorded in the diffraction pattern.  The biggest limitation and 
frustration associated with X-ray crystallography is the fact that more often than not, 
macromolecular crystals do not yield diffraction patterns with Bragg peaks extending to high 
angles.  Such Bragg peaks are the result of the coherent addition of scattering from the 
many regularly arranged molecules in the crystal, and their absence at high scattering angles 
is due to a loss of periodicity at a particular length scale—either due to a variability in the 
molecular structures in the crystal, or due to a variability in the rigid-body positions of those 
molecules, or both.  

	 In the case of large macromolecular complexes, one may expect that the loss of high-
angle Bragg peaks is not the fault of the molecules, but just their arrangement.  That is, 
random translational disorder suppresses the coherent addition in Bragg peaks, as can be 
described by the familiar Debye-Waller factor.  But the molecules themselves still diffract as 
strongly as they would if they were perfectly periodically arranged.  At the high scattering 
angles beyond the Debye-Waller cut off, this “single molecule” continuous diffraction 
accumulates incoherently from all molecules.  That is, the disordered crystal provides the 
means to deliver a large number of aligned molecules into an X-ray beam, and a new 
concept for macromolecular structure determination.  The continuous diffraction allows for 
de novo phasing, using iterative phasing algorithms of coherent diffractive imaging, enabled 
by the large increase in information recorded as compared with the Bragg peaks alone.  We 
demonstrate these ideas on diffraction recorded at the LCLS from a large macromolecular 
complex, improving resolution from 4.5 Å to 3.5 Å and obtaining a model-free electron 
density image. 

Continuous “single molecule” diffraction measured from photosystem II crystals with 
translational disorder (left) and the three-dimensional electron density map that was 
reconstructed directly from the diffraction using iterative phasing (right). 

Reference: K. Ayyer et al., Macromolecular diffractive imaging using imperfect crystals, Nature 530, 
202–206 (2016).
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Mathematical analysis of parametric resonance, from the Mathieu equation to 

QASER 
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Abstract 

 

     A periodic driving coefficient in a system of differential equations which are otherwise "conservative" 

generally has solutions that are not periodic. Historically, in mathematics and engineering, 

researchers have emphasized the study of the so-called "stable" solutions, namely, those that decay 

with time. However, in [1], Svidzinsky, Yuan and Scully noticed that the "unstable" solutions are "more 

useful" in the sense that the gains or exponential growth of some solutions of the system can help a 

novel design of light amplifiers acronymed QASER (quantum amplification by superradiant emission 

of radiation). 
  

     In order to understand how parametric resonance works, 

two basic mathematical models are investigated. The first 

is the well known Mathieu equation in mathematical 

physics:  

 

Ӱ(t) + [⍵˳² - 2q cos(2t)] y(t) = 0, 

 

while the second is the system of coupled oscillators 

(QASER):  

 

ø ̈₁ + ⍵˳² ø₁ - Ω² ø₂  = 0, 

ø ̈₂ + ⍵˳² ø₂ - Ω²[1+ δ cos(2t)] ø₁ = 0. 

 

Note that the time variable t above has been normalized, 

and the quantities q, δ and Ω are small. 

 

     The rates of gain as a function of ⍵˳ can be viewed in 

Figure 1 and 2. One notes by comparing them that The 

QASER system (2) is able to shift the maximum gain much 

farther to the right with higher frequencies.  

 

     Mathematically, our work here is to study such gains 

and investigate their parametric resonance spectral 

patterns. We use the Floquet theory and develop a 

projection method ([2]) that can properly capture gains near 

the primary resonance and subharmonic frequencies for the 

Mathieu equation and QASER. 

 

[1] A.A. Svidzinsky, L. Yuan L and M.O. Scully, Quantum 

amplification by superradiant emission of radiation, Phys. 

Rev. X 3, 041001 (2013). 

[2] G. Chen, J. Tian, B. Bin-Mohsin, R. Nessler, A. Svidzinsky and M. O. Scully, Parametric resonances: 

from the Mathieu equation to QASER, Phys. Scr. 91, 073004 (15pp) (2016).   

 

Figure 1: Maximum gain as a function of ⍵˳ for (1) 

with q=0.05 ⍵˳². 

 

   ɷ˳ 

Figure 2: Maximum gain as a function of ⍵˳ for 

(2) with Ω = 0.5⍵˳ and δ =0.4. 
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Manipulation of Light by Tuning  

from Elliptic to Hyperbolic Environment  

 

Hong Chen  

School of Physics, Tongji University, Shanghai 200092, China 

*hongchen@tongji.edu.cn 
 

Optical environment made of metametarials with designed topological properties in iso-frequency 

curve have attracted great interesting for unusual properties of controlling light, such as hyperbolic 

environment compared to those with elliptic curve. In this talk, we will describe our recent studies on 

manipulation of light by tuning from elliptic to hyperbolic environment in the following two examples. 

1. Optical properties induced by topological change of iso-frequency surface, namely a transition from 

a closed ellipsoid to an open hyperboloid, are studied on carefully tuning the imaginary part of 

permittivity in anisotropic two-dimensional metamaterials made of transmission lines. Different 

emission patterns of a point source are observed in microwave experiments as the result of the 

topological transition (see Fig.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.1 Topological tuning of iso-frequency curve (the upper row),  

Simulated (the middle row) and measured (the bottom row) emission patterns. 

2. The band-gap structure in a 1D photonic crystal composed of hyperbolic metamaterial and isotropic 

dielectric is studied. Dispersionless gaps and cavity modes are obtained as the result of phase variation 

compensation effect between hyperbolic metamaterial and dielectric as shown in Fig.2. 
 

 

 

 

 

 

 

 

 
Fig.2 Different effects of phase variation induced by topological tuning of iso-frequency curve:   

(a) Negative for dielectric; (b) Positive for hyperbolic metamaterial. 
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Steady-state mechanical entanglement via reservoir engineering
Rongxin Chen1 and Changgeng Liao2

1Texas A&M University, College Station, TX 77843, USA
2 Fujian Polytechnic of Information Technology, Fuzhou, Fujian, 350003, China

Optomechanical systems are promising candidates for studying macroscopic
entanglement. One simple and straightforward method to create optomechanical
entanglement is to induce parametric interaction by properly modulating the driving.
However, the entanglement obtained in such approaches is bounded by a relatively small
value due to the stability constraint. This limit of entanglement amount can be well
surpassed by engineering the reservoir [1, 2]. Here, we discuss a simple approach for
dissipatively generating entangled states of mechanical oscillators. As shown in Figure 1,
the coupled optomechanical microtoroid resonators are pumped by four-tone lasers with
differing amplitudes. Under this condition, we obtain beam-splitter like interactions that
couple the delocalized Bogoliubov modes of the two mechanical oscillators to the cavity
modes. Both Bogoliubov modes can then be simultaneously cooled by the resonators,
generating steady-state entanglement of the original mechanical modes. When optimized
over the ratios of the effective optomechanical couplings, large amount of mechanical
entanglement can be achieved. We also study the effects of non-resonant terms by
performing numerical simulations with the full time-dependent linearized Hamiltonian.

Figure 1. Left: Setup of coupled microtoroidal resonators with tunneling coupling J where each
resonator is coupled to a mechanical mode and pumped by a four-tone driving. Right: Spectrum of
the driving frequencies.

[1] Y. Wang and A. Clerk, Reservoir-Engineered Entanglement in Optomechanical Systems. Phys. Rev.
Lett. 110, 253601(2013).
[2] M. Woolley and A. Clerk, Two-mode squeezed states in cavity optomechanics via engineering of a
single reservoir. Phys. Rev. A 89, 063805(2014).
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Single photon scattering in one dimensional waveguide coupled to 
multi-atoms with dipole-dipole interaction 
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Photon scattering properties in one dimensional waveguide are widely investigated both 
theoretically and experimentally in recent years. Recent reports show that atoms can be 
trapped around a one-dimensional waveguide in the subwavelength region. The dipole-
dipole interaction (DDI) between atoms can be strong in this region and should be 
accounted for. Here, we report single photon scattering properties in the waveguide 
coupled to many atoms with DDI. We present both analytical and numerical results. We 
show how stop band for transmission is broadened by the DDI.  
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Non-Hermitian Properties of Microcavity Laser Arrays 
K. D. Choquette, Z. Gao, S. T. M. Fryslie, B. J. Thompson, H. Dave, K. Lakomy, and P. S. Carney 

Electrical and Computer Engineering 
University of Illinois 

208 N. Wright Street, Urbana, IL   61820 

An optical system with a symmetric index profile and an antisymmetric gain/loss profile formally exhibits non-
Hermitian parity-time (PT) symmetry, by an analogy to the PT symmetry in quantum mechanics [1-3]. One realization 
of this index and optical gain/loss profile is a coherently coupled 1 x 2 vertical cavity surface emitting laser (VCSEL) 
array [3]. Electrically pumped microcavity lasers present new and interesting physical effects. For example, selective 
pumping perturbs the index profile through carrier and thermal effect in addition to the gain/loss profile thus generating 
frequency detuning. We use temporal coupled mode theory to make quantitative predictions of the optically coupled 
resonator behavior of coherently coupled photonic crystal 1×2 VCSEL arrays. 

Shown in Fig. 1 is a top view of our photonic crystal 1x2 VCSEL array [4]. The photonic crystal pattern creates 
the nominally symmetric index-confined dual optical cavities (labeled 1 and 2); ion implantation is used to define two 
independent gain regions with electrically isolated independent contacts, as shown in Fig. 1 [4]. Hence the gain/loss 
profile can be dynamically controlled. We have previously shown that phase between the elements and the array 
coherence can also be controlled via resonance tuning [5]. 

						Fig.	1:	1x2	Photonic	crystal	VCSEL	array.																																																									Fig.	2:	Calculated	relative	phase	vs.	gain	contrast.	

Using dynamic coupled mode theory, we can calculate the complex frequency of the coupled modes, with real part 
representing the angular frequency and imaginary part representing the gain/loss coefficient [3]. In turn we can 
determine the phase shift and mode amplitudes of the coupled modes, which are depicted in Fig. 2 for the case of 
identical resonator frequency but with gain contrast. In this case, the system is not Hermitian but is PT symmetric. Note 
that with sufficient gain contrast, an exceptional point is reached in Fig. 2 where PT symmetry breaking occurs for a 
relative phase of π/2. In Fig. 3 (a) and (b) we show the experimental measured near and far-field for an array with π/2 
phase difference between the elements. In Fig. 3 (c) and (d) we show our calculated predictions, which are in excellent 
agreement with our measurements. 

In summary, we have predicted and observed non-Hermitian analogs as well as PT symmetry breaking in the 
optical characteristics of coherently coupled microcavity laser arrays. This is an important step to leverage this research 
topic into practical applications. 

	
Fig.	3:	Measured	(a)	near	field/relative	phase	and	(b)	far	field	in	PT	symmetry	broken	regime	compared	with	the		

simulated	(c)	near	field	and	(d)	far	field	of	the	exceptional	point	eigenmode.	
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High spontaneous-emission factor emitters: from spontaneous 

emission and superradiance to lasing 

  

Weng W. Chow 

 

Sandia National Laboratories, Albuquerque, NM 87185-1086, wwchow@sandia.gov 

 

   
 

Micro- or nano-cavities that can channel almost all emission (spontaneous and stimulated) into 

one cavity mode are nice experimental platforms for studying laser physics.  A reason is that they 

further question our understanding of lasing action. This talk discusses a study performed on 

AlAs/GaAs micropillars containing InGaAs quantum dots.  Analysis of spectrally-resolved 

photoluminscence and photon autocorrelation produces a physically definitive criterion for lasing 

that should be applicable to all systems.   
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Linking high harmonics from solids and gases 

P.B. Corkum, T.J. Hammond, G Vampa 

Joint Attosecond Science Lab, University of Ottawa and NRC 

25 Templeton St, Ottawa ON Canada K1N 6N5 

 

In atomic gases, multiphoton ionization creates an electron wave packet in the continuum and a time 

dependent current.  Two sources of high harmonics arise from this fundamental process.  Low 

harmonics of the driving field (approximately H1-H7) result from the time dependent current while the 

electron-ion re-collision that often follows the creation of the wave packet produces high harmonics and 

attosecond pulses.  Each mechanism has a characteristic frequency-dependent spectral phase.    

Analogous processes appear when a solid is irradiated with infrared or THz light.  In solids, multiphoton 

excitation creates an electron in the conduction band and hole in the valence band, but now the 

electrons and holes move on non-parabolic bands that are characteristic of the solid.  As with gases, 

spectral phase measurements can help us identify the mechanism(s) responsible for harmonics from 

solids.   

Using ZnO and Si as test cases, we study the spectral phase of the harmonics produced by intense IR 

light.  We find that the spectral phase of the harmonics from these important semiconductors is similar 

to that from gases and therefore characteristic of re-collision.  In addition, we find that the harmonics 

can be manipulated by very weak control fields.  In contrast, the spectral phase is very different for SiO2, 

indicating a different origin of the harmonics   

 

Extreme nonlinear optics in solids has important implications as a source of light and as a new diagnostic 

of materials.  For example, solids can be perturbed, patterned, doped, or structured and each impresses 

its signature on the harmonics as they are created.  The accompany figure shows the spatial pattern of 

the 5th harmonic emission of 2 micron light controlled by a square array of gold dipole nano-antennae 

(right figure) on silicon.  The left image show the pattern of the emitted light when the polarization of 

the fundamental field was parallel to the long (resonant) axis of the antennas.  The central figure shows 

data when the fundamental field was polarized in the perpendicular direction. We find that nano-

plasmonic antennas enhance the harmonic emission efficiency by up to ~ 10.000 times. Thus a surface 

patterned with nano-plasmonic antennas controls the harmonic emission. 

We also observe changes to the harmonic emission created by perturbing fields that are small enough to 

be applied by conventional electronics.  Thus, high harmonics are not only be controlled by electronics, 

but the internal fields in electronic circuits can be monitored through their influence on the harmonic 

emission – and with spatial resolution characteristic of the highest harmonic frequency.  In the talk we 

will also discuss how harmonic emission presents a new approach for diagnosing material properties 

such as band structure and dynamics.   

10 µm

(a) Parallel polarization

10 µm

(b) Perpendicular polarization
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Hot-Electron Driven Photocatalysis and Photoexcited Charge Carrier Dynamics  

in TiO2-Passivated Photocatalysts 

Prof. Steve Cronin (USC)  

 

We report enhanced photocatalysis for H2 evolution and CO2 reduction using TiO2-passivated InP and 

GaAs photocathodes.1-3 The TiO2 layer makes the InP semiconductor photochemically stable. This 

represents a major step forward in photocatalysis, which has typically been limited to metal oxide 

materials. In addition to making these surfaces stable, the TiO2 film, deposited by atomic layer 

deposition (ALD), also provides a substantial enhancement in the efficiency of H2 evolution. We find 

that passivating GaAs with just a few nm of TiO2 produces a shift in the onset potential of H2 evolution 

by +0.35 V at 1 mA/cm2 and enhances the photocurrent by 32-fold over bare GaAs (at 0 V vs. RHE). 

Here, thinner TiO2 films produce a larger enhancement than thicker films, which correlates with the 

higher density of O-vacancies (i.e., Ti3+ surface states) observed in these thinner films using X-ray 

photoemission spectroscopy (XPS). While TiO2 films 1-5nm thick produce large enhancements, no 

enhancement is observed for TiO2 thicknesses above 10 nm, which are crystalline and, therefore, 

considerably more insulating than thinner amorphous TiO2 films. 

 

We also report photocatalytic CO2 reduction with water to produce methanol using TiO2-passivated 

InP nanopillar photocathodes under visible wavelength illumination.2 Again, the TiO2 passivation layer 

provides a stable photocatalytic surface and substantial enhancement in the photoconversion efficiency 

and selectivity through the introduction of O-vacancies associated with the nonstoichiometric growth 

of TiO2 by ALD. Plane wave-density functional theory (PW-DFT) calculations confirm the role of 

oxygen vacancies in the TiO2 surface, which serve as catalytically active sites in the CO2 reduction 

process. PW-DFT shows that CO2 binds stably to these oxygen vacancies and CO2 gains an electron 

(−0.897e) spontaneously from the TiO2 support. The TiO2 film increases the Faraday efficiency of 

methanol production by a factor 5.7X under an applied potential of −0.6 V vs NHE, which is 1.3 V 

below the Eo (CO2/CO2
−) = −1.9 eV standard redox potential.  

 

In order to further understand the strong dependence of these photocatalysts on TiO2 thickness over 

the range of 0−15 nm, we performed cross-sectional high resolution transmission electron microscopy 

(HRTEM) of GaAs/TiO2 heterojunctions.3 Thinner films (1−10 nm) are amorphous and show 

enhanced catalytic performance with respect to bare GaAs. HRTEM images and electron energy loss 

spectroscopy (EELS) maps show that the native oxide of GaAs is removed by the TiCl4 ALD precursor, 

which is corrosive. Thicker TiO2 films (15 nm) are crystalline and have poor charge transfer due to 

their insulating nature, while thinner amorphous TiO2 films are conducting. 
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From bio-inspired to bio-logic metamaterials 

Francesco De Angelis 

Istituto Italiano di Tecnologia, Genoa, Italy. francesco.deangelis@iit.it 

 

In Nature commonly appear periodic micro- and nano-structures exhibiting macroscopic properties 

different from the ones of the single constitutive elements. Typical examples which gave birth to bio-

inspired metamaterials are butterfly wings in optics and lotus leaves in fluidics. Within this context 

we will briefly introduce results and perspectives of super-hydrophobic meta-surfaces which are 

currently being exploited for many practical applications such as anti-icing, low friction surface, 

water filtering and biosensing. Then, we will try to extend the concept of bio-inspired metamaterials 

to bio-logical networks composed of primary neurons. In the past neuronal networks gave inspiration 

to the field of electronics for the development of the so called neuromorphic architectures which are 

still promising approaches for future computing. We wonder if similar concepts can inspire a new 

generation of optical metamaterials based on neuro-morphic architectures too or new bio-logic 

architectures capable of radically new method for optical computing. Such a cross disciplinary 

approach could be of great benefit also for Neuroscience. In fact, unravelling the neuronal code, 

namely the way neuronal networks process, store and exchange information, is a major scientific 

challenge whose progress remains slow because of its extreme complexity. To this aim, recently we 

developed an optical method for interfacing neuronal networks with opto-electronic devices. As 

briefly described in figure (left and central panels) we refined commercial CMOS arrays with 3D 

plasmonic nanoantennas protruding from CMOS plane and we cultured neuronal cells on them. 

Under proper conditions plasmonic opto-poration is able to open nanopores into the cell membrane 

thus allowing stable intracellular measurements of action potentials (electrical activity associated to 

the neuronal code). We are currently investigating the electrical activity of these biological networks.  

 
 

As future perspective, we also suggest the concept of meta-morphic neuronal networks (figure, right 

panel), i.e. neurons arranged according to pre-defined patterns. We wonder about the electrical 

(logic) behavior of such a meta-morphic neuronal network with the respect of the natural one.  

 

This research received funding from ERC-IDEAS Program: “Neuro-Plasmonics” [Grant n. 616213]. 
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Radiative Processes of Dipole Emitters in Active Plasmonics and Epsilon-
Near-Zero Materials 

Israel De Leon1,2, Sebastian A. Schulz2, Asad A. Tahir2, M. Zahirul Alam2, Jeremy 
Upham2, Pierre Berini2,3, and Robert W. Boyd2,3,4 

1. School of Engineering and Sciences, Tecnológico de Monterrey, Monterrey, NL 64849 Mexico 
2. Department of Physics University of Ottawa, Ottawa, ON K1N 6N5 Canada  

3. School of Electrical Engineering and Computer Science University of Ottawa, Ottawa, ON K1N 
6N5 Canada 

4. Institute of Optics and Department of Physics and Astronomy, University of Rochester, Rochester, 
NY 14627, USA

In this talk, we discuss recent theoretical and experimental work on the radiative properties 
of dipole-like emitters/scatterers near plasmonic and epsilon-near-zero (ENZ) materials. For 
the case of plasmonic materials, we focus on plasmonic structures that incorporate a dipolar 
gain medium to compensate ohmic losses [1,2] and discuss the characteristics of the 
spontaneous emission noise resulting from enhanced (or suppressed) radiative processes in 
such active plasmonic structures. For the case of ENZ materials, we discuss recent 
experimental results on the radiative properties of plasmonic nanoantennas on an ENZ 
substrate [3]. In particular, we show that the presence of a 23-nm-thick ENZ layer could 
modify strongly the radiative properties of nanoantennas, making their resonance wavelength 
insensitive to the antenna dimensions. 

1. I. De Leon and P. Berini, “Spontaneous emission in long-range surface plasmon-polariton 
amplifiers,” Phys. Rev. B., 83, 081414R (2011). 

2. I. De Leon and P. Berini, “Amplification of long-range surface plasmons by a dipolar 
gain medium,” Nature Photon, 4, 382 (2010). 

3. S. A. Schulz, A. A. Tahir, M. Z. Alam, J. Upham, I. De Leon, and R. W. Boyd, “Optical 
response of dipole antennas on an epsilon-near-zero substrate,” Phys. Rev. A 93, 063846 
(2016).  
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Plasmon Enhanced Probe Spectroscopies 
Current State of Theory and Experiment 

Volker Deckert 
Leibniz Institute of Photonic Technology, Albert-Einstein-Str. 9, 07745 Jena, Germany & Institute of Physical 
Chemistry, University of Jena, Helmholtzweg 4, 07743 Jena, Germany.  

 
Plasmon enhanced spectroscopies 

are gaining currently interest, regarding 
fundamental scientific aspects, but also 
increasingly from an application point of 
view. This presentation intends to provide 
an overview about latest models to explain 
specific experimental properties and 
current fields of application. Last not least 
specific experimental needs arising from 
applications and  fundamental aspects will 
be discussed.  

Recently several experiments 
demonstrated extremely high lateral 
resolution plasmon-enhanced Raman 
experiments.1-3 Interestingly the claimed 
lateral resolution was obtained 
independently by different experimental 
procedures ranging from cryogenic 
temperature UHV-STM experiments 
utilising resonance Raman enhancement, 
to ambient condition, dynamic-mode AFM, 
off-resonance tip-enhanced Raman 
experiments. At the time state-of-the-art 
electromagnetic theory could not correlate 
the achieved lateral resolution and 
enhancements using standard parameters 
as size and material of the plasmonic 
nanoparticles. Inspired by the experiments 
several approaches successfully 
addressed not only the lateral 
resolution4,5, but also the spectral 
variability of the data6.  

While the high-resolution aspects are 
still investigated, there is currently also a 
strong push towards applications that 
require label-free, sub-diffraction limit 
resolution. The fields of interest, among 
others, in particular focus on plasmon 
catalytic reactions7,8 and bio-analysis9,10. 
Selected examples from these fields will 
provide a glimpse of the current state of 
applications and also the demonstrate the 
need for further technological 
developments.  
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Coherence Polariton Laser in a Designable Microcavity 
 

Seonghoon Kim1, Zhaorong Wang1, Bo Zhang1, Sebastian Brodbeck2, Martin Kamp2 
Christian Schneider2, Sven Höfling2,3, and Hui Deng1 

1. Physics Department, University of Michigan, 450 Church Street, Ann Arbor, MI 48109-1040, USA 
2. Technische Physik, Universität Würzburg, Am Hubland, D-97074 Würzburg, Germany 

3. SUPA, School of Physics and Astronomy, University of St Andrews, St Andrews KY16 9SS, UK 
 

Exciton-polaritons in 2D semiconductor microcavities have emerged as a unique 
photonic platform that manifests non-equilibrium quantum orders. To go beyond 2D 
condensation physics, it becomes important to control the fundamental properties of polaritons 
without destroying the quantum orders. I will discuss an unconventional, designable 
microcavity system. It incorporates a slab photonic crystal as one of the cavity mirrors to 
confine, control and couple polaritons in a non-destructive and scalable manner.  

We show that strong-coupling can be established in the new cavity system1. By design 
of the mirror, we can control fundamental properties of polaritons, including polarization, 
energy-momentum dispersion2, and dimensionality. Coupled polariton systems are readily 
created3. Utilizing the high mode-selectivity of the cavity, we achieve single-mode polariton 
lasing, which, unlike (quasi) 2D polariton lasers demonstrated in the past, features Poisson 
intensity noise expected of a coherent state and strong condensate interactions manifested in 
Gaussian line-broadening of the polariton laser4.  Such a 0D polariton lasers provides a building 
block for coupled polariton lattices with designable fundamental properties. 
 
1. Zhang, B. et al. Zero-dimensional polariton laser in a subwavelength grating-based vertical 

microcavity. Light Sci. Appl. 3, e135 (2014). 
2. Wang, Z., Zhang, B. & Deng, H. Dispersion Engineering for Vertical Microcavities Using 

Subwavelength Gratings. Phys. Rev. Lett. 114, 73601 (2015). 
3. Zhang, B. et al. Coupling polariton quantum boxes in sub-wavelength grating microcavities. Appl. 

Phys. Lett. 106, 51104 (2015). 
4. Kim, S. et al. Coherent Polariton Laser. Phys. Rev. X 6, 11026 (2016). 
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Towards quantum interference with semiconductor entangled photon 

sources 

Fei Ding 

Institute for Solid State Physics,  

Leibniz University of Hannover, Germany 

 

Multiphoton quantum interference lies at the heart of long-distance quantum 

communication and scalable optical quantum computing [1]. Polarization-entangled 

photon sources based on parametric down conversion have been severing as the main 

workhorse for this purpose in the past decade. Semiconductor quantum dots (QDs) are a 

new type of entangled photon sources, which hold great promise for practical 

applications. 

However, there are several critical challenges to be solved. First, the yield of QD-based 

sources is extremely low (< 1% QDs in an as-grown sample can emit entangled photons). 

Second, the fidelity of such sources is low (typically, less than 0.75). Third, even if the 

QDs can emit entangled photons, their wavelengths are very different. 

In this talk I will review our recent efforts in developing a high yield, high fidelity and 

wavelength-tunable entangled photon sources. For the very first time, a large ensemble of 

as-grown polarization-entangled photon emitters can be obtained with a yield close to 

100%, by using an emerging family of GaAs/AlGaAs QDs. Record-high concurrence and 

fidelity (above 0.9) have been also achieved. The wavelength mismatching between 

different source can be solved by using a unique strain tuning technique developed in our 

group [3,5]. The superior properties of these sources, combined with the possibilities of 

electrical injection [5] and on-chip integration [6], will eventually lead to the 

development of solid-state semiconductor optical quantum networks. 
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Holographic phase plates – multifunctional devices for optical modes manipulations 
Ivan Divliansky, Marc SeGall, Leonid Glebov 

University of Central Florida, College of Optics and Photonics: CREOL, FL 32816 USA  

Over the past few decades phase masks have found numerous applications including imaging, encryption, 
beam shaping, and mode conversion. To create permanent phase masks there are two typical methods of 
production. The first method controls the local geometrical path length by generating a contoured surface, while 
the second method changes the local refractive index in the bulk of a photosensitive medium such as lithium 
niobate or photosensitive glass. Both methods can be employed to generate phase masks with almost any profile. 
However, because the phase shift is induced by changing the local optical path length these phase masks are 
inherently limited to use at a specific wavelength, which limits the range of potential applications.  

We will present here a method to create spectrally tunable or, if required, achromatic phase masks by 
encoding phase profiles into volume Bragg gratings, allowing these holographic elements to be used as phase 
masks at any wavelength capable of satisfying the Bragg condition of the hologram (Fig. 1). Moreover, this 
approach enables the capability to encode and multiplex several phase masks into a single holographic element 
without cross-talk while maintaining high diffraction efficiency. As examples, we will demonstrate fiber mode 
conversion with near-theoretical conversion efficiency (Fig. 3), mode analysis (Fig. 2) as well as simultaneous 
mode conversion and beam combining at wavelengths far from the original hologram recording wavelength. 
These holographic phase masks may be used to simultaneously diffract and convert both free space and fiber 
modes. They can also be multiplexed for beam combining in the same manner as homogenous multiplexed TBGs 
are used while simultaneously converting the incident beams into a desired mode.   

 

 

Such integration of VBGs and phase 
plates makes possible carrying out beam 
combining and mode conversion at 
multiple wavelengths and opens new 
optical design spaces in application areas 
such as high power beam combining, 
mode analysis and mode multiplexing. 

(a) (b) 

(c) (d) 

Fig. 1. (a) Simulated far field profile of a beam after 
passing through an ideal four-sector binary mask and 
the diffracted beam from a four-sector HPM at (b) 
632.8 nm, (c) 975 nm, and (d) 1064 nm.  

Fig. 2. Phase transformations and analyses by 
multiplexed coherently splitting element 

Fig. 3. Far field profiles of converted modes. (a) LP01 mode converted to 
higher order modes and (b) the LP21 mode converted to the LP01 mode. 
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T3- phase for charged matter-waves 
 

Fabian Ziesel,1 Matthias Zimmermann,1 Maxim A. Efremov,1 and Wolfgang P. Schleich1,2 

 

1Institut für Quantenphysik and Center for Integrated Quantum Science and Technology (IQST),  

Universität Ulm, D-89081 Ulm, Germany 
2Institute for Quantum Science and Engineering (IQSE), Department of Physics and Astronomy,  

Texas A&M University, College Station, TX 77843 

 
The quantum mechanical propagator of a massive particle in a linear gravitational potential derived 

already in 1927 by Earle H. Kennard [1] contains a phase, which scales with the third power of the time 

T the particle experiences the corresponding force. In order to observe this quantum mechanical T3-

phase for atoms we propose [2] an atom interferometer with four co-propagating Raman light pulses 

and a time-independent magnetic field of constant gradient for a magnetic insensitive and sensitive 

internal atomic states.  

 

Due to the analogy between the two physical problems of a massive particle, which experiences a 

constant gravitational acceleration, and a charge in an ideal capacitor with the constant electric field, 

we study a possible setup to observe the T3-phase for a charged particle. 

 

[1] E.H. Kennard, Zeitschrift fur Physik 44, 326 (1927) and Jour. Frank. Inst. 207, 47 (1929) 

[2] M. Zimmermann, M.A. Efremov, A. Roura, W.P. Schleich, S.A. DeSavage, J.P. Davis, A. 

Srinivasan, F.A. Narducci, S.A. Werner, and E.M. Rasel, arxiv: 1609.02337 (2016) 
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Coherent Control of Room Temperature Quantum Dot Optical Amplifiers 
Gadi Eisenstein 

Electrical Engineering dept. and Russell Berrie Nanotechnology Institute 

Technion, Haifa 32000 Israel 
 

The use of optical excitation pulses with durations shorter than the coherence time have been shown to 

induce quantum coherent effects such as Rabi oscillations and self-induced transparency in quantum dot 

and quantum dash amplifiers. Careful control of such effects was shown to be possible by introducing 

shaped pulses, in particular pulses with a linear chirp. The coherent experiments were confirmed by a series 

of numerical models with various degrees of detail and accuracy with the most advanced version including 

also non-resonant effects such as two photon absorption, the Kerr effect and group velocity dispersion.   

 

A major component accompanying the coherent interaction is two photon absorption. It has been observed 

and quantified in a series of multi wavelength pump probe experiments. Typical results are shown in Fig. 

1. Fig. 1(a) shows the response at 1550 nm which is rather conventional. Fig. 1(b) shows the response at 

1508 right after the excitation pulse where a plateau appears for about 2 ps. In both Fig. 1(a) and (b), at 

long times, the transmission is higher than before the pulse arrives and this is a signature of two photon 

absorption. Fig. 1(c) shows the population inversion everywhere along the amplifier and for all  

 

Wavelengths while Fig. 1(d) shows the 

distribution of the group index with which 

the spatial distribution can be translated to 

a time dependent evolution of the 

population inversion as shown in Fig. 1 (e) 

and (f) where two bias levels are shown. 

For a set of input energies, the plateau is 

indeed seen for the short wavelength responses (left pictures).  

 

Using the detailed parameters of 

the two photon absorption, an 

experiment with shaped pulses 

was performed and the results are 

shown in Fig. 2 (a) which shows 

transform limited pulses (center) 

negatively chirped pulses (left) 

and positively chirped pulses 

(right).  

 

(a)

(b)

(c)

(d)

(e)

(f)
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Learning much from little:  
New ideas about reconstructing quantum states and processes from data  
Jens Eisert, FU Berlin  

Recent years have seen remarkable advances in the quantum technologies based on and 
making use of quantum optical systems. This progress begs for a good answer to the 
question: How can the components be actually certified in their functioning? Quantum 
state and process tomography may allow to determine an unknown quantum state and 
process from data alone. Yet, the scaling of the effort to do so is daunting, and gives rise 
to an infeasible prescription already for moderately 
sized systems. This state of affairs constitutes a road 
block in the further development of the quantum 
technologies. 

In this talk, we will discuss ideas that allow to learn 
about quantum systems from data in a significantly 
more economical fashion. We start from methods of 
compressed sensing and matrix completion [1,2], 
implemented in architectures of trapped ions [3], turn 
to ideas of process tomography and the recovery of 
problems that have a tensorial component [4]. We ask 
questions when the correctness of a state preparation alone can be verified [5] and how 

such ideas carry over to assess quantum 
simulators [6]. Finally, ideas of randomised 
benchmarking of quantum gates will be 
discussed under various assumptions about 
the noise model, anticipating the following 

outbreak session. 

[1] Quantum state tomography via compressed sensing, Phys. Rev. Lett. 105, 150401 (2010)  
[2] Uncertainty quantification for matrix compressed sensing and quantum tomography problems, arXiv:1504.03234 (2015) 
[3] Experimental quantum compressed sensing for a seven-qubit system, arXiv:1608.02263 (2016). 
[4] Improving compressed sensing with the diamond norm, IEEE Trans. Inf. Th. 62, 7445 (2016). 
[5] Reliable quantum certification for photonic quantum technologies, Nature Comm. 6, 8498 (2015). 
[6] Towards experimental quantum field tomography with ultracold atoms, Nature Comm. 6, 7663 (2015). 

Fig 1.: Compressed sensing tomography  
of a topological color code.

Fig 2.: Quantum field tomography with ultracold atoms.
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Magnus expansion method for two-level atom interacting 
with few-cycle pulse 

T. Begzjav1, J. Ben-Benjamin1,2, H. Eleuch1, M. Kim1, R. Nessler1,2, G. Shchedrin3  

and M. Scully1,2,4 

1Texas A& M University, College Station, TX 77843-4242

2Baylor University, Waco, TX76706 

3Princeton University, Princeton, NJ 08544 

4Colorado School of Mines, Golden, CO 80401 

 

Using the Magnus expansion to the 4th order, we get a general, analytic expression for the atomic 
population of the excited state in two-level atom driven by laser pulse of arbitrary shape. 
Furthermore, we determine the limitation of our obtained formula for the pulse parameters due to 
limited convergence range of the Magnus series. Comparison between Magnus expansion method 
and conventional high order perturbation method is implemented for several values of the laser 
pulse parameters. Our analysis shows that our method based on Magnus expansion gives good 
results for short pulses.   

 
Figure: Atomic excited state population driven by -pulse as a function of t.  
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Actively modulated surface phonon polaritons within the  
long-wave and far-infrared 

Chase T. Ellis, Adam D. Dunkelberger, Daniel C. Ratchford, Virginia D. Wheeler, Marc Currie, 
Mijin Kim, Chul Soo Kim, Alexander J. Giles, Joseph G. Tischler, Jeffrey C. Owrutsky, 

Igor Vurgaftman, and Joshua D. Caldwell. 

U.S. Naval Research Laboratory, Washington, D.C. 20375, USA 

The high optical losses of metal-based plasmonic materials have driven an extensive search for 
alternative lower-loss materials that can support plasmonic-like effects, such as sub-diffraction confinement 
of optical fields. One such alternative employs phonon-mediated collective-charge oscillations (surface 
phonon polaritons, SPhPs) that can be optically excited in nanostructured polar dielectric materials [1]. 
Similar to plasmonics, tailoring the geometry of polar-dielectric resonators results in resonances that can 
be spectrally tuned throughout the spectral range between the LO and TO phonons, as shown in Figure 1a 
[2]. However, generally, the spectral position and amplitude of these resonances remains fixed after sample 
fabrication. In this presentation, we discuss recent advancements made by our group in achieving actively 
tunable localized SPhP resonances in the long-wave- and far-infrared spectral regimes. In particular, we 
focus on three experiments that demonstrate active modulation of resonances. The first and second 
experiments focus on tuning the spectral position of localized SPhP resonances in cylindrical nanopillars 
that are etched into indium phosphide (Figure 1b) and silicon carbide substrates. In both of these cases we 
are able to induce resonance shifts as large as 15 cm-1 by optically injecting free-carriers into the pillars. 
The optical injection introduces a reversible, free-carrier perturbation to the dielectric permittivity that 
results in a spectral shift of the resonances. While the effects investigated for both the InP and SiC systems 
are similar, each material allows us to explore a different aspect of the phenomena. For InP we investigate 
the effects in the far-infrared (303-344 cm-1) with steady-state carrier photoinjection, while for SiC we 
investigate the dynamics of frequency modulated resonances in the long-wave infrared (797-972 cm-1) via 
transient reflection spectroscopy. Lastly, in the third experiment we demonstrate the ability to modulate the 
amplitude of resonances by coating SiC nanopillars with vanadium dioxide, a well-known phase change 
material that undergoes a metal-to-insulator transition near a temperature of 70 °C. As such, we show that 
by exploiting this phase change we are able to modulate the reflectance and thermal emission of nanopillar 
arrays. The results described in this work may open the door to tunable, narrow-band thermal sources that 
operate in the long-wave to far-infrared spectral regimes. 

[1] J.D. Caldwell et. al. Nanophotonics 4, 44, (2015).  
[2] C.T. Ellis et. al. Scientific Reports 6, 32959 (2016). 

 

Figure 1 (a) Measured (symbols) and simulated (white shade of density plot) spectral position of resonances for SiC nanopillars 
of varying aspect ratio [2]. (b) Tuning of resonance spectral position for increasing photoinjection carrier density in InP (blue, low 
injection; red, high injection). (c) Thermal emission of SiC nanopillars coated with VO2, where the VO2 metal-insulator transition 
that occurs near 70°C, enabling amplitude modulation of the pillar emission. 
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Low-Index Photonics 
 

N. Engheta 
University of Pennsylvania 

Philadelphia, PA, USA 
Web: http://www.seas.upenn.edu/~engheta/ 

E-mail: engheta@ee.upenn.edu 

The notion of metamaterials has provided a powerful tool for manipulating and sculpting 
light-matter interaction at the subwavelength scale with unprecedented characteristics.  The 
ability to tailor the material parameters at will has opened up new possibilities for wave-
based functional materials and devices.  Consequently, one can envision platforms with 
unusual parameter values.  One such paradigm is the photonic platform with low, near-zero 
refractive index [1-3].  In such photonic environments, the apparent wavelength is “stretched” 
for the frequency of operation, thus allowing “large” entities to appear “small” compared to 
the local wavelengths.  In my group, we have been developing a variety of concepts and 
phenomena stemming from such low-index photonics.   These include supercoupling effects 
[2], geometry-independent resonant “open” and “closed” cavities [4-6], nonradiating and 
radiating modes due to the quantum emitters in open epsilon-near-zero (ENZ) cavities [6], 
tailoring the vacuum fluctuations using zero-index structures [7], dipole-dipole coupling 
between distant quantum emitters in the presence of low-index structures [8], and photonic 
“doping” of the ENZ materials [9], just to name a few.  In all the above concepts, epsilon-
near-zero (ENZ), mu-near-zero (MNZ), epsilon-and-mu-near-zero (EMNZ) structures play 
key roles in unconventional characteristics of the light-matter interaction.  In this talk, I will 
give an overview of some of our ongoing work in this area.   
 
References 
 

[1] N. Engheta, Science, 340, 286 (2013) 
[2] M. Silveirinha and N. Engheta, Phys. Rev. Lett. 97, 157403 (2006) 
[3] I. Liberal and N. Engheta, Optics and Photonics News (OPN), July/August 2016. 
[4] A. Mahmoud and N. Engheta, Nature Communications, 5:5638 (2014) 
[5] I. Liberal, A. Mahmoud and N. Engheta, Nature Communications, 7:10989 (2016). 
[6] I. Liberal and N. Engheta, Science Advances, 2: e1600987 (2016) 
[7] I. Liberal and N. Engheta, “Zero-index structures as an alternative platform for 

quantum optics,” submitted. 
[8] A. Mahmoud, I. Liberal and N. Engheta, “Dipole-dipole interactions mediated by 

epsilon-and-mu-near-zero waveguide supercoupling,” submitted. 
[9] I. Liberal, Y. Li, A. Mahmoud, B. Edwards, and N. Engheta, “Photonic doping of 

epsilon-near-zero media,” submitted. 
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DRIVING SERS AT THE ATOMIC SCALE 
Ruben Esteban, Javier Aizpurua 

Materials Physics Center CSIC-UPV/EHU and Donostia International Physics Center, 20018 Donostia–San 
Sebastián, Spain. 

 

Surface Enhance Raman Spectroscopy (SERS) strongly increases the Raman Signal from 
molecules by exploiting the strong plasmonic enhancement of optical fields, which originates 
from the oscillations of the free electrons of metallic particles. The enhancement, that can 
reach 8-12 orders of magnitude and is thus large enough to observe SERS from single 
molecules[1], is typically explained by using a simple semi-classical model that only considers 
the excitation and emission from point-like molecules excited by smooth plasmonic particles.  

 We discuss in this talk how, as more sophisticated and better controlled plasmonic 
systems are fabricated, the presence of well-controlled, atomically-sharp protusions can have 

profound effects on the Raman signal that are not 
revealed by  simpler former descriptions. Notably, 
an atomistic lighting-rod effect induced at sharp 
atom-sized features at the metal surfaces 
concentrate the plasmon into subnanometer 
regions[2,3], making sub-molecular Raman 
resolution possible[4]. Furthermore, the very strong 
gradient fields at such hot-spots allow to selectively 
excite Raman-dark vibrational modes , and thus to 
drive efficiently particular vibrations.  

Additional unexpected effects, such as non-
linearities of the Raman signal and interesting 

photon correlations can be revealed by describing 
SERS as a molecular optomechanical process[5,6], 
characterized by extremely large coupling strengths 
due to the strongly confined subnanometric fields. 

Beyond the interest for optimization of Raman experiments, our results indicate that SERS 
systems are a novel alternative to explore uncommon  quantum optomechanical 
configurations. 

 Last, we discuss how by considering all these effects , (atomistic field concentration, 
active modification of the selection rules and optomechanical description) allows to interpret 
drastic changes in the experimental Raman spectra of nanocavities and relate them to the 
presence of  atomic protusions formed by light-activated atom wandering[7]. This 
configuration reveals a remarkable degree of control of the pumping of vibrational modes of 
single molecules,  thus driving SERS experiments to the atomic scale and opening a plethora of 
new possibilities for new  applications in molecular microscopy and spectroscopy. 

 
[1]S. Nie and S. R. Emory, Science 275, 1102 (1997)                [2] M. Barbry, et al. Nano letters 15, 3410 (2015)        
[3]  S. Trautmann et al, Nanoscale (accepted)                           [4] R. Zhang, Y. Zhang  et al., Nature 498, 82 (2013)   
[5] M. K. Schmidt       [6]  P. Roelli, et al., Nano Lett. 15, 3410 (2015).    
[8] F. Benz et al.,  Science 354, 726 (2016) 
          

Vibrations of single molecules can be 
selectively excited at subnanometer 

plasmonic hot-spots induced by atomistic 
protuberations 
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Inducing and detecting collective population 
inversions of Mössbauer nuclei

Jörg Evers (joerg.evers@mpi-hd.mpg.de)
Max Planck Institute for Nuclear Physics, Heidelberg, Germany

Up to now, experiments involving Mössbauer nuclei driven by x-rays have been restricted to
the low-excitation regime.  Here,  a  setup is  proposed which promises significant excitation,
ideally  exceeding  full  inversion  of  the  nuclear  ensemble,  at  x-ray  light  sources  under
construction. The main approach is to suitably engineer the ensemble and its environment, such
that for given x-ray source parameters, the excited fraction of nuclei is optimized.
We further introduce a method to experimentally verify such inversions, in which population
inversions  manifest  themselves  in  symmetry  flips  of  suitably  recorded  spectra.  It  neither
requires  per-shot  spectra  of  the  incoming  x-ray  pulses,  nor  absolute  measurements  of  the
scattered light intensity. 

[1] K. P. Heeg, C. H. Keitel, and J. Evers, arXiv:1607.04116 [quant-ph]

Fig. 1: Method to detect population inversions in ensembles of nuclei. An incident pulse excites the
nuclei, which subsequently emit scattered radiation. The observable spectra arise from the interference
between incident  and scattered radiation.  As  visualized for weak excitation (upper panel)  and for
excitation slightly beyond inversion (lower panel), the induced dipole moment flips its sign whenever
half a Rabi cycle is completed. These flips directly manifest themselves in the observed spectra. This
way, population inversions can be detected in a direct and robust way.
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Quantum	light-matter	interfaces	based	on	rare-earth-doped	crystals	and	
nano-photonics	

Andrei	Faraon	
T.J.Watson	Laboratory	of	Applied	Physics,	

California	Institute	of	Technology,	
1200	E	California	Blvd,	Pasadena,	CA,	91125,	USA	

faraon@caltech.edu	
	
Quantum	light-matter	interfaces	that	reversibly	map	the	quantum	state	of	photons	
onto	the	quantum	states	of	atoms,	are	essential	components	in	the	quantum	
engineering	toolbox	with	applications	in	quantum	communication,	computing,	and	
quantum-enabled	sensing.	In	this	talk	I	present	our	progress	towards	developing	
on-chip	quantum	light-matter	interfaces	based	on	nanophotonic	resonators	
fabricated	in	rare-earth-doped	crystals	known	to	exhibit	some	of	the	longest	optical	
and	spin	coherence	times	in	the	solid	state.	We	recently	demonstrated	coherent	
control	of	neodymium	(Nd3+)	ions	coupled	to	yttrium	orthosilicate	Y2SiO5	(YSO)	
photonic	crystal	nano-beam	resonator.	The	coupling	of	the	Nd3+	883	nm	4I9/2-4F3/2	
transition	to	the	nano-resonator	results	in	a	40	fold	enhancement	of	the	transition	
rate	(Purcell	effect),	and	increased	optical	absorption	(~80%)	-	adequate	for	
realizing	efficient	optical	quantum	memories	via	cavity	impedance	matching.	Optical	
coherence	times	T2	up	to	100	μs	with	low	spectral	diffusion	were	measured	for	ions	
embedded	in	photonic	crystals,	which	are	comparable	to	those	observed	in	
unprocessed	bulk	samples.	This	indicates	that	the	remarkable	coherence	properties	
of	REIs	are	preserved	during	nanofabrication	process.	Multi-temporal	mode	photon	
storage	using	stimulated	photon	echo	and	atomic	frequency	comb	(AFC)	protocols	
were	implemented	in	these	nano-resonators.		Our	current	technology	can	be	readily	
transferred	to	Erbium	(Er)	doped	YSO	devices,	therefore	opening	the	possibility	of	
efficient	on-chip	optical	quantum	memory	at	1.5	μm	telecom	wavelength.	
Integration	with	superconducting	qubits	can	lead	to	devices	for	reversible	quantum	
conversion	of	optical	photons	to	microwave	photons.	
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Orbital Angular Momentum Microlaser 
 

Liang Feng1, Pei Miao1, Zhifeng Zhang1, Jingbo Sun1, Wiktor Walasik1, Stefano Longhi2, and 

Natalia M. Litchinitser1 

 
1Deaprtment of Electrical Engineering, The State University of New York at Buffalo, Buffalo, NY 

14260, USA 
2Dipartimento di Fisica, Politecnico di Milano and Istituto di Fotonica e Nanotecnologie del 

Consiglio Nazionale delle Ricerche, Piazza L. da Vinci 32, Milano I-20133, Italy 
 

Structured light provides an additional degree of freedom for modern optics and practical 

applications. The effective generation of orbital angular momentum (OAM) lasing, especially at a 

micro/nanoscale, could address the growing demand for information capacity [1, 2]. However, 

most of the light sources only produce relatively simple light beams with spatially homogeneous 

polarization and planar wavefront. Strategies of generating the complex OAM beams are usually 

passive, relying on bulk devices. Hence, it remains a grand challenge to integrate the existing 

approaches for OAM microlasers on-a-chip. For an ultimate miniaturized optical communication 

platform, there is a necessity of independent micro/nanoscale laser sources emitting complex 

vector beams carrying the OAM information. 

By exploiting the emerging non-Hermitian photonics design, we demonstrate a microring 

laser on an III-V semiconductor (InGaAsP/InP) platform, producing a single-mode OAM vortex 

lasing with the ability to precisely define the topological charge of the OAM mode (Fig. 1) [3]. 

This is enabled through combined index and gain/loss modulations tailored at the exceptional 

point, which breaks the mirror symmetry in the lasing generation dynamics and facilitates the 

unidirectional power oscillation. The polarization associated with OAM lasing can be further 

manipulated on-demand, creating a radially polarized vortex emission.  

Our OAM microlaser could find applications in the next generation of integrated 

optoelectronic devices for optical communications to advance OAM-based division multiplexing 

forward in both quantum and classical regimes. 

 
Fig. 1. Design of OAM microlaser. (A) Schematic of the OAM microlaser on an InP substrate, 

creating an OAM vortex emission with a helical wavefront. (B) Simulated phase distribution of 

emitted light. A spiral phase map for an OAM charge-one vortex is clearly demonstrated.  

[1] J. Wang et al., Nature Photon. 6, 488 (2012). 

[2] N. Bozinovic et al., Science 340, 1545 (2013). 

[3] P. Miao et al., Science 353, 464 (2016). 
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Beating Rayleigh’s Curse Using SPLICE
Edwin Tham1, Hugo Ferretti1 and Aephraim M. Steinberg1,2

1Centre for Quantum Information & Quantum Control and Institute for Optical Sciences, Department of Physics, 
University of Toronto, 60 St. George St, Toronto, Ontario, Canada, M5S 1A7

 2Canadian Institute For Advanced Research, 180 Dundas St. W., Toronto, Ontario, Canada, M5G 1Z8 

Any imaging device such as a microscope or telescope has a resolution limit, a minimum separation it 
can resolve between two objects or sources. This limit is typically defined by “Rayleigh’s criterion”, 
although  in  recent  years  there  have  been  a  number  of  high-profile  techniques  demonstrating  that 
Rayleigh’s limit can be surpassed given exquisite control over the source of illumination. Quantum 
information  and  quantum  metrology  have  given  us  new  ways  to  approach  measurement.  A new 
proposal inspired by these ideas has now re-examined the problem of estimating the separation be- 
tween  two  poorly  resolved  point  sources  especially  when  the  use  of  specially  tailored  light  is 
impossible (e.g. in astronomy). For a given imaging system and a fixed number of collected photons, 
Tsang,  Nair  and  Lu  [1]  observed  that  the 
Fisher information carried by the intensity of 
the  light  in  the  image-plane  (the  only 
information available to traditional techniques, 
including  previous  super-resolution 
approaches)  falls  to  zero  as  the  separation 
between the sources decreases; this is known 
as  “Rayleigh’s  Curse.”  On  the  other  hand, 
when  they  calculated  the  quantum  Fisher 
information  of  the  full  electromagnetic  field 
(including amplitude and phase information), 
they found it remains constant. In other words, 
there is infinitely more information available 
about  the  separation  of  the  sources  in  the 
phase and amplitude of the field than in the 
intensity alone.

We  designed  and  tested  a  new  technique  we  call  SPLICE  (Super-Resolved  Position 
Localisation  by  Inversion  of  Coherence  along  an  Edge)  which  takes  advantage  of  the  phase 
information in the field.  Working at  low light  levels (1200 photons),  we were able to resolve the 
distance  between two 0.84  mm gaussian  beams with  a  standard  error  of  0.05  mm even at  small 
separations. This performance is provably better than the best performance achievable using intensity-
based imaging, and is within a factor of 2 of the optimal quantum bound.

[1] M. Tsang, R. Nair, and X.-M. Lu, Phys. Rev. X 6, 031033 (2016)  
[2] W. K. Tham, H. Ferretti, and A. M. Steinberg, arXiv:1606.02666

Figure 1: (Top left) Representation of the 
transverse intensity pattern of the two gaussian 
beams before the measurement. (Bottom left) 
Experimental apparatus used for SPLICE 
consisting of two glass plate followed by a fiber 
coupler. (Right) Beam separation measured with 
SPLICE vs known value of the separation.
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Dipolar Quantum Droplets 
I. Ferrier-Barbut, M. Schmitt,  M. Wenzel, F. Bötcher, H. Kadau and T. Pfau 

5. Physikalisches Institut, Universität Stuttgart and IQST, Stuttgart, Germany. 

Attractively interacting Bose-Einstein condensates (BECs) are known to be unstable and 
collapse [1]. It was proposed that in certain conditions where two types of interactions 
compete, beyond mean-field effects originating from quantum fluctuations can actually 
prevent the collapse [2]. This results in a dilute self-bound liquid state living at the 
equilibrium between mean-field attraction and beyond mean-field repulsion. 
In a strongly dipolar BEC of dysprosium atoms where both the contact and dipole-dipole 
interaction are at play and sizeable, these conditions are fulfilled. Owing to the long-range 
and anisotropic character of the dipole-dipole interaction, a strongly dipolar BEC in a 
harmonic trap with tunable interactions is described by a rich phase diagram with either a 
finite-wavelength instability reminiscent of the Rosensweig instability of ferrofluids, or a 
crossover to a single quantum droplet. The self-bound liquid state can be obtained in the 
absence of any trap, but only above a critical atom number, below which the natural 
quantum-mechanical dispersion prevents self-binding.  
We will present our recent experiments on Dy BECs. First we have observed the Rosensweig 
instability in a flat BEC, thus creating droplet ensembles [3], with which we have confirmed 
the nature of the stabilization mechanism [4,5]. Then we have measured the critical point 
beyond which a crossover is observed, which has allowed us to create single self-bound 
dipolar quantum droplets. We observed the self-bound character over several tens of 
milliseconds, and we finally measured the lower critical atom number and its variation with 
the interaction strength [6]. 

[1] Bose-Einstein condensation and superfluidity, L. Pitaevskii and S. Stringari, Oxford University Press (2016).  
[2] Quantum mechanical stabilization of a collapsing Bose-Bose mixture, D.S Petrov , Phys. Rev. Lett. 115, 
155302 (2015). 
[3] Observing the Rosensweig instability of a quantum ferrofluid, H. Kadau, M. Schmitt, M. Wenzel, C. Wink, T. 
Maier, I. F-B, and T. Pfau, Nature 530, 194 (2016).  
[4] Observation of quantum droplets in a strongly dipolar Bose gas, I. F-B, H. Kadau, M. Schmitt, M. Wenzel, 
and T. Pfau, Phys. Rev. Lett. 116, 215301 (2016).  
[5] Liquid quantum droplets of ultracold magnetic atoms, I. F-B, M. Schmitt, M. Wenzel, H. Kadau and T. Pfau, J. 
Phys. B. 49, 214004 (2016). 
[6] Sefl-bound droplets of a dilute magnetic quantum liquid, M. Schmitt, M. Wenzel, F. Böttcher, I. F-B and T. 
Pfau, Nature 539, 259 (2016).

Image in false color of quantum droplets seen from the top, the magnetic atoms are 
oriented perpendicular to the image plane. The droplets magnetically repel each 
other and thus form a chain. 
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Topological	order	in	finite-temperature	and	driven	dissipative	systems	
	

Michael	Fleischhauer	
Dept.	of	Physics	and	Research	Center	OPTIMAS,	

Univ.	Kaiserslautern,	Germany	
	

I introduce a classification scheme for topological phases applicable to finite-
temperature states as well as stationary states of driven, dissipative systems based on a 
generalization of the many-body polarization. The polarization can be used to probe 
the topological properties of non-interacting and interacting closed and open systems 
alike  and remains a meaningful quantity even in the presence of moderate particle-
number fluctuations. As examples, I discuss an open-system version of a topological 
Thouless pump in the steady state of one-dimensional lattices driven by Markovian 
reservoirs [1] and the finite-temperature Rice-Mele and Hofstadter-Hubbard models. 
Here a non-trivial winding of the many-body polarization identifies topological 
invariants. The winding is shown to be robust against Hamiltonian perturbations as 
well as homogeneous dephasing and particle losses. I will also discuss a measurement 
scheme that allows to detect the polarization winding of finite-temperature and driven, 
dissipative systems through a quantized transport in an auxiliary quantum system.  

[1] D. Linzner et al., Phys. Rev. B 94, 201105 (2016) 
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Creating a quantum link for image transfer

Megan Agnew,1 Yingwen Zhang,2 Thomas Roger,1 Nicholas Bornman,3 Filippus S.

Roux,3 Thomas Konrad,4 Daniele Faccio,1 Jonathan Leach,1 and Andrew Forbes3, 5

1IPaQS, SUPA, Heriot-Watt, Edinburgh EH14 4AS, United Kingdom
2University of Ottawa, Ottawa, Canada

3School of Physics, University of Witwatersrand, Johannesburg 2000, South Africa
4School of Chemistry and Physics, University of KwaZulu-Natal,

Private Bag X54001, Durban 4000, South Africa
5email: andrew.forbes@wits.ac.za

Abstract: Ghost imaging allows imaging of objects
without the physical transfer of a photon from the ob-
ject to the image plane, in principle allowing the object
and image to be arbitrarily far apart. Nevertheless the
two photons involved in the ghost imaging are correlated,
usually through entanglement. Here we outline an ap-
proach to establishing a link for image transfer where
the photons are initially independent. Through entan-
glement swapping, we show that it is possible to estab-
lish correlations between independent photons and out-
line how this might be used for image transfer over a
quantum link.

Introduction: Quantum communication over long
distances is integral to information security and has
been demonstrated in free space and fibre with two-
dimensional states. Increased bit rates can be achieved
by using spatial modes as the carrier of information (see
[1] for a recent review). However, such photon states
decohere, thus requiring a way to preserve the signal.
Quantum repeaters are a promising avenue to achieve
this and require entanglement swapping as a key compo-
nent [2, 3]. It is accomplished by interfering two photons
each coming from independent entangled pairs, resulting
in the remaining two photons becoming entangled. This
allows the establishment of entanglement between two
distant points without requiring one photon to travel the
entire distance, thus reducing the effects of decoherence
and loss. In this work, we perform the first implementa-
tion of entanglement swapping of spatial states of light.
We use photons entangled in the OAM degree of free-
dom and transfer entanglement from one pair of entan-
gled photons to another, even though the final entangled
pair have not interacted. Using this link, we outline how
it may be used to transfer ghost images across a quantum
link.

Results: We generate two pairs of entangled pho-
tons using spontaneous parametric downconversion. The
state of the pair shared by A and B is transformed us-
ing two Dove prisms [4] such that the ` = ±1 subspace
becomes the antisymmetric state

∣∣Ψ−
−11

〉
AB

. The Dove
prisms are used so that there is a one-to-one correspon-
dence between the initial state shared between C and D
and the final state of A and D when swapping in the
` = ±1 subspace. To perform the entanglement swap-
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FIG. 1. Cartoon of the entanglement swapping concept to-
gether with experimental verification of 4-way HOM interfer-
ence.

ping, we implement a projection onto an antisymmetric
state

∣∣Ψ−
−``

〉
BC

using a non-polarising beamsplitter [4]
whose output ports are coupled into multi-mode fibres.
When photons B and C are projected onto the antisym-
metric state, the swap has been successful: the particles
A and D, which have never interacted with each other,
are now entangled [5]. Note that the entanglement may
be expressed in any basis, e.g., position or momentum,
and hence it is possible to transmit ghost images across
the virtual link using entanglement swapping as the key
resource. We present some preliminary results on this
experiment.

[1] Forbes et. al., Adv. Opt. Photon. 8, 200 (2016).
[2] Pan et. al., Physical Review Letters 80, 3891 (1998).
[3] Briegel et. al., Physical Review Letters 81, 5932 (1998).
[4] Zhang et. al., Science Advances 2, e1501165 (2016).
[5] Zhang et. al., arXiv 1609.06094v1 (2016).
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Ultrafast surface-enhanced Raman spectroscopic studies of plasmon-molecule dynamics 
 

Nathaniel C. Brandt, Emily L. Keller, James L. Brooks, and Renee R. Frontiera 
Department of Chemistry, University of Minnesota, Minneapolis, MN 55104 

 
 Plasmonic nanomaterials are promising candidates for solar-driven catalytic devices, as 
they interact strongly with light and are known to be capable of driving energetically unfavorable 
chemical reactions. Their ability to concentrate light to subwavelength volumes leads to the 
formation of hot spots and hot electrons, which can drive energy flow, modify potential energy 
surfaces, and enable new photochemical and photophysical processes. However, significant 
questions remain as to the mechanism of action of a plasmonic photocatalytic system, in part 
because of difficulties in characterizing the rapid photo-induced dynamics and interactions 
between the nanoparticle surfaces and proximal molecular species. In particular, the impact of 
hot carriers on driving photochemistry, including fundamental properties such as their yield and 
lifetime, is currently poorly defined. 

 
 Here we use ultrafast surface-enhanced Raman spectroscopy, a pump-probe technique 
designed to follow the molecular response of molecules adsorbed on plasmonic nanomaterials, to 
investigate the response of the coupled molecule-plasmon system to light (Figure 1).1 By 
tracking the transient Raman frequency evolution, we can determine the degree of charge 
transfer and molecular structural change following plasmon excitation. For silver colloidal 
samples, we find a strong correlation between spatial sites on the nanoparticle surface which 
generate hot electrons and those which drive photochemistry.2 Our work on the fundamental 
mechanism of how plasmonic nanomaterials interact with nearby molecular species on the 
ultrafast timescale should ultimately lead to rational design of plasmon-driven photocatalytic 
systems. This material is based on work supported by the Air Force Office of Scientific Research 
under AFOSR Award No. FA9550-15-1-0022. 
 
1. Keller, E. L., Brandt, N. C., Cassabaum, A. A., Frontiera, R. R.  Analyst, 2015, 140, 4922–4931.  
2. Brandt, N. C., Keller, E. L., Frontiera, R. R. The Journal of Physical Chemistry Letters, 2016, 7, 3179-3185. 

 

Figure 1. Depiction of ultrafast plasmon-molecule dynamics and plasmon-driven molecular 
dynamics scheme. Reproduced with permission from reference 2. 
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Ultraviolet (250–550 nm) absorption 
spectrum of pure water 

 
John D. Mason, Michael T. Cone, and Edward S. Fry 

 
IQSE and the Department of Physics & Astronomy 

Texas A&M University, 4242 TAMU, College Station, Texas 77843, USA 
 

While the visible and infrared absorption spectrum of pure liquid water has been relatively 
well established (λ>400 nm ), agreement on the absorption spectrum of water in the ultraviolet, 
as well as in portions of the blue, has yet to be achieved.  The ultraviolet spectrum of water is 
impacted by many factors, such as organic content and dissolved oxygen, which are independent 
of the intrinsic optical properties of pure water.  The most commonly accepted studies of the UV 
properties of pure water focused on the spectral region 180 nm to 320 nm.  In these studies, the 
attenuation (scattering and absorption) was measured.  The absorption was then calculated by 
subtracting the molecular scattering (Rayleigh scattering) from the measured attenuation. The 
studies by Kröckel and Schmidt and by Quickenden and Irvin used the same differential 
attenuation experimental design.  While the measured attenuation was identical in both studies, 
the scattering contributions used by Kröckel and Schmidt varied from a factor of 2.2 lower at 
190 nm to 2.6 lower at 320 nm than the scattering contributions used by Quickenden and Irvin. 
Therefore, the resulting absorption coefficients are quite different for the two studies.  This 
example demonstrates the need for a scattering independent measurement.  

New measurements of pure water absorption that are scattering independent were made 
using an improved integrating cavity absorption meter (ICAM) that is based on our new quartz 
powder diffuse reflector; the latter maintains a high reflectivity down to a wavelength of 250 nm.  
The present study combined a state-of-the-art water purification system capable of producing 
semiconductor-grade water with this improved ICAM.  The results (dark green points with error 
bars) together with the disarray of existing data are shown in the figure. 
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Wide-field optical imaging of nanomagnetic sensors

Kai-Mei C. Fu1,2, Ed Kleinsasser2, Kento, Sasaki3,
Eisuke Abe4, Kohei Itoh3,4, Hideyuki Watanabe5

1. Department of Physics, University of Washington, Seattle, WA 98195 USA
2. Department of Electrical Engineering, University of Washington, Seattle, WA 98195 USA;

3. School of Fundamental Science and Technology, Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama, Japan
4. Spintronics Research Center, Keio University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama, Japan

5. Correlated Electronics Group, Electronics and Photonics Research Institute, AIST, Tsukuba, Ibaraki, Japan
A two-dimensional sheet consisting of an ensemble of nitrogen-vacancy (NV) defects in diamond can be utilized

for wide-field magnetic imaging at optical spatial resolutions[1-3]. Here we report on the optimized fabrication of the
sensing layer. The particular sensing application targeted is the determination of the magnetic dipole of a magnetic
nanoparticle for the study of orientation dynamics in biomolecules (Fig. 1).

Fig. 1: Magnetic imaging of 200 nm commercial super-paramagnetic par-
ticles (iron oxide) in a 5 mT vertically applied magnetic field. Random
orientation of dipole field at the sensing surface reveals non-zero remnant
magnetization.

A high-density (nNV ∼ 1017 cm−3), 100 nm-thick
sensing surface is created via nitrogen-doped, isotope
purified CVD diamond growth followed by helium ion
implantation [4]. A comparison of continuous-wave
optically-detected magnetic resonance (CW-ODMR)
spectra between the 200 nm-thick layer of NV centers
formed from HPHT diamond (nNV ∼ 2 × 1016 cm−3,
used to obtain images in Fig. 1) and the nitrogen-doped
CVD sample is shown in Fig. 2a. The 40-fold decrease
in linewidth results from a combination of a higher sub-
stitutional nitrogen (P1) to NV conversion efficiency and
isotope purification to eliminate 13C nuclear spins in the
CVD sample.

Decoherence spectroscopy can provide a direct measurement of the P1 center density. The dependence of decoher-
ence time T2 on magnetic field reveals a multi-peak structure (Fig. 2b,c). The peaks in the the decoherence rate coincide
with simultaneous spin resonances of the NV and P1 centers and are a result of the instantaneous diffusion process. A
fit to the data determines both the NV density (from the baseline T2) and the P1 density (from the peak areas). We find
both a P1 and NV density of ∼1017 cm−3 indicating a surprisingly high, near-optimal N-NV conversion efficiency of
∼0.5 [5]. We expect this decoherence spectroscopy technique to also be a powerful method to resolve the spin spectra
in samples external to diamond.

Fig. 2: (a) Comparison of normalized CW-ODMR spectra for HPHT (1st generation) and CVD isotope purified samples. (b) Transition frequencies
of the NV and P1 centers aligned with and tilted with respect to the applied B-field. T−1

2 as a function of applied B-field.

1. S. Steinert, et al.. Rev. Sci. Instrum., 81:043705, 2010. 2. L M Pham, et al.. New Journal of Physics, 13:045021,
2011. 3. B. J. Maertz, et al.. Appl. Phys. Lett., 96:092504, 2010. 4. E.E. Kleinsasser, et al.. Applied Physics Letters,
108:202401, 2016. 5. K. Sasaki, et al. arXiv:1612.00088, 2016.
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Multilevel perspective on high harmonic generation in solids 
 

 Mengxi Wu, Dana A. Browne, Kenneth J. Schafer, and Mette B. Gaarde 

Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803-4001, USA   
 

We investigate high harmonic generation in a solid, 
modeled as a multilevel system dressed by a strong 
infrared laser field [1]. We show that the cutoff ener-
gies and the relative strengths of the multiple plateaus 
that emerge in the harmonic spectrum can be under-
stood both qualitatively and quantitatively by consid-
ering the dynamics of the laser-dressed system. In 
particular, we show that HHG proceeds through a 
combination of strong-field driven adiabatic and dia-
batic processes. Such a model was recently used to 
interpret the multiple plateaus exhibited in harmonic 
spectra generated by solid argon and krypton [2].  

Fig. 1 shows an example of a harmonic spec-
trum generated by a four-level system that originates 
in the band structure of ZnO, at k = 0, driven by an 
intense mid-infrared laser field. The beginning and 
end of the two plateaus in the resulting harmonic 
spectrum can be recognized as the minimum and 
maximum of the dressed states of the system in the 
presence of the field.  

 

 
Figure 1: Bottom panel: harmonic spectrum from a model ZnO 
crystal, generated by a 3.2 µm, 6 x 1011 W/cm2 laser pulse. The 
beginning and end of the two plateaus can be recognized as the 
minimum and maximum of the dressed state energies of the 
system in the strong field as shown in the top panel. The dressed 
states, which originate in the k=0 band structure of ZnO, map out 
the band structure as the field increases.  

 
We show that when the multilevel system 

originates from the Bloch states at the Γ-point of the 
band structure, the laser-dressed states (which are 
equivalent to the so-called Houston states [3]) map 
out the band structure away from the Γ-point as the 
laser field increases. This means that the cutoff ener-
gy of a given plateau can never exceed the maximum 
band gap between the valence band (VB) and the 
conduction band (CB) responsible for that plateau, 
thereby extending the cutoff limitation proposed in 
[4] to a multiband system. 
 

            
Figure 2: Schematic of the momentum-space three-step picture 
for HHG in solids. In the first step, the valence electron tunnels 
through the band gap. In the second step, the electron wave func-
tion evolves adiabatically in the valence and conduction bands. In 
the final step, the coherence between the valence and the conduc-
tion band states leads to the emission of radiation with energies 
corresponding to the instantaneous energy difference between the 
dressed valence and conduction bands. 
 

Finally, we discuss how this understanding 
leads to a semiclassical three-step picture in momen-
tum space that describes the HHG process in a solid, 
see Fig. 2. In this picture, the delocalized electron 
first tunnels from the VB to the CB at the zero of the 
vector potential and then is accelerated on the CB as 
the vector potential increases and decreases through 
an optical half-cycle. The coherence between the VB 
and the CB populations leads to the emission of XUV 
radiation, with photon energies corresponding to the 
instantaneous energy difference between the VB and 
the CB. This means that each energy below the cutoff 
energy is emitted twice in each laser half-cycle. 
 
References 
[1] M. Wu et al. PRA 94, 063403 (2016).   
[2] G. Ndabashimiye et al., Nature 534, 520 (2016).  
[3] J. B. Krieger and G. J. Iafrate, PRB 33, 5494 (1986). 
[4] G. Vampa et al., PRL 113, 073901 (2014). 

Strongly driven multi-level system, step-wise coupling

M. Wu, et. al., submitted, http://arxiv.org/abs/1609.09852
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Photon Processing via Four-Wave Mixing 
 

Alexander L. Gaeta 
Department of Applied Physics and Applied Mathematics 

Columbia University 
 
 
Abstract: Quantum frequency conversion is the process by which the wavelength of a 
light beam is converted to another wavelength while still maintaining its quantum state.  
Until recently, achieving this process with high conversion efficiency and low noise had 
been achieved only with second-order nonlinear materials.  Here, we describe our recent 
research that utilizes four-wave mixing in an optical fiber to perform ultralow noise 
quantum frequency conversion with efficiencies exceeding 90%.  We also show how this 
nonlinear process can be used to realize other quantum phenomena including creating a 
single-photon Ramsey interferometer, all-optical delays of single photons, and temporally 
magnifying or compressing single-photon pulses.  The latter allows us to perform photon 
counting with a temporal resolution better than 3 ps. 
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Challenges	and	Opportunities	in	
Deep-Subwavelength	Nanoplasmonics	

 
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 

 
 
Graphene exhibits unique electrical, optical, and thermal properties that are a continuous source of unexpected 

phenomena [1-4]. In this presentation, I will review recent advances in the field of graphene nanophotonics, including the 
following results obtained by my group: the design and realistic description of a new class of random metamaterials 
incorporating optical gain and displaying a varied photonic behaviour ranging from stable lasing to chaotic regimes [1]; a 
new strategy for molecular sensing that relies on the strong plasmon-driven nonlinearity of nanographenes [2]; a scenario in 
which radiative heat transfer is the fastest cooling mechanism, even beating relaxation to phonons [3]; and the generation of 
intense high harmonics from graphene, assisted by its plasmons [4]. These results constitute examples that extend ultrafast 
optical phenomena in new directions with strong potential for technological applications. 

 
[1] A. Marini and F. J. García de Abajo, "Graphene-based active random metamaterial for cavity-free lasing," Phys. Rev. Lett. 116, 217401 (2016).	
[2] R. Yu, J. D. Cox, and F. J. García de Abajo, "Nonlinear plasmonic sensing with nanographene," Phys. Rev. Lett. 117, 123904 (2016).	
[3] R. Yu, A. Manjavacas, and F. J. García de Abajo, "Ultrafast radiative heat transfer," arXiv:1608.05767.	
[4] J. D. Cox, A. Marini, and F. J. García de Abajo, "Plasmon-assisted high-harmonic generation in graphene," arXiv:1609.09794.	
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RF-dressed atom wave-guides and traps:
Quantum technology applications and Landau-Zener theory

Kathryn A Burrows1, Dany Ben Ali2, German A Sinuco-Leon1, Hélène Perrin2, and Barry M Garraway(1,∗)

(1) Department of Physics and Astronomy, University of Sussex, Falmer, Brighton, BN1 9QH, United Kingdom

(2) CNRS, UMR 7538, Université Paris 13, Sorbonne Paris Cité, Laboratoire de physique des lasers, 99 avenue J.-B.

Clément, F-93430 Villetaneuse, Paris, France

RF-dressed cold atom traps [1] confine ultracold atoms using spin dependent adiabatic potentials, formed
by the atomic interaction with a static and spatially dependent magnetic field and a radio frequency (RF)
magnetic field. These traps offer an easy way to manipulate atoms coherently, making them favourable for atom
interferometry, and have a range of potential applications such as rotation sensors and quantum simulators.
The possibility of miniaturisation using atom chip technology leads to applications in quantum technology.

For example, by using wire lattices we have recently designed new 2D lattice potentials [2, 3] which do not
involve optical fields and can be used for quantum simulation or information processing. These lattices are
highly flexible and can be arranged as a regular lattice, dipolar lattice, or ladder lattice. And by by extending
the dressing techniques to the microwave regime [4, 5] we have been able to create new types of circuital traps
for atoms with potential applications for Sagnac interferometry and atomtronics.

In the present work, Fermi’s Golden Rule is used to derive decay rates for non-adiabatic dressed spin state
changes in a RF-dressed cold atom trap. Non-adiabatic effects occur due to a coupling between the internal and
translational degrees of freedom. The gauge potential terms which give rise to undesirable spin state changes
are often neglected in considering the RF-dressed trap Hamiltonian, however, we include them and form a
prediction for the rate of atomic decay. Our predictions for the reduction in the number of trapped atoms are
compared with data recorded in a F=1, 87Rb RF-dressed trap.

Agreement is found with experimental data when heating processes induced by fluctuations in the currents
which generate the trapping magnetic fields are taken into consideration. The results are also compared to
the Landau-Zener model, which is used to determine the rate of non-adiabatic transitions to untrapped spin
states.

∗ e-mail: b.m.garraway@sussex.ac.uk
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New J. Phys. 18, 035009 (2016).

[4] Inductive dressed ring traps for ultracold atoms, M. Vangeleyn, B.M. Garraway, H. Perrin, A.S. Arnold,
J. Phys. B 47, 071001 (2014).

[5] Inductively guided circuits for ultracold dressed atoms, G. Sinuco-Leon, K. Burrows, A.S. Arnold, and
B.M. Garraway, Nat. Commun. 5, 5289 (2014).
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From	transverse	spinning	fields	to	chiral	optical	forces	
	
	

Cyriaque	Genet	
ISIS,	University	of	Strasbourg	and	CNRS,	Strasbourg	France	

	

Nano-optical	 excitations	 are	 offering	 the	 experimentalists	 new	 types	 of	 optical	modes	
with	inhomogeneous	fields	and	complex	beam	topologies	that	lead	to	a	great	variety	of	
dynamical	 effects.	 Such	 effects	 can	 be	 clearly	 illustrated	 in	 the	 context	 of	 surface	
plasmon	 optics,	 in	 particular	 in	 relation	 with	 the	 transverse	 nature	 of	 the	 plasmonic	
spin.	 The	 spinning	 character	 of	 a	 plasmonic	 field	 brings	 indeed	 a	 clear	 dynamical	
distinction	between	orbital	and	spin	energy	flows	that	can	be	readily	discussed	in	terms	
of	 induced	 optical	 forces	 and	 torques.	 Such	 issues	 are	 naturally	 connected	 with	 the	
problem	 of	 optical	 spin-orbit	 interactions.	 Chirality	 here	 is	 a	 key	 player,	 with	
fundamental	 implications	and	new	possibilities	opened	 in	 the	 context	of	 chiral	optical	
forces	and	chiral	discrimination	schemes.		

	

	

	

	

	

Figure:	Far-field	optical	vortices	generated	from	spin-orbit	coupling	on	a	chiral	plasmonic	nanostructure	(see	[1]). 
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From planar to conformable optics with metasurfaces 

Patrice GENEVET 
 

 Université Côte d’Azur,  
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antenna. 
 
Abrupt modifications of the fields across an interface can be engineered by depositing an array of sub-
wavelength resonators specifically tailored to address local amplitude, phase and polarization changes 

[1]. Physically, ultrathin nanostructure arrays (δ≪λ), also called ‘‘optical metasurfaces’’, control light by 
engineering artificial boundary conditions of Maxwell’s equations. Metasurfaces have been 
implemented to obtain various sorts of optical functionalities, ranging from the basic control of the 
transmission and reflection of light[1-2], to the control of the radiation patterns for comprehensive 
wavefront engineering and holography[3]. In this presentation, we will review the recent works in this 
field and we will explain which physical mechanisms are utilized for the design of efficient planar 
optical components. 

After transmission or reflection through a metasurface, however, the amount of propagation phase 
shift required to achieve any optical function depends on the wavelength, therefore, a specific phase 
profile imposed at interface will shape the light in a desired manner only for a single wavelength. This 
basic dispersion effect, which already affects bandwidth of conventional devices, is also limiting the 
operation of metasurfaces to a narrow bandwidth. In this presentation, present a solution to this 
problem designing multi-wavelength achromatic metasurfaces [4-5]. We will also talk about our recent 
results on free-standing dielectric metasurfaces and conclude our presentation with a discussion on 
the concept of conformal boundary optics: an analytical method based on novel, first-principle 
derivations that allows us to engineer transmission and reflection at will for any interface geometry and 
any given incident wave[7].  

Fig. 1: (a) Huygens construction of a propagating 
wave. (b) Huygens construction of a transmitting 
metasurfaces. (c) From left top to right bottom, 
multi-wavelength metasurface antenna [2], vortex 
plate[1], multi-wavelength achromatic lens [5], 
plasmonic V-shape metasurface[1], free standing 
flat lens. 
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Beating the Classical Diffraction Limit in Confocal Microscopy 
via Single Photon Emitters 
 
 
Properties of quantum light represent a tool for overcoming limits of classical optics. 
Several experiments have demonstrated this advantage ranging from quantum enhanced 
imaging to quantum illumination [1].   
 
In this talk, after a general introduction presenting last developments in the field (as sub 
shot noise quantum microscopy) , I will present a work [2] where we experimentally 
demonstrate quantum enhanced resolution in confocal fluorescence microscopy. This is 
achieved by exploiting the non-classical photon statistics of fluorescence emission of 
single nitrogen-vacancy color centers in diamond. By developing a general model of 
super-resolution based on the direct sampling of the kth-order autocorrelation function of 
the photoluminescence signal, we show the possibility to resolve, in principle, arbitrarily 
close emitting centers. 
 
Finally, possible applications in biology  and future developments will be presented. 
 
[1] "Real applications of quantum imaging",  M.Genovese, Journal of Optics,  18 (2016) 
073002 
[2] "Beating the Abbe Diffraction Limit in Confocal Microscopy via Nonclassical 
Photon Statistics" D. Gatto Monticone, K. Katamadze, P. Traina, E. Moreva, J. Forneris, 
I. Ruo-Berchera, P. Olivero, I.P. Degiovanni, G. Brida,M. Genovese; 
Phys. Rev. Lett. 113, 143602 (2014) 
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Anisotropic high-order harmonics from crystalline solids 
 

Shambhu Ghimire 
shambhu@slac.stanford.edu 

Staff Scientist, Stanford PULSE Institute 
Stanford University and SLAC National Accelerator Laboratory 

2575 Sand Hill Rd, Menlo Park, CA, 94025, USA 
 

High-order harmonic generation (HHG) in gas phase atoms and molecules has been the 
foundation of attosecond science, which includes imaging molecular orbitals and generation 
of attosecond pulse. Recently, we have observed high-harmonics in bulk crystals subjected 
to strong mid-infrared laser fields [1]. Following that work, solid-state HHG has obtained 
significant attention, and it is pushing the frontier of attosecond science; however 
underlying electron dynamics in condensed phase are markedly different. These differences 
to isolated atoms have been manifested in our experiments, for example through the 
appearance of multiple plateaus in the harmonic spectra from rare gas solids [2]. We find 
that high-harmonics from single crystal MgO are strongly sensitive to the crystal structure 
and interatomic bonding [3]. The measured anisotropic angular distribution is shown in 
Figure 1. It is seen that sharp maxima appear along Mg-O bonding directions (0, 90, 180 and 
270 degrees). When combined with the laser ellipticity and helicity dependence, the solid-
state harmonics show strong sensitivity to the atomic-scale structure, pointing towards the 
possibility of measuring valance charge density, similar to imaging molecular orbitals. We 
also produce visible harmonics from atomically thin monolayer of hexagonal MoS2, where 
the measured anisotropy is six-fold as expected [4]. We find that the per atomic layer 
conversion efficiency is higher in a monolayer compared with that in bulk, suggesting 
strong electron-hole correlation effects in two-dimensional systems. 

 

 
 

Figure 1: Crystal orientation dependence of HHG. a) Experimental setup showing crystal 
structure of MgO b) measured angular distribution of harmonics from 13th to 21st order 
and c) is the integrated intensity (line out) of various harmonic orders. 
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Direction excitation of diatomic molecules by strong laser fields 
George N. Gibson 

University of Connecticut 

 

ABSTRACT 

 

While most studies of atoms and molecules in strong laser fields have focused on ionization 

and rescattering, evidence for direct excitation was observed in some of the earliest 

experiments.  In atoms, the main mechanisms for excitation appear to be multiphoton 

transitions brought into resonance by the ac Stark shift and frustrated tunneling ionization.  

Diatomic molecules show excitation in many ways, including ion and electron spectroscopy 

and VUV fluorescence.  Interestingly, in comparable studies, the level of excitation in 

molecules is far higher than in atoms.  Moreover, it appears that there are more pathways to 

excitation in molecules than in atoms, including inner orbital ionization and strong 

multiphoton coupling in a 3-level system prominent in diatomic molecules.  The importance 

of excitation has recently been highlighted by the dramatic observation of lasing in the 

atmosphere.  In this talk, we will review the various experiments detecting excitation in 

molecules and the possible mechanisms for this excitation. 
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Two	Photon	Quantum	walks	in	a	multimode	fiber	
	

Hugo	Defienne1,	Marco	Barbieri2,	Ian	A.	Walmsley3,	Brian	J.	Smith3	and	Sylvain	Gigan1	
1	Laboratoire	Kastler	Brossel,	ENS-PSL	Research	University,	CNRS,	UPMC-Sorbonne	Universités,	Collège	de	France,	24	rue	
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2	Università	degli	Studi	Roma	Tre,	Via	della	Vasca	Navale	84,	00146	Rome,	Italy.	
3	Clarendon	Laboratory,	Department	of	Physics,	University	of	Oxford,	OX1	3PU	Oxford,	UK.	

	
	

Multiphoton	 propagation	 in	 connected	 structures—a	 quantum	 walk—offers	 the	 potential	 of	
simulating	 complex	 physical	 systems	 and	 provides	 a	 route	 to	 universal	 quantum	 computation.	
Increasing	the	complexity	of	quantum	photonic	networks	where	the	walk	occurs	is	essential	for	many	
applications.	We	implement	a	quantum	walk	of	 indistinguishable	photon	pairs	 in	a	multimode	fiber	
supporting	380	modes.	Using	wavefront	shaping,	we	control	the	propagation	of	the	two-photon	state	
through	the	fiber	in	which	all	modes	are	coupled.	Excitation	of	arbitrary	output	modes	of	the	system	
is	 realized	by	controlling	classical	and	quantum	interferences.	We	demonstrate	a	highly	multimode	
platform	 for	multiphoton	 interference	experiments	and	provides	a	powerful	method	 to	program	a	
general	high-dimensional	multiport	optical	circuit.	This	work	paves	the	way	for	the	next	generation	of	
photonic	devices	for	quantum	simulation,	computing,	and	communication.	
	

	
Figure	1	:	Scheme	of	the	experiment,	we	generate	indistinguishable	photon	pairs,	and	launch	them	in	a	multimode	fiber	
where	they	are	subject	to	scattering	and	mode	mixing	during	propagation.	Using	wavefront	shaping,	we	deterministically	

control	the	two-photon	interference	pattern	at	the	output	

	
Reference:		
[1]	Defienne, H., Barbieri, M., Walmsley, I. A., Smith, B. J., & Gigan, S. (2016). Two-photon quantum 
walk in a multimode fiber. Science advances, 2(1), e1501054. 
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Progress towards sub-femtosecond pulse generation using 
molecular modulation 

David C. Gold and Deniz D. Yavuz 
Department of Physics, 1150 University Avenue, University of Wisconsin, Madison, WI, 53706 

 

 We have constructed a broadband continuous-wave optical modulator at a frequency of 
90 THz.  Our modulator consists of a deuterium-gas filled cavity that is resonant at both the 
pump and Stokes wavelengths.  With our setup, we can modulate almost any beam in the 
optical region of the spectrum with a single pass efficiency of ≈ 10-4.  This is a comparable 
efficiency to the fastest electro-optic modulators, but with a modulation frequency 1000 times 
greater [1].  

We are now in the process of applying this technique to sub-femtosecond pulse 
generation.  By modulating a mode-locked Ti:sapphire laser, a very broad frequency comb can 
be produced with time-domain features at the level of a few femtoseconds [2].  We are 
currently improving the sensitivity of a Fourier transform spectroscopy setup to show that our 
modulator broadens the spectrum of the Ti:sapphire laser, as well as an interferometric 
autocorrelator to directly demonstrate the mutual coherence of the frequency comb teeth and 
the narrowed time domain pulse structure.  We have made autocorrelation measurements 
with only 10 μW of input power, and expect to soon require several orders of magnitude less 
power.  After demonstrating that our optical modulator can narrow the pulses from our current 
Ti:sapphire laser, we can apply this technique to a state-of-the-art Ti:sapphire laser and create 
the shortest pulses ever produced in the optical region of the spectrum.        

  

 

[1] M. Chacinski et al., J. Lightwave Tech. 27, 3410 (2009). 
[2] F. L. Kien, S. N. Hong, and K. Hakuta, Phys. Rev. A 64, 051803 (2001). 
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Narrow optical and spin linewidths in rare earth  
doped nano- and micro-structures 

 
J. G. Bartholomew*, J. Karlsson, A. Ferrier and Ph. Goldner  

PSL Research University, Chimie ParisTech, CNRS, Institut de Recherche de Chimie Paris, 75005 Paris, France 

philippe.goldner@chimie-paristech.fr 
 

 Rare earth doped nanoparticles are attractive candidates for quantum technologies hardware as 
they have the potential to combine the narrow optical and spin linewidths found in bulk crystals with the 
possibility to strongly interact with other quantum systems [1,2].  

To investigate this potential, we identify the physical mechanisms responsible for the optical 
homogeneous broadening in Eu3+:Y2O3 nanoparticles. By studying how the homogeneous linewidth 
depends on temperature, applied magnetic field, and measurement time scale the dominant broadening 
interactions for various temperature ranges above 3 K were characterized. These results provide strong 
evidence that for 400 nm diameter nanoparticles the minimum linewidth achieved (45±1 kHz at 1.3 K) 
is not fundamentally limited. Several strategies for reducing this linewidth to below 10 kHz are discussed. 
We also studied the ground state hyperfine coherence lifetime in Eu3+:Y2O3 transparent ceramics with 
micron size crystalline domains and found T2 up to 16 ms under a small magnetic field. These coherence 
lifetimes could be extended to several 100s of ms by using control techniques like dynamical decoupling 
or clock transitions [3,4].  

The observation of narrow homogeneous linewidths for optical and spin transitions in Eu3+:Y2O3 
crystals suggests that this system is suitable to build long-lived quantum photon-atom-spin interfaces at 
the nanoscale.  
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Optically detected nuclear spin echo decay 
in a Eu3+:Y2O3 transparent ceramic at 4 K. 
Amplitude modulation is attributed to 
interactions with  Y nuclear spins.  

Nuclear spin coherence properties of 151Eu3+ and 153Eu3+ in a Y2O3 transparent ceramic6

Figure 3. Figures a) and c) show the inhomogeneous lines of the spin transitions in
151Eu, centered at a) 29.33 MHz and c) 33.99 MHz together with fitted Lorentzian

curves (red lines). The inhomogeneous linewidths (FWHM) are a) 104±5 kHz and c)

156±13 kHz. Figures b) and d) show typical echo decay curves for b) the 29.33 MHz

spin transition and d) the 33.99 MHz spin transition at zero magnetic field. The decays

are fitted with an exponential function (red dashed line) modulated by a squared cosine

function (red solid line), as described in the text. The coherence times at zero field

are 11.6±0.9 ms for the 29.33 MHz transition and 10.5±0.6 ms for the 33.99 MHz

transition. (Color online)

the optical inhomogeneous line is about 10 times broader in Eu3+:Y2O3 as compared to

Eu3+:Y2SiO5 of similar concentration [11, 18, 30]

4.2. Coherence time

The spin echo amplitude was recorded as a function of the pulse separation time, τ , for

the 29 MHz transition and the 34 MHz transition respectively, see figure 3 b) and d). The

echo decay curves showed a strong echo envelope modulation effect [31] at a frequency

of 200 Hz. Very similar echo envelope modulation at 200 Hz has previously been seen in

spin echo decays of Eu3+:Y2SiO5 [12, 13]. It was then interpreted as due to the splitting

of the ±MI hyperfine levels by a small residual magnetic field. A ceramic sample

however, as used in this study, contains crystalline regions with all possible orientations

relative to an applied magnetic field. As Eu3+ ions are located in a site of low symmetry,

the nuclear gyromagnetic tensor, which includes an electronic contribution, is expected

to be anisotropic, as observed in Eu3+:Y2SiO5 [32]. The magnetic field would then result
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Unveiling new analytical solutions as well as the classical limit of the
Dirac equation

Andre G. Campos
Department of Chemistry, Princeton University, Princeton, NJ 08544, USA

The complexity of the structure of the Dirac equation, which is a system of four coupled differential
equations, renders it very difficult to study. The number of closed-form solutions is very limited due
to the intricate structure of Dirac matrices which couple the components of the four-spinor wave
function. For this reason, only highly symmetric systems can be studied by analytical means [1]; the
mathematical description of more realistic systems should be based on approximation methods such
as semi-classical theory [2] or numerical calculations [3–5]. However, the typical time scale of the
electron dynamics is usually much smaller than the time scales of interesting phenomena, rendering
the numerical solution notoriously difficult and requiring substantial computer resources [6]. Here, we
provide a very powerful method to arrive at the sought-after general analytical solutions to the Dirac
equation. For instance, we construct time-dependent electromagnetic fields that coherently steer the
electron’s four-spinor wave function to follow a given path. Moreover, we present new and nontrivial
analytical solutions to the Dirac equation that are unique to relativistic quantum systems. The newly
developed solutions are so complex to the point of being nearly impossible to get by the previous
approaches and unravel exciting new insights on the complex quantum dynamics of relativistic
electrons. Our method constitutes an important tool with very broad range of applications.

Considering that the Dirac equation is one of the fundamental building blocks of relativistic
quantum theory that describes the dynamics of charged particles with spin 1/2, classical relativistic
mechanics should emerge under typical macroscopic conditions by pursuing the limit ~ → 0. Since
the Dirac equation includes the spin, the corresponding classical limit must include both (i) the
classical relativistic Liouville equation for the trajectories and the (ii) a dynamical equation for the
spin degrees of freedom. In fact, this consistency check has been verified by many researchers. In
this work we take the equation of motion for the relativistic Wigner function as presented in [5] and
show that the limit ~ → 0 is well behaved as long as continuous filtering of antiparticles is applied.
As a result, we obtain a simple and compact equation of motion that describes the propagation of
classical particles including the spin degrees of freedom in a Spinorial Hilbert space.

[1] B. Thaller, The dirac equation (Springer Science & Business Media, 2013).
[2] N. Milosevic, V. P. Krainov, and T. Brabec, Physical review letters 89, 193001 (2002).
[3] G. R. Mocken and C. H. Keitel, Computer Physics Communications 178, 868 (2008).
[4] F. Fillion-Gourdeau, E. Lorin, and A. D. Bandrauk, Computer Physics Communications 183, 1403

(2012).
[5] R. Cabrera, A. G. Campos, D. I. Bondar, and H. A. Rabitz, Physical Review A 94, 052111 (2016).
[6] F. Fillion-Gourdeau, S. MacLean, and R. Laflamme, arXiv preprint arXiv:1611.05484 (2016).
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Few-body and many-body physics with Rydberg polaritons

Alexey V. Gorshkov

Joint Quantum Institute and Joint Center for Quantum Information and Computer Science,

NIST/University of Maryland, College Park, Maryland, USA

Photons can be made to strongly interact by dressing them with atomic Rydberg states under

conditions of electromagnetic induced transparency (EIT), as shown schematically in Fig. 1. In

this talk, we will discuss several theoretical advances in the understanding of few-body and many-

body physics of the resulting hybrid photon-Rydberg excitations called Rydberg polaritons. In

particular, we will discuss correlated dissipative dynamics [1], optimized operation of a single-

photon switch [2], N-body forces, and N-photon bound states [3].

E ffective Field Theory for Rydberg Polaritons

M. J. Gullans, 1 Y. Wang, 1 J. D. Thompson, 2 Q.-Y. Liang, 2 V. Vuletić, 2 M. D. Lukin, 3 and A. V. Gorshkov 1

1 Joint Quantum Institute and Joint Center for Quantum Information and Computer Science,
National Institute of Standards and Technology and University of Maryland, College Park, Maryland 20742, USA

2Physics Department, Massachusetts Institute of Technology, Cambridge, Massachusetts 02138, USA
3Physics Department, Harvard University, Cambridge, Massachusetts 02138, USA

We study non-perturbative e ffects in N -body scattering of Rydberg polaritons using e ffective field
theory (EFT). We develop an EFT in one dimension and show how a suitably long medium can
be used to prepare shallow N -body bound states. We then derive the e ffective N -body interaction
potential for Rydberg polaritons and the associated N -body contact force that arises in the EFT.
We use the contact force to find the leading order corrections to the binding energy of the N -body
bound states and determine the photon number at which the EFT description breaks down. We
find good agreement throughout between the predictions of EFT and numerical simulations of the
exact two and three photon wavefunction transmission.

PACS numbers: 42.50.Nn, 32.80.Ee, 34.20.Cf, 42.50.Gy

Photons can be made to strongly interact by dress-
ing them with atomic Rydberg states under conditions
of electromagnetic induced transparency (EIT) [1–3].
Probing such Rydberg polaritons in the few-body limit,
recent experiments were able to observe non-perturbative
effects including the formation of bound states [4], single-
photon blockade [5–7] and transistors [8–10], and two-
photon phase gates [11]. Theoretical work on quantum
nonlinear optics with Rydberg polaritons has focused on
two-body effects or dilute systems [2–5, 12–17]; however,
these theoretical methods often fail in dense systems with
more than two photons.

E ffective field theory (EFT) aims to describe low en-
ergy physics without resorting to a microscopic model at
short distances or high energies [18]. In few-body sys-
tems, it is a useful approach to describe particle scat-
tering and bound states when the momentum k involved
is much less than the inverse range of the interactions
[19, 20] At the two-body level, the EFT depends only
on the scattering length a2 . For scattering at momenta
ka2 1, one can solve the EFT perturbatively [20, 21].
However, describing unitarity ( a2 � ∞ ) or bound states
requires inclusion of all orders in perturbation theory,
which can be re-summed, provided the EFT parameters
are properly renormalized [22, 23].

In this Letter, we develop an EFT for dispersive N -
body scattering of Rydberg polaritons. We calculate the
two-photon transmission and compare to numerical sim-
ulations, finding good agreement when the photon sepa-
ration is less than the EIT group delay. We then show
how a long one dimensional (1d) medium can be used
to prepare shallow N -body bound states. We derive the
N -body interaction potential that arises from Rydberg
blockade. We show how these potentials give rise to a
contact forces in the EFT, which lead to perturbative
corrections to the N -body binding energy up to a critical
value of N , past which the EFT breaks down.

A schematic of a Rydberg polariton transmission ex-
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FIG. 1: (a) Rydberg polariton transmission experiment: an
atomic cloud is probed with a few-photon beam, focused into
a 1d channel, and a classical control field. Under dispersive
conditions, the total energy ν and number N of probe pho-
tons are conserved. (b) Interaction potential V ( r ) = C 6 /r

6

for two 100S 1/ 2 Rydberg states in 87 Rb. The range is given
by the blockade radius r b. (Inset) Level diagram of an in-
teracting atom for di fferent r . (c) Dimensionless density
n(z ) /n (0) = exp( − z2 / 2σ2

ax ) and inverse scattering length
r b/a 2 (z ) for σax = 36 µm, r b = 18 µm, OD = 25, Ω/ 2π =
5 MHz, and ∆ / 2π = 20 MHz.

periment is shown in Fig. 1(a) [14]. A spatially inhomo-
geneous atomic cloud is probed with a classical control
field, with frequency ωc and Rabi frequency Ω, and a
few-photon probe beam focused into a 1d channel. The
control and probe beams are configured for EIT on a two-
photon resonance from the ground state |g to a Rydberg
state |s via an intermediate state |p . We analyze the
dispersive limit where the detuning of the control field
∆ = ωps − ωc is much greater than the p-state halfwidth
γ ; here ωab is the atomic transition frequency from |a
to |b . For large enough atomic density n(z), the probe
photons transform into Rydberg polaritons upon entering
the medium because the collective, single-photon Rabi

ar
X

iv
:1

60
5.

05
65

1v
1 

 [p
hy

si
cs

.a
to

m
-p

h]
  1

8 
M

ay
 2

01
6

Rydberg-EIT 
medium

FIG. 1: Rydberg polariton transmission experiment: an atomic cloud is probed with a few-photon beam,

focused into a 1D channel.

[1] E. Zeuthen, M. J. Gullans, M. F. Maghrebi, and A. V. Gorshkov, arXiv:1608.06068 (2016).

[2] C. R. Murray, A. V. Gorshkov, and T. Pohl, New J. Phys. 18, 092001 (2016).

[3] M. J. Gullans, J. D. Thompson, Y. Wang, Q.-Y. Liang, V. Vuletić, M. D. Lukin, and A. V. Gorshkov,

Phys. Rev. Lett. 117, 113601 (2016).
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Route to Coherent Electronics 

Eleftherios	Goulielmakis	

Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany 
	

Laser-driven	 generation	 of	 coherent	 radiation	 in	 bulk	 solids	 extending	 up	 to	 the	 extreme	
ultraviolet	part	of	the	spectrum	[1]	has	recently	open	up	completely	new	possibilities	for	study	
of	 electronic	 phenomena	 which	 lie	 beyond	 the	 scope	 of	 standard	 condensed	 phase	 physics	
spectroscopies.	I	will	present	how	previous	[2]	and	new	tools	of	attosecond	metrology	[3][4]	can	
now	allow	us	 to	gain	detailed	 insight	 into	 the	 fundamental	microscopic	processes	 responsible	
for	 the	 EUV	 emission	 in	 solids.	We	will	 show	 that	
this	 emission	 is	 in	 reality	 a	 macroscopic	 probe	 of	
nanoscale	 intraband	 coherent	 electric	 currents	 [5]	
the	 frequency	 of	 which	 is	 extending	 into	 multi-
Petahertz	 range.	 On	 the	 basis	 of	 these	 findings,	 I	
will	 try	to	persuade	you	that	we	are	now	entering	
the	 realm	 of	 coherent	 electronics.	 A	 regime	 in	
which	electronic	circuitry	can	be	conceived	on	the	
atomic	 level	 and	 where	 electronic	 properties	 of	
materials	 can	 be	 accessed	 [5]	 and	 controlled	 on	
attosecond	time	scales.	

[1] Luu T.T. et al., Nature 521,498  (2015),[2] Goulielmakis 
E. et al., Science 305, 1267 (2004) [3] Wirth A. et al., Science 
334, 195 (2011). [4] Hassan M. Th et al., Nature 530, 66 ( 
2016) , [5]Garg  et .al., Nature  538, 359 (2016),  
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Theoretical investigation of the spatial resolution of Tip-Enhanced Raman Spectroscopy 

S. Kupfer, D. Kinzel, S. Trautmann, T. Bocklitz, V. Deckert, S. Gräfe,  
Institute for Physical Chemistry, Friedrich-Schiller-University Jena, Germany 

Very recently, there has been strong experimental evidence for sub-nanometer spatial resolution in tip-
enhanced Raman spectroscopy (TERS), which is a combination of Raman spectroscopy and scanning probe 
microscopy. In an experiment in the group of V. Deckert (Jena), an AFM tip, coated with silver nanoparticles 
of about 10-20 nm radius to be plasmonically active, was stepping along the single-stranded DNA with a 

predefined base sequence. As both, the distance of the bases 
(≈ 0.6 nm) and the base sequence is known, the DNA strand 
serves as a nanometer-ruler. Single sharp transitions from 
one nuclear base to the next were observed, strongly 
suggesting a lateral resolution below 1nm.  

The experimental results are very surprising, as they for the 
first time demonstrate unambiguously that with a tip of 10 
nm radius, nanometer or even sub-nanometer resolution of 
individual molecules can be achieved, enabling investigation 
on a single molecule level with high chemical sensitivity. In 
order to address the question on the spatial resolution, two 
effects need to be considered: the electromagnetical, leading 
to field enhancement near the apex of the tip, and the 

chemical, originating from the close vicinity of the silver tip and the sample molecule. In this talk, we will 
present results of our investigation, thereby focusing on the description of the chemical effect by means 
of a full quantum chemical description at different levels of theory. We select one sample molecule (e.g. 
an adenine nuclear base) and scan the position of the tip, modeled as a single silver atom or a small silver 
cluster, and calculate the resulting Raman spectrum as a function of the tip position. Pronounced changes 
in the Raman patterns and the intensities can be found. Our results suggest that the spatial resolution can 
indeed be on the nanometer range or even below. 

Ref: F. Latorre et al. “Spatial resolution of tip-enhanced Raman spectroscopy - DFT assessment of the chemical 
effect.” Nanoscale 8, 10229–10239 (2016). 
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Rydberg Blockade, from quantum gates to quantum simulations.  
 

Philippe Grangier,  
Institut d’Optique and CNRS, F91127 Palaiseau, France 

philippe.grangier@institutoptique.fr 
 
Rydberg Blockade has been proposed a long time ago as a versatile tool for many tasks in 
quantum information, ranging from quantum gates between atomic qubits [1] to « giant » optical 
non linearities for photonic quantum gates [2].  
During the last ten years many experiments have been realized, with spectacular results (the good 
side) but also unexpected difficulties (the bad side for applications, though this may open quite 
interesting physics questions). In this talk and in the next session, many of these results and 
challenges will be reviewed, including both the experimental (Saffman, Porto, Hofferberth) and 
the theoretical (Lesanovsky, Gorshkov) points of view.  

In this talk I will focus on recent results obtained at Institut d’Optique in Palaiseau, France, and 
concerning (i) the behaviour of Rydberg-induced photonics non-linearities for an atomic cloud 
inside an optical cavity [3], see Fig. 1, and (ii) the Rydberg-induced interactions between single 
atoms confined in controllable arrays of tweezer traps [4,5], see Fig. 2. The talks in the following 
session will speak about perspectives for quantum computing, quantum simulations, quantum 
photonics, and more generally about the physics of such strongly coupled quantum systems. 

 
Figure 1: (a) Two pulses of probe and control 
field are sent onto the medium and the properties 
of transmitted probe beam are studied.  
(b) An ensemble of 87Rb atoms are loaded in a 
crossed dipole trap within a cavity and excited to 
Rydberg states by the control and probe beams.  

 
 
Figure 2: An array of micro-traps is created by 
imprinting an appropriate phase on a dipole-trap 
beam. Site-resolved fluorescence of the atoms is 
imaged on a camera using a dichroic mirror (DM). 
The inset shows the measured light intensity for an 
array of 19 traps. The atoms are excited to Rydberg 
states using a two-photon transition. 

 
[1] Fast Quantum Gates for Neutral Atoms, D. Jaksch, J. I. Cirac, P. Zoller, S. L. Rolston, R. Côté, and M. D. Lukin, 
Phys. Rev. Lett. 85, 2208 (2000)  
[2] Dipole Blockade and Quantum Information Processing in Mesoscopic Atomic Ensembles,  M. D. Lukin, 
M. Fleischhauer, R. Cote, L. M. Duan, D. Jaksch, J. I. Cirac, and P. Zoller, Phys. Rev. Lett. 87, 037901 (2001)  
[3] Rydberg-induced optical nonlinearities from a cold atomic ensemble trapped inside a cavity, R. Boddeda, 
I. Usmani, E. Bimbard, A. Grankin, A. Ourjoumtsev, E. Brion and P. Grangier, J. Phys. B  49, 084005 (2016)  
[4] Tunable two-dimensional arrays of single Rydberg atoms for realizing quantum Ising models, H. Labuhn, 
D. Barredo, S. Ravets, S. de Léséleuc, T. Macrì, T. Lahaye, A. Browaeys, Nature 534, 667–670 (2016)  
[5] An atom-by-atom assembler of defect-free arbitrary two-dimensional atomic arrays,   
D. Barredo, S. de Léséleuc, V. Lienhard, T. Lahaye, A. Browaeys, Science 354, 1021-1023 (2016) 
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Multidimensional QED cascades and QED vacuum nonlinearities 
 

T. Grismayer1, M. Vranic1, P. Carneiro1, R.A. Fonseca1, 2, L.O. Silva1 

 

1 GoLP/Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Universidade de 
Lisboa, Lisbon, Portugal 

2 Instituto Universitário de Lisboa (ISCTE-IUL), Lisboa, Portugal 
	
Seeded QED cascades in ultra-intense 

counter propagating lasers: In this configuration, 
the stimulated pair production is a two-step 
process: nonlinear Compton scattering (emission 
of a hard photon) + Breit-Wheeler (decay of a 
hard photon into a pair). We have investigated the 
pair cascades seeded by electrons in counter-
propagating lasers pulses for ELI parameters. The 
self-consistent modeling of these scenarios is 
challenging since some localized regions of ultra-
intense field will produce a vast number of pairs 
that may cause memory overflow during the 
simulation.  To overcome this issue, we have 
developed a merging algorithm [1] that allows 
merging a large number of particles into fewer 
particles with higher particle weights while 
conserving local particle distributions. This 
algorithm is crucial to investigate the laser 
absorption in self-generated pair plasmas. During 
the interaction, the laser energy is converted into 
pairs and photons and the absorption become 
significant when the plasma density reaches the 
critical density. With the results of 2D and 3D 
PIC-QED simulations (Fig. 1), we will present the 
growth rates [2] of the pair cascades and their 
dependence on the initial intensity of the lasers 

and on the polarization.  A simple analytical 
model for pair cascade will be compared with the 
numeric al results. We will additionally show the 
respective fraction of laser energy transferred into 
pairs and photons for various configurations. 
Finally the efficiency of the laser absorption will 
be discussed [3] 

QED vacuum polarization: Within the 
framework of QED, the second order process of 
photon-photon scattering mediated through the 
exchange of virtual electron-positron pairs leads 
to a set of corrected Maxwell's equations, 
effectively creating a non linear polarization and 
magnetization of the vacuum. To study this 
interaction, we incorporated a robust solver [4] in 
the OSIRIS.  We are thus able to self consistently 
solve the nonlinear Maxwell's equations for a 
broad set of initial conditions. Our simulations 
confirm the theoretical prediction of vacuum 
birefringence of a pulse propagating in the 
presence of an intense background field. Our 
work also shows the generation of high harmonics 
when two counter-propagating pulses interact. A 
perturbative analysis yields an exact form for the 
self-consistent fields in this setup, which closely 
agrees with the simulation results obtained.  

 
[1] M. Vranic and T. Grismayer et al. Comp. 
Phys. Comm. 191, 65 (2015)  
[2] T. Grismayer et al. submitted to PRE, 
Arxiv 1511.07503 (2015) 
[3] T. Grismayer et al.   Phys. Plasmas, 23, 
056706 (2016) 
[4] P. Carneiro, T. Grismayer et al. submitted 
to CPC, arxiv:1607.04224 (2016) 
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Figure 1: Development of a 3D cascade. The 
magnitude of the electric field resulting from the 
beating of the two lasers is represented by the color 
bar. The curved lines with arrows represents the 
electric field lines.  
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Collective Strong Coupling in X-ray Quantum Optics 

J. Haber1, X. Kong2, L. Bocklage1, S. Willing1, J. Gollwitzer1,  A. Palffy2, R. Röhlsberger1 

1
Deutsches Elektronen-Synchrotron, Notkestrasse 85, 22607 Hamburg

 

2
Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg 

The field of quantum optics has yielded huge successes in the coherent control of light, matter, 

and their interaction. An extension of these successes to frequency ranges corresponding to the 

x-ray regime would be highly desireable, not just as a field of basic research, but also with a 

view towards the ongoing development of 4-th generation x-ray sources in the form of x-ray 

free electron lasers. A more thorough control of the statistical and spectral properties of the 

light emitted by these sources will enhance the use of these machines for x-ray spectroscopies 

of unprecedented precision and reach.  

The core requirement for almost all sophisticated quantum optics setups and schemes is the 

achievement of the strong coupling regime in cavity quantum electrodynamics.  There, the 

coupling between light and matter leads to the formation of distinct eigenmodes showing an 

energy splitting, and the periodic exchange of a photon between the electromagnetic field and 

an atom.  

Although x-ray cavity quantum electrodynamics based on 

thin-film cavities is a burgeoning field [1,2,3], strong 

coupling with this system has eluded researchers so far. 

The reason is the comparatively weak reflection of the x-ray 

mirrors even in grazing incidence. We have devised a novel 

setup, based on two coupled cavities, each of which 

contains an ensemble of resonant 57Fe nuclei which weakly 

couples to the cavity mode. The coupling of the cavity 

modes results in the formation of several supermodes, 

which couple to both ensembles. Adiabatically eliminating 

the modes reveals an effective interaction term between 

the two ensembles. When the whole system is detuned 

from the supermodes, the effective interaction term 

dominates over the cavity-enhanced decay term of the 

individual layer excitations. Thus, strong coupling between 

the two layers is achieved. We confirm this by exciting the 

system with pulsed synchrotron radiation and monitoring 

both the energy-dependent reflectivity as well as the 

temporal decay. The latter shows Rabi-oscillations, the tell-

tale sign of strong coupling. 

 
[1] R. Röhlsberger et al.: Collective Lamb shift in single-photon superradiance. Science 328, 1248 

[2] R. Röhlsberger et al.: Electromagnetically induced transparency with resonant nuclei in a cavity. Nature 482, 199 

[3] K. Heeg et al.: X-ray quantum optics with Mössbauer nuclei embedded in thin-film cavities. PRA  88, 043828 

Fig. 1 Top: Sketch of the thin-film double 
cavity in reflection geometry. The layers 
as well as the standing wave of the 
supermode are indicated. Bottom: 
Observation of the Rabi-oscillations in the 
temporal decay of the cavity illuminated 
by a pulsed beam. 
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Towards microwave-to-optical conversion in magneto-
optical resonators 

James Haigh1*, Andreas Nunnenkamp2, Nick Lambert2, Andrew Ramsay1, and Andrew 

Ferguson2 
1Hitachi Cambridge Laboratory, Cambridge CB3 0HE, United Kingdom, 
2Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, United Kingdom 

 

 
 

Implementing microwave frequency qubits in future quantum networks will require coherent interconversion 

between single optical and microwave photons. Recent progress towards this goal has been made in cavity 

optomechanics, where the position of a mesoscopic object modulates the frequency of both microwave and 

optical cavities [1]. To compliment optomechanics, it may be worth considering alternative collective modes 

that could be coupled to optical and microwave systems in a similar way. The magnetization dynamics in 

ferromagnetic materials represents one such possibility. Here we explore the prospects of using magneto-

optical resonators to achieve microwave-to-optical conversion. 

On the microwave side, magnetization dynamics in yttrium iron garnet can be easily coupled to microwave 

resonators and reach the strong coupling limit. This coupling is resonant, differently from the parametric 

coupling in optomechanics, and it has recently been shown that this coupling allows measurements to be 

made at the single magnon level [2]. 

On the optical side, we have recently demonstrated that transparent magnetic spheres support optical 

whispering gallery modes similar to those in non-magnetic dielectrics. The direction of the ferromagnetic 

moment couples to the optical modes via the Faraday and Voigt effects. In our experiments, the 

ferromagnetic excitations, magnons, play an analogous role to phonons in cavity optomechanics, but in 

addition can easily be tuned by an external magnetic field. This additional possibility should allow for novel 

applications in quantum and classical magneto-optics. An enhancement in magnon Brillouin light scattering is 

demonstrated in these magneto-optical resonators tuned to a triple-resonance point [3]. This occurs when 

both the input and output optical modes are resonant with those of the whispering gallery resonator, with a 

separation given by the ferromagnetic resonance frequency. We briefly compare the parameters measured in 

our magneto-optical resonators to those in optomechanics experiments and comment on future possibilities 

in this system. 

[1] R. W. Andrews, R. W. Peterson, T. P. Purdy, K. Cicak, R. W. Simmonds, C. A. Regal, and K. W. Lehnert, “Bidirectional 
and efficient conversion between microwave and optical light,” Nat Phys 10 321 (2014). 
[2] D. Lachance-Quirion, Y. Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R. Yamazaki, and Y. Nakamura, “Resolving magnon 
number states in quantum magnonics,” arXiv:1610.00839 (2016). 
[3] J. A. Haigh, A. Nunnenkamp, A. J. Ramsay, and A. J. Ferguson, “Triple-Resonant Brillouin Light Scattering in Magneto-
Optical Cavities,” Phys. Rev. Lett. 117 133602 (2016). 

*jh877@cam.ac.uk 
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Cavity QED on an Optical Nanofiber 

Kohzo Hakuta 
Center for Photonic Innovations, University of Electro-Communications, Chofu, Tokyo, Japan 

We discuss cavity-QED with tapered optical fibers having sub-micron waist, termed as optical 
nanofibers. A key point of the nanofiber method is to establish a strong transverse-confinement of the 
photon-mode density around a nanofiber. As a consequence of the strong transverse confinement, the 
cavity-QED condition can be achieved by rather moderate cavity parameters compared to those in the 
traditional free-space cavity-QED. Even for the strong coupling, necessary cavity finesse may be around 
100 or less with a cavity length of cm or m [1]. We show two methods to incorporate a cavity structure 
into a nanofiber system. One is to directly fabricate periodic nanostructures on a nanofiber through a 
femtosecond laser irradiation, leading to high-quality nanofiber FBGs [2,3]. (Fig. 1) Various 
cavity-QED conditions can be realized using cavities created by a pair of nanofiber FBGs. The other is a 
composite method which does not fabricate directly on a nanofiber. In this method, cavities are created 
by mounting a nanofiber on an external nanostructured grating. (Fig.2) Cavity-QED characteristics are 
discussed by combining a composite cavity and a single q-dot [4].  
References: 
1. Fam Le Kien and K. Hakuta, Physical Review A, 80, 053826 (2009). 
2. K. P. Nayak and K. Hakuta, Optics Express, 21, 2480 (2013). 
3. K. P. Nayak, P. Zhang, and K. Hakuta, Optics Letters, 39, 232 (2014). 
4. R. Yalla, M. Sadgrove, K. P. Nayak, and K. Hakuta, Physical Review Letters, 113, 143601 (2014). 
 
 
 
 
 
 
 
 
 
 

 
 

 

Fig, 2: Schematic diagram of the composite nanofiber cavity.	 	

 

Fig. 1: SEM image of a laser-fabricated FBG on a nanofiber. The nanofiber diameter is 600 nm. 
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Active Plasmonic Devices and Processes 

N. J .Halas, Rice University 

Interest in the active control of plasmonic properties by external means, such as applied voltages, has led 

to an intensely growing interest in new plasmonic materials such as graphene. Conversely, there has also 

been ongoing interest in the use of plasmonic characteristics such as near-field enhancements and 

photothermal effects to modify and modulate properties and processes in adjacent materials.  In our talk 

we will address both approaches.  I. While graphene plasmonics has been well-studied in the IR, shifting 

the plasmon resonance of graphene to the visible region of the spectrum would require extremely small 

graphene structures with dimensions smaller than can be fabricated by the best currently available top-

down fabrication methods. This is the length scale of polycyclic aromatic hydrocarbon (PAH) molecules, 

which can be regarded as picoscale versions of graphene, edge-passivated with hydrogen atoms.  Recent 

theoretical studies have predicted that charged PAH molecules with partially filled orbitals can possess 

molecular plasmon resonances.  While neutral PAH molecules exhibit large energy gaps, rendering them 

transparent in the visible region of the spectrum, the addition of removal of one or more electrons leads 

to strong absorption features in the visible wavelength range.[1] Experimentally, PAHs can be 

incorporated into planar device geometries where they show outstanding potential as low-voltage, fast 

electrochromic media suitable for applications ranging from nanoscale optical components to large-area, 

color-changing walls or windows.  

II. There has been growing interest in the solar illumination of nanoparticles and nanostructured materials 

that capture light energy efficiently, enabling localized, confined heating at the liquid-vapor interface to 

vaporize liquids at high efficiency[2,3].  Just as there are many fundamental aspects of this problem to 

investigate there are an increasing number of applications for this process, such as solar distillation.  We 

will discuss how nanoparticle-mediated, light-induced phase separation can be used for water 

purification, transforming membrane distillation, an energy-intensive conventional process, to a far 

higher-efficiency, scalable, all-solar process. 

1.  Adam Lauchner, Andrea E. Schlather, Alejandro Manjavacas, Yao Cui, Michael J. McClain, Grant J. Stec, F. Javier 
García de Abajo, Peter Nordlander, and Naomi J. Halas, “Molecular Plasmons”, Nano Lett. 15, 6208-6214 (2015). 
2. Nate Hogan, Alex Urban, Ciceron Ayala-Orozco, Alberto Pimpinelli, Peter Nordlander and Naomi J. Halas, 
“Nanoparticles heat through light localization”, Nano Letters 14, 4640-4645 (2014). 
3. Oara Neumann, Albert D. Neumann, Edgar Silva, Ciceron Ayala-Orozco, Shu Tian, Peter Nordlander, and Naomi J. 
Halas, “Nanoparticle-mediated, Light-Induced Phase Separations”, Nano Letters 15, 7880-5 (2015). 
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Electric Dipole, Magnetic Dipole, and Quadrupole Transitions
in Fine and Hyperfine Structures of Atomic and Nuclear System

Kyong Chol Han1

1Institute for Quantum Science and Engineering,
Texas A&M University, College Station, TX 77843

(Dated: December 10, 2016)

In time-independent perturbation theory of quantum mechanics [1], perturbation of the Hamil-
tonian for an hydrogen-like atom gives fine structure terms as written by

Wf = − p4
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2
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When the outer electron of the atom moves in electromagnetic field caused by the proton in its
nucleus, an additional lower order term called hyperfine structure arises:

Whf = − µ0gpe
2

8πmpme
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Meanwhile, in time-dependent perturbation theory, perturbing Hamiltonian can be written as

H1 =
eA0
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)
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)
ε̂ · p, (3)

If the wavelength of the type of electromagnetic radiation that induces during transition between
different atomic states is much larger than the typical size of a light atomwhere the exponential
term can be expanded as
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[
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c

)
n · x

]
= 1 + i

ω

c
n · x + . . . . (4)

It classifies contributions due to the electric dipole, magnetic dipole, and electric quadrupole transi-
tions between two atomic states(refer to Ref.[1]). Depending on initial and final states of the atom,
the selection rules give which transition is dominant in the transitions between particular atomic
states

Analyzing previous works [2–6] conducted by others, I will present which transitions contribute
dominantly in the transitions between states in fine structure and hyperfine structures for hydrogen,
lithium, and helium atoms. Plus, I will present feasibilities whether we can carry out similar works
for nuclear systems.

[1] R. Fitzpatrick, Quantum Mechanics, https://farside.ph.utexas.edu/teaching/qm/Quantum/

Quantumhtml.html (2016), [Online; accessed 12-December-2016].
[2] W. E. Lamb Jr and R. C. Retherford, Physical Review 79, 549 (1950).
[3] W. E. Lamb Jr and R. C. Retherford, Physical Review 81, 222 (1951).
[4] H. A. Bethe and E. E. Salpeter, Quantum mechanics of one-and two-electron atoms (Springer Science

& Business Media, 2012).
[5] T. Zelevinsky, Ph.D. thesis, Harvard University Cambridge, Massachusetts (2004).
[6] R. J. Gould, The Astrophysical Journal 423, 522 (1994).
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Observation of quantum optomechanical effects in a liquid 
 
J. G. E. Harris1,2, A.D. Kashkanova1, A.B. Shkarin1, C.D. Brown1, N.E. Flowers-Jacobs1, L. 
Childress1,3, S.W. Hoch1, L. Hohmann4, K. Ott4, J. Reichel4 

1 Department of Physics, Yale University, 217 Prospect Street, New Haven, CT, 06520, USA 
2 Department of Applied Physics, Yale University, 15 Prospect Street, New Haven, CT, 06520, USA 
3 Department of Physics, McGill University, 3600 Rue University, Montreal, Quebec H3A 2T8, Canada 
4 Laboratoire Kastler Brossel, ENS-PSL Research University, CNRS, UPMC-Sorbonne Universités, Collège 
de France, F-75005, Paris, France 
 

Superfluid helium offers a number of outstanding features for quantum optomechanical systems. 
Its optical absorption is exceptionally low, owing to its large bandgap (19 eV) and the complete 
absence of impurity atoms in carefully prepared samples. It offers high thermal conductivity at 
cryogenic temperatures, and can cool itself via evaporation. As with any liquid, it can conformally 
fill or coat an optical resonator, removing the need for in situ alignment. But unlike all other liquids, 
its viscosity vanishes and it does not solidify even at zero temperature. In addition to these technical 
advantages, superfluid He offers degrees of freedom that are novel to the field of optomechanics: the 
motion of vortex lines, of the fluid’s free surface, and of electrons bound to its surface. 

To begin to explore these new possibilities, we have developed an optomechanical cavity in which 
a pair of mirrors are immersed in superfluid liquid He. These mirrors confine paraxial modes of light 
and sound in the superfluid (Fig. 1). Optomechanical coupling arises because the density profile of 
one acoustic mode may shift the frequency of an optical mode; this detuning is proportional to the 
instantaneous “displacement” of the acoustic mode, and so the coupling is of the standard form: 

† †
int 0 ( )H g a a b b= +  where a and b are photon and phonon annihilation operators, and the coupling 

rate g0 is set by the amplitude of the acoustic mode’s zero-point fluctuations and by overlap between 
the optical and acoustic modes. 

We verify the form of this coupling via measurements of optomechanically induced transparency, 
and find that the value of g0 agrees with a priori estimates. We also find that the optical cavity’s 

performance is not compromised by filling it with 
superfluid He. The acoustic modes’ damping is also 
found to agree with a priori estimates, and is 
dominated by three-phonon scattering for T > 200 
mK, and phonon radiation into the mirrors for T < 200 
mK. 

When the acoustic mode is in thermal 
equilibrium, the Stokes- and anti-Stokes sidebands 
leaving the cavity show that the mode temperature 
can be cooled by the refrigerator to T = 80 mK, 
corresponding to a mean phonon number ~ 5. We find 
that the Stokes and anti-Stokes sidebands exhibit the 
asymmetry expected from standard quantum 
optomechanics theory, and that related effects appear 
in the cross-correlations between the two sidebands. 
These effects are typically interpreted as reflecting a 
combination of the acoustic mode’s zero-point 
motion, and of the quantum back-action from the 
measurement beam. 

 
Fig. 1: Top: Illustration of the device, in which an 
optic/acoustic cavity is formed between the end 
faces of two optical fibers. The cavity is in a brass 
cell that is thermally anchored to a dilution 
refrigerator and filled with superfluid helium. 
Bottom: Illustration of the co-localized optical and 
acoustic modes. 
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Light Scattering from Cold Rubidium Atoms

M.D. Havey,1 Kasie J. Kemp,1 Stetson J. Roof,1 William Guerin,2 I. M. Sokolov,3 and D.V. Kupriyanov3

1Department of Physics, Old Dominion University, Norfolk, VA 23529
2Institut Non Linaire de Nice, CNRS, Université de Nice Sophia-Antipolis, 06560 Valbonne, France
3Department of Theoretical Physics, State Polytechnic University, 195251, St.-Petersburg, Russia

Recent research has shown that a dense, cold, and nondegenerate sample of atoms, subject to near resonance
optical excitation, can show surprising physical responses significantly different than the corresponding warmer
atomic gas. Among the intriguing effects are subradiant or superradiant optical response for spatially extended
and quite low density samples. For cooperative behavior like subradiance or superradiance, one emerging picture is
that the atomic gas is collectively excited by a weak and near-resonance probe, and that the radiative dipole-dipole
interaction leads to cooperative coupling among all the particles in the system. The presence of the longer
range part, scaling as (1/kr), can lead to substantial effects even at relatively low atomic densities. Even when
interactions are small, an atomic sample can reveal collective behavior in fluorescence channels. Such behavior
emerges directly as a function of the on-resonance optical depth, detuning from atomic resonance, and sample
geometry, but the natural scale parameter is the on resonance optical depth.

We have performed both quasi steady state and time resolved experiments which investigated, over a fairly wide
range of atomic sample characteristics, the intensity and time evolution of light scattered from a dense and
cold atomic gas of atomic rubidium. The steady state measurements showed strong variations in the intensity
of scattered light as a function of experimental variables such as sample aspect ratio, number of atoms in the
sample, and spectral detuning. All these data show the same scaling with optical depth; both microscopic
quantum simulations and a random walk calculations yield good agreement with experiment. In time resolved
measurements, done in a single photon regime, we have observed super radiant emission in the near forward
direction. The rate of decay in a range around 2 ns → 20 ns is found to scale linearly with the on resonance optical
depth; the rate is in good agreement with a coupled dipole model of the process.

In this talk we summarize the results of the studies described above. As time allows, we also discuss experiments
now under development where we revisit an older effect, coherent backscattering (CBS) enhancement of light
from cold rubidium atoms, but under quite different conditions. These experiments explore: (a) CBS from
a dense atomic sample, but far from resonance. For some detunings and polarization channels, an antien-
hancement has been theoretically predicted; (b) The role of a coherent control field on the albedo and on the
CBS signal when the control field is in a deeply Raman range of detunings. Under these conditions, it has been
predicted that a diffusive quasiparticle can be created, retrieved, and made observable in the backscattering channel.

This research is supported by the National Science Foundation (Grants No. NSF-PHY-1068159 and NSF-PHY-
1606743).
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Nano-optical imaging of tip-surface interaction in monolayer WS2  

Zhe He1, Dmitri V. Voronine1,2, Zehua Han1,  

Jiangtan Yuan3, Alexander M. Sinyukov1, Yingchao Zhang1, Alexei V. Sokolov1,2,  

Zhenrong Zhang2, Jun Lou3, Jonathan Hu2, and Marlan O. Scully1,2,4 
1 Texas A&M University, College Station, TX 77843, USA 

2 Baylor University, Waco, TX 76798, USA 
3 Rice University, Houston, TX 77005, USA 

4 Princeton University, Princeton, NJ 08544, USA 

 

Two-dimensional transition metal dichalcogenides (TMDs) are promising materials 

because of their unique mechanical and optoelectronic properties. Particularly, the 

photo-response of the monolayer tungsten disulfide (WS2) shows intriguing 

properties due to formation of many-body excited states. Photo-induced 

quasiparticles in monolayer WS2 such as excitons can absorb surrounding electrons 

to form localized trion states. Both quasiparticles can be identified by 

photoluminescence spectra. 

Tip-enhanced 

photoluminescence (TEPL) 

benefits by a remarkable 

improvement in spatial 

resolution. The surface 

plasmon resonance of the 

silver nano-tip enhances the 

near-field optical signals by 

enabling the local 

confinement of the 

electromagnetic field. 

Previous studies showed that 

the enhancement may be 

quenched when the tip is in 

the quantum contact with a 

conducting substrate. This 

reduction happens because quantum tunneling occurs when the tip is close to a 

metallic substrate. Here, we studied this tip-surface interaction by nano-optical 

imaging. 

Speaker: Zhe He, Texas A&M University
Schedule: Thursday Afternoon Poster Session

PQE-2017 167



Toward custom design of diamond-based 

quantum sensors 

  

Philip Hemmer 

Electrical & Computer Engineering Department, Texas A&M University 

 

I discuss new ways to grow diamond that promise near-deterministic design of fluorescent color-

centers, optimized for quantum sensing applications. Briefly diamonds are grown around diamond-like 

organic seed molecules that have the dopant atoms needed for specific color centers, located in the 

correct approximate locations. It can be seen that this approach can give unprecedented control over 

the number and placement of color centers. In this talk I will discuss our first key success, which is 

growing diamonds under conditions where the seed molecules are stable, as well as current 

experiments.  
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Approaching quantum operation of a microwave-mechanical-optical transducer 
 

A. P. Higginbothama, P.S. Burnsa, R.W. Petersona, M. Urmeya, T. Menkea, N.S. Kampela, 
C.A. Regala, K.W. Lehnerta 

aJILA, University of Colorado and NIST, Boulder, CO, 80309-0440, USA 
 

Viewed as resources for quantum information processing, microwave and optical fields offer 
complementary strengths. Whereas in the microwave domain quantum information can be flexibly 
manipulated and stored, in the optical domain quantum information can be efficiently transported 
over kilometer distances, and at ambient temperatures. 

Motivated by these observations, we aim to create a quantum-compatible link between 
microwaves and optics using a mechanical resonator. An appealing application of this link would 
be creating a quantum network of optically-connected superconducting circuits. Such a network 
could transmit information with security guaranteed by physical laws, realizing a longstanding 
ambition of quantum information science. 

Our approach is to simultaneously couple one mode of a micromechanical oscillator to a 
resonant microwave circuit and a high-finesse optical cavity (Fig. 1a). In previous work, this 
system was operated as a classical converter between microwave and optical signals at 4 Kelvin, 
operating with 10% efficiency and 1500 photons of added noise [1]. If operated in the quantum 
regime, unity efficiency and noiseless conversion are theoretically possible. 

In this talk, I will discuss our efforts to operate a microwave-mechanical-optical transducer in 
the quantum regime. To improve transfer efficiency, we have implemented wireless microwave 
access to the converter chip. To improve noise performance, we now operate the converter at 0.1 
Kelvin. We have measured transfer efficiency in this regime, observed order-of-magnitude 
improvement in noise performance, and quantified effects from undesired interactions between the 
laser and superconducting circuit. Classical correlations between the microwave and optical fields 
have also been investigated, serving as a precursor to upcoming quantum operation (Fig. 1b). 

 

 

Figure 1. a Mechanical oscillator simultaneously coupled to resonant microwave circuit  and optical mode. 
b Optics y-quadrature vs microwave x-quadrature. Quadrature noise is uncorrelated with pumps off, but 
correlated with pumps on. 

References: 1) R. W. Andrews, R. W. Peterson, T. P. Purdy, K. Cicak, R. W. Simmonds, C. A. Regal, and K.W. 

Lehnert, Nature Phys. 10 (2014), 321–326. 
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Quantum Light Emission from Two-Dimensional Transition 

Metal Dichalcogenides 
 

Sven Höfling, Yu-Ming He, Oliver Iff, Nils Lundt, and Christian Schneider 
Technische Physik, University of Würzburg, Würzburg, Germany 

 

Abstract: Solid state quantum emitters are excellent candidates for on-chip quantum light emission, as 

they promise ultra-compact integration into complex devices and a vast flexibility of engineering their 

properties via advanced crystal growth and lithography techniques. While In(Ga)As quantum dots 

probably can still be considered as the prime example of a quantum emitter in solid and we will present 

high efficiency, high purity, and high indistinguishability of single photons emitted from semiconductor 

micropillar cavities, the emergent class of two dimensional transition metal dichalcogenides has recently 

been demonstrated to be an alternative single photon emitter. Interestingly, monolayers of WSe2 exposed 

to an open surface have been identified to host optically active defects which promote single photon 

emission, and as such represent a interesting class of solid state emitters. 

Here, we study the properties of optically active defects in WSe2, exfoliated on SiO2 as well as GaInP 

substrates. We unambiguously demonstrate single photon emission from such defects by measuring the 

second order autocorrelation function yielding a value of g2(0) < 0.3. By investigation the decay dynamics 

of such emitters, we map out a significant contribution of the dark state contribution, which is the ground 

state in WSe2, to the emission process. We furthermore verify that the integration of monolayers of 

transition metal dichalcogenides with epitaxially grown semiconductor material leads to a strong reduction 

of detrimental environmental effects, such as spectral jittering and uncontrolled charging, which paves the 

way towards a generation of high quality, bright quantum emitters and photon pair emitters in emerging 

two dimensional materials. 

We thank the state of Bavaria and the ERC grant UnLiMIt-2D for financial support. 

 

(left) High resolution microphotoluminescence spectrum of quantum dot like emitter in WSe2. (right) second 

order autocorrelation function of the emitter.  
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A single Rydberg superatom coupled to a quantized light field

C. Tresp,1, 2 C. Braun,1, 2 F. Christaller,1, 2 I.

Mirgorodskiy,1 A. Paris-Mandoki,1 and S. Hofferberth1, 2

15. Phys. Inst. and Center for Integrated Quantum Science and Technology,
Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany

2Department of Physics, Chemistry and Pharmacy,
University of Southern Denmark, 5230 Odense M, Denmark

Mapping the strong interaction between Rydberg excitations in ultracold atomic ensembles onto
single photons enables the realization of optical nonlinearities which can modify light on the level of
individual photons. This novel forms the basis of a growing Rydberg quantum optics toolbox, which
already contains photonic logic building-blocks such as single-photon sources, switches, transistors,
and conditional π-phase shifts.

Here, we discuss our recent experiments coupling an optical medium smaller than a single Rydberg
blockade volume to a few-photon probe field. As an application of this system, we realize a free-
space single-photon absorber, which deterministically absorbs exactly one photon from an input
pulse. This scheme is based on the saturation of an optically thick medium by a single photon due
to Rydberg blockade. We show that this system can be used for the subtraction of one photon from
the input pulse over a wide range of input photon numbers. Measuring both the transmitted probe
photons as well as the number of Rydberg atoms via pulsed field ionization, we can test the fidelity
of the Rydberg blockade mechanism with very high precision.

In the absence of dephasing, the fully blockaded ensemble undergoes collective Rabi oscillations.
Due to the large number of atoms in the blockaded volume and the efficient coupling to the probe
light mode, we achieve coherent coupling between the probe field and the effective Rydberg ”super-
atom” even if the probe pulse contains only a few photons. This enables us to study the dynamics
of a single two-level system strongly coupled to a quantized light field in free space.
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FIG. 1: (a): Sketch of the experimental setup to couple a single Rydberg ”superatom” to a weak probe field
at 780 nm via a strong coupling field at 480 nm. The fully blockaded atomic cloud forming the super atom
consists of ∼ 20000 87Rb in an optical tweezer. The transmission of probe photons through the medium
is monitored using four single-photon detectors. The presence of a Rydberg excitation is probed by field
ionization and subsequent detection of Rb+-ions on an ion detector. (b): Level scheme of for the superatom
dynamics including dephasing. The two-photon excitation leads to coupling of the ground state |g〉 and the
Rydberg state |r〉. If a Rydberg atom is present in the medium, strong Rydberg-Rydberg interaction V (r)
prohibits subsequent Rydberg excitations and therefore absorption of probe photons. Dephasing γ into the
many-atom dark-states results in a single Rydberg excitation decoupled from the probe light.
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Quantum	Inspired	Precision	Measurements	
John	Howell	

	
Department	of	Physics	and	Astronomy,	University	of	Rochester,	Rochester	NY	

14627	
	

	 Weak	values	amplification	techniques	have	proven	to	be	a	valuable	resource	
for	precision	measurements.		Weak	values	amplification	allows	an	increase	in	the	
shift	of	a	parameter,	but	at	the	cost	of	a	reduction	in	the	number	of	possible	
measurements.		I	will	discuss	these	tradeoffs	and	the	value	of	using	weak	value	
amplification	in	overcoming	technical	noise.		I	will	show	that	several	types	of	
technical	noise	can	be	suppressed,	such	as	laser	beam	jitter	and	detector	jitter.			I	
will	also	discuss	some	of	our	recent	efforts	which	have	allowed	us	to	measure	sub-
picoRadian	laser	beam	deflections	and	sub	microHz	Doppler	shifts.			

Speaker: John Howell, University of Rochester
Session: Quantum and Computational Imaging
Schedule: Monday Morning Invited Session 2

PQE-2017 172



Fischer information and resolution beyond the Rayleigh limit

Zdenek Hradil, Martin Paur, Bohumil Stoklasa, Libor Motka, Jaroslav Rehacek
Department of Optics, Palacky University Olomouc, Czech Republic

Luis L. Sánchez-Soto
Departamento de Óptica, Facultad de F́ısica, Universidad Complutense, Madrid, Spain

There are many problems where optics and quantum theory overlap, one of them being the fundamental limit
upon the resolution. The spatial resolution of any imaging device is restricted by diffraction, which causes a
sharp point on the object to blur into a finite-sized spot in the image. This intrinsic blurring is encoded in
the point-spread function, which hinders to distinguish two neighborhood points- an effect known as Rayleigh
curse. The same problem can be reconsidered from the perspective of quantum estimation theory, as done by
Tsang and coworkers [1]. Here the constraints on resolution are more fundamental and correspond to the so
called Fischer information and Cramér-Rao lower bound (CRLB) for parameter estimation. When only light
intensity at the image plane is measured on the basis of all the traditional techniques such as CCD detection, the
Fisher information falls to zero as the separation between two sources decreases in accordance with Rayleigh
curse. On the other hand, when the Fisher information is calculated for optimal measurement (Quantum
Fischer Information), it remains constant implying that the Rayleigh limit is subsidiary to the problem and
super-resolution is achievable [2].

We establish the conditions to attain the ultimate resolution predicted by quantum estimation theory for the
case of two incoherent point sources using a linear imaging system. The solution is closely related to the spatial
symmetries of the detection scheme. In particular, for real symmetric point spread functions, any complete set of
projections with definite parity achieves the goal [3]. The result is plotted in the enclosed Figure demonstrating
the performance of the scheme. The resolution depends on the type of the measurement. When the number of
measured channels increases, the Fischer information attains the limit Quantum CRLB with different speed.
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Fisher information attained by the first D projections on the Hermite-Gauss basis with arbitrarily
chosen σ = π (orange bars) and the point-spread-function-adapted measurement when applied to a
system with a sinc impulse response. The separation and the corresponding Rayleigh limit are in the
ratio 1 : π. More than a hundred of Hermite-Gauss projections must be measured to access 98.5% of
the Quantum Fisher information indicated by a horizontal red line, whereas just three projections
of the adapted measurement are sufficient.

[1] M. Tsang, R. Nair, and X.-M. Lu, Phys. Rev. X 6, 031033 (2016).
[2] M. Paur, B. Stoklasa, Z. Hradil, L. L. Sanchez-Soto, and J. Rehacek, Optica 3, 1144 (2016).
[3] J. Rehacek, M. Paur, B. Stoklasa, Z. Hradil, L.L. Sanchez-Soto, Optimal measurements for resolution beyond the

Rayleigh limit, accepted for publication in Opt. Lett. 2017
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Topological Photonic Crystals 
 

Xiao HU  
International Center for Materials Nanoarchitectonics (WPI-MANA) 

National Institute for Materials Science (NIMS), Tsukuba, Japan 
Hu.Xiao@nims.go.jp 

 
 

Abstract 
Topological photonic phenomena are attracting significant interests from viewpoints of 
both basic science and potential applications. We have proposed a new way to realize 
two-dimensional (2D) topological photonic crystals based on honeycomb lattice of 
dielectric cylinders [1]. Similar to graphene, Dirac-like linear frequency dispersions 
exist at K and K’ points for the neat honeycomb lattice. We show that deforming the 
honeycomb lattice in the designed way which preserves the C6V symmetry will open a 
frequency gap, accompanying with a band inversion between p-orbit- and d-orbit-like 

electromagnetic modes at  point. The system exhibits counter-propagating edge 
photonic modes with topological protection. Our theoretical prediction has been 
confirmed by recent experiments [2]. Because only dielectric material is used in the 
present approach, one can achieve topological photonic properties with working 
frequency of radio through visible lights by varying merely the lattice constant of 
photonic crystal. The idea has been extended to 2D waveguides, 3D photonic crystals, 
phononic and electronic systems [3-7], and is expected to be applicable to other 
quantum and classic systems, including surface plasmon polariton, BEC, and LC 
circuits. 
 
 
References: 
[1] L.-H. Wu and X. Hu: Phys. Rev. Lett. vol. 114, 223901 (2015). 
[2] Y.-T. Yang et al.: arXiv:1610.07780 (2016). 
[3] S. Barik et al.: N. J. Phys. vol. 18, 113013 (2016). 
[4] H. X. Wang et al.: Phys. Rev. B vol. 93, 235155 (2016). 
[5] C. He et al.: Nature Phys. (2016) DOI:10.1038/NPHYS3867. 
[6] L.-H. Wu and X. Hu: Sci. Rept. vol. 6, 24347 (2016). 
[7] T. Kariyado and X. Hu: arXiv:1607.08706 (2016). 
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Subcycle terahertz control of electronic quantum motion 
 

F. Langer, M. Hohenleutner, D. Peller, T. L. Cocker, J. Repp, R. Huber 

 

Department of Physics, University of Regensburg, Germany 
 

Light is an electromagnetic wave. Yet, when it interacts with matter, it often shows its corpuscular 
nature. Absorption of a photon, for instance, leads to a quantized excitation of an electron from one 
eigenstate to another. The advent of atomically strong laser pulses featuring a constant electric-field 
shape has opened the door to a new strong-field limit, where the lightwave acts like a classical 
acceleration force, field-ionizing an atom and accelerating the electron until it recollides with its 
mother ion. This is the process underlying high-harmonic and attosecond pulse generation [1]. 
Recently high-harmonic generation has also been found in crystalline solids. The lightwave-driven 
dynamics, however, are different from the atomic case since the electron moves in a lattice-periodic 
potential that gives rise to an electronic band structure. 
 

 
 
We employ atomically strong phase-locked light pulses in the terahertz range (1 THz = 1012 Hz) to 
generate high-harmonic radiation covering more than 13 optical octaves in bulk semiconductors. THz 
transients are ideally suited to act as classical driving fields since their photon energies are orders of 
magnitude below fundamental bandgaps of typical semiconductors [2]. We trace the electron dyna-
mics on time scales substantially shorter than a single oscillation cycle of the driving waveform and 
reveal a coherent interplay of dynamical Bloch oscillations and a novel strong-field quantum inter-
ference between various energy bands [3]. Strong THz fields can also accelerate and collide electrons 
and holes that form excitons in the dichalcogenide WSe2. This novel concept of a quasiparticle collider 
provides key insights into the structure and dynamics of quasiparticles in a similar way to how 
conventional accelerators expose the nature of elementary particles [4]. Finally, we combine the idea 
of lightwave electronics with the sub-angstrom spatial resolution of a low-temperature scanning 
tunneling microscope, to control the quantum motion of individual electrons in a single orbital of one 
molecule. Utilizing this process, we take the first-ever femtosecond snapshot images and movies of a 
single vibrating molecule directly in the time domain and do so with sub-angstrom precision [5]. Our 
results offer a radically new way of accessing the microcosm at optical clock rates. 
 

[1] P. B. Corkum and F. Krausz, Nature Physics 3, 381 (2007) 
[2] O. Schubert et al., Nature Photonics 8, 119 (2014)  
[3]  M. Hohenleutner et al., Nature 523, 572 (2015) 
[4] F. Langer et al., Nature 533, 225 (2016) 
[5]  T. L. Cocker, D. Peller et al., Nature 539, 263 (2016) 

Fig. 1 | a, Time structure (blue
curve) of THz-driven high-
harmonic pulses from bulk 
GaSe in direct comparison with
the driving THz waveform
(black curve). b, Femtosecond
snapshot of a single orbital of an
individual pentacence mole-
cule. Inset: Out-of-plane vibra-
tions of this single molecule are
directly resolved in space and 
time. 
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Do Hyperbolic Metamaterial Resonators Make Good Single Photon Sources?

Simon Axelrod, Mohsen Kamandar Dezfouli, and Stephen Hughes

Department of Physics, Engineering Physics and Astronomy, Queen’s University, Kingston, Ontario, Canada, K7L 3N6

Solid state optical structures such as photonic crys-
tals [1], slow-light waveguides [2], plasmonic nano-
structures [3] and metamaterial resonators allow for the
controlled enhancement of the photon local density of
states (LDOS) seen by embedded quantum emitters,
thereby increasing their spontaneous emission (SE)
rates via the Purcell effect. Such enhancement finds
application in areas such as molecule sensing, high-
resolution imaging, energy harvesting, nonlinear optics
and single photons sources [4].

A relatively new class of materials known as hyper-
bolic metamaterials (HMMs) offers the possibility of
achieving extreme confinement of light and increased
interaction with matter over a broad spectral range
[2, 5]. Such materials consist of both metal and dielec-
tric parts, and are sometimes described as having an
anisotropic dielectric tensor within an effective medium
description. The dielectric tensor elements ε‖ and ε⊥
are of opposite sign, corresponding to metallic or di-
electric properties along different axes, manifesting in
surfaces of constant frequency that are hyperbolic, ex-
tending to large values of k. The resulting momen-
tum mismatch between HMM and free-space electro-
magnetic fields results in strong confinement of light
around the structure [6]. Moreover, the isofrequency
dispersion allows dipole emitters to couple to a large
range of k-states at a single frequency, thereby increas-
ing the number of decay paths and the SE rates [5].

It has been suggested that one of the first applica-
tions of HMM nanophotonics could be single photon
sources, because of their broadband SE enhancement
and tunability [5]. It has also been suggested that the
method of light confinement in HMM cavity structures
is fundamentally different from the localized surface
plasmons of metals, being “electrodynamical” rather
than electrostatic in nature [7]. This electrodynamical
confinement, it has been argued, may reduce Ohmic
dissipation and increase quality factors compared to
metallic structures, implying that HMMs are better
single photon candidates than plasmonic resonators.

In this talk, we study HMM nano-structures using
a semi-analytical and intuitive modal approach, and
compare the associated SE enhancements and single
photon β-factors (quantum efficiency) with those of
plasmonic resonators. We first show that the photon
Green function of a complex, multi-layered HMM res-
onator can be simply and accurately described in terms
of its quasinormal modes (QNMs), the optical modes
for an open dissipative cavity structure [8]. Figure 1
shows a schematic of example metal and HMM res-

x
y

z

Figure 1: (a) Schematic of a gold nano-dimer. Each paral-
lelepiped is 95 nm in length, and 35 nm in depth and width; the
gap size is 20 nm. A y-polarized quantum dipole is shown in
the gap centre. (b) Schematic of an HMM dimer with 7 layers
of gold and 6 layers of dielectric (blue), with layers stacked in
the z-direction. (c) Purcell factor (SE enhancement factor) for
a y-polarized dipole in the gap centre of a gold nano-dimer. Full
dipole results are shown with red circles, and the result of a single
QNM expansion is shown in solid blue. (d) y-projected Purcell
factor in the gap centre for an HMM dimer of metal filling frac-
tion fm = 0.2, shown with the result of a full dipole calculation
and with an expansion of 3 QNMs.

onators and their computed enhanced SE factors at
gap center, using both full dipole and QNM compu-
tations. We find greatly enhanced SE rates for the
HMM, up to an order of magnitude greater than those
of metal resonators with comparable geometry, similar
to other works. However, we show that in all cases, the
single photon output β-factors are significantly lower
than those of plasmonic structures, decreasing mono-
tonically with the dielectric character of the resonator.
Using our QNM approach, we explain analytically and
through direct calculation why HMM resonators are
likely poor candidates for a single photon source [9].

[1] S. Hughes, Opt. Lett. 29, 2659 (2004).
[2] P. Yao, C. Van Vlack, A. Reza, M. Patterson, M. M. Dig-

nam, and S. Hughes, Phys. Rev. B 80, 195106 (2009).
[3] P. Anger, P. Bharadwaj, and L. Novotny, Phys. Rev. Lett.

96, 113002 (2006).
[4] D. E. Chang, A. S. Srensen, E. A. Demler, and M. D. Lukin,

Nat. Phys. 3, 11 (2007).
[5] C. L. Cortes, W. Newman, S. Molesky, and Z. Jacob, J.

Opt. 14, 063001 (2012).
[6] X. Yang, J. Yao, J. Rho, X. Yin, and X. Zhang, Nat. Pho-

ton. 6, 450 (2012).
[7] C. Wu, A. Salandrino, X. Ni, and X. Zhang, Phys. Rev. X

4, 021015 (2014).
[8] P. T. Kristensen and S. Hughes, ACS Photonics 1, 2 (2014).
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Maximum Work Extracted from an Energy Flow with Entropy Flux in Light-
harvesting System

Hui Dong1, Shanhe Su2, C.P. Sun2 and Marlan O. Scully1,3

1Institute of Quantum Science and Engineering, Texas A&M University, College Station, TX 77840
2Beijing Computational Science Research Center, Beijing, China

3Princeton University, Princeton NJ and Baylor University, Waco, TX

Recently, both  natural  and  artificial  light-harvesting  systems have  attracted  much  more  attentions,
mainly because of the eager to solve the energy crisis in the nearby future. Many studies focused on
primary sunlight energy capture and subsequent energy transfer. One key question is the energy transfer
efficiency in  one particular  process.  A straightforward  definition of  transfer  efficiency as  the  ratio
between  energy  output  and  input  leads  to  an  astonishing  violation  of  the  second  law of  thermal
dynamics.

The reason of this violation is that not all the energy output can be converted to useful work. We solve
this issue by deriving a correct formula for the maximum work extracted from a source of energy flow
with entropy flux as follow, 

( 1)
where   is the energy flow out the source,  and   is the entropy flux.  The current formula is
validated with the calculation output power of silicon solar-cell, and then applied to evaluate the energy
transfer efficiency in bacterial reaction centers. 
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Contactless non-linear optics using Rydberg atoms

Paul Huillery, Hannes Busche, Simon Ball, Theodora Ilieva, Matthew Jones, and Charles Adams
Joint Quantum Centre (JQC) Durham-Newcastle,

Department of Physics, Durham University, DH1 3LE United Kingdom

Photons do not interact with each other in vacuum
but can do so inside a non-linear medium. Moti-
vated by the ability to perform all-optical (quantum)
information processing or again to study many-body
physics with light, engineering effective photon-photon
interactions is a long standing goal in optics.

The recent development of new types of non-linear
media, such as cavity QED [1] or Rydberg ensem-
bles [2], has shown that one can engineer optical non-
linearity at the level of single photons [3]. Prototyp-
ical devices such as single-photon transistor [4][5], pi-
phased shifter [6] or even photon-photon quantum gate
[7] have been demonstrated. However, all experiments
to date employ photons that at some time interacted
with matter inside a common medium. Recently, we
have demonstrated photons that effectively interact at
a distance – across free space – without being inside
the same medium.

vacuum optics
= no interactions

non-linear optics
contactless

non-linear optics

FIG. 1. Conceptual illustration of contactless non-linear
optics

As illustrated on figure 1, such a conctactless non-
linear optical process removes the need for a common
medium and the geometrical restriction that light fields
need to overlap in order to interact. These extra de-
grees of freedom add to the non-linear optics tool-
box and could facilitate scalable photonic networks or
quantum simulation with photons.

In the experiments, we engineered this conctactless
interaction by coherently and reversibly mapping opti-
cal photons into collective atomic Rydberg excitations.
This allows to transfer the long-range dipolar interac-
tions between Rydberg atoms onto light fields.

In details, we tightly focus two optical fields at the
centers of two atomic ensembles where the photons
are stored as collective Rydberg excitations (Rydberg
spin waves), using Electromagnetically Induced Trans-
parency (EIT). While the photons are stored, the spa-
tially dependent Van der Waals interactions between
Rydberg atoms introduce non-uniform phase shifts in
the collective atomic excitations. That alters the mode
of the spin waves, and thus the one of the subsequently

FIG. 2. Photons, in side by side optical modes, are stored
as collective Rydberg excitations in two atomic ensembles
and then retrieved form the clouds. Interactions between
Rydberg atoms give rise to correletion between the re-
trieved photons. Quantified by the reduction of the proba-
bility to detect simultaneously photons in their initial opti-
cal modes, we can observe the distance dependence of the
interactions.

retrieved photons. By counting photons retrieved in
the initial, unperturbed, photon modes, the photon-
photon interaction is manifest as an anti-correlation in
the observed photon statistics. As shown on figure 2,
we have observed interaction between optical modes
separated by more than 10 micrometers, 15 times the
photons wavelength.

[1] A. Reiserer and G. Rempe, Rev. Mod. Phys. 87,
13791418 387 (2015)

[2] O. Firstenberg et al, J. Phys. B: At. Mol. Opt. Phys
49, 152003 (2016)

[3] E. D. Chang et al, Nature Phot. 8, 685694 (2014)
[4] D. Tiarks et al, Phys. Rev. Lett. 113, 053602 (2014)

[5] H. Gorniaczyk et al, Phys. Rev. Lett. 113, 053601
(2014)

[6] D. Tiarks et al, Sci. Adv. 2, 160036 (2016)
[7] B. Hacker et al, Nature 536, 193196 (2016)
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Towards cavity-enhanced single-rare-earth-ion detection 
D. Hunger1,2,3, B. Casabone2,3, J. Benedikter2,3, P. Goldner4, A. Ferrier4, H. de Riedmatten5, T. W. Hänsch2,3 
1Karlsruhe Institute of Technology, Karlsruhe, Germany; 2Ludwig-Maximilians-University, Munich, Germany; 3Max-
Planck-Institute of Quantum Optics, Garching, Germany; 4Chimie ParisTech, ENS Paris, France; 5ICFO, Castelldefels, 
Barcelona, Spain 
 

Rare earth ions doped into solids provide outstanding optical and spin coherence properties, 

which renders them as promising candidates for quantum optical applications ranging from 

quantum memories to quantum-nonlinear optics. However, due to the dipole-forbidden nature 

of the coherent transitions, they couple only weakly to optical fields, limiting most experiments 

to macroscopic ensembles. 

Optical microcavities are a powerful tool to enhance light-matter interactions. Fabry-Perot 

cavities built from laser-machined and mirror-coated optical fibers are particularly promising in 

this context, since they offer small mode volumes and large quality factors combined with full 

tunability and direct access to the cavity field [1]. For quantum emitters coupled to the cavity, 

this gives rise to the Purcell effect, which enables enhancement of fluorescence emission and 

extinction signals. This offers a route for efficient single-ion spectroscopy and spin state 

manipulation and readout. 

In a first part, I will illustrate the available methods with tunable microcavities and report on our 

efforts to realize cavity-enhanced single photon sources with quantum emitters in diamond [2]. 

 

Second, I will present an experiment, where we investigate Eu3+:Y2O3 nanocrystals [2] coupled 

to a cavity in a cryogenic environment. We perform cavity-enhanced resonant spectroscopy of 

the 5D0-7F0 transition in individual nanocrystals containing ~104 ions, and observe an 

inhomogeneous linewidth that matches very well the value found in high-quality bulk crystals. 

We report on first few-ion signals and discuss the current state of the project on its route 

towards single-ion detection. 

[1] D. Hunger et al., Fiber Fabry-Perot cavity with high finesse, New J. Phys. 12 (2010), 065038. 

[2] H. Kaupp et al., Purcell-enhanced single-photon emission from Nitrogen-Vacancy centers coupled to a 

tunable microcavity, Phys. Rev. Appl. 6, 054010 (2016). 

[3] Perrot et al., Narrow optical homogeneous linewidths in rare-earth-doped nanocrystals, Phys. Rev. 

Lett. 111, 203601 (2013). 

Left: Schematic setup of a 
tunable Fabry-Perot micro-
cavity formed by a laser-
machined endfaced of an 
optical fiber and a 
macroscopic mirror. Right: 
Scanning-cavity fluorescence 
image of NV centers in 
nanodiamonds 
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Light amplification during highly nonlinear interaction of atoms and molecules 
with intense laser fields 

 
Timm Bredtmann1, Felipe Morales1, Serguei Patchkovskii1, and Misha Ivanov1,2,3 

 

1Max-Born-Institut, Max Born Strasse 2A, D-12489 Berlin, Germany 
2Imperial College London, South Kensington SW72AZ London UK 

3Humboldt University Berlin, 12489 Berlin, Germany 
 

Abstract: We discuss the possibilities and the physical mechanisms of amplifying weak probe radiation interacting with atoms or 
molecules dressed by intense infrared laser fields. The main interest is in the amplification of the XUV radiation, but amplification in the 
visible frequency range will also be discussed. One of the intriguing routes is highly nonlinear parametric amplification, first suggested by 
J. Serez et al (Nature Phys.6, 455 (2010)). We find that this particular mechanism suffers from severe limitations associated with linear 
absorption of the XUV light. Next, we discuss the possibility of using the weakly bound states of a nearly free electron, created by the 
combined action of the intense IR (dressing) laser field and the core potential. We show that, at very high intensities of the IR dressing 
field, the existence of these so-called Kramers-Henneberger states offers a universal amplification mechanism.  

High-order harmonic generation (HHG) in gases is 
the workhorse for producing attosecond pulses with 
carrier frequencies ranging from the vacuum 
ultraviolet to the soft x-ray region. Its challenge, 
however, is the low conversion efficiency. One route 
to increasing the low conversion efficiency is 
efficient phase matching. Alternatively, HHG may be 
enhanced at the single atom/molecule level by 
enhancing the first step of the HHG process, 
ionization, seeding it with an attosecond pulse or a 
pulse train.  

Here, we focus on the recombination step in HHG 
and explore the possibility of stimulated XUV 
recombination. The first potential possibility that 
comes to mind in this context is parametric 
amplification seeded by the IR driver. Indeed, HHG 
is a parametric process, where many IR photons are 
converted into a single XUV photon. As the intensity 
of the XUV light grows during the co-propagation of 
both the IR and the XUV in the nonlinear medium, 
the recombination step can become stimulated, 
leading ideally to exponential growth of the XUV 
signal with the particle density, as opposed to 
quadratic growth in standard HHG [1-3].  

While this idea looks potentially attractive, it 
encounters one fundamental problem: Stimulated 
recombination from the high-energy continuum or the 
IR dressed Rydberg state to the ground state has to 
compete with the stimulated absorption from the 
ground state of the unexcited system. In this 
competition, the stimulated absorption is at a major 
disadvantage. Indeed, in the case of stimulated 
recombination the system has to first absorb multiple 
IR photons, and the electron has to return to the 
parent ion. These are the reasons for the low 

conversion efficiency of HHG in the first place. We 
show [4] that, in spite of the claims otherwise [3], the 
stimulated absorption always dominates under the 
standard HHG conditions. 

However, the inherent advantage of the stimulated 
absorption can be overcome if the ground state of the 
system is completely depleted. This regime is very 
unusual for the standard HHG, as it requires a nearly 
fully ionized medium. We show [5] that, depending 
on the parameters of the IR driver, substantial fraction 
of the ground state population can be transferred to 
the excited states via the so-called frustrated 
tunneling process [6]. While these states are only 
weakly bound, and their dynamics is dominated by 
the laser field, they remain surprisingly stable with 
respect to ionization, even at the IR intensities in the 
1015W/cm2 range [7]. Sufficiently intense driving IR 
field will lead to complete ionization of the ground 
state while trapping population in these weakly bound 
states, leading to population inversion and lasing. We 
examine this process in simple atoms and diatomic 
molecules, showing amplification in the visible and 
the XUV range. 
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Super-Coulombic Atom-Atom Interactions in Hyperbolic Media 
Ward Newman, Cristian Cortes and Zubin Jacob 

Purdue University, Indiana, U.S.A   
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Email: zjacob@purdue.edu, Web: www.zjresearchgroup.org 
 

Dipole-dipole interactions which govern 
phenomena like Van der Waals forces, 
resonance energy transfer and co-operative 
atom-atom interactions are conventionally 
limited to the Coulombic near-field. Here, we 
reveal a class of real-photon and virtual-
photon long-range quantum electrodynamic 
(QED) interactions that have a singularity in 
media with hyperbolic dispersion. The 
singularity in the dipole-dipole coupling, 
referred to as a Super-Coulombic interaction, 
is a result of an effective interaction distance 
that goes to zero in the ideal limit irrespective 
of the physical distance. The Super-
Coulombic effect engineers the conventional 
non-radiative (longitudinal) near-fields as 
opposed to radiative (transverse) modes and 
will occur over a broad range of frequencies 
due to the broadband nature of the 
hyperbolic dispersion relation. This is 

fundamentally different from the interactions engineered in the cavity QED, waveguide QED or circuit 
QED regimes which only control transverse radiative fields. 
 
We show that this interaction affects the entire landscape of real photon and virtual photon phenomena 
such as the cooperative Lamb shift, the cooperative decay rate, resonance energy transfer rates and 
frequency shifts as well as resonant interatomic forces. While we find that the singularity is curtailed by 
material absorption, it still allows for interactions with much larger magnitudes and longer ranges than 
those found in any conventional media. We also propose multiple experimental platforms to verify our 
predicted effect with phonon-polaritonic hexagonal boron nitride, plasmonic super-lattices, as well as 
hyperbolic meta-surfaces. Finally, we will also present experimental results of dye molecules interacting 
through a hyperbolic medium which shows excited state lifetime reduction not present in any 
conventional medium (metal or dielectric). Our work paves the way for the control of cold atoms above 
hyperbolic meta-surfaces and the study of many-body physics with hyperbolic media. 
 
Fig. 1 (a) depicts a schematic of one proposed realization of Super-Coulombic dipole-dipole interaction 
using hexagonal Boron Nitride (h-BN) and two dopant atoms. Another possible realization utilizes 
hyperbolic metasurfaces (Fig. 1(b)). In the infrared spectral range, h-BN is a uniaxial material that supports 
ordinary waves (polarization perpendicular to the optic axis) and extraordinary waves (polarization along 
the optic axis). Extraordinary waves satisfy the hyperbolic dispersion relation (Fig. 1(c)). Macroscopic 
quantum electrodynamic theory shows the existence of unique resonance cone angles along which the 
dipole-dipole interaction diverges in a broad frequency range (Fig. 1(d)).  

Figure 1 Super-Coulombic dipole-dipole interactions along resonance 
cone angles in hyperbolic media (a) luminescent defect centers 
interacting in hexagonal boron nitride which is a natural hyperbolic 
medium consisting of Van-der Waals bonded 2D materials (b) 
hyperbolic metasurfaces and resonance cones (c) hyperbolic dispersion 
surfaces (d) highly directional broad-band interaction occurs along the 
resonance cone angle which are the asymptotes of the hyperboloid. 
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Atomically thin semiconductors as a novel active material for nanoscale devices 
A. Steinhoff1, M. Lorke1, M. Rösner1,2, M. Florian1, 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 

Atomically thin layers of transition metal dichalcogenides have emerged in the wake of graphene as new class 
of optically active materials. New and exciting optical properties are the result of the two-dimensional carrier 
confinement and a particularly strong Coulomb interaction due to reduced dielectric screening. Many theoretical 
investigations were concerned with band structure and ground-state absorption properties in the framework of 
ab-initio (GW/BSE) calculations. Accessing the emission properties in the presence of excited carriers requires 
to go beyond these methods [1,2]. Our approach combines ab-initio models for the calculation of electronic 
properties with semiconductor many-body theory to describe the dynamics of excited carriers [3] and their 
influence on optical properties [1,2,4].  

For investigations of the carrier dynamics in MoS2 we present results of a quantum-kinetic theory for the carrier-
carrier Coulomb scattering and carrier-phonon scattering. Calculations are based on ab-initio determined band 
structure and interaction matrix elements. Ultrafast relaxation of initial nonequilibrium carrier distributions due 
to optical excitation are demonstrated. Large excess energies of 400meV can be dissipated within a few ten 
femtoseconds due to efficient carrier scattering. Momentum relaxation after resonant excitonic excitation takes 
place on a slower time scale of 1picosecond. 

 
Figure 2: Microscopic characterisation of carrier dynamics. (a) Band structure of monolayer MoS2 as obtained 
from a G0W0 calculation including spin–orbit interaction. The relevant conduction and valence bands are 
marked in colour. Relevant bands with positive and negative z-direction of spin are represented by solid and 
dashed lines, respectively. (b) Band structure of electrons and holes with positive z-direction of spin over the 
full Brillouin zone (BZ) corresponding to the curves in Fig. 2a. The irreducible part of the BZ is highlighted and 
high-symmetry points are shown, where band-structure valleys are depicted in white. (c) Time evolution of the 
carrier populations with positive z-direction of spin on the irreducible part of the BZ after above-band-gap 
excitation. The optical excitation pulse has its peak amplitude at 75 fs. 
We have also determined optical absorption and gain spectra in the presence of excited carriers as well as 
modifications of the optical properties due to strain and different dielectric environments [1,2,4]. 
[1] A. Steinhoff, M. Rösner, F. Jahnke, T. O. Wehling, and C. Gies, Influence of excited carriers on the optical and electronic properties 

of MoS2. Nano Letters 14, 3743 (2014) 
[2] A. Steinhoff, J.-H. Kim, F. Jahnke, M. Rösner, D.-S. Kim, C. Lee, G.H. Han, M.S. Jeong, T. O. Wehling, and C. Gies, Efficient 

Excitonic Photoluminescence in Direct and Indirect Band Gap Monolayer MoS2. Nano Letters 15, 6841 (2015) 
[3] A. Steinhoff, M. Florian, M Rösner, M. Lorke, T.O. Wehling, C. Gies and F. Jahnke, Nonequilibrium Carrier Dynamics in Transition 

Metal Dichalcogenide Semiconductors, 2D Materials 3, 031006 (2016). 
[4] M. Rösner, C. Steinke, M. Lorke, C. Gies, F. Jahnke, and T.O. Wehling, Two-Dimensional Heterojunctions from Nonlocal 

Manipulations of the Interactions, Nano Letters 16, 2322 (2016). 

Figure 1: Mo atoms (indigo) and S atoms (yellow). The MoS2 monolayer 
forms a direct band-gap semiconductor with strong photoluminescence 
in the visible spectral range. From: Wang et al., MIT-News 22.8.2012. 
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Multielectron effects in strong field processes 

A. Jaron-Becker and Y. Xia 

JILA and Department of Physics, University of Colorado, Boulder, CO 80309-0440, USA 
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While the dynamical aspects of atoms interacting with strong laser fields are considered to be relatively 
well understood nowadays, nonlinear phenomena associated with the multielectron response of 
diatomic and polyatomic molecules, to intense laser light have become an active research topic. The 
interest in molecules is closely related to the goal to understand the nature of inter- and intramolecular 
dynamics, visualize changing molecular structure and electron rearrangement, observe the creation and 
breaking of molecular bonds and control in real time the flow of energy and charge within molecular 
systems. In understanding and determining the progress of chemical reactions, electron dynamics plays 
a central role. Therefore ideally, it should be possible to probe the molecular frame electron wave 
function or electron probability density on the natural time scales of its evolution using ultrafast laser 
pulse technology. Currently, two approaches based on intense laser techniques are considered to be 
promising tools: high order harmonic generation (HHG) and strong field ionization.  

Using Time-Dependent Density Functional Theory (TDDFT) we have studied how the HHG spectra are 
modified when the system undergoes Rabi flopping and dynamic electron localization for open and 
closed shell molecules [1-3]. Results show coupling for closed shell molecules at their equilibrium 
distances as well as for valence orbitals of very different symmetries for di- and polyatomic molecules. 
The HHG spectrum is enriched by satellite peaks (Mollow-like sidebands) which are related to Rabi 
frequency for the analyzed excitation processes. Due to the high intensity of the driving field, Mollow 
sidebands strengths are comparable to odd harmonics intensities and often more than two additional 
peaks appear. Further consequences of the coupling are visible in the HHG ellipticity, since coupling 
enhances inner valence contributions, and as modification in a form of the suppression of the long 
trajectories in HHG. This path selection mechanism offers a possible route to control generated 
attosecond pulses. 

Furthermore, for a number of polyatomic molecules we studied the effect of the Rabi flopping on 
resonant ionization. A strong influence on the internal multielectron dynamics and consequently the 
resulting complex dynamics is exhibited in the time dependence of the electronic density, and affects 
partial orbital ionization as well as total ionization. Performed calculations show how the effect of the 
coupling can potentially help to control the production of inner valence hole states for a range of 
wavelengths and laser intensities. 

This work was supported by the National Science Foundation. 

[1] Y. Xia and A. Jaron-Becker, Opt. Lett. 39, 1461 (2014). 

[2] Y. Xia and A. Jaron-Becker, Opt. Express 24, 4689 (2016). 

[3] M. Miller, Y. Xia, A. Becker and A. Jaron-Becker,  Optica 3, 259-269 (2016). 
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Mean-field response of a cold gas to light, and beyond 
Juha Javanainen, University of Connecticut 
 
 
We work toward delineating the extent to which the usual electrodynamics of polarizable media 
and the ensuing standard optics, a mean-field theory, can explain the optical response of a slab of 
low-temperature atomic gas. The present angle is the distinction between two dimensionless 
parameters of the atomic sample, basically on-resonance optical thickness and density. We present 
case studies from both coupled-dipole simulations and analytical arguments amended with 
numerics. An example in which optical thickness is held constant and density is varied shows large 
changes of the resonance line shape, in accordance with our interpretation that density dependence 
signals beyond-mean field cooperative response. Scaling of superradiance with the optical thickness 
is seen, an observation that has precedents in the literature going back for decades. However, we 
do not find subradiance in standard optics. On the basis of this example, it would seem that 
subradiance as seen experimentally in a dilute atomic gas [PRL 116, 083601] in fact is a beyond-
mean field effect even if it was found to scale with the optical thickness. 
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Atomistic electrodynamics simulations of plasmonic nanoparticles

Lasse Jensen1

1 Department of Chemistry, The Pennsylvania State University 104
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The optical properties of metallic nanoparticles with nanometre dimensions exhibit features
that cannot be described by classical electrodynamics. In this quantum size regime, the near-
field properties are significantly modified and depend strongly on the geometric arrangements.
However, simulating realistically sized systems while retaining the atomistic description re-
mains computationally intractable for fully quantum mechanical approaches. Here we discuss
our recent efforts on developing atomistic electrodynamics models that provides a unified de-
scription of bare and ligand-coated nanoparticles, as well as strongly interacting nanoparticle
dimer systems. We will discus implications of atomistic electrodynamics models for simulating
surface-enhanced spectroscopies.

Figure 1: Perturbation of the near-field due to the interactions with the ligands

[1] X. Chen, J. E. Moore, M. Zekarias, L. Jensen
Atomistic electrodynamics simulations of bare and ligand-coated nanoparticles in the quantum size regime
Nat. Commun., 6, 8921, 2015

[2] D. V. Chulhai, X. Chen, L. Jensen
Simulating Ensemble-Averaged Surface-Enhanced Raman Scattering
J. Phys. Chem. C, 2016, DOI: 10.1021/acs.jpcc.6b02159
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Recent progress in fiber-based structured light communications 

Jian Wang 

Wuhan National Laboratory for Optoelectronics, School of Optical and Electronic Information, Huazhong University of Science and 

Technology, Wuhan 430074, Hubei, China (Email: jwang@hust.edu.cn) 

One distinct feature of photons is multiple physical dimensions including wavelength, time, complex amplitude, 

polarization, and spatial structure (Fig. 1). Light communications are all about the manipulation of different 

physical dimensions of light waves. Very recently, structured light exploring the spatial structure of light waves 

has attracted increasing interest in light communications to address the emerging capacity crunch. One typical 

example of structured light is twisted light carrying orbital angular momentum (OAM), which has spiral phase 

structure similar to natural spiral phonomenon (e.g. spiral stairs in Saint Isaac’s Cathedral, St. Petersburg, Russia, 

Fig. 1). Different from spin angular momentum (SAM) associated with circular polarization taking only two 

states, OAM linked to spatial phase structure can take, in principle, unlimited orthogonal states [1]. Beyond 

existing well-established multiplexing techniques, twisted light multiplexing can further increase the 

transmission capacity of light communications both in free space and fiber [2,3]. 

 

Figure 1. Physical dimensions of photons and twisted light with spiral phase structure carrying orbital angular momentum (OAM). 

In this talk, I will present recent progress in fiber-based structured light communications [4]. First, I will 

introduce basic mechanisms of OAM modes in fiber and their relationship with fiber eigenmodes. Second, I will 

talk about different kinds of specialty fibers supporting OAM modes. Third, I will discuss fiber-based structued 

light communications, including controllable all-fiber OAM generation and exchange, fiber-OAM-assised passive 

optical network, full-duplex twisted light multiplexing transmission, twisted light multiplexing transmission in a 

50-km OAM fiber and a 2.6-km conventional graded-index multiple-mode fiber (MMF) (Fig. 2). 

 

Figure 2. Concept and setup for twisted light multiplexing transmission in km-scale conventional graded-index multiple-mode fiber 

(MMF). SLM: spatial light modulator; Col.: collimator; L: lens; Pol.: polarizer; HWP: half-wave plate; OL: objective lens. 

[1] L. Allen et al., Phys. Rev. A 45, 8185 (1992).                 [2] J. Wang et al., Nature Photon. 6, 488 (2012). 

[3] N. Bozinovic et al., Science 340, 1545 (2013).                [4] J. Wang, Photon. Res. 4, B14 (2016). 
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Single Photon Dicke Sub- and Superradiance

R. Kaiser1

1Universite Côte d’Azur, CNRS, INLN, France

Since Dicke’s seminal paper on coherence in spontaneous radiation by atomic
ensembles, superradiance has been extensively studied. Subradiance, on the
contrary, has remained elusive, mainly because subradiant states are weakly
coupled to the environment and are very sensitive to nonradiative decoherence
processes. Here, we report the experimental observation of sub- and superradi-
ance in an extended and dilute cold-atom sample containing a large number of
particles [1, 2].

We will place the study of such cooperative scattering in the larger context of
interference effects in light scattering by many two level atoms, which emerged
as an interesting situation in the quest for Anderson localization of light. The
possbility of Anderson localiztion of subradiant Dicke states will be discussed
[3].

Numerical study of Anderson localization of Dicke subradiance.

References

[1] W. Guerin, M.O. Araujo, R. Kaiser, PRL, 116, 083601 (2016).

[2] M. O. Araujo, I. Kresic, R. Kaiser, W. Guerin, PRL, 117, 073002 (2016).

[3] L. Celardo, M. Angeli, R. Kaiser, in preparation.
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SUPERFLUID HELIUM OPTOMECHANICS IN A FABRY-PEROT CAVITY.

A.D. Kashkanova,1 A.B. Shkarin,1 C. D. Brown,1 N. E. Flowers-Jacobs,1 L. Childress,1,3

S.W. Hoch,1 L. Hohmann,3 K. Ott,3 J. Reichel,3 and J. G. E. Harris1

1Yale University, New Haven, CT, 06511, USA
2McGill University, 3600 Rue University, Montreal, Quebec H3A 2T8, Canada

3Laboratoire Kastler Brossel, ENS/UPMC-Paris 6/CNRS, F-75005 Paris, France

In cavity optomechanics the state of a mechanical system can be manipulated by interfacing it with
light via radiation pressure. It can be understood by considering a canonical optomechanical system,
which consists of a high finesse Fabry-Perot cavity, in which one mirror is attached to a spring and forms
a mechanical simple harmonic oscillator. The photons carry momentum, that can be transferred to the
mirror, upon reflection. The cavity enhances the interactions, by causing each photon to transfer its
momentum multiple times. A mechanical oscillator with high quality factor increases the effect of each
transfer. The optomechanical coupling arises because the resonant frequency of the cavity depends on
the displacement of the mechanical oscillator and the force on the mechanical oscillator is proportional
to the number of photons in the cavity.

Figure 1: The cavity is formed between two
mirrored optical fibers inside a glass alignment
ferrule, which is glued into a superfluid helium
tight cell.

The majority of mechanical systems used to date are solid
objects (membranes, nanowires, mirrors, etc); however fluids
can also be used as a mechanical element. Compared to solids,
fluids have an advantage: they don’t require careful alignment
between the optical cavity and the mechanical element. The
fluid can conformally fill or coat the optical cavity. How-
ever, almost all optomechanical systems need to be cooled to
milliKelvin temperatures in order for quantum effects to be
observed. Liquid helium is the only fluid that doesn’t solidify
under its own pressure at these temperatures.

We have developed an optomechanical system in which
the mechanical mode is a standing density wave in superfluid
helium in a 70 µm long Fabry-Perot cavity1. The optical
mode is also a mode of the same cavity (see Fig. 1). Thus, the
system is completely self-aligned. We drive the mechanical
mode with light by modulating the optical intensity. We also

observed the mode’s undriven thermal motion (Fig. 2(a)) and from that extracted the phonon number.
We measured phonon number as low as n = 11. Fig. 2(b) shows n vs. bath temperature. Red line is
given by n = ~ωm/kBT , where ωm is the mode’s resonance frequency.

Figure 2: (a) Normalized power spectral density of the thermal motion of the acoustic mode. The peak height
corresponds to the mean phonon number n. (b) Mean phonon number n versus bath temperature.

1A. D. Kashkanova et al. “Superfluid Brillouin optomechanics”. In: Nat Phys advance online publication (2016). Article.
issn: 1745-2481. url: http://dx.doi.org/10.1038/nphys3900.
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Modulating the radiative transmission of the atmosphere 
with high-power laser filaments  

Jérôme Kasparian1, Elise Schubert1, Mary Matthews1, Denis Mongin1, Lorena de la Cruz1, Jean-Pierre 
Wolf1, Knut Michel2, Thomas Metzger2, J. G. Slowik3, A. S. H. Prevot3, U. Baltensperger3, 

C. Wender4, D. Duft4, T. Leisner4 
(1) Group of Applied Physics, University of Geneva, 22 ch. de Pinchat, 1211 Geneva 4, Switzerland – 

jerome.kasparian@unige.ch  
(2) Trumpf Scientific GmbH, Feringastrasse 10a, 85774 Unterfoehring, Germany 

(3) Paul Scherrer Institute, OFLA/111, 5232 Villigen, Switzerland 
(4) Institute of Meteorology and Climate Research, Karlsruhe Institute of Technology (KIT), 

76021 Karlsruhe, Germany 

Laser filament induced water condensation in the atmosphere is one of the most spectacular 
phenomenon associated with filamentation. Although observed both in controlled laboratory conditions 
and directly in the atmosphere1,2, the underlying processes leading to the nucleation of particles from 
the gas phase and its further growth by water accommodation remain partially unclear. By analyzing 
the composition of the nucleated particles in situ and in real time with a time-of-flight mass 
spectrometer3, we observed a dramatic increase of the hydrophilicity of organic aerosols, which usually 
occurs in nature only during ageing over long periods of time. For relative humidities larger than 90-
95% and warm temperatures, these nuclei would generate a local fog of droplets of several micrometers 
in diameter, altering significantly the atmospheric transmission. 

 

 

Figure 1. Growth of a stable particle. The 
particle has an initial diameter of 18 mm, 200 
mm away from the initial particle position. 
After a reillumination at t = 10 ms, it grows up 
to 40 mm, with a progressive change in 
structure. At t = 26 ms, it takes the form of a 
triple ice rod. Simultaneously, a smaller 
particle evaporates. 

Conversely, the transmission through cirrus clouds could be increased by filaments4,5. Filaments shined 
on individual, ice crystals representative of cissus shattered and evaporated the particles, which, in turn 
produced a large number of smaller particles. This modulation of the ice crystal size distribution by 
filaments would invert the radiative forcing of cirrus clouds, as they would transmit the IR emission 
from the Earth, but still reflect the visible solar radiation. 

Finally, transmission could be strongly enhanced in clouds by high average power (≥ 100 W) ultrashort 
lasers. A picosecond, kHz laser does not only shatters and evaporates cloud droplets, but also moves 
them away, by the laser filament-induced shockwaves. Such enhancement of radiative transmission 
through fogs and clouds is essential for laser-based earth-satellite communication programs.  

1. P. Rohwetter, et al., Nature Photonics 4, 451 - 456 (2010) 
2. S. Henin, et al., Nature Communications. 2, 456-459 (2011) 
3. D. Mongin, et al., Scientific Reports 5, 14978 (2015)  
4. T. Leisner, et al., PNAS 110 (25) 10106-10110 (2013) 
5. M. Matthews, et al., Science Advances 2(5), e1501912 (2016) 
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Designability of optical processes composed of discrete spectrum 
 
 

M. Katsuragawa*, J. Zheng, C. Ohae, C. Zhang, and M. Suzuki 
University of Electro-Communications, 1-5-1, Chofugaoka, Chofu, Tokyo 182-8585, Japan 

*katsuragawa@uec.ac.jp 
 

 
We discuss attractive natures in linear and nonlinear optical processes composed of a highly-discrete 
coherent spectrum which is in general generated by adiabatically driving a Raman coherence. In the linear 
optical process, a train of transform-limited 1.4 fs pulses is generated by simply inserting transparent 
dispersive plates as shown in Fig. 1 [1, 2]. On the other hand, in the nonlinear optical processes, various 
artificial manipulations in optical frequency conversion processes are shown, where a single-frequency 
tunable laser that can cover the entire spectral region of 100 nm to 30 m is typically demonstrated in a 
numerical experiment as shown in Fig. 2 [3]. We will also show the experimental progresses corresponding 
to these discussions in the linear and nonlinear optical processes. 
 
 

 
 

 

 
 
 
 
 
References 
[1] K. Yoshii, J. K. Anthony, and M. Katsuragawa, The simplest rout to generating a train of attosecond pulses, Light: Science 
& Applications, (2013) 2, e58.;  arXiv:1207.6780 (2012). 
[2] K. Yoshii, Y. Nakamura, K. Hagihara, and  M. Katsuragawa: Generation of a Train of Ultrashort Pulses by Simply 
Inserting Transparent Plates on the Optical Path, CLEO/QELS 2014, FThD1.5. 
[3] Jian Zheng and Masayuki Katsuragawa, "Freely designable optical frequency conversion in Raman-resonant 
four-wave-mixing process," Scientific Reports 5, 8874 (2015).;  arXiv: 1406.3921 (2014). 

Fig. 2. Artificial manipulation of Raman-resonant four-wave-mixing processes in parahydrogen, where a 
single frequency tunable laser which can cover a whole spectral region of 100 nm to 30m is demonstrated.

Fig. 1. Generation of 1.38 fs TL pulse train was realized by simply inserting transparent dispersive plates on the optical 
h
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Considerations on Bardeen Hysteresis: Violation or Vindication of 
the Second Law? 

By Peter D. Keefe  

University of Detroit Mercy 
 

The Coherent Magneto-Caloric Effect of Type I superconductors presents a vexing issue with 
respect to the absolute status of the second law of thermodynamics. [1] 

 

When confronted with this conundrum, John Bardeen posited “Apparently you would like to 
have an adiabatic step from the superconducting phase at T1,H1 to normal at T2,H2, but don’t see 
how this can happen without violating the laws of thermodynamics. … The transition cannot 
take place at H1, but there must be considerable ‘superheating’ to the higher field Ha.” [2] [3] 
The author refers to this hypothesis as “Bardeen Hysteresis”. 

The talk will assess the intricacies of the Coherent Magneto-Caloric Effect (the magneto-caloric 
effect applied to mesoscopic-sized specimens), and then glean understanding from a close look at 
the phase transition dynamics of the magneto-caloric effect of macroscopic-sized specimens. 

 

[1] P.D. Keefe, Physica E, 29, (2005), Pgs. 104-110. 

[2] Private letter communication of John Bardeen to the author (1987). Letter courtesy of the 
University of Illinois at Urbana-Champaign, Record series: Box 28 of the Bardeen papers. 

[3] P.D. Keefe Physica Scripta, T151, 014029, (2012), 7 pgs. 
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High-energy quantum processes in extremely intense laser pulses 
 

Christoph H. Keitel, Matteo Tamburini, Sebastian Meuren, and Antonino Di Piazza 
Max Planck Institute for Nuclear Physics (MPIK), Saupfercheckweg 1, 69117 Heidelberg, Germany 

  
The field of laser-matter interaction traditionally deals with the response of atoms, molecules, and 
plasmas to an external light wave. However, the recent sustained technological progress is opening up 
the possibility of employing intense laser radiation to trigger or substantially influence physical 
processes beyond atomic-physics energy scales. Available optical laser intensities exceeding 
1022 W/cm2 can push the fundamental light-electron interaction to the extreme limit where radiation-
reaction effects dominate the electron dynamics, can shed light on the structure of the quantum 
vacuum, and can trigger the creation of particles such as electrons, muons, and pions and their 
corresponding antiparticles. Also, novel sources of intense coherent high-energy photons and laser-
based particle colliders can pave the way to nuclear quantum optics and may even allow for the 
potential discovery of new particles beyond the standard model.  
 
Following the introduction into the physics with strong laser pulses [1, 2], we focus on electron-
positron pair production in strong laser pulses [1-
5]. Then, we discuss how pairs could be enforced 
to recollide, yielding a collider just arising from 
vacuum and light [6]. Special emphasis will then 
be placed on the onset and development of 
cascade processes [1, 7-10], see also Fig. 1, and 
here especially in the head-on collision of two 
realistic tightly focused ultraintense optical laser 
pulses in a tenuous gas [9]. As a consequence of 
the large ponderomotive forces expelling all 
electrons of the gas from the focal volume, we 
demonstrate that the onset of QED cascades may 
be prevented even at intensities around  
1026 W/cm2 by focusing the laser energy almost 
down to the diffraction limit. Alternatively, a well-
controlled development of a QED cascade may be 
facilitated at laser intensities below 1024 W/cm2 
per beam by enlarged focal areas and a rapid rise 
of the pulse or at total powers near 20 PW by 
employing suitable high-Z gases [9].  
 
[1] A. Di Piazza, C. Müller, K. Z. Hatsagortsyan, and C. H. Keitel, Rev. Mod. Phys. 84, 1177 (2012) 
[2] G. V. Dunne, Eur. Phys. J. Special Topics 223, 1055 (2014) 
[3] F. Hebenstreit, A. Ilderton, and M. Marklund, Phys. Rev. D 84, 125022 (2011) 
[4] M. Jirka, O. Klimo, S. V. Bulanov, T. Zh. Esirkepov, E. Gelfer, S. S. Bulanov, S. Weber, and G. Korn, 

Phys. Rev. E 93, 023207 (2016) 
[5] G. Sarri et al., Nat. Commun. 6, 6747 (2015) 
[6] S. Meuren, K. Z. Hatsagortsyan, C. H. Keitel, and A. Di Piazza, Phys. Rev. Lett. 114, 143201 (2015) 
[7] A. R. Bell and J. G. Kirk, Phys. Rev. Lett. 101, 200403 (2008)  
[8] E. N. Nerush, I. Y. Kostyukov, A. M. Fedotov, N. B. Narozhny, N. V. Elkina, and H. Ruhl, Phys. Rev. 

Lett. 106, 035001 (2011) 
[9] M. Tamburini, A. Di Piazza, and C. H. Keitel, arXiv:1306.3328 
[10] M. Vranic, T. Grismayer, R. A. Fonseca, and L. O. Silva, arXiv:1609.08081 

Figure 1: The presence of even a single electron 
at the focus of two colliding ultrastrong laser 
beams can prime an avalanche or cascade 
process in which abundant amounts of electron-
positron pairs and photons are produced.  
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Planar Optics at Visible Wavelengths based on Titanium Dioxide  
 

M. Khorasaninejad 

Harvard John A. Paulson School of Engineering and Applied Sciences, Harvard University 

 Email: khorasani@seas.harvard.edu 

 
Metasurfaces set a new paradigm for controlling the basic properties of light 
(amplitude, phase, and polarization) with subwavelength spatial resolution via an 
ultra-thin layer. In this talk, we present recent advances in metasurface-based 
platform, which enables the realization of high performance multifunctional devices 
in the visible. This platform is based on the atomic layer deposition of titanium 
dioxide allowing for fabrication of high aspect ratio nanostructures–building blocks of 
our metasurfaces. First, we demonstrate highly efficient metalenses with numerical 
apertures as high as NA=0.85. These metalenses focus light into a diffraction-limited 
spot and provide subwavelength imaging resolution. Furthermore, by the judicious 
design of the building blocks, we demonstrate a multispectral chiral metalens (MCM) 
using only a single metasurface layer. The MCM can simultaneously resolve the 
chiral and spectral information of an object without the need of any additional optical 
components. Finally, we report on metalenses with tailored chromatic dispersion. 
Metalenses with achromatic focusing and reverse dispersion over a continuous 
wavelength range are achieved. These developments expand the scope of 
metasurfaces applications from imaging, spectroscopy and microscopy to potential 
mainstream-camera imaging devices. 
 

 
 
Figure 1: (a). Schematic of a metalens consisting of array of titanium dioxide nanopillars. (b)-(d) 
Images formed by a metalens with numerical aperture NA=0.8 under illumination wavelength of (b) 
640 nm (c) 530 nm, and (d) 480 nm. (e) Image of a nanoscale target object, with a ~ 800 nm gap 
between neighboring holes, formed by the same metalens. Scale bar: 10 m. (f) Image of a chiral beetle, 
Chrysina gloriosa, formed by a multispectral chiral metalens (MCM). The MCM forms two images of 
the beetle on the color camera. The image to the left is formed from left-circularly polarized light 
reflected from the beetle and the image to the right is from right-circularly polarized light. (g) Side-
view scanning electron microscope image of the center portion of a fabricated achromatic metalens. 
Scale bar: 200 nm. 
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Excited electrons in metal: from frigid to tepid to scalding hot. 

Jacob B Khurgin 

Johns Hopkins University Baltimore MD  

 

The field of plasmonics in recent years has experienced a certain shift in priorities. Faced with 
undisputable fact that loss in metal structures cannot be avoided, or even mitigated (at least not in 
the optical and near IR range) the community has turned the attention where the loss may not be 
an obstacle, and, in fact, can be put into productive use. Such applications include photo-detection, 
photo-catalysis,  and others where the energy of plasmons is expended on generation of hot carriers 
in the metal. Hot carriers are characterized by short lifetimes, hence it is important to understand 
thoroughly their generation, transport, and relaxation in  order to ascertain viability of the many 
proposed schemes involving them.  

In this talk we shall investigate the genesis of hot carriers in metals by investigating all four 
principle mechanisms responsible for their generation,: interband transitions, phonon-and-defect 
assisted intraband processes, carrier-carrier scattering assisted transitions and Landau damping. 
For all of these mechanisms we evaluate generation rates as well as the energy (effective 
temperature) and momenta of the generated hot electrons and holes. We also investigate the 
relaxation processes causing rapid cooling of carriers. Based on our analysis we make predictions 
about performance characteristics of various proposed plasmonic devices.  

 

 

 
 

HOT

FRIGID 
TEPID
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																																	Using	HBT	Interferometry	for	Astronomical	Imaging	
	
																																																				Dave	Kieda	and	Nolan	Matthews	
																																															Department	of	Physics	and	Astronomy	
																																									University	of	Utah,	Salt	Lake	City,	Utah	84112	
	
Direct	astronomical	imaging	of	nearby	main	sequence	stars	and	binary	systems	provides	critical	
information	on	stellar	phenomena	such	as	rotational	deformation,	accretion	effects,	and	the	
universality	of	starspot	(sunspot)	cycles.	Direct	stellar	imaging	of	stars	requires	milli-arcsecond	
angular	resolution,	which	is	difficult	to	achieve	in	optical	wavelengths	due	to	atmospheric	
turbulence	effects	and	long	baseline	requirements	(>1	km).	In	this	talk,	I	will	describe	our	
development	of	an	astronomical	imaging	technique	exploiting	the	quantum	nature	of	light	through	
Hanbury	Brown	and	Twiss	(HBT)	intensity	interferometry[1].	We	have	successfully	developed	a	new,	
modular	HBT	interferometry	telescope	capability	that	employs	an	offline,	software-based	correlator,	
allowing	simple	construction	of	a	widely	spaced	(up	to	80	km!)	array	of	telescopes	using	commercial	
fiber	optic	technology.	We	have	demonstrated	HBT	photon	bunching	in	the	laboratory	using	high-
speed	(250	Mhz)	continuously	digitizing	electronics,	combined	with	high	speed/high	quantum	
efficiency	photon	sensors,	and	have	used	a	modified	Fourier	inversion	analysis	to	reconstruct	the	

images	of	simulated	stars	
and	binary	systems	(Figure	
1)	s.	I	will		discuss	the	
science	implications	of	a	
sub-milli-arcsecond	optical	
astronomical	imaging	
capability,	and	the	status	of	
our	development	of	an		HBT	
imaging		capability	for		the	
VERITAS		atmospheric	
Cherenkov	observatory	
(Amado,	Arizona)[2,3]	and	
the	future	CTA	Observatory	
(Canary	Islands,	Spain	and	
Paranal,	Chile)[4].	
	
	

[1]	"Measurement	of	Stellar	Diameters",	R	Hanbury	Brown,		Annual	Review	of	Astronomy	and	
Astrophysics	Vol.	6:	13-38	(September	1968)	DOI:	10.1146/annurev.aa.06.090168.000305	
	
[2]	"VERITAS:	The	Very	Energetic	Radiation	Imaging	Telescope	Array	System".	T.C.	Weekes	et	
al.,		Astroparticle	Physics.	17,	221	(2003)	arXiv:astro-ph/0108478	
	
[3]"Status	of	the	VERITAS	Observatory".	J.	Holder	et	al.	AIP	Conference	Proceedings	1085,	657.	
(2008)	arXiv:0810.0474	
	
[4]"Introducing	the	CTA	concept",	BS	Acharya,	et.	al,		Astroparticle	Physics	43,	3-18	(2013)	

Figure	1:	Reconstructed	image	of	simulated	binary	star	system	using	HBT	intensity	
interferometry	
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“Effective” interactions between identical particles 
are just “Effective”. 

 

Barnabas Kim 

IQSE and TAMU, College Station, Tx 
 

 

ABSTRACT 

Usually, it is knowns as fermions are anti-social and bosons are gregarious.[1] 
Furthermore, many textbooks on ‘Statistical Mechanics’ claim similar statement, 
and even some textbook shows an effective potential between identical particles: 
attractive in bosons and repulsive in fermions.[2] Even though these books show a 
warning statement that this ‘effective’ interaction is from ‘symmetry’ of wave-
function, or spin-statistics, the physics should be clarified with a little complicated 
system. Here, we will clarify this by considering identical particles with finite 
spins. In conclusion, all these warning can be summarized by “May the force be 
not with you.”[1] 

 

[1] W. J. Mullin and G. Blaylock, “Quantum statistics: Is there an effective fermion 
repulsion or boson attraction?”, Am. J. Phys. 71 (12), 1223 (2003). 

[2] Many textbooks on statistical mechanics including cited references in Ref. [1]. 
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All-optical switching: mechanisms and time scales 
Andrei Kirilyuk 

Radboud University, Institute for Molecules and Materials, 6581 AJ Nijmegen, The Netherlands 
email:A.Kirilyuk@science.ru.nl 
While the basic possibilities for direct laser manipulation of magnetization have been indicated a long 
time ago, only recently it became possible to apply such control in magnetically ordered materials. The 
question was immediately triggered whether one could use laser pulses for practical switching of the 
magnetization in e.g. recording media. An answer came very soon afterwards, with a direct demonstration 
of all-optical magnetic recording in thin films of metallic GdFeCo alloys [1]. In spite of the fact that the 
switching was clearly reproducible and robust, the exact process and mechanism of it remained elusive for 
a long time. Taking into account several factors, all-optical switching of the magnetization in rare-earth - 
transition metal alloys and multilayers was assigned to a combination of ultrafast laser-induced 
demagnetization with the angular-momentum conservation in the exchanged-coupled sublattices of a 
ferrimagnet, on a sub-picosecond time scale [2].  
Intriguingly, recently it has been demonstrated that also ferromagnetic multilayers such as Co/Pt, Co/Pd, 
or even FePt granular films, can be switched by circularly polarized light [3]. In this case, the observation 
indicate a rather different mechanism than that of the ferrimagnetic samples. Indications of accumulated 
multi-pulse effect seem to be in agreement with the earlier simulations based on the inverse Faraday effect 
[4], that also show the importance of pulse width.  
Last but not least, we have recently discovered the possibility of ultrafast photo-magnetic recording in 
transparent dielectrics [5]. In ferrimagnetic garnet film a single linearly polarized femtosecond laser pulse 
breaks the degeneracy between metastable magnetic states and promotes switching between them. 
Changing the polarization of the laser pulse we deterministically steer the magnetization in the garnet, 
writing magnetic domains at will. This mechanism allows ever fastest write-read magnetic recording event 
(<20 ps) accompanied by unprecedentedly low heat load. 

 
1. C.D. Stanciu et al., Phys. Rev. Lett. 99, 047601 (2007). 
2. A. Kirilyuk, A.V. Kimel, and Th. Rasing, Rep. Prog. Phys. 76 , 026501 (2013) 
3. C.-H. Lambert et al, Science 345, 1337 (2014). 
4. K. Vahaplar et al, Phys. Rev. Lett. 103, 117201 (2009).  
5. A. Stupakiewicz et al., arXiv:1609.05223 
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Multiqubit State Tomography from a Physical Perspective

Lukas Knips,1, 2 Christian Schwemmer,1, 2 Nico Klein,1, 2 Jonas Reuter,3 Géza Tóth,4, 5, 6 and Harald Weinfurter1, 2

1Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Strasse 1, D-85748 Garching, Germany
2Department für Physik, Ludwig-Maximilians-Universität, D-80797 München, Germany

3Bethe Center for Theoretical Physics, Universität Bonn, D-53115 Bonn, Germany
4Department of Theoretical Physics, University of the Basque Country UPV/EHU, P.O. Box 644, E-48080 Bilbao, Spain

5IKERBASQUE, Basque Foundation for Science, E-48013 Bilbao, Spain
6Wigner Research Centre for Physics, Hungarian Academy of Sciences, P.O. Box 49, H-1525 Budapest, Hungary

The statistical nature of measurements alone easily
causes unphysical estimates in quantum state tomogra-
phy (QST). Multinomial or Poissonian noise results for
nonmalicious tomography schemes in eigenvalue distri-
butions converging to the Wigner semicircle distribu-
tion for already a modest number of qubits, see Fig. 1.
The knowledge of the effect enables to estimate the in-
fluence of finite statistics to QST as well as the num-
ber of measurements necessary to avoid unphysical so-
lutions. Knowing the impact of statistical noise on the
eigenvalue distribution also directly leads to a physical
state estimate with minimal numerical effort. Combin-
ing ideas from random matrix theory with pertubation
theory, one can immediately obtain confidence regions
for the state as well as for figures of merit like the fi-
delity.

FIG. 1. The relative occurences of eigenvalues for the n = 6
qubit completely mixed state in 10 000 simulated QST (with
linear state estimation) are shown for N = 100 expected
counts per measurement basis. (red line) The semicircle is
centered around c = 2−6 with a radius of about R = 0.116.

QST became the standard tool for fully determin-
ing unknown multiqubit states. In experiments, how-
ever, a direct state estimation typically gives unphysical
solutions. Powerful numerical methods like the maxi-
mum likelihood estimation or Bayesian methods have
been developed to cope with this fact and to force a
physical result. While they made great progress, the
tremendous computational requirements limit these ap-
proaches for full QST. Recent developments aiming on
obtaining confidence regions instead of point estimates
are confined to even fewer qubits. Moreover, for finite
data the constraint of physicality results in substantial
numerical artefacts such as systematic errors when esti-
mating the fidelity to a target state or observing almost
always an estimated state with about half-full rank.

The distribution of eigenvalues in the case of finite
statistics can be described by a Wigner semicircle dis-
tribution already for a handfull of qubits. The semi-
circle distribution reflects the lifting of (theoretically)
degenerate eigenvalues due to finite statistics.

Given the knowledge how finite statistics influence
eigenvalues enables state estimation from a physical
perspective. Fig. 2 shows the distribution of eigenval-
ues obtained in an experiment observing the Dicke state

|D(3)
6 〉. The smallest 61 eigenvalues are distributed ac-

cording to a Wigner semicircle distribution; thus, their
distribution is assumed to be purely statistical. In fact,
the eigenstate of the largest eigenvalue has large over-

lap with |D(3)
6 〉, while the other two significant contri-

butions are identified as |D(2)
6 〉 and |D(4)

6 〉, coming from
higher order noise. Hence, the actual state is estimated
by those three eigenstates weighted with their respec-
tive eigenvalues mixed with a small amount of white
noise. Using a set of random matrices which mimic sta-
tistical noise as small pertubations to the estimate, the
expected deviation of the large eigenvalues and eigen-
states can directly be found.

FIG. 2. Eigenvalues (red tips) and the support of the
assumed Wigner semicircle distribution (gray area) of an
experimentally measured Dicke state with n = 6 qubits,
N ≈ 230. The empirical distribution function (red) of the
smallest 61 eigenvalues is in good agreement with the cumu-
lative distribution function (green) of the Wigner semicircle
distribution with R = 0.0745 and c = 4× 10−4.

Alltogether, we provide a physically motivated and
easily applicable toolbox for state estimation and verifi-
cation. With statistical matrices as small pertubations,
one can directly derive confidence regions without the
numerical effort needed for methods like bootstrapping.
Reference
LK, CS, NK, JR, GT, HW, arXiv:1512.06866.
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Biophotonics: Studying Biological Samples Using Advanced 

Optical Techniques 

Brian Ko1,2, Jeremy Kunz1,2, Dmitri V. Voronine1,2, Ho Wai Howard Lee1,2, Alexei Sokolov1,2, 

and Marlan O. Scully1,2,3 

1Baylor University, 2Texas A&M University, 3Princeton University 

       Biophotonics, or the use of light to study organic matter, is an exciting field of study due to 

their relatively low sample loss during experimentation. Here, we present our findings on using 

the temperature of the plasma formed through laser-induced breakdown spectroscopy (LIBS) to 

distinguish plant species, as well as our preliminary work on nanostructure-enhanced Raman 

spectroscopy.  

In our LIBS experiment, we study the differences in plasma temperature of four different 

plants by measuring peak ratios of their constituent elements, namely calcium. Identifying plant 

species using LIBS is normally 

difficult because they share 

common compounds like 

cellulose or pectin, but by 

measuring peak ratios of other 

elements and extrapolating 

using a Boltzmann distribution 

for an optically thin plasma, we 

are able to calculate different plasma temperatures for different species of plants. 

Raman and Coherent anti-Stokes Raman (CAR) spectroscopies are powerful tools in detecting 

molecules present within a sample. However, it requires a longer acquisition time than is feasible 

for live biological samples such as bacteria or 

DNA due to the weak Raman signal1. By 

enhancing the signal, the required time can be 

lowered, making imaging of live cells possible. 

Previous work in the field of Raman spectroscopy 

have shown that the sample signal can be 

enhanced by metal surfaces2, and can be further 

enhanced by engineering the surface geometries 

for further confinement of electric field3. We 

show our preliminary work on using novel 

nanostructures and materials in order to confine 

the electric field created by our pump pulse to 

enhance the Raman and CARS signal. 

 

Figure 1. Schematic of laser-induced breakdown spectroscopy setup. 

Figure 2. Simulated image of gold "sawtooth" structure 
(yellow) on Si (red). 
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Towards intense sub-femtosecond coherent x-ray sources  

via laser modulation of the resonant active medium 
                     T.R. Akhmedzhanov1, V.A. Antonov2, M.O. Scully1 and O. Kocharovskaya1 

1Department of Physics and Astronomy, Texas A&M University 

and Institute for Quantum Studies and Engineering , 

College Station, TX 77843-4242, USA 
2Institute of Applied Physics of the Russian Academy of Sciences, 

46 Ulyanov street, Nizhny Novgorod 603950, Russia 

Coherent intense sub-femtosecond (sub-fs) x-ray pulses would open wide applications for 

dynamical, element-specific microscopy, imaging and holography in chemistry, biology, medicine 

and material nanoscience, providing unique combination of the record high spatial and temporal 

resolution, ultimately determined by carrier wavelength and pulse duration accordingly. 

Production of the strong ultrafast coherent sources in “water window” range (situated between the 

carbon and oxygen K-shell absorption edges: 4.4-2.3 nm), would be especially important for 

imaging of the protein dynamics in the living cells. 

Modern table top x-ray plasma lasers produce high energy pulses (up to several mJ) but of 

rather long picosecond (ps) duration. The high-harmonic generation (HHG) technique produces a 

set of high harmonics stretching to x-ray range, which could constitute attosecond x-ray pulses, 

but of rather low (nJ) energy.  

Thus, there are two paths towards intense coherent sub-femtosecond pulses in the soft x-

ray range, namely: (i) time-compression of ps radiation of the x-ray plasma lasers without essential 

loss of the energy; (ii) amplification of the high-harmonic radiation. Recently the possibility of 

efficient transformation of ps x-ray plasma lasers radiation into the trains of sub-fs pulses in the 

thermal-equilibrium plasma with modulated resonant transition has been predicted [1]. The 

possibility of transformation of ps x-ray radiation into the trains of sub-fs pulses with simultaneous 

amplification in the modulated active medium of x-ray lasers has been also theoretically 

demonstrated [2].  In this work we show that both paths (i) and (ii) can be successfully combined 

via seeding of the x-ray plasma lasers, modulated by a moderately strong IR field, with high-

harmonics of the same IR field.  
    

 

1. T.R. Akhmedzhanov, V.A. Antonov, and O. Kocharovskaya, Formation of ultrashort 

pulses from quasi-monochromatic XUV radiation via IR field controlled forward 

scattering, Phys. Rev., A 94 (2), 023821 (2016). 

2. O. Kocharovskaya, T. R. Akhmedzhanov, V. A. Antonov, A. Morozov, A. Goltsov, M. 

O. Scully and S. Suckewer “Towards Generation of Sub-fs Pulses Using Lasing to 

Ground States of H-like LiIII at 13.5nm and He-like CV at 4nm”, X-ray Lasers 2016, 

Proceedings of the 14th International Conference on X-ray lasers, Eds. T. Kawachi, S. V. 

Bulanov, H. Daido, Y. Kato. Springer Proceedings in Physics, to be published. 
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Polarimetric k-space microscopy of single plasmon antennas 
 

A. Femius Koenderink 
Center for Nanophotonics, FOM Institute AMOLF, NL-1098XG Amsterdam, The Netherlands 

f.koenderink@amolf.nl 

 

Surface plasmon resonators can drastically redistribute incident light over different output wave vectors 

and polarizations. They have thus been proposed to control scattering as well as radiation patterns of single 

fluorophores. In addition to presenting strongly directional radiation patterns, plasmonic nano-antennas also can 

impart nontrivial polarization and phase signatures, imprinting spin and orbital angular momentum features on the 

emitted light. I present Fourier polarimetry as a new tool to completely characterize the angle-dependent 

polarization-resolved scattering and emission of single nanostructures.  

To measure both the wave vector distribution and the polarization state of scattered and emitted light, our 

setup combines a Fourier microscope and a polarimeter. The Fourier microscope uses back focal plane imaging of 

light collected by a microscope objective onto a CCD camera and includes a spatial filter to ensure that only light 

from a single antenna is collected. The objective of our polarization measurements is to determine the Stokes 

parameters S0, S1, S2, and S3 that fully describe the polarization state of the measured light, for each wave vector. 

To this end, we use a rotating plate polarimeter composed by a quarter wave plate (QWP) and a linear polarizer 

(LP). Taking six CCD images suffices to find the Stokes parameters, and thereby the full polarization ellipse for 

scattered light, as well as the degree of (linear and circular) polarization, which is a measure of coherence. To 

showcase the method I present three experiments. First, we measured scattering from plasmonic bullseye antennas 

[1], which are known to beam light efficiently. We find a very rich structure in the angular-dependent polarization 

state of the scattered light, including complete conversion of input polarization from linear to circular and from 

one helicity to another. Next, I present a fluorescence experiment [2] that shows that Fourier polarimetry allows 

determining the emitter-antenna coupling strength through the degree of polarization imparted by the antenna. 

Finally, I show that such polarimetry can also be implemented in cathodoluminescence imaging (see Figure). In 

this technique, a structure is excited with ~ 5nm resolution by the electron beam of a scanning electron microscope, 

and emission is collected using a parabolic collector mirror. Polarimetry allows to disentangle incoherent and 

coherent emission phenomena (i.e., luminescence versus transition radiation), and one can once again completely 

map the polarization ellipse for each wave vector in the radiation patterns [3]. This set of new nanoscopy tools has 

the potential to give unprecedented insight in the physics of nano-antennas, in particular into the physics of 

chirality, and spin-orbit coupling.  
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Gravitational wave detection with optical lattice atomic clocks 
S. Kolkowitz1, T. Bothwell1, S.L. Bromley1, S.L. Campbell1, A. Goban1, R.B. Hutson1,  

G.E. Marti1, I. Pikovski2,3, J.M. Robinson1, L. Sonderhouse1, W. Zhang1, M.D. Lukin2, R.L. Walsworth2,3, J. Ye1 
1JILA, NIST and University of Colorado, Boulder, Colorado 80309, USA,  

2Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA, 
 3ITAMP, Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138, USA  

 
We will present a proposal for a space-based gravitational wave (GW) detector consisting of two spatially 

separated satellites containing 3D optical lattice clocks, sharing ultra-stable optical laser light over a single baseline 
(1). A synchronized two-clock comparison between the satellites will be sensitive to the effective Doppler shifts 
induced by incident GWs. The use of correlated noise spectroscopy and spectroscopic atom control sequences 
enables the detection of GWs from continuous, spectrally narrow sources, such as compact binary inspirals, with 
frequencies ranging from ~3 mHz - 10 Hz without loss of sensitivity, thereby bridging the detection gap between 
space-based and terrestrial optical interferometric GW detectors (see Fig. 1). Our proposed GW detector employs 
only two satellites, is compatible with integration with an optical interferometric detector, and requires only realistic 
improvements to existing ground-based clock and laser technologies, which we will discuss. We will also discuss 
recent progress towards the required improvements in clock performance in the form of a new experiment that 
combines a degenerate Fermi gas in a 3D optical lattice with a state-of-the-art ultrastable laser to achieve an 
unprecedented level of atom-laser coherence (2).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

1. Kolkowitz, S. et al. “Gravitational wave detection with optical lattice atomic clocks.” Accepted, Physical Review 
D. Preprint available: arXiv:1606.01859 (2016). 

2. S. L. Campbell et al. “A Fermi-degenerate three-dimensional optical lattice clock.” Manuscript submitted (2016). 

Figure 1: a) Diagram of proposed GW detector (not to scale). Our detector consists 
of two identical drag-free satellites. A GW induces relative motion between the 
satellites, which can be detected using a clock comparison. b) Comparison of GW 
sensitivities for different measurement protocols. By changing the pulse sequence 
applied to the atoms, it is possible to tune the narrowband sensitivity of the detector. 
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Bio-‐inspired	  Color-‐tunable	  Photonic	  Fibers	  
for	  Colorimetric	  Mechanical	  Sensing	  

Mathias	  Kolle1,	  Joseph	  Sandt1,	  Marie	  Elimbi	  Moudio1,	  	  
Chris	  Argenti1,	  James	  Hardin2,	  Jennifer	  Lewis3	  
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2	  Air	  Force	  Research	  Laboratories,	  	  
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Keywords:	  bio-‐inspired	  photonic	  materials,	  tunable	  photonic	  fibers,	  structural	  colors	  
	  

Creative	   concepts	   for	   the	   realization	   of	   photonic	   elements	   that	   are	   unique	   in	   their	   design,	  material	  
composition	   and	   fabrication	   strategies	   can	   be	   identified	   by	   taking	   a	   careful	   look	   at	   nature’s	   light	  
manipulation	  strategies.	  By	  exploring	  designs	  strategies	  found	  in	  biological	  photonic	  systems,	  versatile	  
approaches	   for	   the	   creation	   of	   multifunctional,	   hierarchically	   structured,	   dynamic,	   bio-‐inspired	  
material	  systems	  can	  be	  identified.	  Precise	  control	  of	  morphology	  and	  composition	  on	  the	  micro-‐	  and	  
nano-‐scale	   determines	   the	   optical	   properties	   and	   dynamic	   behavior	   of	   biological	   and	   bio-‐inspired	  
photonic	  architectures.	  	  

Dynamic	   photonic	   materials	   that	   respond	   to	   a	   variety	   of	   stimuli,	   including	   reversible	   deformation,	  
pressure,	   changes	   in	   chemical	   environment,	   humidity,	   or	   light	   levels	   have	   received	  much	   attention	  
from	  materials	   scientists,	   engineers,	   and	   optical	   designers.	   Here,	   we	   present	   recent	  work	   on	   color-‐
tunable	   elastic	   photonic	   fibers,	   a	   fully	  
synthetic	   material	   analogue	   of	   the	  
photonic	   structures	   found	   in	   the	  
tropical	   fruit	  Margaritaria	   nobilis.	   The	  
fiber’s	   reflection	   color	   can	   be	   tuned	  
reversibly	   by	   applying	   an	   axial	   strain	  
or	   a	   lateral	   compression.	   This	   effect	  
persists	   even	   after	   several	   thousand	  
cycles	   of	   deformation.	   We	   aim	   to	  
establish	   these	   fibers	   as	   a	   material	  
platform	   for	   applications	   in	   visual	  
stress	   and	   strain	   sensing,	   the	   optical	  
assessment	  of	  mechanical	  properties	  of	  
living	   tissue,	   or	   as	   components	   in	  
dynamic	   textiles	   and	   flexible	   photonic	  
circuitry.	   We	   show	   a	   particular	  
application	   of	   mechano-‐responsive	  
photonic	   fibers	   for	   quantifying	  
pressure	   in	   compression	   bandages	  
through	   a	   predictable	   change	   in	  
bandage	  color.	  

References 
Kolle, M. et al. Bio-Inspired Band-Gap Tunable Elastic Optical Multilayer Fibers. Adv. Mater. 25, 2239–2245 (2013). 
Kolle, M. et al. Stretch-tuneable dielectric mirrors and optical microcavities. Opt. Express 18, 4356–4364 (2010). 

 
Figure 1: Color-tunable photonic fibers. a) Fibers are 
produced by forming a multilayer roll. b) Cross-section of a 
photonic fiber revealing the layered architecture, 1µm. Inset: 
the whole fiber cross-section, 20µm. c) Tuning of the fiber 
color by strain, 50µm. 
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Using nuclear transitions to control and store x-ray photons 
 

Xiangjin Kong1, Adriana Pálffy1 
1Max Planck Institut for Nuclear Physics, Heidelberg, Germany 

 
Recent years have witnessed the commissioning of coherent x-ray sources opening the new 

field of x-ray quantum optics. While not yet as advanced as its optical counterpart, the latter may 
enable coherent control of x-rays, with potential applications for the fields of metrology, material 
science, quantum information, biology and chemistry. The desirable properties of x-rays are 
deeper penetration, better focus, no longer limited by an inconvenient diffraction limit as for 
optical photons. A peculiar circumstance is that x-rays are resonant to either inner shell electron 
transitions in (highly) charged ions, or transitions in atomic nuclei.  

Here, we investigate how to use nuclear transitions in the x-ray regime to manipulate single 
x-ray quanta. The key for such control is the use of Mössbauer transitions in solid-state targets 
which enable collective effects to come into play in the nuclear excitation and decay processes. 
Particularly successful systems to exploit collective effects of nuclei in x-ray single-photon 
superradiance have proved to be thin-film planar x-ray cavities with an embedded 57Fe nuclear 
layer, see example in Fig. 1. For instance, recently the groups of J. Evers and R. Röhlsberger 
could experimentally show that in such cavities it is possible to slow down a narrow-band x-ray 
pulse due to the resonant interaction with the nuclear layer.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Thin-film planar cavity setup with x-ray grazing incidence. The cavity consists of a sandwich of Pd and 
C layers with a 1nm layer containing 57Fe placed at the antinode of the cavity. The nuclei experience a hyperfine 
magnetic field B (red horizontal arrow). Inset panel: 57Fe level scheme with hyperfine splitting.  

 
In this work we present a theoretical control mechanism for stopping x-ray pulses in 

resonant nuclear media. We show that narrow-band x-ray pulses can be mapped and stored as 
nuclear coherence in a thin-film planar x-ray cavity with an embedded iron layer as illustrated in 
Fig. 1. The pulse is nearly resonant to the 14.4 keV Mössbauer transition in the 57Fe nuclei. The 
role of the control field that is required to manipulate the x-ray pulse is played here by a 
hyperfine magnetic field which induces interference effects reminding of electromagnetically 
induced transparency. We show that by switching off the control magnetic field, a narrow-band 
x-ray pulse can be completely stored in the cavity for approximately hundred ns.  
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Stimulated Hard X-ray Emission Spectroscopy:  
Fundamentals and Insight from the Manganese 5.9 keV K-alpha fluorescence 

Thomas Kroll 
SLAC National Accelerator Laboratory 

 
A molecular level understanding of how transition metal complexes catalyze reactions has long 
been a grand challenge. It is not only critically important for advancing efforts in developing a 
new generation of environmentally sustainable industrial catalysts, including the fields of solar 
energy conversion, fuel cells and nitrogen fixation, it is also central to the study of many 
important metalloenzymes in biology and other fields. Synchrotron radiation based X-ray 
spectroscopy methods have been at the center of studying transition metal complexes for many 
years, specifically their electronic structure and ligand environment.  
Here, the emission signal of 
conventional X-ray emission 
spectroscopy (XES) is emitted into the 
full 4π solid angle, but only a fraction of 
it can be detected with state-of-the-art X-
ray analyzer optics for both hard and soft 
X-rays. A fundamentally new approach 
of stimulated, non-linear X-ray 
spectroscopy is discussed. All emitted 
photons are directed exclusively in the 
forward direction, leading to an altered 
and narrower spectral shape (see Figure). 
This approach has the potential to not 
only overcome the limitations of 4π 
signal collection, it can also lead to 
several orders of magnitude larger signal 
yields and information not obtainable 
with conventional methods. The strong 
gains in signal strength and an 
exponential spectral sensitivity can be 
used to selectively probe subsets of 
emission lines. In addition, emission signals with a spectral width way beyond the natural life-
time broadening have been observed. A finding that is unique to the non-linear processes in 
stimulated emission.  
In this presentation, the whole intensity region leading to gain narrowing and final state 
broadening will be discussed with a focus on chemical information and results unique to non-
linear, stimulated X-ray emission spectroscopy. 
 

 
Figure: Illustration of the stimulated emission process 
(top) and resulting spectrum (bottom) compared to a 
conventional XES spectrum with optimized detection 
setup. 
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SURFACE PLASMON ASSISTED ELECTRON AND PHOTON EMISSION IN STRONG 

FEMTOSECOND LASER FIELDS 

Norbert Kroo 

Wigner Physics Reserch Center 

Hungarian Academy of Sciences 

 

Intense femtosecond laser pulses ( I = 20 – 160 GW/cm
2
) have been used to 

excite surface plasmons (SPO) in  thin gold films at room temperature. These 

SPO-s decay either into hot electrons which may be emitted from the surface, 

or into photons. From the photon emission results the parameters of dynamical 

screening of electrons by the strong photon/SPO field could be determined. 

The emitted electron spectra showed in addition to the electron pairing, 

reported earlier, other anomalies, including magnetis ones. All these 

observations, and others, not reported here, have shown anomalous properties 

in a broad laser intensity range around 80 GW/cm
2 

[1,2]. 

Both irregulaly surfaced and structured  Au films have been used in our 

experiments and the TOF spectra of emitted electrons of the structured 

samples proved to be significantly different from those of the irregular ones. 

Some typical experimental results of these observations are presented and   

the theoretical interpretation of these findings is also given.  

[1].N.Kroo,P.Racz,S.Varro EPL 110 (2015) 67008 

[2].N.Kroo,P.Racz,I.Tutto EPL 115 (2016) 27010 
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All-dielectric resonant nanophotonics: metasurfaces and nonlinear effects 

Sergey Kruk1, Lei Wang1, Rocio Camacho1, Mohsen Rahmani1, Lei Xu1, 

Daria Smirnova1, Ivan Kravchenko2, Dragomir Neshev1, Yuri Kivshar1 

1Nonlinear Physics Center, Australian National University, Canberra ACT 2601, Australia 
2Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge TN 37831, USA 

Nanophotonics is a rapidly developing field that studies the behavior of light at the nanoscale and light-

matter interaction with subwavelength objects. In this talk, we will summarize our recent results on all-

dielectric nanoscale elements supporting Mie resonances at optical frequencies. Resonant behavior 

enhances the light-matter interactions allowing to realize many important functionalities in extremely 

small volumes of space. We will discuss our resent progress on linear ultra-thin Si metasurfaces, and 

also nonlinear nanoantennas made of III-V semiconductors. 

Metasurfaces are ultra-thin patterned structures that emerged recently as planar metadevices 

capable of reshaping and controlling incident light. This makes them a promising novel platform for flat 

optical elements, such as waveplates, q-plates, lenses, and holograms. Holograms showcase a potential 

of the metasurface platform, as they rely on complex wavefront engineering. In Figure 1 we 

demonstrate transparent meta-holograms based on silicon metasurfaces that allow high-resolution 

grayscale images to be encoded. They are less that a wavelength thin and are fabricated in a single 

lithography step. The holograms feature the highest diffraction and transmission efficiencies, and they 

operate over a broad spectral range.  

Nanoantennas are developed as a platform for nanoscale light sources with designer radiation 

patterns and polarizations. Here, we demonstrate dielectric AlGaAs nanoantennas for efficient second 

harmonic generation -- a nonlinear processes, where the frequency of an incident light beam is doubled 

inside a nonlinear medium. While usually SHG relies on bulk nonlinear crystals such as lithium niobate, 

KTP or BBO, we demonstrate SHG in a single nanodisk of AlGaAs with record-high efficiency [see 

Fig. 2]. This is enabled by the development of a novel fabrication procedure of AlGaAs-in-insulator, 

containing epitaxial growth in conjunction with a bonding procedure to a glass substrate. 

 

Figure 1. Meta-holograms. (a,b) Electron and visible 

microscope images of the sample. (c,d) Theoretical and 

experimental images of the reconstructed holograms. 

The metaholograms transmit over 90% of light with a 

diffraction efficiency over 99% at a 1600 nm 

wavelength, with the operation spectral bandwidth of 

375 nm [L. Wang et al., Optica December 2016] 

 

Figure 2. Second harmonic generation in AlGaAs 

nanodisks. (a) Schematic of a single-disk experiment. 

(b) Experimentally measured SHG efficiencies from 

nanodisks of different diameters for a pump 

wavelength of 1556 nm. (c, d) Measured radiation 

patterns in forward and backward directions (arrows 

visualize the polarization states) [R. Camacho-Morales 

et al., Nano Letters 16, 7191, 2016].
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Quantum information, quantum optics and laser frequency 
stabilization based on rare earth doped crystals 

 
Stefan Kröll 

Dept. of Physics, Lund University, Lund, Sweden 
Stefan.Kroll@fysik.lth.se 

Using frequency-programmable atoms, materials can be structured in frequency-space, creating 
materials with completely new properties. This can be seen in analogy with spatially structuring 
matter at the micro- and nanoscale which also creates materials with novel properties. 

Crystals doped with rare earth ions can have optical transitions with sub-kHz line widths which is 
unique for solid state materials. Optical pumping to frequency-selective traps with lifetimes in the 
milliseconds to hours range can be used to manipulate the ions in the crystals such that the crystal 
absorb at selected frequencies, creating nearly arbitrary absorption structures. Such structures 
have for example been used when remotely entangling spatially separated crystals to each other 
[1], for high performance quantum memories [2], for laser frequency stabilization down to ~1 
part in 1016 [3] and they have been used to create materials where light propagates at just a few 
km per second and where the speed of light and the light frequency can be controlled using 
external electric fields of only a few tens of V/cm [4, 5, 6]. 

These crystals can have millisecond optical coherence times and hyperfine coherence times of 
several hours. Remarkably the 6 hour coherence time observed for the nuclear spins in Ref. 7 
means that for a crystal transported at 10 km/hour, the decoherence per km will be lower than for 
entangled light propagating in a fibre! In general the long coherence times makes rare earth 
crystals extremely interesting for quantum applications. On the other hand the long excited state 
lifetime also makes it difficult to detect single ions. Currently there is significant interest in 
integrating/combining rare earth ions with nano/micro-cavities [8]. In this case Purcell 
enhancement can, e.g., be used to control the excited states lifetimes, yielding more efficient 
quantum state readout and such structures also enable quantum light interactions with the rare 
earth ions using the cavity modes.  

This presentation will give a very brief background on rare earth crystals. It will shortly introduce 
the breakout session presentations, which treat quantum memories, laser stabilization, ion-cavity 
interactions and material aspects of the rare earth crystals. It will also outline the slow light 
effects, including its applications to laser stabilization as well as to completely unexpected areas 
like deep tissue imaging. 
                                                 
1 ”Heralded quantum entanglement between two crystals”, I Usmani et al., Nature Photonics 6, 234( 2012) 
2 ”Quantum storage of photonic entanglement in a crystal”, C Clausen et al., Nature 469, 508 (2011) 
3 “Laser-Frequency Stabilization Based on Steady-State Spectral-Hole Burning in Eu3+: Y2SiO5”, S Cook et al., PRL 

114, 253902 (2015) 
4 “Spectral engineering of slow light, cavity line-narrowing and pulse compression”, Sabooni et al., PRL 111, 

183602 (2013) 
5 “Slow-light-based optical frequency shifter”, Qian Li et al., PRA 93, 043832 (2016) 
6 ”Group velocity control and pulse compression”, Qian Li et al., manuscript in preparation 
7 ”Optically addressable nuclear spins in a solid with a six-hour coherence time”, Zhong et al., Nature 517 (2015) 

177. 
8 ”Nondestructive photon detection using a single rare-earth ion coupled to a photonic cavity”. C O'Brien et al., 
PRA 94, 043807 (2016) 
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Super Temporal-Resolved Microscopy (STReM) 

Christy F Landes 
Department of Chemistry, Department of Electrical and Computer Engineering 

Rice University, MS 366, Houston, Texas 77251-1892, United States 

E-mail: cflandes@rice.edu. 

Super-resolution microscopy typically achieves high spatial resolution but the temporal resolution remains 

low. We report Super Temporal-Resolved Microscopy (STReM) to improve the temporal resolution of 2D 

super-resolution microscopy by a factor of 20 compared to the traditional camera-limited frame rate. This 

is achieved by rotating a phase mask in the Fourier plane during data acquisition and then recovering the 

temporal information by fitting the PSF orientations. The feasibility of this technique is verified with both 

simulated and experimental 2D adsorption/desorption and 2D emitter transport.  When STReM is applied 

to measure protein adsorption at a glass surface, previously unseen dynamics are revealed. 

 

Figure 1. STReM can measure (a) Reversible adsorption of fluorescent emitters. (b) A double helix point spread function (DH PSF) is observed 
with a static DH phase mask (PM) in the Fourier plane and the camera at the 2nd image plane. (c) The PSF orientation changes when the DHPM 
is rotated. (d, e) Simulated frames of reversible adsorption imaged with a static vs. a rotating DHPM, respectively. The crosses denote the lateral 
positions of the emitters and the color denotes arrival time. (f, g) Experimental frames of orange bead reversible adsorption on glass, collected 
with a static DHPM and rotating DHPM. Laser power is 0.52 KW/cm2. The camera exposure time is 5 ms in (f) and 100 ms in (g), with DHPM 
rotation at 300 rpm in (g). Scale bar = 1 µm. 

Wang, W.; Shen, H.; Shuang, B.; Hoener, B.S.; Tauzin, L.J.; Landes, C.F. “Super Temporal-Resolved 

Microscopy (STReM)” J. Phys. Chem Lett. 2016 7, 4524-4529. 
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Characterization Methods of Twisted Electrons and using them as Spin-Polarization Filters

Hugo Larocque,1 Vincenzo Grillo,2 and Ebrahim Karimi1, 3

1Department of Physics, University of Ottawa, 25 Templeton St., Ottawa, Ontario, K1N 6N5 Canada
2CNR-Istituto Nanoscienze, Centro S3, Via G Campi 213/a, I-41125 Modena, Italy

3Department of Physics, Institute for Advanced Studies in Basic Sciences, 45137-66731 Zanjan, Iran

As quantum entities, electrons are subject to the principles of quantum complementarity and can
therefore be described as either particles or waves, but not both simultaneously. Such a formalism
applies to both bound and free electrons. In the case of the latter, the formulation of free electron
waves can be made completely analogous to that of light beams which has resulted in the devel-
opment of so-called electron beam shaping. The uncanny similarities between both entities has
resulted in the application of many optical techniques in the field of free electron physics.

Among these techniques are those pertaining to the orbital angular momentum (OAM) of light.
Methods that are used to both generate OAM-carrying light and measure a light beam’s OAM
content are now successfully being applied to free electrons. However, since electrons consist of
charged objects, then unlike light beams, the orbital motion attributed to OAM-carrying electrons
additionally provides them with magnetic properties giving them the ability to interact with elec-
tromagnetic fields. Methods related to the generation, detection, and application of OAM-carrying
electrons therefore benefit from a much wider range than those of their optical counterpart.

FIG. 1. Schematics for (a) the implementation of an electron OAM spectrometer or “sorter”, (b) nondestructively measuring an
electron’s OAM, and (c) generating OAM-carrying electron beams via spin-to-orbit coupling.

Here, we will discuss the development of recent techniques used to characterize OAM-carrying
electron beams that both rely on the analogous wavelike properties of electrons and their distinct
magnetic nature. More specifically, we will present the implementation of a device that effectively
acts as an OAM spectrometer [1] along with a proposal aiming to use an electron’s magnetic field
to nondestructively measure its OAM value [2]. Finally, we will describe how OAM-carrying elec-
trons can be generated via spin-to-orbit coupling through the interaction with an external magnetic
field and how a similar technique can be employed for spin-polarizing an electron beam [3].

[1] V. Grillo, A. H. Tavabi, F. Venturi, H. Larocque, R. Balboni, G. C. Gazzadi, S. Frabboni, P.-H. Lu, E. Mafakheri, F. Bouchard,
R. E. Dunin-Borkowski, R. W. Boyd, M. P. J. Lavery, M. J. Padgett, and E. Karimi, arXiv preprint arXiv:1609.09129 (2016).

[2] H. Larocque, F. Bouchard, V. Grillo, A. Sit, S. Frabboni, R. E. Dunin-Borkowski, M. J. Padgett, R. W. Boyd, and E. Karimi,
Physical Review Letters 117, 154801 (2016).

[3] E. Karimi, L. Marrucci, V. Grillo, and E. Santamato, Physical Review Letters 108, 044801 (2012).
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Stabilizing a laser on a rare-earth doped crystal 
for application to optical lattice clocks

Olivier Gobron, Kwangyun Jung, Katharina Predehl, Nicolas Galland,
 Rodolphe Le Targat and Yann Le Coq

LNE-SYRTE, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ. Paris
06, 61 avenue de I’Observatoire, 75014 Paris, France

Optical lattice clocks are among the foremost contenders for the current development in ultra-high stability and
accuracy frequency standard. Many such systems are now being developed and improved throughout the world
and they are seriously considered for the redefinition of the SI unit of time, currently planned to happen in 2026.
One major technical limitation of these systems is that they haven't yet reached their ultimate short term stability,
that would be imposed by the fundamental limit called the quantum projection noise (QPN). This situation is due
to the absence of  ultra-stable  lasers  (an essential  part  of  an optical  frequency standard)  with good enough
spectral purity to sustain QPN limited operation of optical lattice clocks. Several different technology are being
explored in National Metrology Institute and other high precision measurement laboratories to go beyond the
current limitation of state-of-the-art Fabry-Perot cavity – stabilized lasers. One such technology is to stabilize a
laser  on  one  or  many spectral  holes  previously  photo-imprinted  in  a  rare-earth  doped crystal  at  cryogenic
temperatures. I will present the development at LNE-SYRTE in this direction.
Although other technologies are being explored in parallel (long Fabry-Perot cavities, cryogenic Fabry-Perot
cavities, crystalline coatings,...), we believe that high stability rare-earth stabilized lasers as pioneered by our
NIST colleagues [ThorpeNP2011], have the potential to reach the low 10-17 short term stability range near 1s that
is required for operating optical lattice clocks at the QPN limit. The rare-earth based laser systems will need to
have its spectral purity transferred to the wavelength of the various optical clocks by an optical frequency comb,
a technique we can implement with a negligible 10-18 level added noise [NicolodiNP2014]. The system at LNE-
SYRTE has now reached narrow-spectral holes of 3.2kHz FWHM, a linewidth comparable to that of typical high
finesse  Fabry-Perot  cavity  used  in  metrology-grade  laser  frequency  stabilization.  We  have  developed  a
heterodyne fully digital probing and servo-locking technique that allow us to stabilize for several hours a laser
below 2x10-14 stability at 1s, starting from laser pre-stabilized on a high finesse Fabry-Perot Cavity with 10 -13

stability at 1s. Current limitations of the system are being explored and techniques to improve the signal to noise
ratio of the detection, the stability of the cryogenic environment, and the bandwidth of the servo-locking are now
being developed.    

Figure: time trace of the frequency of the rare-earth doped stabilisation laser experiment, as measured against a state-of the
art Fabry-Perot based system via an optical frequency comb. On the left, the laser is only stabilized on the pre-stabilization
cavity (~10-13 stability at 1s). On the right, the digital servo-lock on spectral holes in rare-earth doped crystal is engaged,

leading a stability near 1x10-14 at 1s 

References:
[ThorpeNP2011] M. Thorpe et al., Nature Photonics 5, 688 (2011) 
[NicolodiNP2014] D. Nicolodi et al., Nature Photonics 8, 219 (2014)
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Quantum Annealing with Parity Constraints 
Wolfgang	Lechner	
Institute	for	Theoretical	Physics,	University	of	Innsbruck	
 
Quantum annealing aims at solving optimization problem using the quantum adiabatic 
theorem. In the spin glass paradigm of quantum annealing, an optimization problem 
is encoded in the interactions of a fully connected Ising spin model. The ground-state 
of the spin model encodes the optimal solution of the problem. Finding this state is a 
hard problem on classical computers and quantum annealing aims at efficiently 
preparing the ground state using adiabatic state preparation. However, the infinite 
range of the spin-spin interactions limits the scalability of a direct implementation of 
the fully connected spin glass.  
Parity constraint based quantum annealing [1] has been recently introduced as an 
alternative to the spin glass paradigm of quantum annealing. In this architecture, an 
optimization problem is encoded in local fields that act on an extended set of qubits in 
a constraint subspace. The constraints are problem independent 4-body interactions 
acting uniformly on all plaquettes of a square lattice. The parity scheme allows one to 
implement quantum annealing protocols with the focus on coherent dynamics in 
various platforms, including Transmons, Rydberg atoms and ions in surface traps. I 
will also outline opportunities in applications such as training of a restricted Boltzmann 
machine.   
 
[1] W. Lechner, P. Hauke and P. Zoller, Science Advances 1, e1500838 (2015). 
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Nanocrystals upconversion and advanced light manipulation in 
nanostructured optical fibers 

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  

 
Upconversion is a nonlinear optical process where long wavelength exciting radiation is converted into 
shorter wavelength emitting light via a two- or multi-photon absorption mechanism, typically through the 
use of lanthanide (Ln3+) ions doped in a solid-state host.1 These nanocrystal upconvesion are widely used 
as a new category in biological and photovoltaic applications. In this study, we merge the advantages of 
two very different but remarkably sciences, i) upconversion energy transfer in nanocrystals and ii) 
nanostructured fiber optics – an unusual but promising combination which has not been studied, for 
enhancing nanocrystal upconversion luminescence and other optical properties in a unique optical 
platform. In addition, we also study the 
azimuthal mode conversion in the magnetic 
fluid-filled nanobore optical fiber (Fig. 1a). 

The specialty optical fiber we used is a 
modified version of conventional step index 
optical fiber with a central hollow core2. The 
nanocore fiber is formed by a cylindrical silica 
step-index fiber with a GeO2 doped core and a 
central nanochannel with radius ranging from 
200 nm- 550 nm. The light is guided in the 
core with total internal reflection. While the 
light is guided in the Ge-doped core, there is a 
large portion of optical energy confined in the 
nanoscale central hollow channel (Fig. 1b-d). 
Thus, a strong light-matter interaction and long 
interaction length are achieved when the 
hollow channel is filled with the targeted 
nanocrystals. The advantages of the high 
optical field confinement and the long 
interaction length offer the nanocrystal 
upconversion processes to be performed with 
ultralow detection limit and excitation power. 
We have measured the emission from a Yb/Er: 
NaYF4 nanocrystal-filled fiber and studied the 
upconversion energy transfer. 

In addition, we also studied the broadband 
azimuthal polarization conversion in a 
magnetic fluid-filled nanobore fiber. We observed high beam quality and an azimuthal conversion by 
imaging the near-field pattern of the magnetic-fluid filled fiber. We will also explore the tunability of the 
azimuthal mode via external stimuli. The excitation of the high quality azimuthal mode could allow 
vortex generation in optical fiber for laser tweezer superfocusing applications. 
                                                             
1 D. Q. Chen, L. Lei, A. P. Yang, Z. X. Wang, Y. S. Wang, “Ultra-broadband Near-infrared Excitable Upconversion core/shell 

Nanocrystals,” Chem. Commun. 48, 5898–5900 (2012). 
2 S. Faez et al., “Fast, Label-Free Tracking of Single Viruses and Weakly Scattering Nanoparticles in a Nanofluidic Optical 

Fiber,” ACS Nano 9, 12349-12357 (2015). 

Fig.1: (a) Schematic of nanobore optical fiber for enhancement of 
nanocrystal upconversion and azimuthal mode conversion. (b) 
Scanning electron microscopy images of nanobore optical fiber. 
(c) Simulated optical field distribution and (d) cross-section 
profile of the optical field showing a strong field confinement 
inside the nano-hollow channel. (e) Measured mode pattern of the 
excited azimuthal mode in the magnetic-fluid filled nanbore fiber. 
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Evolution of Small Semiconductor Lasers 
 
 

Yong-Hee Lee 

Department of Physics, Korea Advanced Institute of Science and Technology 

373-1 Kusung-dong, Yusung-gu, Taejon, Korea 305-701 

Email: yhlee@kaist.ac.kr  
 

Abstract 

Quest for the smallest possible laser has been intensely on-going over several decades, attracting scientists in the 

semiconductor laser community. The evolution of small semiconductor lasers, from VCSEL to photonic crystal laser 

and 1-D nanobeam laser, is reviewed and recent efforts on the ultra-low threshold small lasers are to be discussed in 

more detail. The potentials and limits of the very small metallic lasers and resonators will be also be addressed. 
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Laser frequency stabilization based on steady-state 

spectral-hole burning in Eu3+:Y2SiO5
* 

  

Shon Cook1,2,† and David R. Leibrandt1,2,‡ 
  

1 
Time and Frequency Division, National Institute of Standards and Technology, Boulder, CO 80305, USA 

2 
Department of Physics, University of Colorado, Boulder, CO 80309, USA 

‡
david.leibrandt@nist.gov 

  

Frequency stable laser local oscillators (LLOs) are key tools in the field of metrology.  

Applications of such LLOs include optical atomic clocks, searches for physics beyond the 

standard model, and measurements of gravitational potentials.  The best stabilized lasers to date 

are obtained by locking their frequencies to Fabry-Pérot reference cavities, and their stability is 

intrinsically limited by thermomechanical length fluctuations of the cavity. 

Spectral holes in cryogenically cooled Eu3+:Y2SiO5 are a promising alternative to the use of 

mechanical references for laser frequency stabilization [1].  At 4 K, this material supports 

spectral holes at 580 nm with linewidths as narrow as 122 Hz and lifetimes of 106 s.  The 

frequency shifts due to fluctuations in the ambient magnetic and electric fields, temperature, 

pressure, and acceleration are all small enough to reach laser frequency instabilities at the 10-17 

fractional frequency level [2]. 

In this work, we demonstrate laser 

frequency stabilization to a steady-state pattern 

of spectral holes in Eu3+:Y2SiO5 [3].  This 

pattern consists of three sets of spectral holes 

spaced in frequency by 46.2 MHz and 34.6 

MHz (Figure 1), corresponding to the ground-

state hyperfine splittings of 151Eu3+.  The Eu3+ 

population reaches steady-state as the spectral 

holes in the three regions are burned, and 

additional interleaved probing does not modify 

the absorption spectrum.  Using this spectral-

hole pattern, laser frequency stabilization 

experiments can be made to run indefinitely.  

We measure the fractional frequency stability 

of a laser locked to such a steady-state spectral hole pattern to be 4×10-16 τ-1/2 for 

0.01 s < τ < 10 s, with long term linear fractional frequency drift of the order of 10-18 s-1. 

  

 [1] M. J. Thorpe, L. Rippe, T. M. Fortier, M. S. Kirchner, and T. Rosenband, “Frequency stabilization to 6×10-16 

via spectral-hole burning,” Nat. Photonics 5, 688 (2011). 

[2] M. J. Thorpe, D. R. Leibrandt, and T. Rosenband, “Shifts of optical frequency references based on spectral-hole 

burning in Eu3+:Y2SiO5,” New J. Phys. 15, 033006 (2013). 

[3] S. Cook, T. Rosenband, and D. R. Leibrandt, “Laser frequency stabilization based on steady-state spectral-hole 

burning in Eu3+:Y2SiO5,” Phys. Rev. Lett. 114, 253902 (2015). 

* This work is supported by DARPA and ONR. 

† Present address: Stable Laser Systems, Boulder, CO 80301, USA 

Figure 1.  Absorption of a steady-state spectral hole 

pattern with three regions of spectral holes. 
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Role of position disorder in interacting Rydberg lattice gases* 

Igor Lesanovsky 

School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, UK 

Rydberg gases provide a versatile platform for studies of quantum few-body and many-body 

phenomena with applications ranging from quantum information processing to simulations of complex 

condensed matter systems. Of particular interest is the so-called facilitation mechanism (or anti-

blockade), where the excitation of an atom to a Rydberg state is strongly enhanced in the vicinity of an 

already excited atom. This effect is of broad relevance and exploited in the design of quantum gates as 

well as in protocols for dissipative quantum state preparation. In the many-body context it effectuates 

an aggregation mechanism, where an initial Rydberg excitation seed triggers a dynamical growth of 

excitation clusters and it enables the implementation of kinetic constraints thereby connecting to the 

physics of glass-forming substances. 

 

In this talk we will discuss the dynamics of Rydberg excitations in 

an optical tweezer array under facilitation conditions. Due to the 

finite temperature the atomic positions are randomly spread, an 

effect that leads to quenched correlated disorder in the interatomic interaction strengths. This 

drastically affects the facilitation dynamics as we demonstrate experimentally on the elementary 

example of two atoms. To shed light on the role of disorder in a many-body setting we show that here 

the dynamics is governed by an Anderson-Fock model, i.e. an Anderson model formulated on a lattice 

with sites corresponding to many-body Fock states. We first consider a one-dimensional atom chain in a 

limit which is described by a one-dimensional Anderson-Fock model with disorder on every other site, 

featuring both localized and delocalized states. We then illustrate the effect of disorder experimentally 

in a situation in which the system maps on a two-dimensional Anderson-Fock model on a trimmed 

square lattice. We observe a clear suppression of excitation propagation which we ascribe to the 

localization of the many-body wavefunctions in Hilbert space. 

* Matteo Marcuzzi, Jiří Minář, Daniel Barredo, Sylvain de Léséleuc, Henning Labuhn, Thierry Lahaye, 

Antoine Browaeys, Emanuele Levi and Igor Lesanovsky, Localization phenomena in interacting Rydberg 

lattice gases with position disorder, arXiv:1607.06295 (2016) 

Facilitation dynamics of two atoms. (a) 

The harmonic traps are disposed in a line 

along x3 with average separation r0 and 

widths i.  (b,c) Level structure for the 

two-atom case for the resonant =0 and 

facilitated ( = -VNN) conditions 

respectively. The experimental data for 

the time evolution of the excitation 

probabilities 𝑃↑↓ and 𝑃↓↑ are shown as 

full circles in panels (d,e). The data are 

averaged over at least 100 realizations 

of the disorder. The solid lines show 

numerical solutions of the dynamics 

obtained averaging over 30 realizations 

of the disorder. 
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The quantum vacuum, classical optics and the fine structure constant 
 
 

Gerd Leuchs 
Max Planck Institute for the Science of Light, Erlangen, and  

Department of Physics, University of Erlangen-Nürnberg, Germany 
Department of Physics, University of Ottawa, Canada 

 
 
  The properties of the vacuum are described by quantum physics including the 
response to external fields such as electromagnetic radiation. Of the two parameters 
that govern the details of the electromagnetic field dynamics in vacuum, one is fixed by 
the requirement of Lorentz invariance c =1 ε0µ0 . The other one, Z0 = µ0 ε0 =1 cε0( )  
and its relation to the quantum vacuum, is discussed in this contribution. Deriving ε0  
from the properties of the quantum vacuum implies the derivation of the fine structure 
constant. A closed form is given for the fine structure constant. 
 
Reference: 
G Leuchs, M Hawton, LL Sánchez-Soto, 'Quantum field theory and classical optics: 
determining the fine-structure constant', arXiv:1612.xxxx 

Speaker: Gerd Leuchs, MPG
Schedule: Thursday Evening Plenary Session

PQE-2017 218



Supermode-Density-Wave-Polariton	Condensation	
Benjamin	Lev	
Stanford	University	
	
Phase	transitions,	where	observable	properties	of	a	many-body	system	change	discontinuously,	
can	occur	in	both	open	and	closed	systems.		Ultracold	atoms	have	provided	an	exemplary	model	
system	 to	 demonstrate	 the	 physics	 of	 closed-system	 phase	 transitions,	 confirming	 many	
theoretical	models	and	results.	Our	understanding	of	dissipative	phase	transitions	in	quantum	
systems	is	less	developed,	and	experiments	that	probe	this	physics	even	less	so.		By	placing	cold	
atoms	 in	 optical	 cavities,	 and	 inducing	 strong	 coupling	 between	 light	 and	 excitations	 of	 the	
atoms,	one	can	experimentally	study	phase	transitions	of	open	quantum	systems.		We	will	report	
our	 observation	 of	 a	 novel	 form	 of	 nonequilibrium	 phase	 transition,	 the	 condensation	 of	
supermode-density-wave-polaritons.		These	polaritons	are	formed	from	a	hybrid	``supermode"	
of	cavity	photons	coupled	to	atomic	density	waves	of	a	quantum	gas.		These	results,	found	in	the	
few-mode-degenerate	cavity	regime,	demonstrate	the	potential	of	fully	multimode	cavities	to	
exhibit	physics	beyond	mean-field	theories,	possibly	in	the	presence	of	dynamic	synthetic	gauge	
fields.	 	Such	systems	will	provide	experimental	access	to	nontrivial	phase	transitions	 in	driven	
dissipative	quantum	systems	as	well	as	enabling	the	studies	of	novel	non-equilibrium	spin	glasses	
and	neuromorphic	computation.	
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Dielectric metasurfaces for phase, amplitude and polarization 
control 
 

Uriel Levy 

Department of Applied Physics, The Benin School of Engineering and Computer Science, 

The Center for Nanoscience and Nanotechnology, The Hebrew University of Jerusalem, 

Jerusalem, 91904, Israel. ulevy@mail.huji.ac.il http://www.cs.huji.ac.il/~ulevy/ 

 
 
Abstract:  
In this talk we describe our recent results related to dielectric metasurfaces. 
Various mechanisms for achieving phase, amplitude and polarization control will 
be discussed. While typically, metasurfaces operate in free space configuration, 
we will also present metasurfaces in guided mode configuration for the purpos of 
mode matching and mode conversion applications. These metasurfaces are 
designed and implemented in silicon waveguide, and are capable of providing both 
phase matching and mode matching. We will also demonstrate a metasurface with 
polarization diversity. This metasurface is capable of displaying different images, 
depending on the polarization of excitation.  Finally, we will also discuss and 
describe mechanisms for achieving tunable metasurfaces.  
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Single-photon superradiance and 
radiation trapping by atomic shells1 

Fu Li, Anatoly A. Svidzinsky, Hongyuan Li, Xiwen Zhang, C. 
H. Raymond Ooi, and Marlan O. Scully 

 Texas A&M University, College Station, Texas 77843, USA�, Princeton University, 
Princeton, New Jersey 08544, USA, Xi’an Jiaotong University, Xi’an, China �, University 
of Malaya, 50603 Kuala Lumpur, Malaysia�, Baylor University, Waco, Texas 76706, USA � 

      The collective nature of light emission by atomic ensembles yields fascinating 
effects such as superradiance and radiation trapping even at the single-photon level. 
Light emission is influenced by virtual transitions and the collective Lamb shift which 
yields peculiar features in temporal evolution of the atomic system. We study how 
two-dimensional atomic structures collectively emit a single photon. Namely, we 
consider spherical, cylindrical, and spheroidal shells with two-level atoms 
continuously distributed on the shell surface and find exact analytical solutions for 
eigenstates of such systems and their collective decay rates and frequency shifts. We 
identify states which undergo superradiant decay and states which are trapped and 
investigate how size and shape of the shell affects collective light emission. Our 
findings could be useful for quantum information storage and the design of optical 
switches.  

          

                                    (1)                                                         (2) 

(1) Decay rate of spherical harmonics β(r) = Ynm(θ,φ) (n = 0,1,2,3) of a spherical 
atomic shell as a function of the radius of the sphere R.  

(2) Collective decay rate of eigenstates of a spheroidal shell with quantum numbers 
(n,m) = (0,0), (1,0), (2,0), and (3,0) as a function of the axes’ length ratio a/b. Length 
b is fixed such that k0b = 0.5.  

[1] Single-photon superradiance and radiation trapping by atomic shells, Anatoly A. 
Svidzinsky, Fu Li, H. Li, X. Zhang, C. H. R. Ooi, and M. O. Scully, PRA 93, 043830 (2016) � 
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Generation of continuous-variable quadripartite cluster states 

in a circuit QED system 

 

                                    Fu-li Li 

Department of Applied Physics, School of Science, Xi'an Jiaotong University 

Xi'an 710049, People's Republic of China 

 

Abstract 

 

Cluster states are a type of highly entangled state of multiple qubit. It has been demonstrated 

that any quantum circuits and quantum gates can be implemented on a suitable cluster state by 

single quit measurements. In this way, so called one-way quantum computation can be 

implemented on a cluster state. In this talk, I will discuss two schemes to generate 

continuous-variable quadripartite cluster states. In the first scheme, we consider a system 

consisting of four chains of identical single-mode superconducting transmission line resonators. 

We show that the first four resonators coupled to a single flux qubit can be prepared in 

continuous-variable quadripartite cluster states via the decay of the qubit with proper choosing 

parameters of the driving fields to its ground state, and then other resonators evolve into the CV 

cluster states via the swapping interaction between the resonators. In the second scheme, we 

investigate the generation of continuous-variable quadripartite cluster states in a circuit QED 

setup, including four superconducting transmission line resonators and a gap-tunable 

superconducting qubit. We show that continuous-variable quadripartite cluster states of the four 

resonators can be prepared with the assistance of energy relaxation of the qubit by only one step 

of quantum operation. This makes our scheme more simple and feasible in experiment. Our 

result may have useful application for implementing quantum computation in a solid-state circuit 

QED system. 
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Effects of engineering initial states and quantum interference 

near the edge of a photonic band gap on the entanglement  
Haozhen Li1,2, Shuangyuan Xie1, Jingping Xu1, Yaping Yang1 

1Tongji University, Shanghai 200092, China 

2Texas A&M University, College Station, Texas 77843, USA 

 

Quantum entanglement is one of the peculiar phenomena of quantum mechanics 

and plays a crucial role in quantum information processing. However, quantum systems 

are very fragile and easily affected by decoherence via an interaction with the 

environment. Furthermore, in order to realize quantum networks, the quantum 

entanglement is required not only to be stored with a high fidelity but also to be 

controlled. For this purpose, in the past few years considerable effort has been devoted 

to the investigation of the dynamics of entanglement [1-4].   

In this paper, we focus on the combinational effects of the initial states and 

quantum interference on the time evolution of the entanglement between a V-type three 

level atom and its radiation field in an isotropic photonic crystal. We found that the 

effect of the quantum interference on the time evolution of the entanglement depends 

strongly on the initial states and the relative positions of the upper levels from the band 

gap. When the atomic transition frequency is inside the band gap, the entanglement 

dynamics experiences a periodic oscillation with constant amplitude due to the quantum 

interference between the dressed states. When the atomic transition frequency is outside 

of the band gap, the quantum entanglement will decay to a fixed value. Consequently, 

we can control the entanglement via quantum interference, engineering a proper initial 

state or detuning the relative position between the upper levels and the band edge. The 

theoretical results could be helpful for the implementation of quantum information 

processing. 

 

[1] W. L. Yang, J. H. An, C. J. Zhang, M. Feng, and C. H. Oh, Phys. Rev. A 87, 022312 (2013). 

[2] B. Bellomo, R. Lo Franco, and G. Compagno, Phys. Rev. Lett. 99, 160502 (2007). 

[3] N. I. Cummings and B. L. Hu, Phys.Rev. A 77, 053823 (2008). 

[4] C. Lazarou, K. Luoma, S. Maniscalco, J. Piilo, and B. M. Garraway, Phys. Rev. A 86, 012331 

(2012). 
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Hydrogel based nanodiamond quantum sensor* 
 
Quan LI 
Department of Physics, The Chinese University of Hong Kong, Shatin, New Territory, Hong Kong 
 
Nitrogen-vacancy (NV) in diamond serves as 
promising bio-sensor due to its excellent bio-
compatibility, high photo-stability, and the 
long spin coherence time at room 
temperature. However, the NV center is 
insensitive to many important biochemical 
parameters such as pH and non-magnetic 
biomolecules.  Here we propose a hybrid 
structure based scheme that can potentially 
enable the measurement of various 
biochemical parameters using NV based 
sensing.  The sensor is developed based on 
hydrogel, which family of materials 
undergoes large volume change when 
exposed to external stimuli including changes 
in pH, temperature, and concentration of 
biomolecules. By coupling the nanodiamond 
(ND) and a magnetic nanoparticle (MNP) via 
hydrogel, we demonstrated in the present 
work a feasible temperature sensor using the hydrogel@ND-MNP structure (Figure 1). The separation 
distance between the MNP and the ND changes when the temperature moves across the lower critical 
solution temperature (LCST) of the hydrogel. This leads to change in the magnetic field that the ND 
can detect sensitively.  We show the proof-of-the-concept demonstration of temperature sensing using 
such a hybrid sensor. The same principle can be well applied to detection of changes in other 
biochemical parameters by employing proper types of stimuli-responsive hydrogel.   
 
*This work is supported by the National Basic Research Program of China (973 Program) under Grant No. 
2014CB921402, and CRF of RGC (Project No. CUHK4/CRF/12G). 

Figure 1. Schematic showing the hydrogel@ND-
MNP hybrid nanosensor structure 
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Session: Laser filamentation based Weather Modulation at PQE-2017 

 

Water condensation and precipitation induced by laser filamentation and 

ionization 
 

 

Ruxin Li1, Jingjing Ju1, Tiejun Wang1, Haiyi Sun1, Jiansheng Liu1, See Leang Chin2 and Zhizhan Xu1 

1 State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics, 

Chinese Academy of Sciences, No. 390, Qinghe Road, Jiading District, Shanghai 201800, China 

2 Center for Optics, Photonics and Laser (COPL), Laval University, Quebec City, Quebec G1V 0A6, Canada 

 

 

When intense femtosecond laser pulses propagate in air, self-guided filaments will be generated through 

a dynamic balance between the focusing Kerr nonlinearity and the defocusing effect of plasma formation. 

Femtosecond laser pulses have been chosen as a driving source in the water condensation process in the 

atmosphere. Femtosecond laser-induced water condensation and precipitation have been observed. The 

intense femtosecond laser pulses can ionize or dissociate air molecules and generated a great amount of 

compounds with the assistance of photo-oxidation reactions. These compounds or their by-products 

would be an important source of cloud condensation nuclei.  

Recently we have investigated the water condensation in a cloud chamber induced by picosecond (ps) 

laser pulses at ~350 ps (800 nm/1–1000 Hz) with a maximum peak power of ~25MW. The peak power 

was much lower than the critical power for self-focusing in air (3–10 GW depending on the pulse 

duration). Sparks, airflow and snow formation were observed under different laser energies or repetition 

rates. It was found that weaker ps laser pulses can also induce water condensation by exploding and 

breaking down ice crystals and/or water droplets into tiny particles although there was no formation of 

laser filament. These tiny particles would grow until precipitation in a super-saturation zone due to 

laser-induced airflow in a cold region with a large temperature gradient. 

The interaction of laser filament and high voltage electric field was investigated. Laser based lightning 

control holds a promising way to solve the problem of lightning strikes. A direct observation of laser 

guided corona discharge was reported. Laser filament guided streamer and leader types of corona 

discharges were observed. An enhanced ionization took place in the leader (filament) through the 

interaction with the high voltage discharging field. The fluorescence lifetime of laser filament guided 

corona discharge was measured to be several microseconds, which is 3 orders of magnitude longer than 

the fluorescence lifetime of laser filaments. More recently we have demonstrated for the first time the 

condensation and snowfall induced by corona discharge inside a cloud chamber.  
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Mutual information description of entropy production 
 

Sheng-Wen Li 

Texas A&M University 

 

 
The entropy production rate is a quantitative description for the irreversible non-

equilibrium systems. The irreversible entropy of a system keeps being produced until it 
reaches the equilibrium, as required by the second law of thermodynamics. When an 
open system is contacted with a non-thermal bath with some exotic quantum properties, 
e.g., quantum coherence or squeezing, it has been reported that the 2nd law does not 
apply. Similarly, the conventional entropy production rate does apply in these cases 
either, and should be generalized. We notice that the entropy production rate can be 
generalized to be the increasing rate of the mutual information between the open system 
and its environment. For thermal baths, the mutual information production rate could 
exactly return to the conventional entropy production rate, and it is also non-negative for 
non-thermal baths. The monotonic increasing mutual information means the system and 
its environment are becoming more and more “mixed” during evolution, which is 
consistent with the understanding of the 2nd law. 
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Towards Rational Control of Efficient Plasmon Induced Hot Electron Transfer  

 

Tianquan Lian 

Department of Chemistry, Emory University, Atlanta, GA30322 

 

Surface plasmon resonance in metal nanostructures has been widely used to enhance the 

efficiency of semiconductors and/or molecular chromophore based solar energy conversion devices 

by increasing the absorption or energy transfer rate through the enhanced local field strength. In more 

recent years, it has been shown that excitation of plasmons in metal nanostructures can lead to the 

injection of hot electrons into semiconductors or molecular adsorbates to enhance photochemistry. 

This novel mechanism suggests that plasmonic nanostructures can potentially function as a new class 

of widely tunable and robust light harvesting materials for solar energy conversion. However, 

plasmon-induced hot electron injections from metal to semiconductor or molecules are still inefficient 

because of the competing ultrafast hot electron relaxation processes within the metallic domain.  

In this paper we report a new mechanism for 

efficient plasmon induced hot electron transfer. In CdSe 

NRs with Au tips, the plasmon band of the Au 

nanoparticles was completely damped due to strong 

interaction with the CdSe domain. Using transient 

absorption spectroscopy, we show that optical excitation of damped plasmons in the Au tip leads to 

efficient hot electron injection into the semiconductor nanorod. In the presence of sacrificial electron 

donors, this plasmon induced hot electron transfer process can be utilized to drive photoreduction 

reactions under continuous illumination. We propose that the strong metal/semiconductor coupling in 

CdSe/Au hetersostructures leads to a new pathway for this surprising efficient hot electron transfer. In 

this plasmon induced interfacial charge transfer transition (PICTT) the a plasmon decay by direct 

excitation of an electron from the metal to semiconductor, bypassing the competition with hot electron 

transfer in metal. Ongoing studies of other plasmon/metal nanostructures suggest that this may be a 

general approach for efficient plasmon induced hot electron transfer. The hot electron transfer 

efficiency appears to correlate with the extend of plasmon damping and be can be controlled by the 

strength of metal/semiconductor interaction.  

Reference: 

1. Kaifeng Wu, Jinquan Chen, James R. McBride, Tianquan Lian, “Efficient hot-electron 

transfer by a plasmon-induced interfacial charge-transfer transition”, Science (2015), 349 

(6248): 632. DOI: 10.1126/science.aac5443 
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The generation of short x-ray pulses from a Mössbauer source using 
magnetic fields 

 
Wen-Te Liao 

Department of Physics, National Central University, Taiwan 

 

The typical pulse duration from a Mössbauer source is given by its nuclear excited state 

lifetime. Because this long duration is also comparable to the target’s nuclear state 

lifetime, it is difficult using a Mössbauer source to study nuclear dynamics in the time 

domain. Recently, a mechanically oscillating scheme is realized to compress the 

waveform of Mössbauer x-rays on sub-100 ns scale [1]. This achievement may pave a 

way to study nuclear dynamics in a university lab. On the other hand, magnetic 

perturbation is an efficient control over interactions between nuclei and x-rays [2]. 

Along this line, we theoretically investigate the possibility of a non-mechanical 

generation of short x-ray pulses from a conventional Mössbauer source using magnetic 

perturbations. The use of the generated short pulses to perform nuclear forward 

scattering will also be discussed. 

 

Fig. 1, The red solid lines illustrate the incident x-ray pulse from a Mössbauer source 

(upstream), and a generated short pulse (downstream). Blue arrow depicts an applied 

magnetic field on a nuclear target (green cuboid). 

[1] F. Vagizov et. al., Nature 508, 80 (2014). 

[2] W. -T. Liao, C. H. Keitel and A. Pálffy, Sci. Rep. 6, 33361 (2016). 
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Life, the universe, and everything – 42 fundamental questions 
 

Suzy Lidström1 and Roland E. Allen2 
1 Physica Scripta, Royal Swedish Academy of Sciences; Department of Physics and Astronomy, Uppsala University 
2 Department of Physics and Astronomy, Texas A&M University 

 

In The Hitchhiker's Guide to the Galaxy, by Douglas Adams, the Answer to the Ultimate Question of 
Life, the Universe, and Everything is found to be 42 – but the meaning of this is left open to 
interpretation. We take it to mean that there are 42 fundamental questions which must be answered on 
the road to full enlightenment, and we attempt a first draft of these ultimate questions, on topics 
ranging from the cosmological constant and origin of the universe to the origin of life and 
consciousness [1], which is meant to stimulate a series of invited articles on 21st Century Frontiers [2]. 
     The fans of The Hitchhiker's Guide have suggested that “42” is actually fifty-four expressed in base 
13. This would mean that there are a dozen additional essential questions beyond those listed and 
discussed in Ref. [1]. We invite the members of the audience to formulate those questions, in which 
quantum optics and related areas (obviously) play the leading role. 
	  
[1] Roland E. Allen and Suzy Lidström, “Life, the Universe, and everything—42 fundamental questions”, Phys. Scr. 92, 
012501 (2017). 
[2] Roland E. Allen and Suzy Lidström, “21st Century frontiers—a series of articles on current challenges and future 
opportunities”, Phys. Scr. 92, 010302 (2017).  
 
 

21st Century frontiers will be advanced by both leading scientists of the present, like those shown in the upper panels, 
and those of the future, for which we look to students and teachers like those in the lower panels. Clockwise from top 
left: Kip Thorne and Stephen Hawking, with 4 stars of the movie Interstellar;  Rainer Weiss, with astronomer Sarah 
Higdon; teachers at the new Max IV synchrotron facility in Lund, Sweden; students with guides at the Institut Laue-
Langevin in Grenoble, France. The speaker appears in the bottom panels as organizer of the materials physics outreach 
programme at Uppsala University. Respective credits: Kip Thorne, Roland Allen, Suzy Lidström, Uppsala University. 
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Third-harmonic Generation for Label-free Imaging of Schwann Cell Myelination 

Denis Sharoukhova, Yanqing Zhangc, James L. Salzerc, Carmen Melendez-Vasquezb, and Hyungsik Lima 

a. Department of Physics, Hunter College of the City University of New York, New York, NY 10065 
b. Department of Biology, Hunter College of the City University of New York, New York, NY 10065   
c. Department of Cell Biology and Neurology, New York University School of Medicine, New York 

11203 

Corresponding author: Hyungsik Lim, Department of Physics, Hunter College, 695 Park Avenue, New 
York, NY 10065, Tel: 212-772-4806, E-mail: hyungsik.lim@hunter.cuny.edu 

 

Understanding the dynamic interactions between axon and glial cells underlying myelination is 

hampered by the lack of suitable imaging techniques. Here we describe a new nonlinear optical contrast, 

namely third harmonic generation microscopy (THGM), for label-free imaging and morphometry of 

myelinating Schwann cells in live culture and ex vivo and in vivo tissue. Three-dimensional structure was 

acquired for a variety of compact and non-compact myelin domains, including juxtaparanodes, Schmidt-

Lanterman incisures, and Cajal bands. Other subcellular features of Schwann cell that escape traditional 

optical microscopies were also visualized. We tested THGM for morphometry of compact myelin. Unlike 

current method based on electron microscopy, g-ratio could be determined along an extended length of 

myelinated fiber in the physiological condition. The precision of THGM-based g-ratio estimation was 

corroborated in mouse models of hypomyelination. Finally, we demonstrated the feasibility of THGM to 

monitor morphological changes of myelin during postnatal development and degeneration. The 

outstanding capabilities of THGM may be useful for elucidation of the mechanism of myelin formation 

and pathogenesis.  
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Ultrafast Dynamics of Plasmonic Nanostructures 
 

Stephan Link 

Department of Chemistry, Department of Electrical and Computer Engineering, 
Laboratory for Nanophotonics, Rice University, Houston, Texas 77005 

Abstract 
 

Aluminum nanostructures support tunable surface plasmon resonances and have 
become an alternative to gold nanoparticles. While gold is the most-studied plasmonic 
material, aluminum has the advantage of high earth abundance and hence low cost. In 
addition to understanding the size and shape tunability of the plasmon resonance, the 
fundamental relaxation processes after photo-excitation must be understood to take full 
advantage of aluminum nanostructures in various applications including photocatalysis 
and photodetection. In this work, we investigate the energy relaxation after ultrafast 
pulsed excitation and the launching of acoustic vibrations in individual aluminum 
nanodisks with varying diameters using single-particle transient extinction spectroscopy. 
We find that the transient extinction signal can be assigned to a thermal relaxation of the 
photoexcited electrons and phonons. The ultrafast heating induced launching of in-plane 
acoustic vibrations reveal moderate binding to the glass substrate and are affected by 
the native aluminum oxide layer as demonstrated by theoretical calculations (Figure 1).  
We furthermore compare the behavior of aluminum nanodisks to that of similarly 
prepared and sized gold nanodisks.  

 
Figure 1: Acoustic vibrations of 
aluminum nanodisks. (a) Time 
transients of aluminum 
nanodisks with diameters of 170 
(black), 210 (blue), 250 (red), 
290 (cyan) and 350 (magenta) 
nm pumped at 810 nm and 
probed at 650 nm. Solid lines are 
the experimental data, while fits 
for the first ~ 200 ps are shown 
as dashed grey lines. The data is 
scaled and offset for better 
comparison. (b) Acoustic 
vibration frequencies of 
aluminum nanodisks as a 
function of inverse diameter. 
Black circles: experimental data 
with error bars based on the 
standard deviation calculated 
from more than 4 nanodisks for 

each diameter. Blue squares and red diamonds: FEM simulations for the limiting cases of the nanodisks being free and 
fixed to the surface, respectively. Magenta and green lines: analytical model for the free surface case considering only 
a side oxide layer vs. a top oxide layer, respectively. (c) Schematic illustrations of an aluminum nanodisk with both top 
and side oxide layers sitting on a glass substrate as considered in the FEM calculations. (d,e) A top oxide layer (d) and 
an oxide surrounding the side walls (e) of the aluminum nanodisk were considered in the analytical model.   
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Graphene-induced Quenching of the Optical Phonons in the Underlying III-V Semiconductor 
Heterostructures  

Peter Q. Liu*, John Reno, Igal Brener 
Sandia National Laboratories, P.O. Box 5800, Albuquerque, NM 87185 

*Email: qliu@sandia.gov  

We show that monolayer graphene transferred onto III-V semiconductor substrate is capable of significantly 
quenching the optical phonons in thin epilayers of III-V semiconductor heterostructures grown by molecular beam 
epitaxy (MBE). Such a graphene-induced optical phonon quenching effect is observed to be even stronger than a thin 
metal (such as gold or chromium) layer deposited on the surface of these III-V semiconductor heterostructures.  
      The structure of our MBE-grown III-V semiconductor heterostructure is illustrated in Fig. 1a. A thin AlAs 
epilayer is grown on a semi-insulating GaAs substrate, and capped with another 3 nm GaAs epilayer to prevent 
oxidation. Several samples with different AlAs thickness in the range of 10 to 40 nm are grown. Monolayer graphene 
grown with chemical vapor deposition (CVD) is then transferred onto the surface of the III-V semiconductor 
heterostructures. Raman spectroscopy measurement is conducted to investigate the effect of the transferred graphene 
on the Stokes Raman lines corresponding to the optical phonons of the underlying AlAs epilayer. As can be seen 
from Fig. 1b and Fig. 1c for two different samples with 10 nm AlAs and 40 nm AlAs, respectively, the strength of the 
Raman lines near 400 cm-1 corresponding to the AlAs LO-phonon mode is significantly reduced in graphene covered 
regions (green and blue curves) compared to that of the bare III-V substrates (red curves). Furthermore, the 
magnitude of the graphene-induced AlAs LO-phonon quenching is not uniform across the entire graphene covered 
region, as manifested by the difference between the green and the blue curves taken at different locations on each 
sample, possibly due to the non-uniform doping density of the as-transferred graphene. The AlAs TO-phonon Raman 
line is much weaker and not resolved in our measurements. We also deposit thin layers of gold and chromium (with 5 
nm thickness to allow for Raman spectroscopy measurement with good signal to noise ratio) on these III-V 
semiconductor heterostructures, and observe that the thin metal layers also induce quenching of the AlAs LO-phonon 
Raman line, as shown in Fig. 1d. Surprisingly, by comparing the Raman spectra in Fig. 1c and Fig. 1d, one observe 
that the quenching effect induced by monolayer graphene is even stronger than the quenching effect induced by a 5 
nm of metal layer. We surmise that such significant graphene-induced optical phonon quenching is due to the strong 
interaction between the highly confined graphene surface plasmon and the LO-phonons of thin III-V semiconductor 
epilayers [1]. This effect may play an important role in hybrid electronic/optoelectronic devices combining graphene 
with III-V semiconductor heterostructures, and should be taken into account in developing such devices.  

 
Figure 1. a. Schematic of the graphene covered III-V semiconductor heterostructures. b. Raman spectra of the graphene 
covered III-V heterostructure with 10nm AlAs layer. c. Raman spectra of the graphene covered III-V heterostructure with 
40nm AlAs layer. d. Raman spectra of the III-V heterostructure with 40nm AlAs layer covered by thin (5nm) metal layers. 
All Raman spectra are normalized to the GaAs LO-phonon line near 290cm-1. The curves are offset by 0.05 in y-axis.  

[1] E.H. Hwang, R. Sensarma, S. Das Sarma, Physical Review B 82, 195406 (2010). 
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Magnetic criticality enhanced diamond nanothermometer 
 
Gang-Qin Liu1,2, Ning Wang1,2, Ting Zhang1,2, Weng-Hang Leong1,2, Hua-Ling Zeng1,2, Quan 
Li1,2,3, Ren-Bao Liu1,2,3 
 

1. Department of Physics, The Chinese University of Hong Kong, Hong Kong, China 
2. Centre for Quantum Coherence, The Chinese University of Hong Kong, Hong Kong, China 
3. The Chinese University of Hong Kong ShenZhen Research Institute, ShenZhen, China. 
 
Nitrogen-vacancy (NV) center spins in diamond, for their superb quantum coherence properties 
under ambient conditions, are useful as quantum sensors to detect weak signals from the 
environment. However, the spin transitions are insensitive to some important parameters such as 
temperature, pressure, and chemical compounds in environments. To enhance the sensitivity and 
to enable sensing parameters that have no direct effect on the spin transitions, hybridization of 
different systems can be employed. Here we discuss several schemes of hybridization of 
nanodiamonds and magnetic nanoparticles. We designed and experimentally demonstrated a 
hybridized nano-sensor based on a fluorescent nanodiamond (FND) and a magnetic nanoparticle 
(MNP). Due to the critical behavior of the MNP near the Curie temperature of the material (CuNi 
alloy), the magnetic field felt by the NV centers in the FND and hence the spin resonances are 
critically sensitive to the temperature near the Curie temperature, which enhances the temperature 
sensitivity by orders of magnitude as compared with bare FND sensors. The theoretical 
sensitivity of the hybrid sensor is better than ~2 μk/(Hz)1/2, a >103 improvement over a bare NV 
center thermometer. We experimentally demonstrated a sensitivity of 7.3 mK /(Hz)1/2 near room 
temperature. Choosing chemical composition of the MNP allows tuning the transition 
temperature and hence the working temperature range of the hybrid nano-thermometer. The 
hybrid quantum sensing may facilitate a broad range of nanoscale studies in physics, chemistry 
and biology. 
 
This work was supported by the National Basic Research Program of China (973 Program) under 
Grant No. 2014CB921402, Hong Kong RGC/CRF CUHK4/CRF/12G & CUHK VC’s One-off 
Discretionary Fund. 
 

 

Figure 1: Criticality-enhanced hybrid nano-
thermometer with tunable optimal working 
temperature. The nanothermometer is composed of an 
FND (with about 500 NV centers inside) and a nearby Cu1-

xNix MNP. a, Confocal image (inset, TEM image) of the 
hybrid sensor. b, ODMR spectra of the hybrid sensor for 
various temperatures under zero external magnetic field. 
The splitting is caused by the magnetic field from the 
MNP. c, ODMR frequency shifts of the m=0 → m=±1 
transitions as functions of temperature. The zero-field 
splitting D is obtained by averaging the two split 
frequencies. Both heating (red squares) and cooling (black 
squares) processes are measured. d, The spontaneous 
magnetization of the MNP extracted from the ODMR 
spectrum. The Curie temperature of the MNP about 321 K, 
which is consistence with its chemical components 
(Cu0.272Ni0.728) as measured by the EDX in the TEM 
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Novel linear and nonlinear optical properties enabled by direct-gap semiconductor metamaterials 

Sheng Liu1, Michael B. Sinclair1, Gordon A. Keeler1, John Reno1, Maxim R. Shcherbakov2, Yuanmu 

Yang1, Isabelle Staude3, Igal Brener1 

1 Sandia National Laboratories, Albuquerque, NM USA 

2 Faculty of Physics, Lomonosov Moscow State University, 119991 Moscow, Russia 

3 Institute of Applied Physics, Friedrich-Schiller University Jena, 07743 Jena, Germany 

All-dielectric metamaterials consisting of arrays of high-index, subwavelength-size Mie resonators have 

attracted much attention recently due to their much lower loss at optical frequencies compared with their 

metallic counterparts. Moreover, these Mie resonators interact strongly with both electric and magnetic 

fields and therefore enable manipulation of the electromagnetic permittivity and permeability. Great success 

has been achieved in using these metamaterials for nonlinear optical processes, ultrathin optical components 

and advanced wavefront engineering. However, most of the work has been done using silicon, which lacks 

second-order optical nonlinearities and is not an efficient light emitter. 

Recently, our group demonstrated a new class of 

dielectric metamaterials based upon III–V 

semiconductors that exhibit strong intrinsic optical 

nonlinearities and allow for full integration with 

optoelectronic functionality.  

Here, we will present novel linear and nonlinear 

optical properties that are enabled by our III-V 

semiconductor based dielectric metamaterials. First, 

our top-down fabrication process enables more 

complicated architectures, such as multilayer 

dielectric metamaterials. This, in turn, enables new 

degrees of freedom in device engineering. Figure 1 

(a) & (b) show that the multilayer metamaterials act 

as broadband mirrors with nearly 100 percent 

reflectivity, outperforming even gold mirrors [1]. 

Second, we experimentally demonstrate independent 

tuning of magnetic dipole resonances using split 

dielectric resonators (figure 1 (c) & (d)) [2]. 

Third, we observed strong resonantly enhanced 

second-harmonic generation with conversion 

efficiencies exceeding 10–5, several orders of 

magnitude higher than with metallic metasurfaces [3]. 

Finally, we experimentally realized an ultrafast 

tunable metasurface consisting of subwavelength 

GaAs dielectric resonators. Using transient 

reflectance spectroscopy, we demonstrated a 

picosecond-scale absolute reflectance modulation of 

up to 0.35 at the magnetic dipole resonance of the metasurfaces and a spectral shift of the resonance by 30 

nm [4]. 
1. S. Liu, et al Advanced Optical Materials 4, 1457-1462 (2016). 

2. S. Liu, et al in preparation 

3. S. Liu, et al Nano Letters 16, 5426-5432 (2016). 

4. M. Shcherbakov, et al submitted 

 
Figure 1. Examples of novel linear and nonlinear 

optical properties enabled by GaAs dielectric 

resonators. 
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Superradiance from air plasma pumped by 800 nm femtosecond laser pulses 

Yi Liu1, 2, Pengji Ding2, Guillaume Lambert2, Aurélien Houard2, Vladimir Tikhonchuk3, André Mysyrowicz2, * 
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2. Laboratoire d'Optique Appliquée, ENSTA ParisTech, CNRS, Ecole polytechnique, Université Paris-Saclay, 828 bd des Maréchaux, 

91762 Palaiseau cedex France 
3. Centre Lasers Intenses et Applications, Université de Bordeaux, CEA, CNRS  UMR 5107, Talence, 33405 France 

Author e-mail address: yi.liu@usst.edu.cn and andre.mysyrowicz@ensta-paristech.fr 

 

Ionic nit rogen molecules inside air plas ma  pumped by 800nm femtosecond pulses give rise to a mirror-less 

lasing effect  [1-4]. Here we present time-resolved measurements of the 391nm lasing emission, which 

shows clear evidence of superradiance. Time-resolved measurement of the 391nm emission was performed 

by frequency mixing the 391 nm radiat ion and a constant 800 nm probe pulse inside a sum frequency 

generation (SFG) BBO crystal. The results are presented in Fig. 1(a). The emission delay and the pulse 

duration decrease significantly with the gas pressure, while the peak radiat ion power shows rapid increase 

[2]. We present the emission delay, pulse duration, as well as the peak power of the radiat ion in Fig. 2(b) 

together with best fits. It is well known that the emission delay and pulse duration of a superradiance scales 

like N
-1

, and the radiation power scales like N
2
, where N is the number of emitters  [5], itself direct ly 

proportional to the gas pressure. The overall agreement between the experimental scaling and the 

theoretical expectation supports the superradiance nature of the 391 nm lasing. We  also note that a 

signature of superradiance has been reported by G. Li and co-workers [3]. 

 
Fig. 1. (a) Temporal profile of the 391 nm forward radiation measured for different nitrogen pressure in the presence of a constant 

seed pulse. The narrow peaks at zero delay are the measured seed pulse.  (b) The pulse delay, pulse width, and the 391 nm peak 

intensity are presented for increasing nitrogen pressure. 

In addition, we examined the pump laser ellipticity dependence of this emission. The results show a 

striking similarity to high order harmonic generation (HHG). We therefore proposed that the electron 

recollision process, which underlies several high-field phenomenon including HHG, non-sequential double 

ionization (NSDI) and molecu lar fragmentation, is responsible for the formation of the super-radiant 

emission. 

 

References: 

[1] J. Yao, et al, “High-brightness switchable multiwavelength remote laser in air,” Phys. Rev. A 84, 051802(R) (2011). 

[2] Y. Liu, et al, “Self-seeded lasing action of air pumped by 800 nm femtosecond laser pulses,” Opt. Express 21, 22791 (2013). 

[3] G. Li, et al, “Signature of superradiance from a nitrogen-gas plasma channel produced by strong-field ionization,” Phys. Rev. A 89, 

033833 (2014). 

[4] Y. Liu, et al, “Recollision induced superradiance of ionized nitrogen molecules,” Phys. Rev. Lett. 115, 133203 (2015). 

[5] M. Gross and S. Haroche, Phys. Rep. 93, 301-396 (1982). 
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Plasmonics and Metamaterials Enhanced Super Resolution Microscopy 

 
Joseph Ponsetto, Feifei Wei, Anna Bezryadina, Junxiang Zhao, Zhaowei Liu* 

 

Department of Electrical and Computer Engineering, University of California, San Diego, 

9500 Gilman Drive, La Jolla, California 92093-0407 

 

 

Since more and more biological studies require sub-100 nm or even molecular scale resolution, 

improving the resolution of wide-field fluorescent microscopes to such scales becomes an 

important issue. Within the last two decades, various imaging techniques that can achieve this 

goal have been proposed and experimentally demonstrated. Structured illumination microscopy 

(SIM) uniquely combines super resolution and high speed properties, drawing tremendous 

attentions recently. However, the traditional SIM only improves the resolution by about two 

folds, representing one of the major limitations of this technology. We introduced plasmonics 

into SIM and developed the plasmonic structured illumination microscopy (PSIM) 1,2 and 

localized plasmonic structured illumination microscopy (LPSIM) 3,4. Similar to SIM, PSIM and 

LPSIM use Moiré fringes formed by periodic surface plasmon pattern illumination to acquire 

high spatial frequency information of an object to form images with sub-diffraction limited 

resolution. Due to the higher spatial frequency of SP patterns than traditional laser interference, 

PSIM/LPSIM can bring the spatial resolution down to 50nm without significantly decreasing the 

frame rate or utilizing the saturated fluorescence effect.  

 

1. Wei, F., Liu, Z., "Plasmonic Structured Illumination Microscopy", Nano Lett., 10, 2531-

2536 (2010) 

2. Wei, F., Lu, D., Shen, H., Ponsetto, J.L., Huang, E., and Liu, Z., "Wide Field Super-

Resolution Surface Imaging through Plasmonic Structured Illumination 

Microscopy," Nano Letters 14, 4634-4639 (2014) 

3. Ponsetto, J.L., Wei, F., and Liu, Z., "Localized plasmon assisted structured illumination 

microscopy for wide-field high-speed dispersion- independent super resolution 

imaging," Nanoscale 6, 5807-5812 (2014)  

4. Ma, Q., Hu, H., Huang, E., and Liu, Z., “Metamaterial hased compressive spatial-spectral 

transformation microscopy at sub-15nm resolution,” Manuscript submitted.  
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Towards quantum frequency conversion between microwaves and light using
rare-earth ion dopants
Xavier Fernandez-Gonzalvo1 Yu-Hui Chen1, Chunming Yin2, Sven Rogge2 and Jevon J. Longdell1

1The Dodd-Walls Centre for Photonic and Quantum Technologies & Department of Physics, University of Otago, Dunedin, New Zealand.
2Centre of Excellence for Quantum Computation and Communication Technology, School of Physics, University of New South Wales,
Sydney, Australia

Superconducting qubits have advanced significantly in recent
years, but they have limitations. They can’t be coupled di-
rectly to optical photons and so lack a mechanism for long
distance quantum communication. And while the coherence
times have improved greatly recently [1] they are still much
shorter than what has been achieved in optically addressed
spin systems. Both of these limitations can be overcome
with a device that can transfer quantum states encoded in mi-
crowave photons into those that are encoded in optical pho-
tons. There are a number of approaches being investigated to
solve this problem including optomechanics [2], electro-optic
[3] and mangeto-optic materials [4], as well as using cryo-
genic rare earth ion dopants [5, 6]

We have proposed [5] implementing this quantum trans-
ducer using rare earth ion dopants that are simultaneously
coupled to microwave and optical resonators, and are cur-
rently working towards the implementation. The approach
can be considered as a resonator-enhanced version of the
Raman-heterodyne spectroscopy, often used at MHz frequen-
cies for characterising hyperfine structure in rare earth sys-
tems I will present results showing low efficiency frequency
conversion with a microwave resonator but single pass optics
[7], using erbium doped yttrium orthosilicate as well as more
recent results using both a microwave and optical resonator
and discuss the feasiblilty of near unit efficiencies.

The microwave splitting in above experiments was
achieved by splitting the Kramers degeneracy of the electronic
ground state with a magnetic field. This magnetic field makes
the use of 3D superconducting resonators problematic. An al-
ternative is to use the hyperfine structure of Er-167 the one
isotope of Er with nuclear spin. 167Er:YSO provides 5 GHz
hyperfine splittings in the ground state. I will also show re-
sults of coupling a superconducting 3D microwave resonator
to Er-167 in YSO[8]. The cavity is based on a loop-gap design
with a variable gap that enables tuning over more than an oc-
tave (1.6–4.0 GHz). The loop gap design means that the elec-
tric and magnetic fields are very well segregated, the crystal
sits where there are large magnetic fields but very small elec-
tric fields. This is potentially responsibles for the very large
Q’s available (> 105 even with the sample in the resonator).

References

[1] H. Paik et al., Observation of High Coherence in Josephson
Junction Qubits Measured in a Three-Dimensional Circuit QED
Architecture, Phys. Rev. Lett. 107, 240501 (2011).
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Figure 1: Left: the 4I15/2 and 4I13/2 levels in Er:YSO are
Zeeman split under the presence of an external magnetic field
~B. The Raman heterodyne signal is produced when a mi-
crowave field Ωµ and an optical field Ωξ drive two transitions
in a three level atom. A coherence is produced on the third
transition which generates an optical signal field ΩS . This can
be detected as a beat note on the optical drive field, i.e. a mod-
ulation in the optical output power Po at the same frequency
as the microwave field. Right: Depiction of the experimental
setup. A copper made loop-gap resonator holds an Er:YSO
sample inside. The green loops inside the resonator represent
the microwave magnetic field lines. The external magnetic
field is applied in the vertical direction, parallel to the D1-D2

plane of the crystal, at an angle α as measured from D1.

[2] R. W. Andrews et al., Bidirectional and efficient conversion
between microwave and optical light, Nature Physics 10, 321
(2014).

[3] A. Rueda et al., Efficient microwave to optical photon conver-
sion: an electro-optical realization, Optica 3, 597 (2016).

[4] A. Osada et al., Cavity Optomagnonics with Spin-Orbit Coupled
Photons, Phys. Rev. Lett. 116, 223601 (2016).

[5] L. A. Williamson and J. J. Longdell, Cavity enhanced rephased
amplified spontaneous emission, New J. Phys. 16, 073046
(2014).

[6] C. O’Brien et al., Interfacing Superconducting Qubits and Tele-
com Photons via a Rare-Earth-Doped Crystal, Phys. Rev. Lett.
113, 063603 (2014).
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Multidimensional tomography of quantum photonic sources 
Virginia O. Lorenz 

Department of Physics, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA 
Quantum applications in communication, computation and metrology rely on well-characterized sources 
of quantum correlated photon-pairs. Characterizing quantum photonic sources in more than one degree 
of freedom, e.g. in both polarization and frequency, is an inefficient and time-consuming task when using 
traditional quantum state tomography (QST) techniques, which rely on coincidence counting. I will 
present our recent results demonstrating the use of stimulated emission tomography (SET) [1,2] to 
experimentally characterize a source of polarization-entangled photon pairs in the polarization and 
frequency degrees of freedom with high signal-to-noise ratio and fast acquisition times, demonstrating 
the technique’s usefulness for characterizing quantum sources in multiple dimensions swiftly and 
efficiently. 

 
Fig. 1. Real (left) and imaginary (right) parts of the frequency-resolved polarization density matrix obtained via 

stimulated emission tomography. Two elements are magnified to display more detailed structure. 

To perform multidimensional SET we send a tunable narrow-band laser to stimulate the photons 
produced via four-wave mixing in optical fiber in a Sagnac loop. By performing SET across a range of 
frequencies of the seed laser we obtain a frequency-resolved polarization density matrix, shown in Fig. 
1. The high level of detail provides insight into the various types of correlations that comprise the 
biphoton wavefunction. Such correlations are important both because they may degrade the quality of 
entanglement and because more information can be encoded in multiple degrees of freedom. We believe 
this method may become a useful tool for characterizing and optimizing quantum photonic sources for a 
variety of quantum applications. 

[1] M. Liscidini and J. E. Sipe, “Stimulated emission tomography,” Phys. Rev. Lett. 111, 193602 (2013). 
[2] B. Fang, M. Liscidini, J. E. Sipe, and V. O. Lorenz, "Multidimensional characterization of an entangled 
photon-pair source via stimulated emission tomography," Opt. Express 24, 10013-10019 (2016). 
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Mikhail Lukin 
Harvard University 

 
New Frontiers of Quantum Optical Science 

 
 
We will discuss recent developments at a new scientific interface between quantum 
optics, nanoscience, and quantum information science. Specific examples include the use 
of quantum optical techniques for manipulation of individual atom-like impurities at a 
nanoscale and for realization of hybrid systems combining them with nanophotonic 
devices.  We will discuss how these techniques are used for exploring quantum nonlinear 
optics and quantum networks, probing non-equilibrium quantum dynamics, and 
developing new applications such as magnetic resonance imaging with single atom 
resolution and nanoscale sensing in biology and material science. 
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Hyperpolarization: Enhancing Magnetic Resonance Signals by >10,000-fold for Metabolic 

Assessment of Cancer 

Lloyd L. Lumata 

Department of Physics, University of Texas at Dallas, Richardson, TX 75080 

 
Due to its specificity and use of non-destructive 

radiofrequency waves, nuclear magnetic resonance 

(NMR) is a widely-used analytical and structural 

elucidation technique in chemistry, biology and 

materials science. However, in spite of its numerous 

applications, in vitro or in vivo NMR spectroscopy 

(MRS) and imaging (MRI), especially of nuclei with 

low gyromagnetic ratio γ such as 13C, suffer from 

inherently low signal sensitivity due to the relatively 

weak magnetic moments of the nuclear spins. The 

nuclear polarization P, a parameter related to the 

strength of the NMR or MRI signal, is only on the 

order of a few parts per million (ppm) at ambient 

conditions as dictated by Boltzmann statistics.1 

An elegant solution to this sensitivity problem is 

“hyperpolarization” via dissolution dynamic nuclear polarization (DNP). DNP is a physics technique that creates 

a non-Boltzmann nuclear spin 

distribution by transferring the high 

electron thermal polarization to the 

nuclear spins via microwave 

irradiation at high magnetic field 

and low temperature. The frozen 

sample typically consists of stable-

isotope enriched biomolecules 

dissolved in a glassing matrix and 

doped with trace amounts of free 

radicals. A dissolution device is 

used to rapidly dissolve the frozen 

sample inside the DNP machine (see 

Fig. 1) and consequently produces 

an injectable “hyperpolarized” liquid at physiologically-tolerable temperature.1 As depicted in Fig. 2, this means 

that the NMR and MRI signals of reporter molecules (MRS/MRI molecular probes that can detect pH, metabolism, 

and other important biological activities) are enhanced by at least 10,000-fold.3  

In this talk, I will delve into the discussion of the physics, instrumentation and engineering aspects, 

optimization methods, and biomedical applications of the DNP technology. This cutting-edge physics technology 

is currently revolutionizing cancer diagnostics by providing biochemical and metabolic information at the 

molecular level with superb sensitivity and excellent specificity. This research is supported in part by the U.S. 

Department of Defense grant no. W81XWH-14-1-0048 and the Welch Foundation grant no. AT-1877. 

References: 
1. J. H. Ardenkjaer-Larsen et al., Increase in signal-to-noise ratio of >10,000 times in liquid-state NMR, Proc. Natl. 

Acad. Sci. U.S.A. 100, 10158-10163 (2003). 

2. L. Lumata, et al., Development and performance of a 129 GHz dynamic nuclear polarizer in an ultra-wide bore 

superconducting magnet, Magnetic Resonance Materials in Physics, Biology and Medicine 98, 195-205 (2015). 

3. L. Lumata et al., Hyperpolarized 13C magnetic resonance and its use in metabolic assessment of cultured cells and 

perfused tissues, Methods in Enzymology 561, 73-106 (2015). 

Figure 1: A schematic and photo of the homebuilt dynamic 

nuclear polarizer built by the PI that can enhance the 13C NMR 

and MRI signals by >10,000-fold.2  

Figure 2: Left: Photo a 10-mm NMR tube containing 100 million SfXL 

glioblastoma cancer cells in 1 mL cell suspension prior to NMR measurement. 

Right: real-time 13C NMR metabolic assessment of SfXL cells after 

administration of hyperpolarized 13C-pyruvate in living cancer cells.  
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Super-resolution microscopy utilizing heterodyne detection 
F. Yang, A. Tashchilina, E. S. Moiseev, C. Simon and A. I. Lvovsky 

Department of Physics and Astronomy, University of Calgary, Calgary T2N 1N4, Canada 

 
Since the invention of the optical microscope, there has been a quest for enhancing its resolution. The Rayleigh 

criterion establishes the minimum resolvable distance in a direct image of a pair of sources to be limited by diffraction 

according to dR = 1.22/2NA, where  is the wavelength and NA is the numerical aperture of the objective lens [Fig. 1(a)]. 

In the past century, a number of techniques for circumventing the Rayleigh limit have emerged. These methods rely, for 

example, on using shorter-wavelength radiation, near-field probing, nonclassical or nonlinear optical properties of the 

object or switching the object’s emission on and off. The significance of some of these inventions is marked by the 2014 

Nobel Prize in chemistry. However, these approaches are often expensive and not universally applicable. Finding a 

microscopy technique that is both linear-optical and operational in the far-field regime remains an important outstanding 

problem. 

Within the past year, an important development occurred in this domain. Tsang et al. proposed a solution for 

overcoming the Rayleigh limit in estimating the distance d between two identical point sources. They have theoretically 

shown that d can be estimated by extracting the first transverse electromagnetic mode (TEM01) component from the 

electromagnetic field collected by the objective lens and measuring the photon count rate in that component [1,2] [Fig. 

1(b,c)]. The intuitive idea behind Tsang’s work is that a point source emits primarily into the fundamental TEM00 mode. 

However, when the emitter is displaced from the center of the fundamental mode, higher-order TEMs are illuminated. 

Most remarkably, Tsang et al. have shown, using quantum-information techniques, that the per-photon uncertainty 

(evaluated as the inverse quantum Fisher information) of this measurement is much less than that associated with direct 

imaging, with the ratio in theory tending to zero for d → 0.  

 

 
Figure 1. a) Imaging with an objective lens of finite numerical aperture leads to diffraction-limited resolution; images of two sources 

positioned within Rayleigh’s limit coalesce [Photo: Wikipedia]. b),c) Superresolving measurement of the distance between the sources 

by detecting in TEM01. This measurement can be done either by sending the signal through a mode filter and subsequent direct photon 

number detection (b) or heterodyne detection of the image with the local oscillator in TEM01 (c). 

 
Inspired by these developments, we overcome the Rayleigh limit by means of heterodyne detection [Fig. 1(b)], taking 

advantage of the fact that the heterodyne detector is only sensitive to the electromagnetic field in the mode of the local 

oscillator (LO). We apply the technique in a variety of settings. First, we determine the positions of single objects emitting 

coherent and incoherent light. Second, we determine the distance between two identical incoherent objects separated by a 

distance below the Rayleigh limit. In both cases, we demonstrate a measurement precision significantly below that limit 

[3]. 

In addition to the experiment, we extend Tsang’s proposal [1] to full imaging of objects of sub-Rayleigh size. The 

method, which we dubbed HGM (Hermite-Gaussian microscopy) consists in measuring the intensity of the field’s 

component in multiple TEMmn, and using these data to reconstruct the object shape in a manner reminiscent of quantum 

state reconstruction in optical homodyne tomography. This idea was later formalized by Tsang [4], in which he showed, 

again using quantum Fisher-information formalism, dramatic advantage of this approach in comparison with direct 

imaging. These results may mark the final solution of the “Rayleigh’s curse” in microscopy, enabling us to build 

microscopes with resolution much higher than that dictated by Rayleigh’s criterion.  

 
1 M. Tsang, R. Nair, X.-M. Lu, Physical Review X 6, 031033 (2016). 

2 R. Nair and M. Tsang, Opt. Express 24, 3584 (2016). 

3 F. Yang, A. Taschilina, E. S. Moiseev, C. Simon, A. I. Lvovsky, Optica 3, 1148 - 1152 (2016). 

4 M. Tsang, arXiv:1608.03211. 
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Ultrafast Population Inversion in N2
+ in Laser Induced Filament 

Erik Lötstedt1, Huailiang Xu1,2, Atsushi Iwasaki1, and Kaoru Yamanouchi1 
1 Department of Chemistry, School of Science, The University of Tokyo, Japan 

2 State Key Laboratory on Integrated Optoelectronics, College of Electronic Science and Engineering,  

Jilin University, Changchun, China 

lotstedt@chem.s.u-tokyo.ac.jp 

 

When an intense, fs laser pulse is focused in air, a plasma column called a filament is formed. The 

laser-induced filament can act as a gain medium for seed light, leading to “air lasing”. Although 

the air lasing is a well-established phenomenon, the mechanism behind the population inversion 

necessary for air lasing in nitrogen molecular ions is still under debate [1-3]. 

Recently, we observed air lasing at 391 nm using ultrashort few-fs laser pulses [1], which implies 

that the population inversion in N2
+ is formed on a fs time scale. In order to explain this ultrafast 

population inversion, we suggest a post-ionization strong-field excitation scheme through the 

strong coupling among the X, A, and B states of N2
+ by the intense laser field (see Fig. 1). The 

laser-induced transitions result in an efficient population transfer occurring within the sub-

femtosecond time domain, resulting in the larger population in the B state than in the X state.  

On the basis of numerical simulations, it was found that the population inversion is realized by 

few-cycle pulses when (i) the N2
+ ion is created at the peak of the ionizing laser pulse and (ii) the 

light field intensity is larger than 3×1014 W/cm2.  

 

 

[1] H. Xu, E. Lötstedt, A. Iwasaki, and K. Yamanouchi, Nat. Commun. 6, 8347 (2015). 

[2] Y. Liu et al., Phys. Rev. Lett. 115, 133203 (2015).  

[3] J. Yao et al., Phys. Rev. Lett. 116, 143007 (2016). 

Figure 1. Three-level system in N2
+. The double-headed arrows indicate the 

coupling induced by the intense laser pulse. The wavy arrows represent the 

air lasing emission at 391 nm. 
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Design of many-body spin states of Rydberg atoms excited to highly
tunable magnetic sublevels

Svetlana A. Malinovskaya
Department of Physics & Engineering Physics

Stevens Institute of Technology, Hoboken, NJ 07030

Quantum control methodology is presented to design many-body spin states in a spin chain of
Rydberg atoms using laser pulses and a magnetic field. A two-photon ladder type configuration is
implemented, which is advantageous due to the combined action of the one-photon and two-photon
detunings as control parameters. Many-body spin states are designed consisting of an ensemble of
spins encoded in sublevels of Rydberg states and coupled via the van der Waals interactions [1].

Figure 1: A manifold of magnetic sublevels in ul-
tracold 87Rb relevant to studies of spin dynamics.

Two σ+1,2 circularly polarized pulses having
carrier frequencies ω1(t) and ω2(t) perform the
two-photon transition within a single atom from
state |5S1/2, F = 1,mF = 0〉 to |5P1/2, F =
1,mF = 1〉 to |43D3/2,mJ = 3/2,mI = 1/2〉,
forming a three-level ladder system. Selectiv-
ity of excitation of the spin states split by
the Zeeman effect by tens of MHz is achieved
by circularly polarized microsecond pulses and
megahertz two-photon detuning. The ultracold
atomic gas is modeled by an ensemble of three-
level systems coupled by van der Waals interac-
tions of states |3〉.

Figure 2: Population dynamics in the |111〉 (a), |313〉 (b) and |333〉 (c) collective many-body states
as a function of one-photon detuning ∆. Other parameters are δ=1.5MHz, τ=1µs, Ω1,2=100MHz,
α=60MHz/µs, V21,32=60MHz and V31=30MHz.

References

[1] S. A. Malinovskaya, ”Design of many-body spin states of Rydberg atoms excited to highly
tunable magnetic sublevels,” Opt. Lett. (2016).
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Abnormal Rabi oscillations in self-correcting quantum structures

Vladimir S. Malinovsky
US Army Research Laboratory, Adelphi, MD 20783

Bo Y. Chang
School of Chemistry (BK21+), Seoul National University, Seoul 08826, Republic of Korea

Ignacio R. Sola
Departamento de Quimica Fisica I, Universidad Complutense, 28040 Madrid, Spain

Coherent excitation is a fundamental step for quantum state preparation, underlying most of the actual imple-
mentations in quantum information and quantum control in atoms, molecules and nano-devices. Most quantum
systems have complex energy level structures but under certain limits their dynamics can be well described by
a few separated energy levels. In this regard, the two-level system (TLS) represents a particularly simple and
well-adapted system to represent a qubit and to describe elementary control processes.

Successful experimental demonstration of well-pronounced Rabi oscillations in a prospective system
is one of the crucial requirements which must be satisfied to add this system to the list of po-
tential candidates for serious consideration in quantum information processing. The reason behind
this is that Rabi oscillations provide a clear and well-understood method to design and implement
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FIG. 1: Schematic of the states in the symmetric (a) and asym-

metric (b) arrangement. Population of the target state |0′〉 as a

function of the pulse area, S0, (c) symmetric case, (e) asymmetric

case. Corresponding density plots of the target state population as

a function of the pulse area, S0, and δ are shown in (d) and (f)

panels.

the universal set of single qubit gates for quantum
computation. At the same time, long lasting Rabi os-
cillations show the coherence in the examined system
and allow us to estimate decoherence effect. Addi-
tionally, Rabi oscillations under resonance condition
give us a direct way to measure the transition dipole
moment.

Interaction of the TLS with electro-magnetic field
is well described in the many text books and pro-
vide very important intuition to analyze interaction
of more complex, multi-level system with light. An-
alytic solution of the Schrödinger or density matrix
equation (to account for decoherence) in simple sce-
nario of exact resonance between the TLS transition
frequency and the frequency of the external field has
been studied for a long time, and it is often called
the pulse-area solution or pulse-area control method
in quantum optics and laser spectroscopy.

In principle, one may expect that by increasing the
complexity of the system, it will be more difficult to
control the flow of population, as more channels be-
come open and more effective detunings modulate the
Rabi oscillations. Indeed one of the main problems
to construct quantum machines (e.g. quantum com-
puters) is the ability to isolate TLS and then couple
these structures in a very controlled way.

In this work, however, we show that there are very
general classes of structures, slightly more complex
than the TLS, where the additional states work as
ancillas to enhance the robustness of the population
transfer (see example in Fig.1). Using adiabatic ap-
proximation we have obtained analytic solution of the
Schr ödinger equation and described the population
dynamics in n+one level systems depending on the symmetry of the excitation arrangements: symmetric, Fig. 1(a),
and asymmetric, Fig. 1(b). The mechanism of abnormal Rabi oscillations has clear explanation in the dressed
state picture.
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Exponentially-Biased Ground-State Sampling of Quantum Annealing Machines with 
Transverse-Field Driving Hamiltonians. [arXiv:1606.07146]  

 
Salvatore Mandrà,1,2,3 Zheng Zhu,4 and Helmut G. Katzgraber 4,5 

 

In this talk I will present our latest results on the                     
performance of the D-Wave 2X quantum           
annealing machine on systems with well-con-           
trolled ground-state degeneracy. While obtai-         
ning the ground-state of a spin-glass bench-             
mark instance represents a difficult task, the             
gold standard for any optimization algorithm or             
machine is to sample all solutions that minimize               
the Hamiltonian with more or less equal proba-               
bility. More precisely, I will show that while               
näive transverse field quantum annealing on the             
D-Wave 2X device can find the ground-state             
energy of the problems, it is not well suited in                   
identifying all degenerate ground-state confi-         
gurations associated to a particular instance.           
Even worse, some states are exponentially sup-             
pressed, in agreement with previous studies on             
toy model problems [New J. Phys. 11, 073021               
(2009)]. 

 

 
FIG 1: Histograms of the number of times a particular                   
ground-state configuration is found using the D-Wave 2X               
quantum annealer (20 µs annealing time) sorted by rank.                 
Data for Chimera lattice instances with N = 8·c2 sites and                     
NGS = 3·2k ground-states are shown. The horizontal axis is                   
normalized by NGS for easier display of the data. In all cases                       
studied, certain ground-states are exponentially sup-           
pressed (note the vertical logarithmic axis). 

 

 
FIG 2: Comparison of Θmax (maximum absolute difference of                 
the empiric cumulative distribution with respect to the               
expected distribution) for the distribution of ground states               
found by the D-Wave 2X against a uniform random                 
distribution. Each point corresponds to a specific instance               
and the error bars are computed by bootstrapping the data.                   
The closer the points are to the diagonal, the more the                     
ground-states for that specific instance have been             
uniformly sampled. 
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Anisotropic response in nanostructures with balanced gain and loss 
 

Alejandro Manjavacas 
 

Department of Physics and Astronomy, University of New Mexico, Albuquerque, 
New Mexico 87131, United States  

manjavacas@unm.edu 
 
Photonic systems containing active and passive elements with balanced gain and loss, usually known 
as PT-symmetric systems, are attracting increased attention due to their exceptional properties 
including, to cite some, asymmetric propagation and reflection, unidirectional invisibility, switching, 
or extraordinary nonlinear behaviors [1]. In this talk, we will discuss the optical response of finite 
nanostructures composed of pairs of active and passive nanospheres operating close to the PT-
symmetry condition. We will show that, despite their highly regular geometry, these systems scatter 
light predominantly toward the gain side of the structure when illuminated perpendicularly to their 
axis. Furthermore, the backscattering intensity for illumination parallel to the axis depends strongly on 
the side of incidence, being several times larger for light coming along the gain side. Interestingly, 
under the same conditions, the forward scattering and, consequently, the extinction cross-section 
remain independent of the side of incidence. This leads to an asymmetric absorption cross-section that 
can be made arbitrarily small for light impinging on the gain side of the structure, as shown in the 
figure [2]. 
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Figure: (a) Schematics of the PTS system composed of two nanospheres with a diameter of 100 nm 
separated by a center-to-center distance of 125 nm. One of the spheres has an active response (red 
sphere), while the other displays passive behavior (blue sphere). The dimer is illuminated with an 
angle of incidence θ and polarization perpendicular to the dimer axis. (b) Absorption of the PTS dimer 
as a function of the angle of incidence (red curve), compared with that of a fully passive dimer under 
the same conditions (blue curve). 
 
These results contribute to the basic understanding of the optical properties of active-passive finite 
nanostructures with potential applications for the design of novel nanostructures displaying 
asymmetric and tunable responses. 
 
[1] C.E. Ruter, K. G. Makris, R. El-Ganainy, D. N. Christodoulides, M. Segev, and D. Kip, Nat. Phys. 6, 192 
(2010).  
[2] A. Manjavacas, ACS Photonics (2016). 
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Aspects of QED in laser-matter interactions
Mattias Marklund1, a)

Department of Physics, Chalmers University of Technology, SE-412 96 Göteborg, Sweden

Both current and future high-intensity laser facilities are and will be capable of delivering intensi-
ties that accelerate particles to relativistic speeds, as well as provoking matter to display some of
its quantum electrodynamical (QED) properties. Effects such as discrete photon emission and pair
production via bremsstrahlung in high-Z target are examples of such processes. Taking the exper-
imental capabilities even further, the possibilities to probe, e.g., vacuum birefringence and related
effects have been extensively discussed in the literature. For this prospects to be properly under-
stood and predicted, development of both analytical and numerical tools is necessary. Examples of
such developments are the treatment of the laser field as a background field when there is a signifi-
cant energy repartitioning between fields, photons, and particles, or of QED driven cascades, where
a large number of particles of particles are created during a short time, requiring new numerical
methods for handling the particle growth. Here I will briefly describe some of the challenges in this
field, how we can find signatures of QED physics, and how this may also tie in to other fields of
research.

FIG. 1. Pair production and high energy γ generation in laser-matter interactions. The surfaces are the equipotential surfaces of the incoming
laser field, the solid lines are electrons and positrons, while the wiggly lines are photons with energies with an energy > 2 GeV.

a)Electronic mail: mattias.marklund@chalmers.se
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Nonlinear	Whispering	Gallery	Resonators:	Shaping	
Photons	in	All	Degrees	of	Freedom	

	
Christoph	Marquardt1,2,3,*	

	
1	Max	Planck	Institute	for	the	Science	of	Light,	Staudtstr.	2,	91058	Erlangen,	Germany	
2	 Institut	 für	 Optik,	 Information	 und	 Photonik,	 University	 of	 Erlangen-Nuremberg,	 Staudtstraße	 7/B2,	
91058,	Erlangen,	Germany	
3	SAOT,	School	in	Advanced	Optical	Technologies,	Paul-Gordan-Straße	6,	91052	Erlangen,	Germany	
*	christoph.marquardt@mpl.mpg.de	
	
	
Sources	 of	 non-classical	 light	 are	 an	 important	 ingredient	 of	 experimental	
implementations	 of	 quantum	 information	 protocols.	 Single	 photons	 and	 entangled	
photons	 are	 used	 as	 flying	 qubits	 in	 quantum	 computing	 and	 quantum	 repeater	
protocols.	 In	order	to	be	able	to	couple	to	different	physical	systems	it	 is	 important	to	
generate	photons	exactly	in	the	classical	field	mode	that	is	needed.	
The	requirements	are	variing	in	different	physical	implementations	and	the	mode	has	to	
be	carefully	adapted	in	all	degrees	of	freedom.	
This	can	be	either	achieved	by	mode	conversion	and	filtering	or	by	employing	a	source	
that	is	tunable.	
Nonlinear	 crystalline	whispering	gallery	 resonators	have	been	 shown	 to	be	a	 versatile	
source	of	single	photons	and	squeezed	light.	Here	the	central	wavelength	can	be	tuned	
over	 hundreds	 of	 nanometers	 with	 variable	 bandwidths	 compatible	 with	 atomic	
transitions	[1-3].	The	system	has	been	shown	to	operate	in	a	single	mode,	an	important	
requirement	for	interferometric	schemes	[4].	
In	 addition	 the	 spatial	 and	 polarization	 degrees	 of	 freedom	 of	 non-classical	 states	 of	
light	can	be	shaped	by	spatial	light	modulators	[5].	
I	will	 review	recent	developments	 in	 the	 field	and	outline	 the	possibilities	 to	generate	
compact	sources	of	entangled	photons	and	vacuum	squeezed	light.	
	
	
[1]	M.	Förtsch	et	al.,	„A	Versatile	Source	of	Single	Photons	for	Quantum	Information	Processing“,	Nature	
Commun.	4,	1818	(2013)	
[2]	 G.	 Schunk	 et	 al.,	 “Interfacing	 transitions	 of	 different	 alkali	 atoms	 and	 telecom	 bands	 using	 one	
narrowband	photon	pair	source”,	Optica	2,	773	(2015)	
[3]	 G.	 Schunk	 et	 al.,	 “Frequency	 tuning	 of	 a	 triply-resonant	whispering-gallery	mode	 resonator	 to	MHz	
wide	transitions	for	proposed	quantum	repeater	schemes”,	Journal	of	Modern	Optics,	1	(2016)	
[4]	 M.	 Förtsch	 et	 al.,	 „Highly	 efficient	 generation	 of	 single-mode	 photon	 pairs	 using	 a	 crystalline	
whispering	gallery	mode	resonator“,	Phys.	Rev.	A	91,	023812	(2015)		
[5]	V.	Chille	et	al.,	“Experimental	generation	of	amplitude	squeezed	vector	beams,“	Opt.	Express	24(11),	
12385	(2016)	
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Revisiting quantum optics with surface plasmons 
  

F. Marquier1, M.C. Dheur1, B. Vest1, E. Devaux2, T.W. Ebbesen2, J.J. Greffet1 
1Laboratoire Charles Fabry, Institut d'Optique, CNRS, Université Paris-Saclay, 91127 Palaiseau cedex, France 

2Institut de Science et d'Ingénierie Supramoléculaire, CNRS, Université de Strasbourg, 67000 Strasbourg, France 
 

Surface plasmon polaritons (SPPs) result from collective oscillations of free electrons 
coupled to an electromagnetic field at a plane interface between a metal and a dielectric medium. As 
photons, SPPs can be considered either as waves or as bosonic particles [1] and they can experience 
striking quantum interferences such as Hong-Ou-Mandel (HOM) effect [2].  
 

We use in this paper a plasmonic platform (Fig.1) that can convert photons into plasmons, 
and separate or recombine them on a plasmonic beamsplitter [3]. Single SPPs are excited using 
single photons created by parametric down conversion into a periodically-poled KTP crystal. The 
platform is placed in a Mach-Zehnder interferometer in order to vary the path difference between 
SPPs before impinging on the beamsplitter. The setup 
allows us to revisit quantum optics experiments using 
SPP as carriers of the quantum of energy. Using the 
same device, we can test the wave-particle duality, 
two-particle (HOM) interference and non-local 
control of single plasmon interference using the 
entanglement between a photon and a SPP [4]. In the 
case of the HOM experiment, we demonstrate that the 
losses can be used as a new degree of freedom [5]. 
Playing with the dephasing between transmission and 
reflection coefficient of the beamsplitter, we can 
observe a peak instead of the usually expected dip in 
the HOM interference (Fig.2), i.e. an anti-coalescence 
effect of SPP. 

 
In this talk, we will introduce the 
plasmonic device main features as 
well as the different quantum 
plasmonics experiments that have 
been performed thanks to the SPP 
beamsplitter. These	   results	   are 
essential to understand the SPP 
quantum behavior or to develop 
hybrid plasmon-photon systems for 
potential future applications in 
quantum communication mediated 
by SPP.  

 
[1] JM Elson and R.H. Ritchie, Phys. Rev. B 4, 4129 (1971) 
[2] J.S. Fakonas et al., Nat. Phot. 8, 317 (2014)  
[3] M.C. Dheur et  al. , Sc. Advances 2, e151574 (2016)  
[4] M.C. Dheur et al. ArXiv 1610.07493, B. Vest et al. ArXiv 1610.07479 
[5] S. Barnett et al., Phys. Rev. A 57, 2134 (1998) 

 
Fig.1: Plasmonic platform used for the quantum 
optics experiment (B). It consists in two SPP 
launchers (A), a plasmonic beamsplitter, and two 
slits to convert SPP to photons in the glass 
substrate. The plasmonic interference can thus be 
probed using single photon counting modules. 

  
Fig2: HOM experiment on a lossy plasmonic beamsplitter, whose 
complex amplitude reflection and transmission factors are denoted r and t 
respectively. The usual HOM dip is observed when r = it (left), a peak in 
the coincidence rate is shown when r = t. 
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Light amplification by nearly free electrons in a laser filament 
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1 GAP, University of Geneva,22 ch. de Pinchat, 1211 Geneva 4, Switzerland 

2 Max Born  Institute,  Max Born  Strasse 2a, 12489 Berlin,  Germany 

3 Inst. Fur Exp. Physik, Freie Universitat Berlin, Arnimallee 14, 14195 Berlin, Germany 

4 Blackett Laboratory, Imperial  College London, South Kensington Campus, SW7 2AZ London, United Kingdom 
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Light is used to modify or control properties in many quantum systems, leading to phenomena 

such as electromagnetically induced transparency, the generation of slow light or bright 

coherent XUV radiation. Using light fields, with strengths comparable to the Coulomb field 

which binds valence electrons in atoms, particularly unusual quantum states can be created 

which describe a nearly free electron oscillating in the laser field yet still loosely bound to the 

core
1,2

.  We demonstrate that such states can arise not only in isolated atoms
3
, but also in gases 

at a few atmospheric pressures, guiding intense laser pulses, where they can act as a gain 

medium.  This gain is created within just a few cycles of the guided field.  Using shaped pulses
4
 

with 5-10 fs risetimes, we create pulse conditions, within a laser filament, where these states 

can persist, and we observe in the corresponding emission, the gain signatures of these states.  

This work demonstrates a general, new, ultrafast gain mechanism during filamentation, in 

which any driven atom can achieve inversion intra-pulse, using pulse shaping techniques.  

 
 

1.Eberly, J. H., & Kulander, K. C. Atomic stabilization by super-intense lasers. Science, 262 (5137), 1229-1233 (1993). 

2.Richter, M., Patchkovskii, S., Morales, F., Smirnova, O., & Ivanov, M., The role of the Kramers–Henneberger atom in the higher-order Kerr effect. New Journal of 

Physics, 15 (8), 083012, (2013).   
3.Eichmann, U., Nubbemeyer, T., Rottke, H., & Sandner, W., Acceleration of neutral atoms in strong short-pulse laser fields. Nature, 461, (7268), 1261-1264 (2009). 
4.Hagemann, F., Gause, O., Wöste, L., & Siebert, T., “Supercontinuum pulse shaping in the few-cycle regime” Optics express, 21(5), 5536-5549, (2013). 

The forward emission spectra 

from 800nm filament in 

Krypton, (9 bar), with 

increasing pulse energy.  

(a) A Fourier limited pulse, 7 

fs duration.  

(b) Trapezoid pulses with 10 

fs risetime, 40 fs plateau and 

10 fs decay time   

In both cases  narrow and 

broad emission features are 

visible, which shift with 

increasing pulse intensity.   
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Nanoprobes for electron microscopy with bio-specificity 
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S. Aloni6, F. Ogletree6, R. MacFarlane1, T. Südhof4, P. Alivisatos3, J. Rao2, S. Chu1  

1 Department of Physics, Stanford University, Stanford CA 94305  
2 Department of Radiology and Chemistry, Stanford University, Stanford CA 94305 

3 College of Chemistry, University of California Berkeley, Berkeley CA 94704  
4 Department of Cellular Physiology, Stanford University, Stanford CA 94305  

5 Intelligent Materials, Princeton NJ 08540  
6 Lawrence Berkeley Laboratory, Berkeley CA 94720  

 
The visualization of bio-molecular processes with nanometer spatial resolution is of tremendous 

interest to a large variety of questions ranging from basic life science to bio-medical research. However, 
imaging the distribution and interaction of multiple proteins species within the context of a cell remains 
an open challenge. In this talk, I will present a novel multicolor electron microscopy modality that enables 
imaging of different proteins and cellular nanostructures with up to 10nm resolution.  

In our approach, we label individual 
proteins with rare earth doped 
nanoparticles (NPs) and determine their 
location by detecting light emitted under 
electron excitation, in a process known as 
cathodoluminescence (Figure 1). The 
resolution of our imaging technique is 
currently only limited by the particle size. 
Using different rare earth ions, we can 
further obtain up to five different colors, 
opening the possibility to study protein 
interactions in a sub-cellular context.  

Finally, I will give an outlook on 
potential applications, including the 
imaging of relevant biological systems 
such as mouse brain microtome slices. The 
developed biophysics concepts for NP 
passivation, functionalization and labeling 
can further be transferred to other fields 
including NV based nanoscale 
magnetometry.  

 

Figure 1 Concept illustrating experimental procedure. From top left 
to bottom right, nanoparticles functionalized with primary antibodies 
label proteins in a biological sample (different color correspond to 
different antibodies and different dopants). Scanning electron 
microscopy causes the nanoparticles to emit light corresponding to the 
doping type. The emitted light is collected by a parabolic mirror 
(black) and detected by a photo detector (not shown).  

Figure 2 Scanning electron microscopy image of 
a microtome mouse brain slice (grey) overlaid 
with cathodoluminescence signal (red). Scan of a 
reduced region of interest (right images) with 
emission filters sensitive to NaYF4:Er,Yb (red) 
and NaGdF4:Eu (green).  
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Combinatorial optimization using networks of optical parametric oscillators: 
present (bulk) and future (on-chip) OPO Ising machines 
 
Peter L. McMahon1,2,*, Alireza Marandi1,*, Yoshitaka Haribara2,3,4, Ryan Hamerly1, Carsten Langrock1, 
Shuhei Tamate2, Takahiro Inagaki5, Hiroki Takesue5, Shoko Utsunomiya2, Kazuyuki Aihara3,4, 
Robert L. Byer1, M. M. Fejer1, Hideo Mabuchi1, Yoshihisa Yamamoto1,6 
 
1 E. L. Ginzton Laboratory, Stanford University (USA) 
2 National Institute of Informatics (Japan) 
3 Department of Mathematical Informatics, University of Tokyo (Japan) 
4 Institute of Industrial Science, University of Tokyo (Japan) 
5 NTT Basic Research Laboratories (Japan) 
6 ImPACT Program, Japan Science and Technology Agency (Japan) 
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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 
Ising machines in bulk systems (using free-space optics and fiber 
optics), and will also discuss the current progress in and prospects for 
on-chip semiconductor implementations of OPO Ising machines. 
 
[1] P.L. McMahon, et al. Science 354, No. 6312, pp. 614 – 617 (2016). 
[2] A. Marandi, et al. Nature Photonics 8, pp. 937 – 942 (2014). 
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Electron Vortices and Other Sculpted Electrons: Production, 
Measurement, and Application 

B. J. McMorran, Department of Physics, Eugene, OR, USA 

 
Electron wavefunctions with structured phase and amplitude can provide new capabilities 

for electron microscopy, as well as new insights into quantum behaviour. Nanofabricated 
diffractive optics serve as one of the new tools that can be used to coherently manipulate electron 
wavefunctions, similar to how spatial light modulators are used to engineering light waves in optics. 
For example, we use diffraction holograms to remove aberrations in a transmission electron 
microscope [1] and implement new types of interferometric phase contrast [2]. 

We also use fork grating holograms to shape freely propagating electrons into unique 
topological states, such as quantum vortices [3,4] (Fig. A). This electron vortex state is remarkable 
for its helical wavefront structure, persistent central null in the probability distribution, and 
quantized orbital angular momentum (OAM). Free electron OAM evolves in magnetic fields in 
unique ways [5] and can be used to probe chirality and angular momentum at the nanoscale [6,7]. 
For example, electron beam with OAM incident upon chiral clusters of nanoparticles (Figs. B and 
C) undergo OAM-dependent energy losses (Fig. D). In addition to preparing electrons in pure 
quantized orbital states, electrons can also occupy arbitrary superpositions of these orbital states. 
We can prepare these superposition states using diffraction holograms. Superpositions of 
electron OAM are also produced upon scattering from a material, and measurement of these 
orbital components is key to investigations of angular momentum and chirality at the nanoscale. 
Thus, we are developing ways to measure OAM components in incoherent superpositions of 
scattered electrons using magnetic solenoids [8] or sharp electrostatic needles [9] (Fig. E).  
 
 
 
 
 
 
 
 
[1] B. McMorran, M. Linck, P. Moeck, 9,240,255 (11 September 2014). 
[2] C. Ophus, J. Ciston, J. Pierce, T. R. Harvey, J. Chess, B. J. McMorran, C. Czarnik, H. H. Rose, P. 

Ercius, Nat. Commun. 7, 10719 (2016). 
[3] J. Verbeeck, H. Tian, P. Schattschneider, Nature 467, 301 (2010). 
[4] B. J. McMorran, A. Agrawal, I. M. Anderson, A. A. Herzing, H. J. Lezec, J. J. McClelland, J. Unguris, 

Science 331, 192 (2011). 
[5] G. M. Gallatin, B. McMorran, Phys. Rev. A 86, 12701 (2012). 
[6] P. Ercius, T. Harvey, J. Pierce, J. Chess, M. Linck, B. McMorran, Microsc. Microanal. 20, 84 (2014). 
[7] T. R. Harvey, J. S. Pierce, J. J. Chess, and B. J. McMorran, arXiv:1507.01810 (2015). 
[8] T. R. Harvey, B. J. McMorran, ArXiv160603631 (2016). 
[9] B. J. McMorran, T. R. Harvey, M. P. J. Lavery, ArXiv160909124 (2016). 
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Staged acceleration, microbunching, and focusing in a dielectric laser accelerator 

Joshua McNeur 

Department Physik, Friedrich-Alexander-Universität Erlangen-Nürnberg  

Dielectric laser accelerators (DLAs) form a class of novel accelerators that enables a variety of exciting 

applications, ranging from MeV handheld electron sources to table-top coherent x-ray sources [1]. They 

operate via the synchronous interaction of electrons traversing the laser-induced near-fields at dielectric 

nanostructures. Recently, DLAs have demonstrated acceleration gradients approaching and exceeding 1 

GeV/m with a variety of dielectric materials, laser wavelengths, and nanostructure geometries [2,3,4]. To 

fully realize some of the applications that make this technology so enticing, however, requires extending 

the interaction length between electrons and the laser induced fields via phase-controlled staging. 

Furthermore, the restrictive longitudinal and transverse acceptance of the nanostructures necessitates 

microbunching and focusing the electron beam, preferably on a similarly-miniaturized scale. Here, we 

report on experimental demonstration of DLA-based 

staging and focusing [5] and on efforts to realize a 

DLA-based microbunching scheme.  The extant 

challenges that DLAs currently face and the 

approaches for addressing these challenges are 

discussed. 

 

 

 

An SEM image of a silicon single grating DLA (left) and an illustration of the near field accelerating 

mode excited above the surface of the DLA by an impinging laser (right). 

 

1. England, R. J.et al. Dielectric laser accelerators. Rev.Mod. Phys. 86, 1337 (2014). 

 

2. Peralta, E. A. et al. Demonstration of electron acceleration in a laser-driven dielectric microstructure. 

Nature 503, 91-94 (2013). 

 

3. Breuer, J., Hommelhoff, P. Laser-Based Acceleration of Nonrelativistic Electrons at a Dielectric 

Structure. Phys.Rev. Lett. 111, 134803 (2013). 

 

4. Leedle, K. J. et al. Dielectric laser acceleration of sub-100 keV electrons with silicon dual-pillar grating 

structures. Opt. Lett.40, 4344-4347 (2015). 

5. McNeur, J et al., Elements of a dielectric laser accelerator, arXiv:1604.07684 [accelerator physics] 

(2016).  
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PHOTONIC HYPERCRYSTALS FOR CONTROL OF LIGHT-MATTER INTERACTION

T. Galfsky1,2, Z. Sun1,2, C. R. Considine1, J. Gu1,2, R. Deshmukh1,2, Y-H. Lee3, E.E. Narimanov4,
S-A Biehs5, G. S. Agarwal6, and V. M. Menon1,2,*

1 Department of Physics, City College, City University of New York (CUNY), New York, USA
2 Department of Physics, Graduate Center, City University of New York (CUNY), New York, USA

3 National Tsing-Hua University, Hsinchu, Taiwan
4Birck Nanotechnology Center, School of Computer and Electrical Engineering, Purdue University, Indiana,

5 Institut für Physik, Carl von Ossietzky Universität, D-26111 Oldenburg, Germany
6Institute for Quantum Science and Engineering, Texas A & M University, USA

The interaction of light with matter can be manipulated by controlling the photonic density of states
(PDOS). In this talk I will present “photonic hypercrystals (PHC)”, a new class of artificial media for enhancing
this interaction. PHCs combine the large PDOS in
hyperbolic metamaterials (HMMs) with the light
scattering efficiency of photonic crystals. They are distinct
from photonic crystals, as both material scales involved -
the hypercrystal period and the unit cells of its material
components - are sub-wavelength. And they are also not
metamaterials, as their electromagnetic response is
qualitatively different from the expected averaged
behavior.

I will present our recent results on simultaneous
broadband enhancement of spontaneous emission rate
(x20) and out-coupling (x100) from quantum dots
embedded in a PHC structure [1]. Schematic of the PHC
is shown in Fig. 1a along with the band structure in Fig.
1b. The PHC alleviates the major issue of in/out coupling
of high-k modes in HMMs by folding the bands.  Shown
in Fig. 1c and Fig. 1d are the steady state and time
resolved photoluminescence (PL) from quantum dots
embedded inside the PHC showing enhancement in both
light out-coupling and the spontaneous emission rate.

Following this, I will discuss the broadband
enhancement of spontaneous emission from two-
dimensional semiconductors of transition metal
dichalcogenides [2]. Shown in Fig. 1e is the confocal
image of the PL from monolayer of tungsten disulfide
(WS2) with enhanced (bright spots) emission at the
location of the PHC. Fig. 1f shows the enhancement in
PL with respect to pure hyperbolic media.

I will conclude with a brief discussion on the
control of energy transfer between donor acceptor pairs
using the high-k modes of hyperbolic media over
distances >150 nm [3].

[1] “Enhanced spontaneous emission in photonic hypercrystals,” T. Galfsky, E. Narimanov and V. M.
Menon, ArXiv: 1506.01132 (2015)

[2] “Broadband enhancement of spontaneous emission in 2D semiconductors using photonic
hypercrystals,” T. Galfsky et al. Nano Lett. 16, 4940 (2016).

[3] “Long range dipole-dipole interaction and anomalous Forster energy transfer across hyperbolic
metamaterial,” S.-A. Biehs, V. M. Menon and G. S. Agarwal, Phys. Rev. B 93, 245539 (2016)

Fig. 1. (a) Schematic of the PHC. (b) Band structure of
PHC showing folding of bands. (c) Steady state and (d)
time resolved PL showing enhanced spontaneous
emission from PHC. (e) Confocal image showing
enhancement of spontaneous emission from 2D
semiconductors using PHC along with electron
microscope image of the PHC and (f) steady state PL.
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The multiple facets of  nanoscale imaging using soft x-ray  light from bright 
table-top lasers 

C.S. Menoni1,2, M.C. Marconi1, Y. Wang1, S. Wang1, A. Rockwood1, C.N. Kyaw1, I. 
Kuznetsov1, T. Green1, A. Duffin3, J.J. Rocca1,2 

1Colorado State University, Fort Collins, CO 80523 
2XUV Lasers, For Collins, CO 80525  

3Pacific Northwest National Laboratory, Richland, WA 99352 
Contact information: Carmen.menoni@colostate.edu

 
Table-top soft x-ray lasers (SXRL) producing pulses with energies of 1-100 µJ at wavelengths between 13 and 
46.9 nm1-3 have enabled  novel nano-scale imaging schemes.    This presentation will describe recent results on 
two imaging systems: 1) holographic imaging of nanostructures by Fourier Transform Holography (FTH),   and 
2) isotopic composition imaging by SXRL ablation mass spectrometry.   
In SXRL FTH the hologram is formed onto a 2D array detector by the interference of a spherical reference 
wavefront beam created by the first order of a zone plate and the object beam produced by  the zeroth order of the 
zone plate.  Reconstruction of the holograms is performed by a simple 2D inverse Fourier transform operation.  
The straightforward reconstruction algorithm inherent to FTH coupled with single-shot acquisition renders “live” 
images of the object, with the additional advantages that a large field of view and high spatial resolution are 
simultaneously attainable.   Figure 1a  shows a single shot image of a collection of 200 nm Ag nanowires obtained 
with λ=13.9 nm SXRL illumination.  The spatial resolution, 80 nm, can be further reduced using a zone plate lens 
with higher numerical aperture.   
Chemical composition imaging combines SXRL ablation with mass spectrometry to realize 3D  maps showing 
the distribution of multiple molecular and elemental components within a solid sample with nanoscale resolution6.   
Figure 1c and 1d show the application of SXRL ablation mass spectrometry to the analysis of nuclear materials.  
The images show the content of 238U and 235U in micron-size Uranium particles.   The capability to map the 
isotopic make-up of actinides containing matrices  is of importance for  nuclear materials analysis.  SXRL 
chemical imaging has also high potential for analyses and 3D nanoscale composition mapping of chemical, 
radiological and biological materials.    

Acknowledgements:  Work supported by the U.S. Department of Energy, Office of Science, under Awards  # DE-
FG02-04ER15592 and DE-SC0011375 and by DARPA Award STTR/D16PC00087. 
 

(a) (b) 

Fig. 1.  (a) Single shot Fourier Transform hologram from 200 nm diameter Ag nanowires.   The spatial  resolution is 
80 nm.  The field of view is 7 µm.  (b) Scanning electron image of Uranium particles.  (c) SXRL mass spectral image 
showing the content of 238U. (d) Identical image to (c) showing the content of 235U.   

(c) (d) 

1. S. Heinbuch et al. Optics Express 13, 4050, (2005) 
2. D. Martz et al., Optics Letters,  35, 1632, (2010)  
3. B. Reagan et al, Physical Review Applied, 89, 053820 (2014).  
4. S. Carbajo et al, Optics Letters 37 (14), 2994 (2012). 
5. E. Malm  et al, 22, 4161 (2014) 
6. I. Kuznetsov et al, Nature Communications 6, 6944 (2015). 
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Urea detection using fiber optic plasmonic sensor 

Satyendra K. Mishra1,2, Indra Ghimire1, Marlan O. Scully1,2,3,, Ho Wai Howard Lee1,2,* 
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2The Institute for Quantum Science and Engineering, Texas A&M University, College Station, TX, USA 
3Princeton Institute for the Science and Technology of Materials, Princeton University, Princeton, USA 

*scully@tamu.edu; Howard_Lee@Baylor.edu  

Introduction 

The detection of the Urea in urine and blood is important knowledge for the kidney in human body. Urea produced by the liver and 

transported to the kidneys via blood for excretion. The malfunctioning of kidney and liver has been determined when the 

concentration of the urea changes. Many bio-sensors have already been reported that include conductometric, amperometric, 

potentiometric and optical sensors, however, all these sensors require reference electrode and electrode cell and also affected by 

the electromagnetic interference. 

Sensor fabrication, characterization and results 

We use 17 cm long multimode optical fiber with numerical aperture of 0.4 and core diameter of 600 µm for the experiments. We 

unclad the middle portion of the fiber for length of 1 cm by using the blade. After that we cleaned that portion by using the methanol, 

acetone and high tension ion bombardment in vacuum chamber. We then deposited the silver (40 nm) and ITO (8 nm) layer of 

respective thickness over the unclad portion of the fiber by using sputtering, where the chamber vacuum was kept at 5 x 10-7 mbar. 

Finally, the enzyme urease was immobilized over ITO layer using gel entrapment method [1]. Figure 1(a) shows the typical 

experimental setup for the measurement. 
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Fig 1(a) Experimental set up. (b) Transmission spectra for sensor. (c) Dependence between resonance wavelength with 

concentration of urea 

The selected SPR spectra for urea for different concentrations are shown in Fig. 1(b). As we increase the concentration of the urea, 

blue shift of the resonance wavelength is observed. The blue shift indicated that the swelling of the gel layer due to the reaction of 

the urea with urease which forms ammonia and carbon dioxide and decreases the effective refractive index of the sensing gel layer, 

the reaction is following: 

Urea + H2O                               Urease                                             2NH3 + CO2 

Fig 1(c) shows the variation of the resonance wavelength with the urea concentration. As stated above, the decrease in the resonance 

wavelength with the increase of the concentration of the urea with enzyme immobilized gel layer due to the conversion of the urea 

to ammonia and carbon dioxide. The resonance wavelength decreases asymptotically with the increases of the concentration of the 

urea. The saturation of resonance wavelength at higher concentration is expected due to the limited amounts of enzymes (urease) 

entrapped in the gels in the probe. The sensor has high sensitivity, operating range for pH concentration falling in physiological 

range, reusability and reproducibility of results which make it compatible for practical applications. The advantages of the present 

wavelength interrogation based sensor are invulnerability to source intensity fluctuation/ reduction, miniaturization, low cost, real-

time measurement, remote sensing to electromagnetic field and biocompatibility. We will also study these types of highly sensitive 

urea and bio-photonic sensor using filled silver, indium tin oxide nanoparticles, nanowires and enzyme entrapped gel layers inside 

the holey optical fiber.  

Reference: S.K. Mishra and B.D. Gupta, “Surface plasmon resonance (SPR) based fiber optic urea sensor using silver, ITO and 

enzyme entrapped gel layers”, FTu5 B3, FIO Conference (2014). 
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Parity-time symmetric nonlocal metasurfaces:  
Focusing and imaging through balanced loss and gain 

 

Francesco Monticone1,2, and Andrea Alù2 

 

1Cornell University, Department of Electrical and Computer Engineering, Ithaca, New York, 14853, USA. 
2 The University of Texas at Austin, Department of Electrical and Computer Engineering, Austin, Texas, 78712, USA. 

Light focusing and imaging represent some of the oldest applications of optics. Despite centuries of 
developments, however, conventional optical systems still suffer from aberrations of different types 
and are limited to plane-to-plane imaging, issues that are inherent to the conventional laws of 
reflection and refraction [1]. Metamaterials and metasurfaces have offered a route to partially 
overcome these limitations and go beyond traditional lens designs [2]. However, metamaterial lenses 
have been found to be extremely sensitive to material losses due to their typical resonant nature. This 
is particularly evident in ‘perfect lenses’ based on slabs with a negative index of refraction. Recently, 
there has been increasing interest in the possibility to realize relevant metamaterial functionalities, 
such as negative refraction and cloaking, based on loss-immune platforms that suitably include active 
elements [3-5].  

In this context, here we show that a pair of lossy and active 
nonlocal metasurfaces – in a balanced parity-time (PT) 
symmetric configuration – can realize all-angle negative 
refraction, planar focusing and volume-to-volume imaging 
[5]. We start by deriving, from first principles, the general 
requirements to achieve these functionalities in a 
transversely-invariant, linear, loss-immune platform. In 
particular, we show that the PT-symmetric structure should 
be operated at an exceptional point of its eigenspectrum in 
order to guarantee impedance-matching and unidirectional 
reflectionless response. Most importantly, the active and 
passive metasurfaces need to be spatially dispersive (i.e., 
nonlocal) to correctly realize the required response for any 
angle of incidence and source location, and we propose a 
suitable implementation of the required nonlocality. We 
then discuss the focusing and imaging properties of the 
designed PT-symmetric lens, in which the image formation 
is supported by negative phase and energy velocity in the central region of the lens, with waves 
flowing backward from the active metasurface to the passive one, the latter acting as an 
omnidirectional coherent perfect absorber (see figure). Interestingly, this device implements, at least 
in principle, the imaging functionality of so-called absolute optical instruments [1] (aberration-free 
three-dimensional imaging), similar to volumetric imaging by a plane mirror, but with a real image 
space. Finally, we discuss the temporal dynamics of the proposed PT-symmetric lens, and we show 
that the system can be made unconditionally stable by suitably designing the temporal dispersion of 
the metasurfaces. This work shows the potential of non-Hermitian systems for advanced, loss-immune 
wave manipulation, which may open uncharted directions in electromagnetics and optics. 
 

[1] M. Born and E. Wolf, Principles of Optics (Cambridge University Press, 2002). 
[2] N. Engheta and R. W. Ziolkowski, Electromagnetic Metamaterials: Physics and Engineering Explorations (Wiley-
IEEE Press, New York, 2006). 
[3] R. Fleury, D. L. Sounas, and A. Alù, Phys. Rev. Lett. 113, 23903 (2014). 
[4] D. L. Sounas, R. Fleury, and A. Alù, Phys. Rev. Appl. 4, 14005 (2015). 
[5] F. Monticone, C. A. Valagiannopoulos, and A. Alù, Phys. Rev. X 6, 41018 (2016). 

PT-symmetric spatially-dispersive lens for all-
angle negative refraction and volumetric imaging 
[5]. Top: schematic. Bottom: field distribution, at 

steady-state, under point-source illumination. 
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Frontiers of Tomography 

E. Martinez, D. Nigg, A. Erhart, R. Stricker, C. Maier, P. Jurcevic,  

C. Hempel, B. Lanyon, C. Roos, P. Schindler, R. Blatt, T. Monz 

Institute of Experimental Physics, University of Innsbruck, Austria 

Institute for Quantum Optics and Quantum Information, Innsbruck, Austria 

 

Fully-programmable, universal quantum 

computing in a scalable atomic system 

promises to address various quantum 

technologies: from operating atomic clocks, 

to realizing digital simulations, and – most 

challenging - implementing quantum 

algorithms. Ion-trap based quantum 

computers have demonstrated their 

capabilities in all of the above mentioned 

fields: State of the art systems operate with 

up to about 20 ion-qubits, realize clocks 

that are likely to redefine the second within the 

next years, perform simulations of e.g. high-

energy physics, as well as operate various quantum algorithms such as Shor’s algorithm. The 

respective single- and two-qubit gate error rates are below 10-3  in numerours experimental 

setups these days. 

At a first glance, the path to a scalable quantum computer with high performance is clear. 

However, performance characterization of such large-scale quantum devices is falling behind 

the theoretical and classical computing capabilities: The largest state fully investigated consisted 

of 8 qubits, the largest quantum process fully tomographied included 3 qubits. The question 

whether a scaled-up quantum device actually performs the way it is intended to operate, and if 

not, where the errors in the model are, is beyond the means of standard methods of 

tomography. 

In this presentation we’ll provide an overview of routines we routinely employ in Innsbruck, 

such as randomized benchmarking and gate-set tomography for few-qubit operations, as well as 

recent work on characterizing systems close to and beyond 10 ion-qubits via compressed 

sensing and matrix product states. 

Figure 1: Randomized benchmarking in Insbruck  
showing gate infidelities of 2(1) 10

-4
. 
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Optical lasing during laser filamentation in the Nitrogen molecule: 
ro-vibrational inversion

Felipe Morales1, Michael Spanner2, Maria Richter1,3, Olga Smirnova1, Misha Ivanov1,4

1Max-Born-Institut, Max Born Strasse 2A, D-12489 Berlin, Germany  
2National Research Council of Canada, 100 Sussex Drive, Ottawa, ON K1A 0R6, Canada
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Abstract: Inducing and controlling lasing in the open air is an intriguing challenge. Recent experiments on laser filamentation in the air
have demonstrated generation of population inversion and lasing on the 391 nm and 428 nm lines in the nitrogen ion, which correspond to
transitions between its second excited B2Σ+

u and the ground X2Σ+
g electronic states. Importantly, lasing at these transitions appears to be a

very general effect, arising during filamentation of virtually any incident radiation, from visible to mid-infrared. We analyze the possible
mechanisms that can be responsible for the generation of the population inversion between the B2Σ+

u and X2Σ+
g states of N+

2, focusing on
the interplay between tunnel  ionization of  neutral  nitrogen to  different  electronic  states  of  the ion,  ultrafast  laser  driven electronic
excitations in the ion, molecular vibrations, laser induced alignment and rotations. We show how the combined action of all of these
mechanisms can enable population inversion in B2Σ+

u . 

Several experiments have shown that a tightly 
focused laser beam in air produces bright emission 
lines in the forward emission direction, in particular 
at 391 nm and 428 nm. These wavelengths 
correspond to transitions between the second excited 
(the B2Σ+

u state) and the ground (the X2Σ+
g state) 

states of the N2
+ molecule [1] (see figure). 

By now, several competing explanations of the 
underlying process of this exciting experimental 
observation have been offered. The proposed 
mechanisms  are, however,  specific to the laser-
driven electronic and vibrational dynamics in the 
nitrogen molecular ion and seem to be dependent on a
delicate interplay of the wavelength, the intensity, and
the duration of the laser pulse, in contrast to the 
experimental observations. Moreover, the attempts to 
provide a unifying physical picture, that  supports the 
experimental findings [2-4], do not report sufficient 
gain to support spontaneous unseeded lasing.

Besides being a fascinating unresolved physics 
problem, the complete understanding of this 
phenomenon, and its control, is of practical relevance 
as it offers important practical applications, e.g., in 
the field of remote sensing.

We propose a mechanism that explains the population
inversion between the B2Σ+

u state and the X2Σ+
g state 

and is based on the combined effect of several 
processes: (i) tunnel ionization of neutral nitrogen to 
the different relevant ionic states, using angular-
resolved strong-field ionization rates calculated 
numerically for the nitrogen molecule, (ii) laser-
induced ultrafast electronic excitations in the ion, (iii)
molecular vibrations, (iv) alignment of the molecule 

induced by the strong laser pulse, and (v) molecular 
rotation upon ionization. 

We  find  that  the  strong  laser  field   creates  a  ro-
vibrational  `conveyor  belt'  carrying  the  population
away from the ground electronic state and enabling
population inversion in the high rotational  states of
the  excited  B2Σ+

u state.  Our  results  show  that
population inversion is not a pre-requisite, but rather
that lasing without inversion is possible, thanks to the
coherent rotational dynamics in the cation. This new
rotational mechanism is not specific to the nitrogen
ion  and should facilitate gain in other systems.  

Figure i : Sketch representation of the two emission lines 
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[3] H. Xu et al. Nat. Comm. 6, 8347 (2015)
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STM investigation of laser driven processes at surfaces 
Karina Morgenstern 

Chair of Physical Chemistry I; Ruhr-Universität Bochum, Germany 
 

There is broad interest in supported water-ice and the 
mechanims of energy and charge transport through it in 
areas as diverse as the environmental sciences and 
astrochemistry. For example, ionizing radiation can 
impact upon the chemical composition of Earth’s upper 
atmosphere (e.g. its ozone density) by triggering chemical 
processes at the surfaces of cold ice covered grain 
particles. In the laboratory this situation can be mimicked 
by preparing ultrathin water-ice overlayers or clusters on 
a metal support under ultrahigh vacuum (UHV) conditions 
and probing them by driving conduction electrons from 
the support into the water overlayer with a laser (Fig. 1).  

We investigated the influence of UV light on different ice 
structures adsorbed on Cu(111) without and with 
halogenated (chlorine or bromine) benzene molecules 
adsorbed on them by low-temperature scanning tunneling 
microscopy (Fig. 2). In dependence of adsorption 
temperature the ice structures are either amorphous or 
crystalline [1,2]. We illuminate the structures by a tunable 
nanosecond laser between 320 nm and 450 nm. The 
direct comparison of pure as well as molecule covered ice 
structures before and after illumination allows us, in 
combination with theory, to unravel the processes involved 
in dependence on wave length (Fig. 3). Furthermore, the 
dependence of the laser-induced processes on local 
structural arrangements and on the halogen used will be 
discussed in this presentation. 
 
References 
[1] Mehlhorn et al., Phys. Rev. Lett. 99, 246101 (2007) 
[2] Bockstedte et al., J. Phys. Chem. C 120, 1097-1109 
(2016) 

Fig. 1: Model for atmospheric chemistry  

FIg. 2: STM image of chlorobenzene 
adsorbed on amorphous solid water 

   

Fig. 3: Wave length dependence of reaction 
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Hot carrier optoelectronic devices based on ultra-thin metallic films 
 

Jeremy N. Munday 
Department of Electrical and Computer Engineering, and 

The Institute for Research in Electronics and Applied Physics,  
University of Maryland, College Park, Maryland 20740, USA  

e-mail: jnmunday@umd.edu 
 

ABSTRACT 
Light absorption in thin metal films can result in the excitation of hot carriers, 

either through direct excitation or through the decay of surface plasmons. The charge 
carriers (electrons and/or holes) have excess kinetic energy compared to the gas of 
thermal carriers usually present within the metal. For hot carriers generated within a 
diffusion length of the surface, opportunities arise for extraction these energetic carriers, 
which can perform tasks not achievable by thermal electrons including modification of 
chemical reaction rates, charge injection into nearby semiconductors for current 
generation, etc.  

Here we will discuss our recent work on excitation and collection of hot electrons 
from thin metal films. We will show photodetector devices that can operate over both the 
visible and near-IR based on injection of hot carriers either into semiconductors or across 
insulating barriers into an adjacent conductor. We will also discuss how the density of 
electron states affects the resulting hot carrier distribution and various metals and alloys 
that have beneficial characteristics for hot carrier devices. 

 

 
Figure | Schematic depicting hot carrier excitation and injection. Incident 
light (left) is absorbed within the metal causing excitation of charge carriers, 
which results in a distribution of hot electrons and/or holes (middle). Depending 
on the band alignment, electrons or holes can be injected into the semiconductor 
(right). 

Semiconductor	Metal	
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Ramsey spectroscopy in the presence of magnetic 
field gradients 

A. Srinivasan1, J. P. Davis2,3, M. Zimmermann4, M. Efremov4, E. Rasel5, 
W. Schleich4 and F. A. Narducci3  

1 St. Mary’s College, St. Mary’s City, Md USA 
2 AMPAC, North Wales, Pa USA 

3 Naval Air Systems Command, Patuxent River, Md USA, 
4 Universitat Ulm, Ulm, Germany 

5 Leibniz Universitat, Hannover, Germany 
E-mail: Francesco.narducci@navy.mil 

 
Many applications that utilize Ramsey or spin-echo spectroscopy techniques for interferometric 
measurements using atoms probe the so-called ̀ clock’ transition, which is insensitive to magnetic 
fields to first order. In environments with perfectly static and uniform magnetic fields, the magnetic 
Raman transitions will behave in precisely the same way as the clock transition, apart from a 
dependence of the resonance frequency on the value of the field. However, current experiments 
that we are working on require the presence of a magnetic field gradient (Fig 1(a)). We show that 
this gradient can cause dephasing in Ramsey and spin-echo interference in two ways. Firstly, 
due to the spatial extent of the cold atom cloud in the presence of the magnetic gradient, many 
atoms do not receive a perfect π/2 pulse, leading to a loss of contrast. We show that peak Raman 
amplitude can be restored (but not to 100%) by proper frequency chirping of the Raman fields 
(Fig 1(b)). Secondly, the atoms across the cloud precess at different rates, leading to a dephasing, 
which can be interpreted as non-closure of the interferometer. This dephasing is not reversible 
by standard spin echo techniques. We demonstrate that a four-pulse sequence will properly close 
the interferometer. Finally, we update the status of our experiments to measure a T3 contribution 
to the phase of the interferometer [1]. 
 
 
 
 
 
 
 
 
 
 
 
 
References 
M. Zimmermann, M.A. Efremov, A. Roura, W.P. Schleich, S.A. DeSavage,  J.P. Davis, A. Srinivasan, F.A. Narducci, 

S.A. Werner, E.M. Rasel, (submitted) Applied Phys. B. See also arXiv:1609.02337v1 

Figure 1(a): Plot of the magnetic field as a function 
of position in the chamber.  

Figure 1(b):  Plot of the Raman spectrum with (red 
curve on top) and without (blue curve on bottom) a 
frequency chirp.  
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A dual accelerometer/gyroscope using continuous 
opposing atomic beams 

M. F. Locke1, R. Simha1, G. R. Welch2 and F. A. Narducci1  

1 Naval Air Systems Command, Patuxent River, Md USA 
2 Texas A&M University, College Station, Tx USA, 

E-mail: Francesco.narducci@navy.mil 
 
It is well known that atom interferometers show exquisite sensitivity to both acceleration 
and rotation [1, 2]. However, for applications to inertial navigation where both linear and 
rotational motion is present, it is impossible to use one interferometer to distinguish the 
two types of motion. We present the current status of the construction of a dual 
accelerometer/gyroscope (Figure 1) based on opposing atom beams extracted from 2D 
MOTs in which we exploit the fact that the rotational contribution changes sign upon 
flipping the Sagnac loop. We present measurements of narrow velocity profiles and 
explore the possibility of using the transit time of the atoms through a continuous laser 
field as the ‘pulse’ of light for light pulse interferometry. We show Raman spectroscopy 
using the cold continuous source and discuss the status of Ramsey interferometry in 
our source.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References 

[1]  T.L. Gustavson, A. Landragin, and M.A. Kasevich, “Rotation Sensing with a dual atom interferometer 

Sagnac gyroscope”, Classical and Quantum Gravity, 17 (12), 2385, 2000.  

[2]  T. Miller, M. Gilowski, M. Zainer, P. Berg, Ch. Schubert, T. Wendrich, W. Ertmer and E.M.  Rasel, “A 
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(3): 273-281, 2009. 

Figure 1: Picture of the current apparatus being used in our experiments.  
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Towards	 High-Frequency	 Operation	 of	 NV	 Spins	 using	 Hybrid	 Opto-Electric	
Diamond	Devices	
	
E.	Bourgeois1,2,	M.	Gulka2,	M.	Trupke3,	P.	Hemmer4,	F.	Jelezko	5,	M.	Nesladek1,2	

	
1IMOMEC	division,	IMEC,	Kapeldreef	75,	B	3001	Leuven,	Belgium		
2Hasselt	University,	Martelarenlaan	42,	B-3500	Hasselt,	Belgium	
3Vienna	Center	for	Quantum	Science	and	Technology,	Atominstitut,	TU	Wien,	1020		Vienna,	
Austria		
4Department	of	Electrical	and	Computer	Engineering,	Texas	A&M	University,	College	Station,	
TX	77843,	USA	
5Institute	 for	 Quantum	 Optics	 and	 IQST,	 Ulm	 University,	 Albert-Einstein-Allee	 11,	 D-89081	
Ulm,	Germany	
	
The	core	 issue	 for	 implementation	of	NV	centre	qubits	 in	quantum	technology	 is	a	
sensitive	 readout	 of	 the	 NV	 spin	 state	 that	 is	 compatible	 with	 scalable	
semiconducting	device	processing	and	integration	with	electronic	peripheries.	Here	
we	build	on	our	recently	developed	hybrid	photoelectric	method	for	the	detection	of	
NV	 magnetic	 resonances	 (PDMR)	 [1],	 based	 on	 two-photon	 ionization	 of	 the	 NV	
centre	 and	 report	 on	 the	 realization	 of	 pulsed	 photoelectric	 spin	 protocols	 [2].	
Ramsay	and	Rabi	measurements	are	presented	demonstrating	the	feasibility	of	the	
proposed	hybrid	scheme	for	coherent	spin	manipulation	and	readout.	By	optimising	
the	 system	 noise	 and	 by	 using	 MW-triggered	 pulse	 protocols	 we	 were	 able	 to	
downscale	the	detection	to	~	5	NV	centres.	We	present	insight	into	photo-physics	of	
the	 scheme,	 allowing	 further	 improvements	 in	 sensitivity	 [3],	 with	 hope	 of	 future	
realisation	of	scalable	electric	diamond	quantum	chip	devices.		
	

	
	
	
	
Fig.1	Photoelectric	detection	of	
Rabi	oscillations	using	
microwave-triggered	pulse	
sequences	
	
	

	

	

[1]	E.	Bourgeois,	A.	Jarmola,	P.	Siyushev,	M.	Gulka,	J.	Hruby,	F.	Jelezko,	D.	Budker	&	
M.	Nesladek,	Nature	Comm.	6,	Article	number:	8577	doi:10.1038/ncomms9577,	2015	

[2]	E.	Bourgeois	et	al,	Phys.	Rev	B,	2016,	https://arxiv.org/abs/1607.00961	

[3]	M.	Gulka		et	al,	2016,	https://arxiv.org/abs/1610.08308	
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Single and paired parametric oscillators

Reed Nessler

TAMU IQSE, College Station TX and Baylor University, Waco TX

Parametric resonance phenomena are important in several areas of physics, from the design of para-
metric amplifier circuits to the recently introduced QASER of Svidzinsky, Yuan, and Scully.[1][2] A general
mathematical model for a single parametric oscillator is the Hill differential equation

φ̈+ [ω2
0 + Q(t)]φ = 0,

Q(t) a T-periodic function, which does not typically admit elementary solutions, even in the special case
where Q only includes 0th and 1st Fourier modes, alias the Mathieu equation. Floquet theory yields elegant
stability results for Hill’s equation, but the need to compute the monodromy (time-evolution) operator,
numerically or otherwise, remains.

2 4 6 8 10
t

-4

-2

2

ϕ

Single-oscillator Floquet solution.
The δ “kicks” appear as cusps.

Explicit analytic results are possible when Q is a periodic rectan-
gular or Dirac δ function. Mathematically this is the famous Kronig–
Penney model[3] of condensed-matter physics. However, we part ways
with Kronig and Penney by focusing on the unstable solutions—which
that model discards as band gaps—because they represent amplifica-
tion.

The QASER system of Svidzinsky et al. usefully extends Mathieu’s
equation to a pair of oscillators with periodically modulated coupling.
In our poster we show that, as with the single oscillator, replacing the
cosine modulation with a periodic δ function preserves the qualitative
behavior of the solutions while permitting closed-form expressions.
This approach yields insight into the difference-combination resonance
phenomenon that is essential to the QASER.

[1]A. Svidzinsky, L. Yuan, and M. Scully, Phys. Rev. X 3, 041001 (2013)
[2]G. Chen, J. Tian, B. Bin-Mohsin, R. Nessler, A. Svidzinsky, and M. Scully, Phys. Scr. 91, 073004 (2016)
[3]R. de L. Kronig and W. G. Penney, Proc. R. Soc. Lond. A 130 (1931), 499–513

Paired oscillator stability as a function of the
parameters α (coefficient of δ function) and ω0.
|coshµT| > 1 implies gain, just as for a single
oscillator. But so does Im coshµT , 0, appear-
ing as a gap in the plot near ω0 = 8, and the
hallmark of difference-combination resonance.

Speaker: Reed Nessler, TAMU IQSE
Schedule: Thursday Afternoon Poster Session

PQE-2017 266



Light-Matter Interactions Controlled with Metamaterials 

Mikhail A. Noginov 

Center for Materials Research, Norfolk State University, Norfolk, VA 23504 

Multiple physical phenomena can be modified in vicinity of metamaterials or sometimes 
much simpler systems, like metallic films. While control of spontaneous emission is 
arguably the most studied case, other phenomena of interest include stimulated emission, 
Förster energy transfer, van der Waals interactions, and even chemical reactions. Some of 
these processes occur in the regime of weak coupling of molecular dipoles with nonlocal 
dielectric environments. They lead to change in the transition rates (e.g. rate of 
spontaneous emission in vicinity of hyperbolic matamaterials) but not energy eigen-
values of interacting subsystems. The stronger coupling of molecules with their 
environments, e.g. localized or propagating surface plasmons or cavities, results in 
modification of the eigen-states of the coupled systems and the normal mode splitting (or 
Rabi splitting) of the corresponding dispersion curves. Of particular interest, are the 
strongly couples systems involving large ensembles of highly concentrated molecules or 
quantum dots. In this case, the mode splitting and the corresponding energy eigen-values 
can be of the order of 1 eV ! (the regime of ultra-strong coupling). Such gigantic 
alteration of the energy states, comparable with those of non-interacting constituents, can 
completely change the energy landscape of many physical and chemical processes, 
leading to ultimate control of matter with light or even vacuum fluctuations. The 
examples of these processes and their qualitative interpretation will be discussed at the 
conference.  
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Quantum Plasmonics and Hot Carrier Induced Processes 

Peter Nordlander  
Laboratory for Nanophotonics 

Departments of Physics and Astronomy, Electrical and Computer Engineering,  
and Materials Science and NanoEngineering 
 Rice University, Houston, TX 77251, USA 

  
Plasmon resonances with their dramatically enhanced cross sections for light harvesting 
have found numerous applications in a variety of applications such as single particle 
spectroscopies, chemical and biosensing, subwavelength waveguiding and optical 
devices.[1] Recently it has been demonstrated that quantum mechanical effects can have 
a pronounced influence on the physical properties of plasmons.[2] Examples of such 
effects is the charge transfer plasmon enabled by conductive coupling (tunneling) 
between two nearby nanoparticles and nonlocal screening of the plasmonic response of 
small nanoparticles. One relatively recent discovery is that plasmons can serve as 
efficient generators of hot electrons and holes that can be harvested in applications. 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 excitation of an electron below the Fermi 
level of the metal into a state above the Fermi level but below the vacuum level. In 
particular I will discuss external control of charge transfer plasmons for active plasmonic 
devices,[3] hot carrier generation, decay and fluorescence,[4] and hot carrier induced 
processes and applications such as photodetection,[5] and photocatalysis.[6] 
 
[1] N.J. Halas et al., Adv. Mat. 24(2012)4842; S. Lal et al., Acc. Chem. Res. 45(2012)1887 
[2] W.Q. Zhu et al., Nature Commun. 7(2016)11495 
[3] C.P. Byers et al., Sci Adv. 1(2015)e1500988; D.C. Marinica et al., ibid. e1501095  
[4] A. Manjavacas et al., ACS Nano 8(2014)7630; TBP 
[5] B.Y. Zheng et al., Nature Commun. 6(2015)7797 
[6] D.F. Swearer et al., PNAS 113(2016)8916; C. Zhang et al., Nano Lett. 16(2016)6677 
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The Topological Structure of Electromagnetics in the Nanoscale and Light-

Matter Interactions 

Meir Orenstein 

 EE Dept. Technion, Haifa 32000, Israel 

In today's realm – a major part of novel materials for electronics and optoelectronics are two- 

dimensional (2D) materials with material-spin related interactions (topological insulators, 

ultrathin magnetic materials, superconductor, spintronic media…).  The ability to explore and 

drive these structures by light is highly facilitated by plasmonics and the topological 

characteristics the related fields. This stems from the 2D nature of plasmonics – matching the 

required surface interactions, the potential short wavelength of the plasmons – mitigating the 

gap between the size of the "light" and that of the material wavefunction, and the plasmonic 

slow light nature is enhancing light matter interactions. 

The nontrivial topology of the electromagnetic fields is a major tool for facilitating these light 

matter interactions, which is even more pronounced at the nano-scale and for plasmonic fields. 

We introduce here the generation and interaction of topologically structured plasmonic fields, 

their characteristics and dynamics and their special interactions with matter. We emphasize 

topology that is carrying angular momentum of the electromagnetic fields. 

In the talk, several angular momenta of plasmonic fields will be described and prepared - 

starting from the transverse spin – which is due to the evanescent characteristic of surface 

plasmon polariton. Then we will discuss the generation of array of C-point polarization 

singularities – which is an array of localized counter rotating circular polarization points – and 

their implication for studying spin excitation in materials. We will further discuss high order 

plasmonic vortex generation and the direct measurement in real time of its rotating field and 

angular momentum.  

At the last part, we will describe the application of these plasmonic fields for current and 

potential light matter interactions – including nonlinear interactions, topological insulator 

studies, and excitation of forbidden transitions in atomic- molecular substances. 

Fig. 1: generation of C point array for 
interaction with Topological insulators 

Figure 2: generation of high order plasmonic 
vortices – non-linear angular momentum 
transfer and forbidden transitions.   
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RESOLUTION LIMITS OF GHOST IMAGING  
 

Reuben S. Aspden1, Peter A. Morris1, Gabriel Spalding2, Robert W. Boyd1,3,4, Miles J. Padgett1 
 

1.SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow, G12 8QQ, UK.  
2.Department of Physics, Illinois Wesleyan University, Bloomington, Illinois 61701, USA.  

3.Department of Physics, University of Ottawa, Ottawa, Ontario, Canada. 
4.The Institute of Optics, and Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA.  

 
Abstract: Since the inception of ghost imaging in 1995 there have been investigations into the 
applications of this technique. Here we present an examination of the resolution limits of the ghost 
imaging and ghost diffraction.  Beyond consideration of these limits, our ghost diffraction is an 
implementation of Popper's thought experiment, and while our results agree with his experimental 
predictions, we show how these results do not contradict the Copenhagen Interpretation. 

Ghost imaging and ghost diffraction were first demonstrated by Shih and co-workers (1) using photon pairs created 
by parametric down-conversion to obtain an image or a diffraction pattern using photons that have never interacted 
with the object, relying instead on the correlations with photons that have.  In a typical ghost-imaging configuration, 
the down-converted photons are directed into two separate optical arms. The object is placed in one arm and a 
single-pixel “heralding” detector detects the photons transmitted through this object.  The signal from this detector 
triggers a camera positioned in the other arm, which then detects the spatial position of the correlated photon (2). 
The image is recovered from the coincidence detection of the two photons. 

We compare the resolution of conventional imaging and ghost imaging by changing the position of the object, which 
in our case is a double slit. When the object is placed in the arm of the heralding detector, the system is a ghost 
imaging system. Alternatively, when the object is placed in the arm containing the camera, the system is a 
conventional imaging system, albeit one in which the camera is still triggered by a heralding photon. For both 
heralded and ghost imaging configurations the point spread function of the optics in the camera arm sets a maximum 
limit to the overall modal capacity, and therefore the resolution of the image. In heralded imaging, the resolution of 
the image is solely set by this limit. However, in ghost imaging, the resolution of the imaging system cannot exceed 
the resolution with which the spatial correlations between the down-converted photon can be measured. This 
measured correlation is itself limited by the fidelities by which the down conversion source is relayed to the camera 
and the object and importantly the underlying strength of the correlation inherent in the down-conversion process. 
We highlight the difference between a heralded and a ghost imaging system by limiting the modal capacity of the 
down-conversion source through restricting the diameter of the pump beam. We observe that when the pump beam 
is unrestricted in size, the image resolution in the heralded and ghost-imaging configurations is the same. However, 
when the pump beam is restricted in size, 
although the resolution of the heralded 
imaging remains unchanged, the resolution 
of the ghost imaging is reduced. 

Beyond being a study of the resolution 
associated with ghost imaging, our 
diffraction results are a demonstration of 
tests of quantum mechanics proposed by 
Popper.  In essence, Popper’s thought the 
heralded diffraction and the ghost diffraction 
would be the same. Our results show that this 
is not the case and that this discrepancy is a 
natural consequence of the limited modal 
capacity of the down-conversion source. 
Consequently, our experimental results are 
consistent with the Copenhagen 
Interpretation. 
1) T. B. Pittman et al. Optical imaging by means of two-photon quantum entanglement. Phys. Rev. A, 52:3429, 1995 

2) R. S. Aspden et al, EPR-based ghost imaging using a single-photon-sensitive camera. New J. Phys., 15:073032, 2013. 

 
The top row shows the diffraction pattern obtained in heralded imaging for 
a reducing pump beam size. The second row shows the ghost diffraction 
pattern for the same reduction in pump size. As the pump beam size is 

reduced, the number of ghost diffraction orders decreases, while there is 
little change in the heralded diffraction pattern. 
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                    Long Range Atmospheric Transport of Multi-TW Ultrashort mid-IR Pulses 
 
                     P. Paniagiotopoulos , K. Schuh, J. V. Moloney, M. Kolesik and S.W Koch 
                   Arizona Center for Mathematical Sciences and College of Optical Sciences 
          University of Arizona, Tucson 85721 
 
There are concerted efforts worldwide to develop midwave (MWIR) and longwave infra-red 

(LWIR) high energy ultrashort laser pulses (USPs) targeting the important 3-5 µm and 8-12 µm 

atmospheric transmission windows. Significantly reduced scattering and mitigation against 

turbulence, enables longer-stand-off distances for free-space optical communications 

applications, thermal imaging and remote detection of chemical agents. Additionally, linear 

LWIR sources in the 8-12 µm transmission window are known to show enhanced propagation 

through fog and clouds relative to mid-IR and visible wavelengths. The potential usefulness of 

such sources for long range propagation is currently restricted by their short Rayleigh range and 

the consequent requirement for large aperture beam launch conditions. By packing energy into 

USPs, the hope is that the intrinsic nonlinearity of air constituents could counteract strong 

diffraction effects and create remote filaments sustained over long paths. Currently available 

mid-IR 80 fs pulsed sources at 3.9 µm are limited to about 25 mJ in energy which is around half 

the predicted required energy to sustain a high-power single filament over multiple tens of meter 

ranges1. In stark contrast individual 800 nm filaments persist only over a meter range. Current 

USP sources in the important 10µm window with sufficient energy to potentially create a 

filament in air are currently limited to CO2 gas lasers where recently 3 ps pulses with 45 J of 

energy (15 TW) have been reported2.  
                              

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Left Panel top: Showing the peak intensity in the simulation of a 100fs 10µm pulse over a distance of 100m. Three 
different humidity levels are simulated for each case.  Right Panel top: Corresponding spectra at the end of the propagation path. 
Initial pulse spectrum is shown in green. Left Panel bottom: Showing the peak intensity in the simulation of a 1 ps 10µm pulse 
over a distance of 100m. Right Panel bottom: Corresponding spectra at the end of the propagation path. 

Speaker: Paris Panagiotopoulos, University of Arizona
Session: Mid-IR Filamentation and Atmospheric Control
Schedule: Monday Evening Invited Session

PQE-2017 271



Toward Quantum Optics in Flat Land 
 

Hongkun Park 
 

Department of Chemistry and Chemical Biology and Department of Physics, Harvard University 
 
In this presentation, I will describe our recent efforts in solid-state quantum optics based 
on diamond color centers, atomically thin semiconductors, and nanoscale 
photonic/plasmonic structures. In particular, I will discuss our efforts on plasmonic 
crystals and metasurfaces and describe how we combine them with diamond color 
centers and excitons in monolayer transition metal dichalcogenides to realize solid-state 
electro-optical devices built upon quantum mechanical principles. I will then describe 
how we plan to leverage these new structures to realize chiral quantum optical systems 
that open up new scientific inquiries. 
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Nanolasers Using Colloidal Quantum Wells 
 

Matthew Pelton 
University of Maryland, Baltimore County 

	
Lasers using colloidal quantum dots have long been pursued, but have historically been limited 
by impractically high thresholds.  Recent innovations in colloidal synthesis have led to thin, flat 
CdSe nanoplatelets and CdSe/CdSe core/shell nanoplatelets, where carriers are confined 
quantum-mechanically in only one dimension.  The quantum-well electronic structure of the 
nanoplatelets results in lower Auger recombination rates than in quantum dots at equivalent 
exciton densities.  In addition, the nanoplatelets are atomically monodisperse in thickness, 
virtually eliminating inhomogeneous broadening, and have large optical-absorption cross-
sections.  Together, these factors are expected to reduce thresholds for optical gain and lasing. 

We verified the superior properties of nanoplatelets by measuring thresholds for amplified 
spontaneous emission that are 4 times lower than previously reported record values for colloidal 
nanocrystals, and equivalent to the best reported values for any solution-processed material.  
Modal gains are 4 times higher than previous record values, and gain saturation occurs more than 
two orders of magnitude above threshold.  Integration of nanoplatelets with a photonic-crystal 
cavity leads to continuous-wave lasing with the lowest reported threshold for any laser operating 
at room temperature (see Figure 1).  

Figure 1. (a) Scanning-electron-microscope image of 
photonic-crystal cavity. (b) Calculated electric-field 
distribution for the fundamental cavity mode.  (c) 
Output intensity vs. input continuous-wave optical 
pump power for a microcavity containing CdSe/CdSe 
core/shell nanoplatelets. Solid line: rate-equation fit; 
dashed lines: fits for different spontaneous-emission 
coupling factors; dotted line: lasing threshold. (d) 
Output linewidth vs. pump power for the nanoplatelet-
microcavity laser. 	
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Time full evolution of the laser 
                      

                    Tao Peng,
1, 2

, Yanhua Shih,
2
 and Marlan O. Scully

1, 3
 

1Texas A & M University, College Station, Texas 77843, USA 
2University of Maryland, Baltimore County, Baltimore, Maryland 21250 USA 

3Baylor University, Waco, Texas 76706, USA 
The physics of laser threshold [1] yield insight into and draws from the phase 

transition physics of e.g. the Bose Einstein condensate (BEC) and superconductivity 

(BCS). For the density matrix describing the photon statistics of the laser near 

threshold and atomic statistics of a BEC near the critical temperature, the diagonal 

elements  tnn , have the well defined steady state value. Also, the time evolution of 

the density matrix is described by the off-diagonal element  tknn ,  of the radiation 

density matrix. For a laser above threshold, when k=2, this is found to be [2] 
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As shown in Fig. 1, we measured the total time evolution of the laser which is 

described by the decay rates of the off-diagonal elements  tknn ,  of the reduced 

density matrix of the laser. The decay rate of the off-diagonal matrix element 

 tnn 2,   is measured and compared with that of  tnn 1,  , which corresponds to the 

laser linewidth. The experimental results agree with the quantum theory of the laser. 

 

 
Fig1. Experimental results from the two sets of measurements. For all the measurements, the obtained linewidth from the 

second order correlation spectrum is always approximately 4 times wider than that of the single beatnote linewidth. 

 

[1] H. Haken,Zeitschrift fur Physik 190,327(1966). 

[2] M. O. Scully, W. Lamb Jr, and M. Stephen, Proceedings of the International     

Conference on the Physics of Quantum Electronics, (Puerto Rico, 1965). 
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Many-body physics with chiral light–matter interactions 
Hannes Pichler  

ITAMP, Harvard University, Cambridge, MA, USA 

 
 
 
In recent seminal experiments chiral coupling of quantum emitters to guided modes of 
nanostructured waveguides has been demonstrated. Here chiral coupling refers to the possibility 
to couple the transition dipole moment of an (artificial) atom differently to photons propagating 
along different directions.  We study theoretically the possibilities opened by this new 
experimental tools for accessing novel many-body physics.  
 
On one hand we study the driven-dissipative dynamics of multiple quantum emitters coupled in a 
chiral way to a photonic waveguide within the framework of a Markovian master equation [1,2]. 
We determine how the interplay between a coherent drive and collective coherent and dissipative 
chiral interactions can lead to the formation of pure multipartite entangled steady states. The key 
ingredient for the emergence of these many-body dark states is the asymmetric coupling of the 
spins to left and right propagating guided modes.  Even though such entangled dark states naturally 
require multiple emitters, we show that the essential mechanisms at work can be already probed 
in experiments with a single atom. The key idea is here to use a mirror such that the emitter is 
effectively entangled in a dark state with its mirror image [3].  
 
On the other hand, going beyond the framework of the Markovian master equation, we show how 
chiral interactions of a single emitter, in combination with delayed quantum feedback can be used 
as a versatile tool to generate highly entangled states of photons [4,5]. 
 
 
 
 
[1] T. Ramos, H. Pichler, A. J. Daley, and P. Zoller, Phys. Rev. Lett. 113, 237203 (2014). 
[2] H. Pichler, T. Ramos, A. J. Daley, and P. Zoller, Phys. Rev. A 91, 042116 (2015). 
[3] P.-O. Guimond, H. Pichler, A. Rauschenbeutel, and P. Zoller, Phys. Rev. A 94, 033829 (2016). 
[4] H. Pichler and P. Zoller, Phys. Rev. Lett. 116, 093601 (2016). 
[5] H. Pichler, S. Choi, M. Lukin (in preparation) 
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Gravitational Phenomena in Low-Energy Quantum Systems 

Igor Pikovski 

ITAMP, Harvard-Smithsonian Center for Astrophysics and Harvard 
University, Cambridge, MA, USA 

 

The interplay between Einstein’s theory of gravity and quantum mechanics remains one 
of the main open questions in physics. Each of the 
theories has been confirmed individually, but 
phenomena described by the two usually take 
place at very different physical regimes. 
Nevertheless, gravity can affect quantum systems 
and some aspects of the interplay can be probed in 
experiments. A classic example is the relative 
phase induced by the Newtonian gravitational 
potential in matter-wave interferometry1. 

Going beyond the Newtonian limit, here I will give a brief overview on how laboratory 
experiments can help probe some aspects of the interplay between gravity and 

quantum theory. I will discuss how possible 
quantum gravitational signatures could be 
probed with quantum optical systems and 
how post-Newtonian corrections can show 
in quantum experiments. In particular, I will 
focus on how gravitational time dilation 
affects the quantum dynamics of 
composite systems, and how it leads to 
universal decoherence of all composite 
quantum systems2. 

 

[1] R. Colella, A. W. Overhauser and S. A. Werner. Phys. Rev. Lett. 34, 1472 (1975) 

[2] I. Pikovski, M. Zych, F. Costa, and Č. Brukner, Nature Phys. 11, 668-672 (2015) 

 
Clocks and superpositions of clocks are 
affected by the background space-time. 

 
𝛥𝑥  𝜔𝑖(𝑥1) 

𝜔𝑖(𝑥2) 

Time dilation entangles internal and spatial degrees of 
freedom, causing decoherence of the latter. 
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Rotational mechanism of optical gain in nitrogen molecular ions 

Ali Azarm1, Paul Corkum2 and Pavel Polynkin1 

1College of Optical Sciences, the University of Arizona, Tucson, Arizona, USA 
 2Joint Attosecond Science Laboratory, University of Ottawa and National Research Council, Ottawa, Ontario, Canada KIA 0R6 

Email: ppolynkin@optics.ariozna.edu  
 

Air lasing is a concept based on the utilization of the common air as a gain medium in a mirrorless impulsive 
laser source [1]. Several schemes for air lasing are being actively investigated, motivated by its tremendous potential 
utility for remote sensing in the atmosphere. One of the approaches that can be potentially implemented at long 
stand-off distance is based on optical pumping by intense femtosecond laser beams propagating in filamentation 
regime in air [2]. These intense laser pulses lave in their wakes traces of ionized air molecules that include singly-
ionized nitrogen molecular ions N2

+. It has been shown that, in this case, an optical gain can be observed on the UV 
electronic transitions of N2

+, with emissions at 391 nm and 428 nm. However, the physical mechanism of the gain 
responsible for those emissions has been very controversial. In fact, there have been three recent high-profile 
publications that suggested three different gain scenarios [3-5].  

In this contribution, we report high-resolution spectroscopic studies of the lasing at 428 nm wavelength in the 
N2

+ ions under femtosecond laser pumping [6]. Our data show that the rotational degree of freedom of the N2
+ 

molecular ions is crucial to the generation of optical gain in this system. The population inversion occurs only 
between subsets of the rotational states within the upper and lower lasing levels, which have distinctly different 
rotational temperatures. This new rotational gain mechanism can be universally applicable to different molecular 
species.   

 

Figure. Left: Experimental data for spontaneous emission detected from the side, in the case of pumping 4 torr of pure nitrogen with 2 mJ, 
60 fs laser pulses at 1,500 nm wavelength. The tabulated values of the wavenumber for different rotational transitions are marked with 
vertical dashed lines. The corresponding values of the rotational quantum number N'' in the lower emission state are shown next to the 
individual lines. Spontaneous emission peaks at N'' = 6. Middle: Spectrum of the self-seeded stimulated emission measured in the forward 
direction. The R-branch emission, which comprises the transitions with the change of the nuclear angular momentum quantum number N 
number of -1, is shown in the main figure. The inset shows the full emission spectrum including both P- and R-branch emissions. 
Stimulated emission peaks at the N'' value of 12, which is larger than the peak value for spontaneous emission. Based on the ratio of the 
stimulated emission signals on the adjacent spectral lines in the R branch, we estimate the peak value of the total gain, in the 1 mm-long 
interaction zone as 64, corresponding to the lower-bound estimate for the peak exponential gain per unit length on the strongest R-branch 
line of about 40 cm-1. Right: Illustration of the rotational gain mechanism. Spontaneous emission always peaks at the maximum of the 
rotational distribution in the upper emission level, while stimulated emission peaks at the maximum of the difference between the rotational 
distributions in the upper and lower levels. Gain occurs on a sub-set of the rotational states even when the net population inversion between 
the upper and lower lasing levels is negative. 

Acknowledgements: This work was supported by the US Air Force Office of Scientific Research under 
programs FA9550-12-1-0482 and FA9550-16-1-0013 and by the US Defense Threat Reduction Agency under 
program HDTRA 1-14-1-0009. The authors acknowledge fruitful discussions with M. Spanner and M. Ivanov. 
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Quantum mechanics in the negative mass reference frame 
E. S. Polzik  

Niels Bohr Institute, University of Copenhagen, Denmark  
It has been proposed theoretically [1, 2] that a measurement of motion with precision 

beyond the vacuum state uncertainty in both position and momentum is possible if it is carried 
out in a quantum reference frame with an effective negative mass. In such a measurement, the 

quantum back action of the measurement is evaded. This happens due to the destructive 

interference of the back action terms for the moving object and the reference frame. This 

approach has been put in a broad quantum information perspective of “quantum mechanics free 

subspaces” in [3]. A negative mass reference frame can be implemented with an oscillator which 
has its first excited state energy below the ground state energy. This is the case for an atomic 

spin oscillator oriented along the magnetic field [4].  

We will report on the 

experiment where the quantum back 
action of the measurement of the 

motion of a mechanical oscillator is 

evaded using the negative mass 

reference principle [5]. We track the 

motion of the oscillator in the 
reference frame of the spin oscillator 

by probing this hybrid quantum 

system with light. The mechanical 

oscillator is a macroscopic object, a 

membrane of a millimeter size, with 
an exceptionally high quality factor 

achieved by phononic bandgap 

engineering [6]. The atomic oscillator 

is a long lived collective spin of an atomic ensemble in a spin protecting microcell [4]. We 

demonstrate the evasion of the quantum back action of the measurement on the two systems and 
study an intricate interplay between quantum back action and opto-mechanical cooling forces. 

The negative mass reference frame physics opens the way towards generation of entanglement 

between the mechanical oscillator and an atomic spin, which allows for practically unlimited 

measurement precision of the disturbance on two non-commuting variables of the mechanical 

system. Applications include fundamental physics of entangled macroscopic objects, force, 
gravitation and acceleration measurements, and clock synchronization beyond the projection 

noise limit [7].  

References  
[1] K. Hammerer, M. Aspelmeyer, E.S. Polzik, P. Zoller. Phys. Rev. Lett. 102, 020501 (2009).  

[2] E.S. Polzik and K.Hammerer. Annalen der Physyk. 527, No. 1–2, A15–A20 (2015).  

[3] M. Tsang and C. Caves, Phys. Rev. Lett. 105(12), (2010).  

[4] G. Vasilakis, H. Shen, K. Jensen, M. Balabas, D. Salart, B. Chen, and E. S. Polzik. Nature Physics, 

doi:10.1038/nphys3280 (2015). 

[5] C. Møller, R. Thomas, G. Vasilakis, E. Zeuthen, Y. Tsaturyan, K. Jensen, A. Schliesser, K. Hammerer 

and E.S. Polzik. Manuscript in preparation. 
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Contaminant-State Broadening Mechanism in a Driven Dissipative Rydberg System 
J.V. Porto 

Joint Quantum Institute, 
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Gaithersburg, Maryland 20899, USA 
 
 
The strong interactions in Rydberg atoms make them an ideal system for the study of correlated 
many-body physics, both in the presence and absence of dissipation. Using such highly excited 
atomic states requires addressing challenges posed by the dense spectrum of Rydberg levels, 
the detrimental effects of spontaneous emission, and strong interactions. A full understanding 
of the scope and limitations of many Rydberg-based proposals requires simultaneously 
including these effects, which typically cannot be described by a mean-field treatment due to 
correlations in the quantum coherent and dissipative processes. We study a driven, dissipative 
system of Rydberg atoms in a 3D optical lattice, and observe substantial deviation from single-
particle excitation rates, both on and off 
resonance [1]. The observed broadened spectra 
cannot be explained by van der Waals 
interactions or a mean-field treatment of the 
system. Based on the magnitude of the 
broadening and the scaling with density and two-
photon Rabi frequency, we attribute these effects 
to unavoidable blackbody-induced transitions to 
nearby Rydberg states of opposite parity, which 
have large, resonant dipole-dipole interactions 
with the state of interest. Even at low densities of 
Rydberg atoms, uncontrolled production of 
atoms in other states significantly modifies the 
energy levels of the remaining atoms. These off-
diagonal exchange interactions result in complex 
many-body states of the system and have 
implications for off-resonant Rydberg dressing 
proposals.  

 
[1] E. A. Goldschmidt, T. Boulier, R.C. Brown, S.B. Koller, J.T. Young, A.V. Gorshkov, S.L. 
Rolston, and J.V. Porto, Phys. Rev. Lett. 116 , 113001 (2016) 
 
 

Plot of the measured two-photon Rydberg 
resonance width, G, as a function of scaled Rabi 
frequency W and ground state density rg, showing 
broadening up to 200 times the natural line width. 
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Coherent control of free-electron momentum superposition states 

Katharina E. Priebe, Armin Feist, Sascha Schäfer, and Claus Ropers 
4th Physical Institute – Solids and Nanostructures, University of Göttingen, Göttingen, Germany 

kpriebe@gwdg.de 

In the last decade, electron microscopy, one of the most powerful and versatile techniques for 

the study of materials properties on atomic length scales, has been propelled to the realm of ultrafast 

dynamics. In an ultrafast transmission electron microscope (UTEM), ultrashort laser pulses are 

employed to pump a sample, which is then probed at a later time by ultrashort electron pulses. Besides 

time-resolved measurements of nanoscale dynamics, this allows for a quantum coherent manipulation 

of free electron beams with optical near-fields. The otherwise forbidden inelastic scattering between 

the free electrons and light is enabled by near-field confinement. Traversal of an optical near-field 

imprints a sinusoidal phase modulation on the electron wavefunction, such that the energetically 

narrow incident electron beam develops photon sidebands in its kinetic energy spectrum [1-3]. 

In this contribution, I will demonstrate coherent control schemes using free electrons. First, an 

electron-light interferometer is realized, in which the momentum distribution generated by a first near-

field is further broadened or recompressed to the initial distribution depending on the relative near-

field phase (Fig. 1a) [4]. Second, phase-controlled two-color excitation allows for tailoring complex 

phase modulations and strongly asymmetric electron energy spectra (Fig. 1b) [5]. These results open 

up a new path in the active manipulation of free electron beams, with the opportunity to generate 

specific transverse profiles and arbitrary temporal electron pulse structures. In the future, such 

schemes may enable new forms of time-resolved electron microscopy with sub-femtosecond precision. 

 

Fig. 1 a Sequential interaction of two near-fields with a free electron beam. The width of the resulting 

electron kinetic energy spectra depends on the relative near-field phase. b Two-color coherent control 

of free electron states in a single near-field. For simultaneous interaction with both frequencies (right 

panel), the electron energy spectra exhibit strongly asymmetric populations, which sensitively depend 

on the relative phase. 

[1] B. Barwick, D. J. Flannigan, and A. H. Zewail, Nature 462, 902-906 (2009). 
[2] F. J. García de Abajo, A. Asenjo-Garcia, and M. Kociak, Nano Lett. 10 (5), 1859-1863 (2010). 
[3] A. Feist, K. E. Echternkamp, J. Schauss, S. V. Yalunin, S. Schäfer, and C. Ropers, Nature 521, 200-203 
(2015).  
[4] K. E. Echternkamp, A. Feist, S. Schäfer, and C. Ropers. Nat. Phys 12, 1000-1004 (2016).  
[5] K. E. Priebe, A. Feist, S. Schäfer, and C. Ropers. In preparation. 
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In the last decade, electron microscopy, one of the most powerful and versatile techniques for 

the study of materials properties on atomic length scales, has been propelled to the realm of ultrafast 

dynamics. In an ultrafast transmission electron microscope (UTEM), ultrashort laser pulses are 

employed to pump a sample, which is then probed at a later time by ultrashort electron pulses. Besides 

time-resolved measurements of nanoscale dynamics, this allows for a quantum coherent manipulation 

of free electron beams with optical near-fields. The otherwise forbidden inelastic scattering between 

the free electrons and light is enabled by near-field confinement. Traversal of an optical near-field 

imprints a sinusoidal phase modulation on the electron wavefunction, such that the energetically 

narrow incident electron beam develops photon sidebands in its kinetic energy spectrum [1-3]. 

In this contribution, I will demonstrate coherent control schemes using free electrons. First, an 

electron-light interferometer is realized, in which the momentum distribution generated by a first near-

field is further broadened or recompressed to the initial distribution depending on the relative near-

field phase (Fig. 1a) [4]. Second, phase-controlled two-color excitation allows for tailoring complex 

phase modulations and strongly asymmetric electron energy spectra (Fig. 1b) [5]. These results open 

up a new path in the active manipulation of free electron beams, with the opportunity to generate 

specific transverse profiles and arbitrary temporal electron pulse structures. In the future, such 

schemes may enable new forms of time-resolved electron microscopy with sub-femtosecond precision. 

 

Fig. 1 a Sequential interaction of two near-fields with a free electron beam. The width of the resulting 

electron kinetic energy spectra depends on the relative near-field phase. b Two-color coherent control 

of free electron states in a single near-field. For simultaneous interaction with both frequencies (right 

panel), the electron energy spectra exhibit strongly asymmetric populations, which sensitively depend 

on the relative phase. 
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(2015).  
[4] K. E. Echternkamp, A. Feist, S. Schäfer, and C. Ropers. Nat. Phys 12, 1000-1004 (2016).  
[5] K. E. Priebe, A. Feist, S. Schäfer, and C. Ropers. In preparation. 
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Spatial and Temporal Control over Filamentation of Mid-IR Pulses in Ambient Air 
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Recent advances in ultrafast laser technology made it possible to apply few-cycle intense mid-IR pulses in strong-field ex-

periments. This spectral range is of particular interest because of the predominant role of tunnel ionization and favorable 

kinetic energy scaling of released electrons [1], which leads to the generation of keV-photon-energy coherent soft x-rays [2], 

boosts the efficiency of laser-driven incoherent hard x-ray generation [3] and opens new perspectives in relativistic acceler-

ation of electrons under laser-plasma interaction [4]. Particular attention has been devoted to femtosecond filamentation of 

mid-IR pulses [5], because a quadratic increase of the critical power of self-focusing with wavelength potentially allows for 

a correspondingly higher energy confinement within a single filament. In addition, because the window of atmospheric trans-

parency around 3.5 µm lies within the vibrational molecular fingerprint region (3—6 µm), femtosecond mid-IR filaments 

with their strongly broadened spectra open new perspectives for remote atmospheric sensing. From the fundamental point of 

view, lower ionization rates in the mid-IR [6] might help disclosing the role of plasma in the phenomenon of femtosecond 

filamentation in gases.  

In this contribution, we examine experimentally filamentation of few-cycle 3.9-µm pulses in atmospheric air at dif-

ferent focusing conditions and investigate the influence of frequency chirp of the driving pulse on the filament properties. 

We trace spectro-temporal evolution and spatial beam profile transformations during filamentation and inspect the ionic 

plasma density and content. Experiments were performed with sub-100 fs, 30-mJ pulses, spectrally extending from 3.6 µm 

to 4.2 µm [7]. By adjusting focusing conditions we observe a shift from a spark-like air breakdown in the case of hard focusing 

(at focal lengths of a focusing element less than 25 cm) to a filamentation with a negligible plasma content (at focal lengths 

of the focusing element more than 250 cm). In the latter case, the filamentation manifests itself by a beam symmetrization 

and spatial self-trapping. Filamentation of mid-IR pulses centered at 3.9 µm is extremely sensitive to the chirp which allows 

control over spatial and temporal foci by tuning temporal/spectral phase of the pulses. In addition, proximity to the CO2 

vibrational resonance at 4.2 µm introduces a nonlinear loss dynamics caused by linear absorption of red-shifted spectral 

components that are continually produced via stimulated rotational Raman scattering. We show, that the course of spectral 

and temporal dynamics and the amount and the origin of the losses during filamentation can be controlled by focusing con-

ditions, which determines amount of plasma in the filament, as well as by chirping of mid-IR pulses. 

              
 

Fig.1. (a) dependence of filamentation losses on focusing conditions; regions I, II and III correspond to hard, moderate and loose focus-

ing respectively, in the sections I and II photographs of plasma luminescence are presented; in the section III absorption spectrum of CO2 

in the vicinity of 4.2 µm is given; (b) dependence of the pulse duration after filament on input pulse duration; typical frequency resolved 

optical gating traces of temporally split, and self-compressed pulses are shown; (c) dependence of beam ellipticity on input pulse duration 

together with the typical beam profiles. 
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OAM Communication in Strong Atmospheric Turbulence Regime 
Enabled by Adaptive Optics and LDPC Coding 

Zhen Qu and Ivan B. Djordjevic 

University of Arizona, Department of Electrical and Computer Engineering 

It is well-known that a single photon’s polarization, amplitude, frequency, and phase can be encoded with data for modulation 
and/or multiplexing. In order to break through the capacity bottleneck imposed by the WDM grid, another degree of freedom, i.e., 
spatial modes, has attracted increasing research attention. Orbital angular momentum (OAM), discovered in 1992 [1], is a “new” 
kind of spatial mode, characterized by the azimuthal phase dependence of electric field. In general, OAM modes are described by 
a helical phase front and “donut-like” intensity profile (see Fig. 1).  

The mutual orthogonality of OAM eigenmodes enables high-spectrally 
efficient free-space optical (FSO) transmission.  However, FSO channel 
is sensitive to atmospheric propagation effects, such as atmospheric 
turbulence, leading to absorption,  scattering, and refractive-index 
fluctuations. These detrimental effects cause azimuthal phase distortions 
and scintillations of the transmitted OAM beams. As a consequence, the 
orthogonality among OAM modes will not be preserved, and mode 
crosstalk will take place. Strong atmospheric turbulence is the limiting 
factor in long-distance FSO links, similar to nonlinearities in fiber-optics 
links. Despite the presence of turbulence, OAM based FSO transmission 
system is still feasible and reliable thanks to adaptive optics (AO), multi-
input multi-output (MIMO) signal processing, and channel coding such 
as low-density parity-check (LDPC) coding [2].   

In this invited talk, we will present the flexible generation and detection 
of OAM modes by phase-only spatial light modulators (SLMs); describe 
the strong atmospheric turbulence emulator based on Andrews’ 
azimuthal phase spectrum; and demonstrate the reliable OAM based 
FSO transmission system enabled by wavefront sensorless AO system 
and LDPC coding in the presence of strong atmospheric turbulence effects. In addition, we will also introduce the polarization 
insensitive turbulence emulator based on the polarization sensitive SLMs. We will demonstrate that beyond Tera-bit/s FSO 
transmission can be achieved over strong atmospheric turbulence channels by employing WDM, PDM, OAM multiplexing, and 
advanced modulation formats (Fig. 2) in tandem with wavefront sensorless AO and LDPC coding.  
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Fig. 2 Conceptual diagram for FSO system based on WDM, PDM, OAM multiplexing, and advanced modulation formats. 

[1] L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. Woerdman, “Orbital angular-momentum of light and the 
transformation of Laguerre – Gaussian laser modes,” Phys. Rev. A 45, 8185 (1992). 

[2] Z. Qu and I. B. Djordjevic, “500 Gb/s free-space optical transmission over strong atmospheric turbulence channels,” 
Opt. Lett. 41 (14), 3285–3288 (2016). 

Fig. 1 Generated OAM beams: (a1)-(a4) intensity 
profiles, (b1)-(b4) phase profiles of OAM states 1, 
-1, 4, -4, respectively. (c1)-(c4) Numerical results 
corresponding to (b1)-(b4), respectively. 
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Plasmonic biosensing on a nanofiber and in a nanocavity 
Qimin Quan 

Rowland Institute at Harvard University, 100 Edwin Land Blvd. Cambridge, MA 02142, USA 
 
The enabling technologies that are prevalent in life science research and those more desirable for translational 
applications have a major difference: The former emphasizes the capability of quantitative analysis of multiplex 
components, while the latter weighs more heavily on the efficiency and robustness of the system, even though 
in some cases only qualitative results are provided. There lies the problem: the bench-based methods are not 
translational to patient-oriented applications, and the clinical tools are suffering from low sensitivity, long 
response time, etc.  
 

    Nanosensors may offer a solution to bridge this gap, as their sensitivities approach the single molecule level 
and their architectures are adaptable to various clinical needs. In this talk, I will present optical nanosensors as 
a tool to extend our capability for the applications of translational medicine. Two examples will be given to 
represent two distinct architectures to solve medical problems at single molecule and single cell level, 
respectively. In the first example (Fig. 1), the nanosensor is a gold plasmonic nanoparticle integrated to a 
nanoscale fiber tip (“lab-on-a-tip”). We will demonstrate the detection of intracellular pathological proteins 
related to Alzheimer’s disease in primary neurons – the type of cells which are challenging to label with 
fluorescent reporters using traditional methods 1, 2. In the second example (Fig. 2), we place a single gold 
nanoparticle into a photonic nanocavity and form “antenna-in-a-nanocavity”. We will demonstrate this photonic-
plasmonic hybrid configuration significantly enhances the light-matter interactions and can bring the detection 
sensitivity down to single molecule level, which enables us to study the single molecule interactions between 
DNAs and proteins unperturbed by fluorescent labels 3,4. These nanosensor approaches, complementary to 
fluorescent imaging, will broaden our understanding of basic life processes at molecular level and will provide 
new ways for drug discovery and disease diagnostics.  

 
Figure 1. (a) Illustration of the measurement flow. A baseline signal of the lab-on-a-tip probe nanosensor was first taken in 
close proximity to the cell. The probe was then inserted into the cytoplasm, incubated for 2 min and retracted from the cell. A 
second spectrum was taken at the same focus spot as the baseline spectrum. (b) SEM image of the nanofiber probe.  

 
Figure 2. (a) Illustration of the photonic-plasmonic hybrid biosensor, consisting silicon photonic chip for biosensing and 
polydimethylsiloxane (PDMS) microfluidic chip for sample delivery. (b) SEM image of the silicon photonic chip shows the 
multiplexed photonic crystal nanobeam cavities (zoomed SEM inset) connected by waveguiding components to the edge of 
the chip for input/ouput coupling. (c) SEM image of the photonic cavity nanobeam cavity, with a single 50 nm gold particle 
trapped in the central grating of the nanocavity, thus forming the antenna-in-a-nanocavity architecture. (d) Zoom in of the 
nanoparticle, and the strong localized electromagnetic field around the nanoparticle.  

1. Hong, W.; Liang, F.; Schaak, D.; Loncar, M.; Quan, Q. 
Scientific reports 2014, 4, 6179. 
2. Liang, F.; Zhang, Y. Y.; Hong, W. Y.; Dong, Y. L.; Xie, Z. C.; 
Quan, Q. M. Nano Lett 2016, 16, (7), 3989-3994. 

3. Liang, F.; Quan, Q. M. Acs Photonics 2015, 2, (12), 1692-
1697. 
4. Liang, F.; Guo, Y.; Quan, Q. M. under review. 
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Physics of Quantum Electronics in Medicine 

 
Mark G. Raizen 

 
Center for Nonlinear Dynamics and Dept. of Physics, 
The Univ. of Texas at Austin, Austin, TX 78712, USA 

 

In this talk, I will discuss how recent advances in isotope separation will impact 

medicine. The promise of targeted radiotherapy for cancer relies on the combination 

of a radio-isotope that can deliver a high-energy beta or alpha particle dose to a 

small volume, together with an effective delivery system such as a monoclonal 

antibody.  This therapy is still far from reaching its full potential due to the very 

limited isotopes available and their extreme cost. The commercial availability of a 

new generation of radio-isotopes will enable a breakthrough in targeted radio-

therapy.  The key is a new method of isotope separation.  

Over the past few years, my research group at UT Austin has focused on developing 

general methods for controlling the motion of atoms in gas phase as an alternative to 

laser cooling.  The successful realization of these methods uses lasers to control the 

magnetic state of each atom, followed by magnetic manipulation.  We have shown 

that the above methods for controlling the motion of atoms can also be used for 

efficient isotope separation.  This method, Magnetically Activated and Guided 

Isotope Separation (MAGIS) was experimentally demonstrated in our laboratory, and 

is now moving to production of key isotopes for medicine at a non-profit entity, the 

Pointsman Foundation.  Since its formation in 2014, the Pointsman Foundation was 

approved as a 501(c)(3) non-profit by the IRS.  It was awarded a continuing grant 

from the Smart Family Foundation, and is awaiting several pending applications for 

funding which will enable hiring of scientific staff and production of isotopes.  I will 

conclude with a discussion of new and promising applications of isotopes in 

medicine. 
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Optical Magnetism in a New Light 
Stephen C. Rand 

Depts. of Physics, Appl. Phys. & EECS 

University of Michigan 

Ann Arbor, MI 48109 

 

Introduction: 

Ultrafast magnetization and demagnetization phenomena induced by light have been investigated 

by many groups for the past twenty years. This is due not only to their potential importance in  

high speed magnetic data storage and quantum memories but also to the intriguing complexity of 

their dynamics. These phenomena are reported to involve thermal or spin-dependent charge 

diffusion, electron-phonon-mediated torque interactions, the flow of angular momentum, 

helicity-dependent remagnetization and other processes that are all the subject of ongoing 

investigations.  

 

Theory of Induced Magnetization at Optical Frequencies: 

In this talk recent findings will be briefly reviewed and one particular aspect of optical 

magnetism that has not previously been considered will be emphasized, relating to charge 

dynamics mediated by Lorentz forces of light in non-magnetic insulators. An imaginary 

interaction Hamiltonian of the form 

    

is presented where  and cif eff / . This Hamiltonian obeys parity-time (P-T) 

symmetry and enables ultrafast, torque-mediated dynamics which enhance magnetic response at 

optical frequencies. Optical magnetization at the optical frequency is predicted to comprise one 

quadrature of a 2-photon moment driven jointly by the electric and magnetic fields of light. 

 

Recent Scattering Experiments: 

Radiant nonlinear magnetization can rival first-order electric polarization in isotropic liquids and 

solids. The mechanism that explains such unprecedented strength of magnetic dipole response is 

reminiscent of the Einstein-deHaas effect and reveals that nominally non-magnetic dielectric 

materials may hold important insights for optical magnetism generally. Induced optical 

magnetization as intense as Rayleigh scattering has been observed in fused quartz (see Fig.1). 

 
Fig.1. Polar plots of radiation patterns for polarized ED and MD scattering in fused quartz at an intensity of I ~ 2.2´10

10  W/cm2 . Note that peak 

intensities in the two plots are equal.  At this intensity, in this sample, unpolarized scattering components are negligible compared to the polarized 

component. Residuals from the best fit of a squared cosine curve to the raw data are shown below the polar plot. 
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A dark liquid of dipolar excitons

Ronen Rapaport1

1Racah Institute of Physics and the Applied Physics Department,
The Hebrew University of Jerusalem, Jerusalem 91904, Israel

FIG. 1. (a) an illustration of a dipolar exciton (IX)
and a non-dipolar exciton (DX) under a trapping elec-
tric gate in a bilayer structure. (b) an illustration of
a fluid of dipolar excitons in a trap with the faded ex-
citons marking dark excitons with Jz = ±2 and the
full colored ones marking bright excitons with Jz = ±1.
(c) a spatial-spectral cross section of a circular electro-
static trap as in (a), showing a parabolic-like profile
for IXs. (d) The measured interaction energy of the
IX fluid as a function of the laser excitation power for
T < Tc (blue) and for T > Tc (orange). The three dif-
ferent low temperature regimes are separated by the red
dotted vertical lines. (e) the extracted total IX density
(shaded blue region) and twice the bright IX density
(blue line) at T < Tc. The difference betwen them is
the dark-bright density imbalance. (d) the measured IX
cloud emission cross-section in the trap profile of (c) as a
function of the excitation power. A clear expansion and
then a contraction to a fixed cloud size is observed at
the low power phase boundary, with another expansion
onset at the high power boundary.

The possible phases of two-dimensional
(2D) interacting dipolar particles is a long-
sought problem in many-body physics. In-
direct excitons in GaAs semiconductor bi-
layers are 2D atomic-like dipolar quasipar-
ticles, with four internal spin degrees of
freedom, two of which are dark (they carry
a total angular momentum Jz = ±2) and
do not couple to light. Not only dipo-
lar excitons exhibit strong manybody inter-
actions and correlations as in atomic sys-
tems, but also they are a unique dissipa-
tive system where the thermodynamics of
their center-of-mass degrees of freedom is
intimately related to their internal spin de-
grees of freedom. This link can lead to new
and interesting phases. Several thermody-
namical phases have been proposed such as
classical and quantum liquidity, dark, grey,
and bright Bose-Einstein condensates, ex-
citon superfluidity, and crystalization.

Here we report on the observation of a
spontaneous condensation of trapped two-
dimensional dipolar excitons from an in-
teracting gas into a high density dipolar
liquid state. Strikingly, it seems that this
new phase is initially made of mostly dark
dipoles, and becomes brighter as its den-
sity increases. Another phase transition,
into a bright, highly repulsive plasma is
observed at even higher densities. The
dark liquid state is formed below a crit-
ical temperature and above a critical ex-
citation power, and it is manifested by a
clear spontaneous spatial condensation to
a smaller and a much denser cloud, exhibit-
ing spectroscopic signatures of short range
order. Contributions from quantum me-
chanical fluctuations, similar to the case of
4He, are expected to be significant in this
strongly correlated, long living dark liquid.

I will review those recent results and the questions that remain open in our understanding
of the observions and in their comparison to other reported experiments.
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Nano-focused multimodal imaging, control, and interaction dynamics: 
Ultrafast spectroscopy reaching the single emitter limit 

 
Markus B. Raschke 

Department of Physics, Department of Chemistry, and JILA,  
University of Colorado, Boulder, USA 

 
Combining plasmonic and optical antenna concepts with ultrafast and shaped laser pulses allows 
for the precise control of an optical excitation on femtosecond time and nanometer length scales. 
In the implementation with scattering scanning near-field microscopy (s-SNOM) or other tip-
enhanced microscopy modalities with nonlinear, ultrafast, and IR and Raman vibrational 
spectroscopies, the resulting enhanced and qualitatively new forms of light-matter interaction 
enable deep-subwavelength spatially 
resolved imaging of molecular quantum 
dynamics in an interacting environment. I 
will present several new concepts extending 
tip-enhanced spectroscopy into the nonlinear 
and ultrafast regime for nano-scale imaging 
and spectroscopy of surface molecules and 
nano-solids. Examples include the adiabatic 
nano-focusing for spatio-temporal imaging 
with optical control at the 10 nm-10 fs level 
[1] (Fig. 1), cryo- and variable temperature 
single molecule Raman spectroscopy 
probing intra-molecular interactions [2], the 
transition from classical to quantum 
plasmonic emitter coupling [3], and new 
ways to control ultrafast electron generation 
for ultrafast imaging and STM [4].  
References 
[1] Kravtsov, V., Ulbricht, R., Atkin, J. M., and Raschke, M. B. Plasmonic nanofocused four-wave mixing for 
femtosecond near-field imaging. Nat. Nanotechnol. 11, 459-464 (2016). 

[2] Park, K. D., Muller, E. A., Kravtsov, V., Sass, P. M., Dreyer, J., Atkin, J. M., and Raschke, M. B. Variable-
Temperature Tip-Enhanced Raman Spectroscopy of Single-Molecule Fluctuations and Dynamics. Nano Lett. 16, 
479-487 (2016), 

[3] Kravtsov, V., Berweger, S., Atkin, J. M., and Raschke, M. B. Control of Plasmon Emission and Dynamics at the 
Transition from Classical to Quantum Coupling. Nano Lett. 14, 5270-5275 (2014). 

[4] Mueller, M., Kravtsov, V., Paarmann, A., Raschke, M. B., and Ernstorfer, R. Nanofocused Plasmon-Driven Sub-
10 fs Electron Point Source. ACS Photonics 3, 611-619 (2016). 

 
Fig. 1. Nonlinear four-wave mixing nano-focused spatio-
temporal imaging of coherent plasmon dynamics with few 
femtosecond temporal resolution. Pulse pairs are generated by 
a pulse shaper, with controllable delay and applied chirp and 
delivered to the sample by grating coupling and adiabatic 
nanofocusing on the tip (right). Real-time imaging of the 
spatio-temporal evolution of the coupled hot-spot plasmon 
dynamics of a nanostructured gold surface (left) [1]. 
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"Precision atom interferometry and clocks featuring gravitational wave detection" 
 
Ernst M. Rasel, Leibniz Universität Hannover 
Interferometry with ultra cold atoms from ground to space  
 
Interferometry with Bose-Einstein condensates is expected to allow a leap in accurate 
quantum sensing for probing gravity and gravitational waves. We report on 
implementation of  the first atom-chip gravimeter and quantum tilt meter. These 
instruments emerged from the research on space BEC interferometers tested in the 
Bremen catapult and soon on sounding rocket missions. I will give a short overview on 
the status of project. 
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Quantum Optical Diode and Circulator Based on the Chiral Interaction 
between Spin-Polarized Atoms and Photons with Transverse Spin 

 
Arno Rauschenbeutel 

Vienna Center for Quantum Science and Technology, Atominstitut, TU Wien, Stadionallee 2, 1020 Wien, Austria 
 

Controlling the interaction of light and matter is the basis for diverse applications ranging from light 
technology to quantum information processing. Nowadays, many of these applications are based on 
nanophotonic structures. It turns out that the confinement of light in such nanostructures imposes an 
inherent link between its local polarization and its propagation direction, also referred to as spin–
momentum locking of light [1]. Remarkably, this leads to chiral, i.e., propagation direction-dependent 
effects in the emission and absorption of light, and elementary processes of light–matter interaction are 
fundamentally altered. For example, when coupling an atom to an evanescent field, the intrinsic mirror 
symmetry of its emission and absorption can be broken. In our group, we observed this effect in the 
interaction between single rubidium atoms and the evanescent part of a light field that is confined by 
continuous total internal reflection in a whispering-gallery-mode microresonator [2]. In the following, we 
employed this chiral interaction to demonstrate an integrated optical isolator [3] as well as an integrated 
optical circulator [4] which operate at the single-photon level and which exhibit low loss, see Fig. 1. The 
latter are the first two examples of a new class of nonreciprocal nanophotonic devices which exploit the 
chiral interaction between quantum emitters and transversally confined photons. 

Figure 1: A whispering-gallery-mode micro-
resonator (grey disk) is interfaced with two ultra-
thin coupling fibers (grey lines) in an add–drop 
configuration. A spin-polarized atom (sphere) in the 
evanescent field of the resonator couples only to the 
counter-clockwise propagating mode and prevents 
the fiber-guided light from entering the latter. Light 
propagating in the reverse direction is unaffected 
by the atom and couples from one fiber to the other 
via the resonator. The light is thus routed from port 
𝑖𝑖 to port 𝑖𝑖 + 1 with 𝑖𝑖 ∈ {1,2,3,4}, thereby realizing 
an optical circulator. If the spin of the atom is 
flipped, the light is routed from port 𝑖𝑖 to port 𝑖𝑖 − 1. 

 
 

References 
[1] K. Y. Bliokh, F. J. Rodríguez-Fortuño, F. Nori, and A. V. Zayats, Spin-orbit interactions of light, Nat. Photon. 9, 

796 (2015).  
[2] C. Junge, D. O'Shea, J. Volz, and A. Rauschenbeutel, Strong coupling between single atoms and non-transversal 

photons, Phys. Rev. Lett. 110, 213604 (2013). 
[3] C. Sayrin, C. Junge, R. Mitsch, B. Albrecht, D. O'Shea, P. Schneeweiss, J. Volz, and A. Rauschenbeutel, 

Nanophotonic Optical Isolator Controlled by the Internal State of Cold Atoms, Phys. Rev. X 5, 041036 (2015). 
[4] M. Scheucher, A. Hilico, E. Will, J. Volz, and A. Rauschenbeutel, Quantum optical circulator controlled by a 

single chirally coupled atom, Science, 10.1126/science.aaj2118 (2016). 
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Ultrafast multi-photon absorption: from nonlinear-optical directed evolution of fluorescent 

proteins to all-optical molecular voltmeter 

Aleks Rebane 

Physics Department, Montana State University, Bozeman, MT 59717, USA 

 

Two-photon absorption (2PA) was theoretically predicted by Maria Goeppert-Mayer in 1931 [1]. 

In a large part thanks to femtosecond lasers delivering high photon flux needed to effect the 

instantaneous nonlinear absorption, 2PA is now widely used in biological microscopy and other 

practical applications. In addition, measuring quantitative 2PA spectra can reveal essential yet 

often hard-to-get molecular information regarding excited states, symmetry breaking, charge 

transfer and many other key characteristics of materials from all-optical switching to proteins. 

In the biological fluorescence microscopy, 2PA is prised because it offers greatly improved 3D 

resolution and expanded functionality, especially in cases involving thick turbid tissues such as 

brain. Unfortunately, known biological fluorophores including fluorescent proteins (FPs) exhibit 

low 2PA efficiency (typically expressed in units of Goeppert-Mayer cross section: 1 GM = 10-50 

cm4 s photon-1), and/or low photo-stability. These circumstances remain as a major road block on 

the way towards comprehensive real-time mapping of a functioning nervous system. The situation 

is further exacerbated by the fact that, unlike synthetic organic chromophores, where the 2PA can 

be improved by manipulating the molecular structure, the relevant photo-physical characteristics 

of genetically encoded probes constitute a complex and hitherto unknown function of the protein 

structure and environment. 

In this talk we will show that the above issues can be addressed by applying the principle of 

directed evolution, i.e. by combining random mutagenesis of FPs with high-throughput screening 

of the two-photon absorption efficiency and by repeatedly selecting “winners” out of tens of 

thousands of mutants. We will discuss how one could potentially develop designer biophotonic 

proteins, i.e. create genetically encoded structures with unprecedented highly efficient coherent 

Raman scattering, second harmonic generation or any other enhanced nonlinear-optical 

characteristic. 

In molecular spectroscopy it is well known that if a chromophore possesses inversion symmetry, 

then any electronic transition cannot be at the same time both 1PA- and 2PA-allowed (so-called 

alternative parity selection rule). Following elementary perturbation theory, it can be shown that 

in case of a non-centrosymmetric system, the strength of 2PA in the lowest-energy electronic 

transition is directly related to how much the inversion symmetry is broken, i.e. the cross section 

spectrum σ2PA in that transition is quantitatively derived from the corresponding change of the 

permanent dipole moment ∆µ. 

In the second part of the talk we will show how the above general spectroscopic principle can be 

applied to experimentally quantify local electrostatic interactions between a chromophore and its 

solvent environment. By combining measurements of 2PA and 1PA spectra and cross sections, we 

determined, for the first time, that in standard solvents such as toluene and DMSO the local electric 

field created by interface between the solvent and the chromophore (so-called dielectric reaction 

field) reaches values up to 107 V cm-1. Interestingly, no assumptions need to be made about the 

size of the molecule itself, because this key parameter is simply determined by fitting experimental 

data. In this way, 2PA can be used as an all-optical molecular voltmeter to quantify electrostatic 

forces and interactions on nanometre scale, especially in complex proteins and other biological 

environments, where standard methods such as electrochromism and Stark effect are poorly 

adaptable. 
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Achieving quantum-limited optical resolution

Jaroslav Rehacek, Martin Paur, Bohumil Stoklasa, and Zdenek Hradil
Department of Optics, Palacky University Olomouc, Czech Republic

Luis L. Sánchez-Soto
Departamento de Óptica, Facultad de F́ısica, Universidad Complutense, Madrid, Spain

Optical resolution is a measure of the ability of an imaging system to resolve spatial details in a signal.
As realized long ago, this resolution is fundamentally determined by diffraction, which smears out the spatial
distribution of light so that point sources map onto finite spots at the image plane.

Quite recently, a groundbreaking proposal [1] has re-examined this question from the alternative perspective
of quantum metrology. The chief idea is to use the quantum Fisher information to quantify how well the
separation between two poorly resolved incoherent point sources can be estimated. The associated quantum
Cramér-Rao lower bound gives a fair bound of the accuracy of that estimation. Surprisingly enough, the bound
maintains a fairly constant value for any separation of the sources, which implies that the Rayleigh criterion is
secondary to the problem at hand.

In this talk, we elaborate on this issue presenting quite a straightforward way of determining the quantum
Fisher information. More importantly, we find the associated optimal measurement schemes that attain the
quantum bound. We study examples of Gaussian and rectangular apertures, and implement our new method
in a compact and reliable setup. This involves a projection onto a derivative of the system amplitude point
spread function that is accomplished with digital holographic techniques and is compared with a direct CCD
imaging D position measurement. Our experimental results unequivocally confirm unprecedented sub-Rayleigh
precision [2].
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Mean-square error (MSE) of the estimated two point separation for Gaussian (left panel) and sinc (right
panel) point spread functions (PSF). Separations δ are expressed in units of PSF widths and the MSE in
units of the quantum Cramer-Rao lower bound. The graph compares the performance of our experimental
method (blue symbols) with the theoretical lower bound for the CCD measurement (thin red curve) and the
ultimate quantum limit (thick red line). The vertical dotted lines delimit the 10% of the Rayleigh limit for
each PSF.

We note that similar conclusions, although with different experimental techniques, were reached by Sheng et
al [3], Yang et al [4], and Tham et al [5].

[1] M. Tsang, R. Nair, and X.-M. Lu, Phys. Rev. X 6, 031033 (2016).
[2] M. Paur, B. Stoklasa, Z. Hradil, L. L. Sanchez-Soto, and J. Rehacek, Optica 3, 1144 (2016).
[3] T. Z. Sheng, K. Durak, and A. Ling: arXiv:1605.07297.
[4] F. Yang, A. Taschilina, E. S. Moiseev, C. Simon, and A. I. Lvovsky, Optica 3, 1148 (2016).
[5] W. K. Tham, H. Ferretti, and A. M. Steinberg, arXiv:1606.02666.
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Evolution of Spatial Entanglement of Realistic Biphotons 
Matthew Reichert*, Xiaohang Sun, and Jason W. Fleischer† 

Department of Electrical Engineering, Princeton University, Princeton, NJ 08544, USA 
*mr22@princeton.edu  †jasonf@princeton.edu 

Entanglement in transverse position and momentum is 
of growing interest as their conjugate nature underlies 
imaging and propagation. Spatial entanglement also evolves 
during propagation, from correlated in the near-field to anti-
correlation in the far-field, which is used to demonstrate the 
EPR paradox [1,2]. Between the two, the correlation in the 
positions of the photons disappears and the entanglement 
migrates into the phase of the biphoton wave function 
𝜓𝜓(𝑥𝑥1, 𝑥𝑥2) [3,4]. 

Fig. 1. Evolution of spatial entanglement with propagation. 
Entanglement (non-separability) initially (left) resides in (top) 
amplitude, migrates into phase (middle) phase upon propagation 
(center), and then back to amplitude in the (right) far-field. 
Entanglement migration is quantified by (bottom) amplitude and 
phase components of Schmidt number versus propagation distance. 

Here, we develop an analytic model of the evolution of 
spatial entanglement upon propagation in terms of the 
Schmidt number 𝐾𝐾. For the common double-Gaussian 
model of biphoton wave functions, the Schmidt number 
may be expressed as a sum of the degree of entanglement in 
amplitude, 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎, and in phase, 𝐾𝐾𝑎𝑎ℎ𝑎𝑎𝑎𝑎𝑎𝑎 . For spatially 
entangled photon pairs, such as those generated from 
spontaneous parametric down-conversion, entanglement 
resides in the wave function’s amplitude in the near-field, 
migrates into the phase upon propagation, and then back 
again into the amplitude in the far-field (Fig. 1) [5]. We 
extend this model to incorporate effects of the pump 
geometry and higher spatial frequency content of more 
realistic non-Gaussian biphoton wave functions. To do so, 
we borrow the concept of a beam quality parameter, M 2, 

from classical laser physics and apply it to biphotons. The 
increased spatial frequency content leads to more rapid 
diffraction, which may now be accounted for in terms of 
“biphoton quality parameters” M±2 in the sum and 
difference of coordinates of the individual photons. 
Nominal unity values represent ideal wave functions, while 
those with M±2 > 1 have more rapid decay of spatial 
correlation, and migration of entanglement into phase, upon 
propagation.  

Fig. 2. (top row) Upon propagation, spatial correlation in the near-
field decreases and anti-correlation increases towards the far-field. 
(bottom) Measured (circles) amplitude entanglement compared 
with (solid curve) fit for M±2 = 2.7, and (dashed curve) M±2 = 1 for 
comparison versus propagation distance on a logarithmic scale. [5] 

 Experimentally, we measure the spatial correlation for 
many defocused planes about the near- and far-fields by 
imaging biphotons with a single-photon sensitive electron 
multiplying CCD in the photon counting regime [5]. Spatial 
correlations are calculated for each position and the degree 
of entanglement in amplitude (𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎) is calculated. 
Incorporation of M±

2 into our model allows fitting of the fall 
off of spatial correlation in the near field and rise of anti-
correlation in the far-field (Fig. 2). We see a much more 
rapid fall off of entanglement in amplitude in the form of 
spatial correlation upon propagation, and more rapid 
migration back to in the form of anti-correlation, than for 
the ideal Gaussian case (M±

2 = 1). Prospects of measuring 
phase entanglement via interferometric methods will be 
discussed. 
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Impact of nanoscale physics on the performance 
of optoelectronic devices 

 
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 
 

The understanding and functionality of the majority of the currently available and commercialized electronic and optoelec-
tronic devices are based on traditional solid state physics, which describes the motion of electrons and phonons (lattice vi-
brations) as well as their interaction with light (photons) by a semi-classical continuum approach. Although the reduction of 
motion in one dimension was already introduced in the nineteen seventies, e.g., in lasers to utilize the quantum size effect, 
only recently within the last decade first optoelectronic devices became available on the market, which utilizes three-dimen-
sional confinement, e.g., quantum dot lasers.  

 
However, with the three-dimensional structural control of solid state materials one opens new degrees of freedom for the 
optimization of the device performance as well as for the generation of novel device functionalities.  
 
A brief overview will be given about the impact of nanoscale physics on the performance of optoelectronic devices and on 
new functionalities. The main focus of the talk will be on state-of-the-art specifically designed quantum dot materials for 
different functionalities, like temperature insensitivity of static [1] (see Fig. 1) and dynamic laser characteristics [2], strong 
linewidth reduction of laser emission [3], the dislocation hardness in hybrid material systems, such as III-V optoelectronics 
monolithically integrated on silicon [4 - 6] (see Fig. 2). Also, nanoscale photonic structures embedded in conventional opto-
electronic devices enable new functionalities beyond conventional approaches. As an example, vertically emitting phased 
laser arrays will be briefly introduced [7]. Beyond those examples, which are near to commercialization, also an example 
will be shown, which addresses the ultra-fast dynamics of light-matter interaction in quantum dot semiconductor optical 
amplifiers, which may bridge in future real optoelectronic device functionalities (e.g., electrically driven room temperature 
operating devices, see Fig. 3) with quantum processing features (e.g., coherent light-matter interaction on the fs time scale). 

 

 

 
 

 

 

Fig. 1. Highly temperature-stable 1.55 µm 
QD RWG laser operated in pulsed mode up 
to 150 °C [1]. 

Fig. 2. Threading dislocation (TD) going 
through a QD laser active region grown on 
silicon [4]. 

Fig. 3. Pump-probe scheme for fs-resolution quantum 
process control in QD-SOA device operated at room 
temperature [7]. 
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Mutual Coupling and Synchronization of high-  

Quantum Dot Microlasers  
 

Sören Kreinberg1, Elisabeth Schlottmann1, Steffen Holzinger1, Martin Kamp3, Christian Schneider3, Sven 

Höfling3,4, Xavier Porte Parera1, and Stephan Reitzenstein1 
 

1Institute of Solid State Physics, Technische Universität, 10623 Berlin, Germany 
2Technische Physik, University of Würzburg, 97074 Würzburg, Germany 

3School of Physics and Astronomy, University of St. Andrews, KY16 9SS St. Andrews, UK 

 

Micro- and nanolasers offer a rich spectrum of exciting physics at the crossroads between nanophotonics and 

quantum optics. Due to their low mode volume, they operate in the regime of cavity quantum electrodynamics, 

which allows one to approach the ultimate limit of a thresholdless single emitter laser. Up until now, studies of such 

lasers have been focused almost exclusively on the properties of the lasers themselves without considering their 

interaction with other passive or active optical elements and devices. This is quite amazing since external control and 

coupling of lasers is well known to address many fascinating effects of non-linear dynamics, such as zero-lag 

synchronization of mutually coupled microlasers or the possibility of implementing neuromorphic reservoir 

computing in networks of coupled lasers [1].    

Here, we present different aspects of externally controlled and mutually coupled quantum dot micropillar lasers. The 

electrically driven microlasers feature pronounced light-matter interaxtion, high spontaneous emission coupling 

factors, and lasing maintained by the gain contribution of only a few tens of quantum dots. These characteristics 

make them particularly interesting for the study of non-linear dynamics in an ultra-low power regime with strongly 

enhanced spontaneous emission noise and with less than about 100 photons in the laser mode. In this regime, we 

perform experiments on time delayed self-feedback [2], injection locking and mutual coupling of high- microlasers 

at light powers well below 1 µW. These studies reveal intriguing phenomena such as partial injection locking [3], 

which are unknown for conventional lasers. Most interesting is the mutual coupling and synchronization of 

microlasers (cf. Fig. 1), which targets the question is synchronization exists in quantum systems [3].                 
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Fig. 1: (a) Schematic view of two mutually coupled electrically driven quantum dot microlasers. In experiment, the microlasers 

are located in different cryostats and small temperature changes of a few K are used to perform precise resonance tuning of the 

two emission frequencies. (b) Mutual coupling and frequency locking of two microlasers. The relative frequency of the lasers is 

plotted vs the frequency detuning of the two lasers. White traces indicated the frequency dependence of the uncoupled modes 

while black dotted traced indicate the frequency dependence of the coupled system. Strong frequency entrainment and a tendency 

towards frequency locking is observed in a detuning range of about ± 1 GHz, which indicates mutual coupling. 
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Nonlinear optical response of highly nonlinear low-index materials

Orad Reshef1,⇤, Enno Giese1, M. Zahirul Alam1, Israel De Leon2, Jeremy Upham1, Robert W. Boyd1,3

1 Department of Physics, University of Ottawa, 25 Templeton Street, Ottawa, Ontario K1N 6N5, Canada
2 School of Engineering and Sciences, Tecnológico de Monterrey, Monterrey, Nuevo León 64849, Mexico
3 Institute of Optics and Department of Physics and Astronomy, University of Rochester, Rochester, NY 14627,
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Epsilon-near-zero (ENZ) materials, for which the real
part of the electric permittivity ✏0 vanishes, have at-
tracted attention in recent years because of their un-
precedented optical behaviour [1]. Recently, multiple
independent experiments in ENZ materials have ex-
hibited record nonlinear properties at the wavelength
where ✏0 = 0 [2–4]. Of note, the nonlinear contri-
bution to the index of refraction n, conventionally de-
fined as �n = n2I, where I denotes the applied optical
field intensity and n2 the nonlinear index of refraction,
has achieved a record value of 0.72 [3] and the ratio
of �n/n has attained an unprecedentedly large value
of 4.4 [4]. These large values have lead to speculation
that the perturbative expansion description of nonlin-
ear optical effects might need a reformulation in these
materials [3, 4].

In this work, we discuss the effects of these large val-
ues on commonly used equations in the field of nonlinear
optics. In particular, we present arguments for an over-
haul of the expression of the intensity-dependent index
of refraction, which is widely cited as [5]

n = n0 + n2I. (1)

As shown in Fig. 1, Eq. (1) is only an appropriate
equation to model the behaviour of highly nonlinear
ENZ materials for the very lowest intensities. However,
since optical nonlinearities are of most interest at higher
intensities, there is a need for more sophisticated models
for the intensity-dependent refractive index. Addition-
ally, using this equation for this class of materials cre-
ates a systematic underestimation of n2 and will yield
a value for n2 that varies as a function of intensity. We
develop and demonstrate a more appropriate treatment
for the refractive index that is based on the power se-
ries expansion of the nonlinear susceptibility and that
makes fewer assumptions overall (solid line in Fig. 1).

We conclude the talk by applying our treatment to
quantitatively show that, despite speculations to the
contrary, there is no evidence that the power series ex-
pansion for the nonlinear polarization in ENZ materials

0 50 100 150 200 250

intensity (GW/cm2)

0

0.5

1

1.5

re
fr

a
ct

iv
e
 in

d
e
x

Measurement

n = n
0
 + n

2
I

our treatment

Figure 1: The intensity-dependent index of refraction
of ITO at � = 1240 nm, as reported in [3]. Equa-
tion (1) (dashed line) performs poorly at describing the
refractive index at most intensities. In contrast, the
treatment presented in our work describes the index
perfectly, including the saturation at higher intensities
(solid line).

diverges at the wavelength where ✏0 = 0. Thus, we see
no need for an alternative to the conventional pertur-
bative description of nonlinear optical effects, provided
it is applied carefully. Our work has important impli-
cations in the interpretation of nonlinear effects as well
as in the proper design and implementation of optical
devices based on ENZ materials.
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Light amplification by nearly free electrons in a laser filament 
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Abstract: Light is used to modify and control properties of quantum systems in many areas of physics, with textbook examples such as 

electromagnetically induced transparency and recent advances in photonics such as the generation of slow light or bright coherent XUV 

and X-ray radiation. Particularly unusual quantum states can be created by light fields with strengths comparable to the Coulomb field 

which binds valence electrons in atoms: the states describe a nearly free electron oscillating in the laser field yet still loosely bound to the 

core [1,2]. We demonstrate that such states can arise not only in isolated atoms, but also in gases, at and above atmospheric pressure, 

guiding intense laser pulses, where they can act as a gain medium. The gain is created within just a few cycles of the guided field. The 

corresponding emission yields signatures of these unusual states, demonstrating a general, new, ultrafast gain mechanism during laser 

filamentation. 
  

Since the late 1980s, it has been speculated that when an 

atom or molecule interacts with an intense light field, 

whose strength substantially exceeds the ionic Coulomb 

attraction, new and surprisingly stable states of a hybrid 

quantum system “atom + intense light field” can be 

formed [1]. Yet it took three decades before the exis-

tence of such states was indirectly inferred from experi-

ments [2], showing the ability of isolated neutral atoms 

to survive laser intensities as high as I~10
15-16 

W/cm
2
. 

 

But are such unusual stable states really exotic? Can 

they also form in gases at ambient conditions, at 

intensities well below 10
15-16 

W/cm
2
? After all, for 

excited electronic states bound by a few eV, the laser 

field overpowers the Coulomb attraction to the core 

already at I~10
13-14

 W/cm
2
. If this is the case, would 

these states, also known as the “Kramers-Henneberger 

(KH) states” [3], manifest inside laser filaments [4]? 
 

The formation of the KH states should modify both real 

[5] and imaginary parts [6] of the refractive index of a 

laser-driven system. While their response is almost free 

electron-like, they do form discrete states and lead to 

new resonances. Qualitatively, these resonances can be 

understood as Stark-shifted field-free states, with 

stability against ionization being their key distinguishing 

feature. Crucially, at sufficiently high intensities theory 

predicts the emergence of population inversion in the 

higher Rydberg states relative to the lowest excited 

states [7]. This inversion reflects the increased stability 

of the KH states and is the signature of the transition 

into the stabilization regime. If the inversion were 

created inside a laser filament, it would lead to 

amplification of the filament spectrum at the transition 

frequencies between the stabilized states, both during 

and after the pulse. 
 

Currently, lasing during laser filamentation in air is an 

active research field. However, neither lasing in atomic 

gases, nor observation of the KH-type states in 

filaments, nor an evidence of lasing among them were 

reported.  
 

Here we show that such amplification can indeed be 

directly observed, with characteristic spectral features 

revealing gain both during and after the pulse. Lasing is 

achieved and controlled in a laser filament initiated by 

shaped laser pulses tailored with few-cycle resolution.  
 

 
 

Figure: Simulated absorption spectra of Ar atom dressed by a 

strong IR pulse. Negative absorption signifies gain, positive  loss. 

(a) Frequency-resolved absorption during the IR pulse for a peak 

intensity of the dressing IR field of 0.5∙1014 W/cm2  (blue), 

I=0.9∙1014 W/cm2 (red), 1.4∙1014 W/cm2 (orange), 1.9∙1014 W/cm2 

(green), 2.2∙1014 W/cm2 (cyan). Panels (b)-(d): Time and frequen-

cy resolved absorption profiles for a Gabor window of T=500 a.u. 

and intensities of (b) 1.4∙1014 W/cm2, (c) 1.9∙1014 W/cm2, and (d) 

for a Gabor window of T=1000 a.u. and I=1.9∙1014 W/cm2.  
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Soft x-ray lasers (SXRLs) produce the highest energy coherent ultrashort wavelength pulses available 
from compact sources. Their large number of photons per pulse enables for example single shot imaging 
of nano-scale objects and the interferometric diagnostics of bright dense plasmas that are outside the 
reach of optical lasers.  However, until recently, their average power was limited by the low repetition 
rate of the high energy optical pump lasers used to drive them, and by low pumping efficiency. We have 
overcome this limitation by developing a diode-pumped, picosecond Yb:YAG CPA driver laser that 
generates 1 J pulses  of picosecond duration at 500 Hz repetition rate [1].  This new pump lasers 
combined with efficient plasma heating techniques enables the operation of SXRLs at four orders of 
magnitude higher repetition rate than the first plasma-based collisional SXRLs. Laser operation at 100 
Hz repetition rate generated an average power 0.2 mW at 18.9 nm (Ni-like Mo), and an average power 
of 0.1 mW at λ=13.9 nm (Ni-like Ag) [2]. We will discuss recent results that include the initial 
demonstration of a compact table-top SXRL operating at a repetition rate of 400 Hz and prospects for 
operation at 1 kHz repetition rate. We will also discuss progress towards extending gain-saturated  
repetitively operated SXRLs to sub 8 nm wavelengths and beyond.  

 

 

Fig 1.  Efficient diode laser pumping of Yb:YAG solid state laser amplifiers generates high energy picosecond duration laser 
pulses that used to heat solid targets, creating the plasma conditions for soft x-ray laser amplification. 

The soft x-ray laser work was supported by the U.S. Department of Energy, Office of Science, under Awards  # 
DE-FG02-04ER15592 and DE-SC0011375 and by the National Science Foundation grant NSF ECCS 1509925. 
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Hybrid communication with
orbital angular momentum modes of light

Carmelo Rosales-Guzmán and Andrew Forbes

School of Physics, University of the Witwatersrand, Private Bag 3, Wits 2050, South Africa

It has been predicted that current communication systems will reach a capacity limit in the near future due to
fundamental aspects imposed by nonlinearities in optical fibers. A possible solution to this problem is mode
division multiplexing (MDM), in which orthogonal spatial modes are used as information channels.1 In this talk
we will give an overview of our recent work on hybrid systems, based on spatial modes: (i) Propagation of spatial
modes in hybrid free space-optical fiber systems, (ii) generation and detection of spatial modes with two degrees
of freedom and (iii) implementation of hybrid classical-quantum communication system.

Figure 1. Hibrid Free space-Optical fibre link

(i) We will focus first on what is known as the last mile prob-
lem, the connection of free-space to optical fiber networks.
This is challenging for MDM systems because the eigen-
modes of free-space and fibers are in general not the same.
Here, as a proof-of-principle, we demonstrated a hybrid free-
space optical fibre data transmission scheme based on cus-
tomized optical fibres that support specific LG`

p modes2 (see
Fig. 1).

Figure 2. Hybrid azimuthal-radial spacial modes.

(ii) Recently it has been suggested that space divi-
sion multiplexing based on orbital angular momen-
tum (OAM) does not increase the bandwidth of op-
tical communication systems. Indeed, OAM modes
represents only a subset of spatial modes, while in
general all transverse spatial modes require two de-
grees of freedom for a full description. In the case of
Laguerre-Gaussian (LG`

p) modes, these are represented by an azimuthal (`) and a radial (p) index, the former
responsible for the OAM. Crucially, beams with the same mode index M2 = 2p+ |`|+1 propagates in an identical
manner, suggesting that we can use both degrees of freedom to efficiently increase the number of information
channels. In a proof-of-principle experiment, we implemented a laboratory free-space link using 35 LG`

p modes
and three wavelengths encoded on a single spatial light modulator to transmit several images with correlations
greater than 98%3 (see Fig. 2).

Figure 3. Hybrid quantum-Classical lik

(iii) One of the main problems of secure quantum communi-
cation systems is the entanglement decay due to perturbations
in the channel. Recently we demonstrated that quantum links
can be characterized using the non-separability of vector beams4

(see Fig.3). This ones pave the way for real-time quantum
error-corrections in both free-space and fibre systems. The next
step is the implementation of a hybrid quantum-classical sys-
tem in which one light source and common optics are used to
establish a communication link that is both fast and secure.

[1] Wang Jian , et al. Nature Photon., 6, 2012.
[2] Brüning Robert , et al. J. Opt., 18, 2016.
[3] Trichili Abderrahmen , et al. Sci. Rep., 6, 2016.
[4] Bienvenu Ndagano , et al. Accepted for publication in Nature Phys.
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Control of spontaneous emission: trapping ions in excited states 
 

Yuri V. Rostovtsev 

 

Center for Nonlinear Sciences and Department of Physics, University of North 
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We consider an atom trapped in a harmonic trap. The evolution of excited atomic 

states is theoretically studied under adiabatic approximation. The emission spectra 

for trapped atoms are calculated. We have shown interference effects as well as 

trapping effect in a trap that has a size larger than the wavelength of radiation. 
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High-Purity Polarization Spectroscopy with X-rays 
Ralf Röhlsberger 

Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany 
 

The intriguing, yet enigmatic properties of strongly correlated materials like high TC 
superconductivity, collossal magnetoresistance and multiferroicity result from symmetry 
breaking interactions that go along with anisotropies in charge, orbital and spin degrees of 
freedom. Thus, the key to a fundamental understanding of these phenomena can be 
obtained by sensitively probing these anisotropies. Combining the orbital selectivity of 
resonant x-rays with high-purity polarization analysis one arrives at a new type of 
spectroscopy that allows one to probe the relevant electronic degrees of freedom of 
correlated electron materials with unprecedented sensitivity. 
Using crossed linear polarizers with an extinction ratio of up to 10-10 [1], tiny optical rotations 
caused by electronic anisotropies in correlated materials can be detected with an outstanding 
signal-to-noise ratio (Fig 1a). By tuning the x-ray energy to quadrupolar transitions near the 
K-edge of the constituent transition metals, the relevant d-orbitals can be selectively probed. 
This approach allows one to tackle central open questions in the physics of correlated 
materials that could contribute, for example, to reveal the origin of high TC superconductivity 
by probing the anisotropy and occupancy of the Cu 3d orbitals in the cuprates. 
 

 
Fig. 1: (a) Static anisotropies lead to optical rotation upon transmission through the sample. (b) Dynamic 

anisotropies like precessional excitations lead to a the twist of the linear polarization upon propagation 
 

Moreover, the method allows spectral information about precessional magnetic excitations to 
be encoded in the polarization precession of the scattered x-ray photons (Fig 1b). Since such 
an encoding scheme is bandwidth independent, similar to neutron spin echo, extreme 
spectral resolution can be achieved with energetically broad x-ray beams, enabling us to 
probe magnetic excitations that were inaccessible for x-rays so far. Ultimately, this technique 
could facilitate to capture the spectrum of ultrafast electronic and magnetic nonequilibrium 
dynamics with single pulses from an x-ray free-electron laser. 
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Casimir-like interactions between particles under 
fluctuating laser fields 
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Appropriate combinations of laser beams can be used to trap and manipulate small particles with 
“optical tweezers” as well as to induce significant “optical binding” forces between particles. Here we 
review some basic concepts related to the optical forces on small (subwavelength) particles, focusing on 
the interplay between scattering asymmetry and momentum transfer. These forces are, in general, non-
conservative (curl forces) [1,2] which lead to a number of intriguing predictions regarding the dynamics 
of nanoparticles [3,4]. 

Optical forces between small particles are usually 
strongly anisotropic depending on the interference 
landscape of the external fields. This is in contrast with the 

familiar isotropic van der Waals and, in general, Casimir-Lifshitz interactions between neutral bodies 
arising from random electromagnetic waves generated by equilibrium quantum and thermal fluctuations. 
As we will see, artificially created random fluctuating laser fields can be used to induce and control 
isotropic dispersion forces between small colloidal particles [5].  

Interestingly, for relatively high refractive index semiconductor 
nanoparticles like Silicon, the interactions can be tuned from 
attractive to strongly repulsive when the frequency of the external 
fluctuating field is tuned near the first magnetic Mie-resonance [6].  

The external control of isotropic interaction forces between 
particles can influence dramatically the macroscopic properties of 
colloidal suspensions and is of key importance not only for 
Biological or Materials Science applications but also to address 
fundamental questions about the nature of liquids, crystals, and 
glasses.  
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Fig. 1 A single resonant monomer in an optical lattice 
diffuses as in absence of external fields. However, when two 
monomers link in a dimer, multiple scattering leads to a 
“self-induced back-action” force that strongly influences the 
dynamics of the dimer [4].  

Fig. 2 Using optical tweezers as a 
gauge, we present experimental 
evidence for the predicted isotropic 
attractive interactions between 
dielectric microspheres [5]  
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Quantum Computing with Atomic Qubits and Rydberg 
Interactions: Progress and Challenges 

M. Saffman,  Department of Physics, University of Wisconsin-Madison 

In this talk I will take a critical look at the prospects for developing scalable 
quantum computation based on neutral atom qubits with Rydberg state 
mediated entanglement. Neutral atoms have great potential for scalability 
and there has been significant progress in the last few years in single qubit 
gates, in two-qubit gates, and in preparing fully occupied arrays with up to 
50 neutral atom qubits.  
 
Nevertheless there are challenges. A high fidelity two-qubit entangling gate 
remains to be demonstrated with neutral atoms. It is therefore tempting to 
focus on gate fidelity as the most important challenge facing neutral atom 
quantum computation. However gate fidelity is but one of several 
outstanding challenges, most of which have received much less attention 
than logic gate fidelity. Potential solutions to all of the outstanding challenges 
are known, and I will outline the advances that are still needed before we will 
have a large scale  neutral atom quantum computer available for quantum 
computation and quantum simulation.  
 

                 
 
Architecture for a neutral atom quantum computer. The inset shows a 
fluorescence image of a 49 site qubit array. Figure from  
 
M. Saffman, Quantum computing with atomic qubits and Rydberg interactions: 
progress and challenges, J. Phys. B 49, 202001 (2016).  
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Laser modification of molecular autoionizing states: The role of 

electronic symmetry 

Arvinder Sandhu 

Department of Physics and College of Optical Sciences, University of Arizona, Tucson, AZ, 85721 

sandhu@physics.arizona.edu 

 

Attosecond transient absorption spectroscopy (ATAS) technique has received 

considerable attention recently in measurement and manipulation of bound and quasi-bound state 

dynamics. Most ATAS experiments focus on properties and evolution of XUV initiated dipole 

polarization in atoms by using a delayed NIR pulse as a perturbation. In this scenario, many 

interesting phenomena have been observed, including AC Stark shifts [1], strong-field lineshape 

control [2], and resonance pulse propagation induced reshaping effects [3]. The focus of our 

work is to extend the ATAS for investigation of complex molecular systems. Molecular ATAS is 

a largely unexplored topic and very few studies have been conducted so far [4]. Here we present 

an experimental and theoretical study of the 

evolution of coherently prepared molecular 

polarization in autoionizing Rydberg states 

of O2 and N2 by using XUV to excite and 

time-delayed NIR pulse to perturb this 

polarization.  

Attosecond transient absorption of 

superexcited Rydberg series in neutral 

diatomic molecules shows rich vibrational 

and electronic structure. In the case of O2, 

opposite changes in transient absorption 

spectra of nsσg and ndσg states are explained 

in terms of the difference in their initial Fano 

q-parameter, which arises from underlying 

electronic interactions and the symmetry 

considerations. The full multi-configuration 

time-dependent Hartree-Fock (MCTDHF) 

calculations agree with out experimental results. Importantly, we find that the laser modification 

of these states is explained by laser induced phase model, while the often invoked laser induced 

attenuation model does not agree with the results.   

This work supported by the U.S. Army Research Laboratory and the U.S. Army Research 

Office under grant number W911NF-14-1-0383 and by NSF under contract under contract PHY-

1505556. 
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[1] M. Chini, B. Zhao, H. Wang, Y. Cheng, S. Hu, and Z. Chang, Physical Review Letters 109, 073601 (2012). 

[2] 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). 

[3] C.-T. Liao, A. Sandhu, S. Camp, K. J. Schafer, and M. B. Gaarde, Phys. Rev. Lett. 114, 143002 (2015). 

[4] E. R. Warrick, W. Cao, D. M. Neumark, and S. R. Leone, The Journal of Physical Chemistry A 120, 3165 

(2016). 

 
Figure 1 (a) Experimental transient absorption 

spectrogram of superexcited O2 states. The ndg (nsg) 

states show negative (positive) change, corresponding to 

less (more) absorption compared to continuum.  
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QED	  in	  ultra-‐high	  laser	  fields:	  	  
current	  experimental	  results	  and	  perspectives	  

G.	  Sarri	  
School	  of	  Mathematics	  and	  Physics,	  Queen’s	  University	  Belfast,	  BT7	  1NN,	  	  

Belfast,	  United	  Kingdom	  
	  

	  	  	  	  Quantum	   Electrodynamics	   (QED)	   represents	   thus	   far	   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	   field	   intensities	   but,	   thus	   far,	   little	   is	  
experimentally	  known	  about	  the	  behaviour	  of	  quantum	  systems	  in	  ultra-‐high	  fields.	  QED	  
effects	  are	  dominant	  if	  these	  fields	  are	  comparable	  to	  the	  critical	  field	  (also	  known	  as	  the	  
Schwinger	   field):	   ES	  ~	   1.3x1018	   V/m.	   At	   these	   field	   intensities,	   exotic	   phenomena	  will	  
occur,	  such	  as	  stochastic	  photon	  emission	  [1],	  electron-‐positron	  pair	  production	  even	  in	  a	  
classical	  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]),	   experimental	   studies	   have	   been	  
extremely	  limited,	  only	  exploiting	  strong	  crystalline	  fields	  [5]	  or	  ultra-‐relativistic	  electron	  

beams	  in	  accelerators	  [6].	  	  
	  	  	  	  However,	   the	   fast-‐paced	  
development	   of	   laser	  
technology	   and	   laser-‐driven	  
particle	   acceleration	   [7]	   is	  
finally	   opening	   up	   the	  
possibility	   of	  experimentally	  
studying	   non-‐linear	   (i.e.	  
high-‐field)	   QED.	   Existing	  
lasers	   now	   can	   produce	  
conditions	   very	   close	   to	   the	  
critical	   field	   (yellow	   box	   in	  
Fig.	   1)	   with	   near-‐term	  
facilities	   under	   construction	  
expected	  to	  overcome	  it	  (red	  
box	  in	  Fig.	  1).	  	  
	  	  	  	  	  In	   a	   recent	   experimental	  
campaign	   at	   the	   Astra-‐
Gemini	   laser	   we	   achieved	  

conditions	  where	  electrons	   feel,	   in	   their	  rest	   frame,	  an	  electric	   field	  equal	   to	  0.2	  ES	  (red	  
triangle	   in	   Fig.1).	   This	   was	   achieved	   exploiting	   a	   head-‐on	   collision	   of	   an	   intense	   laser	  
pulse	   (IL~2x1020	  Wcm-‐2)	  with	   a	   laser-‐driven	  ultra-‐relativistic	   electron	   beam	   (maximum	  
Lorentz	  factor	  of	  γL~3500).	  Clear	  evidence	  was	  found,	  for	  the	  first	  time,	  of	  strong	  radiation	  
reaction	  with	  a	  40%	  electron	  energy	   loss	   in	  40	   femtoseconds	  of	   laser	  duration	   [8].	  This	  
talk	   will	   present	   these	   results,	   together	   with	   a	   discussion	   of	   current	   developments	   in	  
order	  to	  fully	  access	  experimentally,	  for	  the	  first	  time,	  regimes	  of	  purely	  non-‐linear	  QED.	  
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]	  E.	  Esarey	  et	  al.,	  Rev.	  Mod.	  Phys.	  81,	  1229	  (2009)	  
[8]	  G.	  Sarri	  et	  al.	  Nat.	  Phys.	  to	  be	  submitted.	  

Current!
 results!

Fig.	   1	   Electron	   energies	   and	   laser	   amplitudes	   achievable	   by	  
different	   laser	   systems:	   ELI-‐NP	   (red	   rectangle),	   Astra-‐Gemini	  
(yellow),	  and	  TARANIS-‐X	  (green)	  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	   regions	  of	  
pure	  non-‐linear	  QED.	  The	  blue	  circle	  and	  the	  red	  triangle	   relate	  to	  
the	  SLAC	  experiment	  [6],	  and	  our	  Previous	  Work, respectively.	  
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Focusing of wave packets without forces 

Wolfgang P. Schleich 
 

Institut für Quantenphysik and Center for Integrated Quantum Science and 

Technology IQST, Universität Ulm, Albert-Einstein-Allee 11, D-89081 Ulm, 

Germany; 

Texas A&M University Institute for Advanced Study (TIAS), Institute for 

Quantum Science and Engineering (IQSE) and Department of Physics and 

Astronomy, Texas A&M University, College Station, USA 

Email: wolfgang.schleich@uni-ulm.de 

 

The phenomenon of the spreading of a wave packet is frequently identified as a 

quantum effect. However, already a classical ensemble of particles moving in 

the absence of any classical force will spread provided there is a correlation 

between the position and the momentum in the initial classical phase space 

distribution. We show that quantum correlations manifesting themselves in the 

Wigner function in negative domains of quantum phase space lead to focusing 

without an external force [1]. We report recent experiments [2, 3] verifying this 

effect. 

Figure 1: Diffractive focusing of a rectangular wave packet explained from Wigner phase space. 

 

[1]  I. Bialynicki-Birula, M.A. Cirone, J.P. Dahl, M. Fedorov, and W.P. Schleich, 
 In- and outbound spreading of a free-particle s-wave, Phys. Rev. Lett. 89,   
 060404-1-4 (2002)   
 
[2]  D. Weisman, S. Fu, M. Goncalves, L. Shemer, J. Zhou, W.P. Schleich, and 
 A. Arie, Diffractive focusing of waves in time and in space, to be published 
 
[3]  M.R. Goncalves, W.B. Case, A. Arie, and W.P. Schleich, Single-slit focusing 
 and its representations, to be published 
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Infrasound gravitational wave detection 

C. Schubert, D. Schlippert, S. Abend, N. Gaaloul, W. Ertmer, and E.M. Rasel 

Institut für Quantenoptik, Leibniz Universität Hannover, Welfengarten 1, D-30167 Hannover, 

Germany 

 

 

Atom interferometry offers an interesting perspective for the detection of gravitational waves in 

a frequency band between eLISA [1] and Advanced LIGO [2]. In the past few years, several 

proposals were published, and many aspects relevant for the atom optics discussed for a future 

implementation. Ground based setups with vertical [3] or horizontal baselines were considered 

[4], satellite missions investigated [5], and interferometer topologies developed [5,6]. The 

research is still ongoing to identify the most suitable concept, and to mitigate demanding 

requirements. We investigate a novel geometry for a ground based device combining several 

advantages as (i) a horizontal baseline, enabling long baselines, (ii) a single axis laser link 

between the atom interferometers acting as phasemeters, and (iii) suppressing errors sources 

otherwise implying very strict requirements onto the atomic source. It is based on recent 

developments in symmetric large momentum beam splitters [6], relaunching techniques for 

suspending the atoms against gravity [7], and delta-kick collimation techniques to generate very 

slowly expanding atomic ensembles [8]. The idea will be presented and the requirements 

discussed in comparison with previous proposals and the state of the art in atom optics. 

The presented work is supported by the CRC 1227 DQ-mat, the CRC 1128 geo-Q, the RTG 1729, 

the DFG Excellence Cluster QUEST, the QUEST-LFS, and by the German Space Agency (DLR) with 

funds provided by the Federal Ministry of Economic Affairs and Energy (BMWi) due to an 

enactment of the German Bundestag under Grant No. 50WM1552-1557. 

 

[1] Amaro-Seoane et al., CQG 29, 124016 (2012) 
[2] Moore et al., CQG 32, 015014 (2015) 
[3] Dimopoulos et al., PLB 678, 37 (2009) 
[4] Geiger et al., arXiv:1505.07137; Chaibi et al., PRD 93, 021101(R) (2016) 
[5] Hogan et al., GRG 43, 1953 (2011); Hogan et al., Phys. Rev. A 94, 033632 (2016) 
[6] Yu et al., GRG 43, 1943 (2011); Graham et al., PRL 110, 171102 (2013) 
[6] Ahlers et al., PRL 116, 173601 (2016); Cladé et al., PRL 102, 240402 (2009); Müller et al, PRL 
102, 240403 (2009); McDonald et al., PRA 88, 053620 (2013) 
[7] Abend et al., PRL 117, 203003 (2016) 
[8] Müntinga et al., PRL 110, 093602 (2013); Rudolph et al., NJP 17, 065001 (2015); Kovachy et 
al., PRL 114, 143004 (2015) 
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Efficient microwave to optical photon conversion:  
an electro-optical realisation 

A. Rueda,1,2,3 F. Sedlmeir,1,2,8 M.C. Collodo,1,2,4,5 U. Vogl,1,2 B. Stiller,1,2,6  
G. Schunk,1,2,3 D.V. Strekalov,1 C. Marquardt,1,2 J.M. Fink,4,7   

O. Painter,4  G. Leuchs,1,2 and H.G.L. Schwefel8 
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4Institute for Quantum Information, California Institute of Technology, Pasadena, California, USA; 5Currently at: Department 
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Dodd-Walls Centre for Photonic and Quantum Technologies, Department of Physics, Univ. of Otago, Dunedin, New Zealand 

harald.schwefel@otago.ac.nz 

The emerging quantum information technology has developed 
similar requirements as classical information processing: while 
the computation is done at electronic (gigahertz) frequencies, 
the transfer of information utilizes optical fibers. Superconduct-
ing qubits operating at gigahertz frequencies are promising 
candidates for scalable quantum processors [1], while the opti-
cal domain offers access to a large set of very well developed 
quantum optical tools, such as highly efficient single-photon 
detectors and long-lived quantum memories. In addition, mi-
crowave signals carrying quantum information cannot be trans-
ferred at room temperature due to thermally induced decoher-
ence. On the contrary, optical channels do not have this draw-
back. Therefore, for large scale quantum networks, it is vital to 
develop a noiseless and efficient conversion channel between 
these vastly different frequency domains. 

Efficient direct electro-optic modulation has been discussed by 
Tsang [2] as an promising alternative to opto-mechanical ap-
proaches [3] to achieve quantum state transfer between the 
microwave and the optical domain. Hereby, the microwave 
modulates the refractive index of a nonlinear crystal resulting 
in phase modulation of the optical light. This typically creates 
sidebands symmetrically positioned around the optical pump 
frequency: sum frequency generation (SFG) and difference 
frequency generation (DFG). SFG combines a microwave and 
an optical photon to create a blue-shifted photon (anti-Stokes), 
while DFG creates a red-shifted optical photon (Stokes) as well as a microwave photon. 

In our experiment we coupled a high quality optical whispering gallery mode (WGM) resonator to a microwave 
cavity [4] resulting in a highly efficient electro-optic modulator. By carefully designing the geometry, we managed 
to match the spectral distance of adjacent optical modes with the frequency of the microwave resonator. This 
configuration converts a microwave input field into the optical sidebands with a quantum efficiency of 0.2%. To 
get a noiseless and hence quantum coherent conversion, the red-detuned sideband has to be suppressed since 
it entails a fundamental amount of amplifier noise. We achieved this suppression by exploiting avoided crossings 
in the optical spectrum which modify the spectral positions of some modes allowing us to tune the system into 
single sideband operation. Our cavity design is compatible with cavity QED systems and can operate in cryogen-
ic environments almost as it is. By doing so, we expect a further significant improvement of the conversion pro-
cess approaching unity photon number conversion efficiency. 

1. R. J. Schoelkopf and S. M. Girvin, “Wiring up quantum systems,” Nature 451(7179), 664–669 (2008). 
2. M. Tsang, “Cavity quantum electro-optics. II. Input-output relations between traveling optical and microwave fields,” Phys-

ical Review A 84(4), 43845 (2011). 
3. R. W. Andrews et al., “Bidirectional and efficient conversion between microwave and optical light,” Nat Phys 10(4), 321–

326 (2014). 
4. A. Rueda et al., “Efficient microwave to optical photon conversion: an electro-optical realization,” Optica 3(6), 597 (2016). 
 

Figure A three 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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Peeking deep into human cells using multiplex superresolution and live-cell microscopy  
 

Volker Schweikhard, Department of Bioengineering, Rice University, Houston – Texas 
 
A key challenge in modern biology is to understand how human cells communicate with one another in 
order to form functional tissues and organs, and how these mechanisms fail in disease. To maintain proper 
tissue function in the face of external mechanical and chemical stresses, cells must constantly adapt their 
shape and mobility, and remodel their contacts with neighboring cells. This cell-cell communication is 
enabled by constant rearrangements of the cytoskeleton and a dynamic re-routing of protein traffic within 
single cells. Dysregulation of these sub-cellular dynamics is associated with a wide range of diseases 
including cancer and severe digestive disorders such as inflammatory bowel disease. And yet, despite their 
obvious importance, the regulatory networks orchestrating these processes are far from understood.  
 Here, we addressed these challenges by visualizing large numbers of proteins within individual cells 
and tissues using novel, multiplexed fluorescence- and STORM super-resolution microscopy procedures. 
In combination with dynamic live-cell imaging studies, we used these procedures to investigate the 
cytoskeletal dynamics that enable cells to form functional communities. As a result, we discovered a novel 
sub-cellular compartment that acts as a processing station for cell adhesion proteins and membrane lipids. 
We also uncovered a novel role for the cytoskeletal master regulator protein IQGAP1 in controlling the 
dynamics of an actin cytoskeletal shell that stabilizes this novel sub-cellular compartment.  
 

 
Figure 1: (A) Multiplex immunofluorescence microscopy images of an epithelial cell show colocalization 

of the cell adhesion protein E-cadherin and the cytoskeletal regulator IQGAP1 in punctate structures 
deep inside the cell. (B) Multiplex STORM superresolution images reveal that these structures form a new 

class of sub-cellular compartments that is ensconced by a basket-like cytoskeleton composed of actin 
fibers (cyan) and IQGAP1 molecules (red), as confirmed by a high cross-correlation between these two 
molecules (green, right column). (C) Live-cell time-lapse studies of individual compartments show anti-
correlated fluctuations in actin (magenta) and IQGAP1 (cyan), suggesting that a feedback mechanism 
between these two molecules may stabilize the compartment. (D) In total, our results suggest that this 

novel compartment acts as a dynamic sorting station in the recycling pathway for cell adhesion proteins. 
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Electromagnetically Induced Transparency with Dynamically 

Modulated Superradiant and Subradiant States 

Marlan O. Scully, Han Cai and Da-Wei Wang 

Texas A&M University and Baylor University 

Abstract: We construct the electromagnetically induced transparency (EIT) by 

dynamically coupling a superradiant state with a subradiant state. The 

superradiant and subradiant states with enhanced and inhibited decay rates act 

as the excited and metastable states in EIT, respectively. Their energy difference 

determined by the distance between the atoms can be measured by the EIT 

spectra, which renders this method useful in subwavelength metrology. The 

scheme can also be applied to many atoms in nuclear quantum optics, where the 

transparency point due to counter-rotating terms can be observed. 

(a) Two two-level atoms form an EIT system with the symmetric (superradiant) state 

being the excited state and the anti-symmetric (subradiant) state being the metastable 

state. (b) The symmetric and anti-symmetric states are resonantly coupled by the 

Raman transitions of two counter-propagating plane waves. We can also understand 

this coupling as induced by the time-dependent difference between the dynamic Stark 

shifts of the two atoms induced by a moving standing wave. 
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 “The use of Drones in Detection of Crop Stress” 
 

Rob Scully, Dwight Bohlmeyer, Nara Altangerel and Virgil 
Sanders 

 
Texas A&M University 

 

ABSTRACT 

The Salter Research Facility is being used to conduct field tests using Raman 

spectroscopy. Areas of particular interest include detection of crop 

stress/disease as well as identification of individual plant species. Students 

and faculty from Texas A&M and Baylor are participating in these efforts. Of 

increasing interest is the use of drones in agriculture. Drones have a wide 

range of applications from vaccinating livestock to observing and recording 

crop conditions. Meanwhile, the facility continues to expand its influence as 

an educational tool for engineering students and others through its 

acquisition of antique farm and irrigation equipment. This influence is being 

extended regionally by visits from interested groups ranging from boy scouts 

to students from various departments at A&M.  
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Current-Driven Phenomena in NanoToys: 

Defeats, Victories and Directions 
 

Tamar Seideman, Joshua Szekely and Partha Pal
 

 Northwestern University, Evanston, IL 60208 
  

Resonance conductance, ubiquitous in molecular hetero-junctions and in scanning 
tunnelling microscopy (STM) surface experiments, is often inelastic; in the course of the 
tunnelling event, electron energy is channelled into vibrational modes and triggers molecular 
dynamics. The qualitative physics underlying current-driven resonance-mediated dynamics 
in molecular electronics is simple and general. Equilibrium displacement between the initial 
and resonant states produces a nonstationary superposition in the nuclear subspace that 
evolves during the resonance lifetime. Upon electronic relaxation the system is internally 
excited and interesting dynamics is likely to ensue. 

While the physics underlying resonant inelastic current is very general, the single-
molecule STM and molecular heterojunction environments open unique and fascinating 
opportunities. The former introduces the possibility of determining dynamical properties 
through the combination of observations with a quantum mechanical theory. The latter 
introduces the possibility of developing individually-driven molecular machines, and new 
means of manipulating the conductivity of molecular scale devices. 

In the talk I will sketch the qualitative physics underlying current-driven surface 
phenomena, discuss the theory we developed to explore these dynamics, and describe the 
results of recent and ongoing research, focusing on a series of surprising observations of 
STM-triggered phenomena on silicon and graphene surfaces. Before concluding, I will 
sketch several of our favourite dreams in these areas. 

  
 
   

Fig 1:  Resonance inelastic conduction in a molecular 
Junction channels energy into a given mode of 
the molecular component to generate a desired 
motion (in this figure - oscillations of the C60  
against the gold electrode). Dependence of the  
conductance properties on the molecular  
configuration, in turn, leads to time modulated  
current whose temporal properties are subject to 
control.  

   

V
e
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Plasmon Controlled Molecular Junctions 

Yoram Selzer 

School of Chemistry, Tel Aviv University, Tel Aviv, Israel 

 

The ability to squeeze light by means of plasmons into nano-scale metal gaps offers exciting 

possibilities to probe, control, switch, and gate the conductance of nano-scale and molecular 

junctions.  

Several experimental systems that demonstrate plasmonic steering of various conductance 

processes within molecular and single atom junctions will be presented.   

Initial results demonstrating experimental capabilities to perform ultrafast time resolved 

conductance measurements of molecular junctions will also be shown.  
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Photodynamic Therapy With Texaphyrin 
 

Professor Jonathan L. Sessler 
Doherty-Welch Chair in Chemistry 

University of Texas at Austin 
sessler@cm.utexas.edu 

 
 

Expanded porphyrin is a term we introduced into the literature in 1988 to describe larger 
homologues of natural and synthetic tetrapyrrolic macrocycles. Expanded porphyrins, 
along with many other contracted, isomeric, and core-modified porphyrin analogues, are 
now known. Expanded porphyrins, in particular, have seen application in areas as 
diverse as anion recognition and transport, self-assembly, liquid-liquid ion extraction, 
photodynamic therapy, and anticancer drug development. In this presentation the use of 
the first-ever expanded porphyrins to demonstrate 
metal complexation, namely the so-called 
texaphyrins, as cancer-specific diagnostic and 
therapeutic agents will be discussed. Particular 
emphasis will be placed on the lutetium (MLu) and 
gadolinium (MGd) complexes of one specific water 
solubilized texaphyrin, known as motexafin (see 
figure), for photodynamic therapy, and cancer-
specific MRI imaging and targeted platinum-based 
chemotherapy, respectively.  

This work has benefited from support from the National Institutes of Health, the Cancer 
Research and Prevention Institute of Texas, and the Robert A. Welch Foundation. 
Collaborations with researchers at Pharmacyclics, Inc. in the early days and the groups 
of Zahid Siddik, Alan Watts, and Rick Finch more recently are gratefully acknowledged, 
as are the contributions of postdoctorals and students working on the project, in 
particular Jonathan Arambula, Gregory Thiabaud, Chris Preihs, and Julie Alaniz.  
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• Sessler, J. L.; Miller, R. A. Biochemical Pharmacology 2000, 59, 733. 
• Preihs, C.; Arambula, J. F.; Lynch, V. M.; Siddik, Z. H.; Sessler, J. L. Chem Commun. 

2010, 46, 7900. 
• Preihs, C.; Arambula, J.; Magda, D.; Jeong, H.; Yoo, D.; Cheon, J.; Siddik, Z.; Sessler, J. 

L. Inorg. Chem., 2013, 52, 12184. 
• Thiabaud, G.; Arambula, J. F.; Siddik, Z. H.; Sessler, J. L. Chem. Eur. J. 2014, 20, 8942. 
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Driven two–component Bose–Einstein condensate

in optical lattices

Gavriil Shchedrin, Daniel Jaschke, and Lincoln D. Carr

Colorado School of Mines, Golden, Colorado 80401, USA

We explore quantum many-body physics of a driven Bose-Einstein condensate and present

exact results for the Rabi-Bogoliubov spectrum and amplitudes of the condensate [1]. We

find a set of the inherent symmetries of the elementary amplitudes of a driven condensate.

We discover a gap in the spectrum that amounts to the effective Rabi frequency of the laser

field, which significantly slows down damping of the collective modes. In the scalar field-

free condensate, Landau damping of the collective modes scales with temperature T as the

normal density of the phonon gas ρp ' T 4. In contrast, the collective mode’s decay rate of

a driven two-component condensate is proportional to the density of the laser-induced roton

mode that scales as ρr ' T 2. We show that by tuning the Rabi frequency and detuning, one

can control many–body dynamics, modify the amplitudes and spectrum of the elementary

excitations, create a laser-induced roton mode, and vary the damping rate of the collective

modes of the condensate.
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FIG. 1: (a) The Bose–Einstein condensate (BEC) in optical lattice driven by a

microwave field Ω(t). (b) Two-component Bose-Einstein condensate is modeled by a

set of two-level systems, driven from the ground state |b〉 to the excited state |a〉 by

the laser field Ω(t). The laser field is characterized by the Rabi frequency ΩR and

detuning ∆. Initially, the condensate is prepared in the ground state |b〉.(c.i) The

Rabi-Bogoliubov spectrum of the elementary excitations in the two-component BEC

(c.ii), (c.iii) The Rabi-Bogoliubov amplitudes of a condensate vs momentum k.

[1] GS, Daniel Jaschke, and Lincoln D. Carr, arXiv:1610.09076
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Picosecond supercontinuum generation  
for CARS microscopy 

Yujie Shen[1], Sean O’Connor[1], Alexey Zheltikov[1][3], Vladislav 

Yakovlev[1], Alexei Sokolov[1][2], and Marlan Scully[1][2] 

[1]. Texas A&M University, College Station, TX 77843 

[2]. Baylor University, Waco, TX 76798 

 [3]. Russian Quantum Center, Moscow, Russia 

 
ABSTRACT 

 
We report a broadband source based on supercontinuum generation in 

photonics crystal fiber (PCF) using a picosecond pulse. The pump source is a 

diode-pumped solid state laser (APL-X, Attodyne) centered at 1064nm, with pulse 

duration around 6ps. By focusing it into a large-mode-area photonic crystal fiber 

(LMA20), we achieve broader supercontinuum spectrum as compared to previous 

work [1], extending beyond 1600nm, which is ideal for CARS application. 

 

Figure 1. (a) Cross-section of the large-mode-area photonic crystal fiber. (b) Generated supercontinuum 
spectrum measured by an InGaAs spectrometer. 

[1]. R. Arora, G. I. Petrov, J. Liu, and V. V. Yakovlev, J. Bio. Opt. 16(2), 021114-021114, 2011. 
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Gaussian quantum optomechanics

with superfluid helium density waves

A.B. Shkarin,1 A.D. Kashkanova,1 C. D. Brown,1 K. Ott,2 S. Garcia,2 J. Reichel,2 and J. G. E. Harris1, 3

1Department of Physics, Yale University, New Haven, CT, 06511, USA
2Laboratoire Kastler Brossel, ENS/UPMC-Paris 6/CNRS, F-75005 Paris, France
3Department of Applied Physics, Yale University, New Haven, CT, 06511, USA

The field of optomechanics deals with interac-
tion between light and mechanical objects. One of
the important goals in the field is manipulation of
a mechanical state with a quantum precision. This
allows for creation of non-trivial quantum states of
mechanical objects and interfacing them with light
or microwave radiation without significant informa-
tion loss. Such operation regime requires that the
coupling strength between the optical and the me-
chanical modes is comparable to or exceeding me-
chanical decoherence rate.

In achieving this regime, one generally benefits
from low mechanical losses, operation at low tem-
perature, and large coupling between optical and
mechanical systems. Superfluid helium is a liquid
which is uniquely well-fit to meet these require-
ments.

FIG. 1. Schematics of the device. The faces of two
optical fibers form a Fabry-Perot cavity which confines
both optical (intensity is shown by the line) and acoustic
(shown by shade variation) modes.

In our work we couple infrared light to a stand-
ing acoustic wave in superfluid helium in a cavity
optomechanics setting. Both optical and mechan-
ical modes occupy the same space inside a Fabry-
Perot cavity, as shown in figure 1. The optome-
chanical coupling is mediated through dependence
of the helium index of refraction on its density, so
density modulations caused by acoustic vibrations
change the effective optical cavity length.

This optomechanical coupling allows us to mea-
sure the mechanical motion, and use the optical

field to exert a force (“radiation pressure”) on the
mechanical oscillator. The coupling achieved in our
system is strong enough to affect frequency and
damping of the mechanical mode through the dy-
namic backaction.

Furthermore, we are able to measure undriven
fluctuations of the mechanical mode, and resolve
their average energy with the precision better than
the single quantum. These measurements thus al-
low us to observe the difference between the Stokes
and anti-Stokes scattering rates, which manifest as
an effective difference of a single quantum between
the energies inferred from the two motional side-
bands (shown in figure 2 in red and blue for Stokes
and anti-Stokes respecitvely). One of the inter-
pretations attributes this effect to the zero-point
(quantum) fluctuations of the mechanical mode.

Additionally, we investigated the correlator be-
tween the two motional sidebands (green in figure
2). Part of this correlator comes from the funda-
mental noise in the radiation pressure force, whose
origin lies in quantum fluctuations of the optical
field.

FIG. 2. Power spectral densities of the two motional
sidebands (long-dashed red, short-dashed blue) and
their cross-correlator (solid green).
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“Atmospheric remote sensing via optically 

pumped CO2 laser and plasma mirror” 

Anton Shutov1, Mariia Shutova1, Alexander Goltsov1, Alexei Sokolov1  

and Marlan Scully1,2 

1. Texas A & M University, College Station, TX 77843-4242, USA 
2. Baylor University, Waco, TX 76706, USA  

 

With growing global warming problem, atmospheric remote sensing becoming 

hot topic nowadays, especially remote detection of CO2 level. Here we discuss an 

idea how CO2 gas in air can be turned into a laser. This type of CO2 laser is pumped 

via Raman vibrational mode excitation of nitrogen presented in the air. We propose 

an experiment to implement this type of laser along with Raman excitation of 

nitrogen. One possible figure of merit for efficiency of Raman process in this case 

can be cascade sidebands generation. Two laser pulses with their frequency 

difference tuned to match one of the vibrational modes of nitrogen can be used to 

generate multiple Raman sidebands (Figure 1). 

Another possible technique for atmospheric remote sensing benefits from light 

scattered by plasma mirror. We propose a scheme where the laser pulse can be 

scattered from laser induced discharge in air in backward direction. Thereafter the 

pulse can be amplified by Stimulated Raman scattering process and be detected. In 

our experiment, we obtain the pattern of the probe light scattered from laser 

induced discharge in air.  

 

Figure 1: Raman sidebands generated in nitrogen. Intensity of each sideband was normalized to its 
maximum value and corresponding pulse energies are given. 
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Subfemtosecond pulse synthesis via coherent 

broadband generation in Raman crystal. 

Mariia Shutova, Alexandra Zhdanova and Alexei Sokolov 

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

ABSTRACT 

Subfemtosecond broadband pulses of light are under active study because of their many applications; for 
example, detecting electron drift and atomic ionization. Moreover, single cycle pulses offer the possibility 
of optical arbitrary waveform generation (OAWG). I will present our group’s work on synthesizing such 
ultrashort pulses by making use of broadband generation in a Raman-active crystal.  We have  previously 
proven that the multi-color Raman sidebands generated in this way are mutually coherent and thus can 
be recombined to obtain ultrashort pulses of broadband radiation. Further, we present a  new setup 
scheme which uses dichroic mirrors to allow us to combine several sidebands in one beam and control 
the phase of each sideband with nanometer precision (Fig.1, (a)). Finally, we examine the relative phase 
between each sideband by analyzing the beating of SHG and SFG signals generated in BBO crystal 
(producing interferograms similar to Fig. 1, (b)).1,2  

Fig.1 (a) Experimental schematic for combining pump, Stokes, and their first three Raman sidebands in one collinear 
beam. (b) This interferogram, obtained by combining three sidebands (AS3, AS4, AS5), shows the beating signal 
dependent on the relative phase of each sideband (converted to time delay) in a reflection scheme. 1 We plan to 
produce similar interferograms with the scheme in (a).  

This work is supported by the NSF (Grant #PHY-1307153), the Welch Foundation (award No. A-1547). M.S. 
gratefully acknowledges the Dr. Chia-Lai Wang Memorial Scholarship and the Herman F. Heep and Minnie 
Belle Heep Texas A & M University Endowed Fund administered by the Texas A & M Foundation.

1 Wang, K., Zhdanova, A. A., Zhi, M., Hua, X., & Sokolov, A. V. (2015). Multicolored Femtosecond Pulse Synthesis Using Coherent 
Raman Sidebands in a Reflection Scheme. Applied Sciences, 5(2), 145-156. 
2 Wang, K., Zhi, M., Hua, X., & Sokolov, A. V. (2014). Ultrafast waveform synthesis and characterization using coherent Raman 
sidebands in a reflection scheme. Optics Express, 22(18), 21411-21420. 
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Topological Photonics: Science and Applications 
 

Kueifu Lai1, Zhiyuan Fan2, Tzuhsuan Ma1, Yang Yu2, and Gennady Shvets1,2 
1Department of Physics, The University of Texas at Austin, Austin, Texas 78712, USA 

2School 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. 

 

In this talk, I will provide an overview of the field, with special emphasis on the photonic emulation of 

the canonical quantum topological phases such as the Hall, spin-Hall, and valley-Hall phases shown in 

Fig.1(Left). I will then describe how such heterogeneous PTIs can be integrated and used for developing 

novel devices such as compact circulators. Experimental results demonstrating reflectionless transport of 

topologically protected edge states will be presented. I will also discuss how the ideas from topological 

photonics can be used for complete reimagining of the architectures of photonic devices such as add/drop 

filters and delay lines 

   
Figure 1| (Left) The unit cells of three PTIs emulating (top) quantum spin Hall (QSH), (bottom) quantum Hall (QH), and (right) 
quantum valley Hall (QVH). (Middle) Schematic of a QH defect cavity embedded inside a QSH matrix containing an interface 
that separates the pins-up from the pins-down regions. Surface waves flow along the interface between QSH and QH PTIs; their 
dispersion (bottom) shows one-way propagation. (Right) Schematic of a four-port circulator: TPSWs flow from Port 1 to Port 2, 
but not from Port 2 to Port 1.  

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.  

Speaker: Gennady Shvets, Cornell University and UT-Austin
Schedule: Friday Morning Plenary Session 1

PQE-2017 321



X-ray ghost imaging and ghost diffraction with a laboratory source 
A. Schori and S. Shwartz 

Physics Department, Bar Ilan University, Ramat Gan, 52900 Israel 

Incoherent ghost imaging (GI) and ghost diffraction (GD) techniques have been studied intensively in 
the optical regime [1-3]. In essence, both methods rely on the measurement of spatial correlations 
between two beams. The origin of the correlations is incoherent fluctuations in an input beam that is split 
into two beams by a beam splitter. One of the beams propagates through the object and is detected by a 
single-pixel detector. The second beam does not interact with the object and is detected by a multi-pixel 
detector. The image is reconstructed from coincidence measurements [1-3]. 

 Since unlike conventional imaging 
techniques, in GI and GD the resolution of the 
reconstructed image is inversely proportional to 
the spatial coherent length, the techniques have 
the potential to improve the resolution of imaging 
with x-rays and to overcome the fundamental 
challenges of conventional imaging methods. In 
many schemes the techniques do not require 
lenses and are therefore promising candidates for 
x-ray imaging. First observations of the effects 
have been reported recently using synchrotron 
sources [4,5]. 

 

Here we present GI of a 10-µm slit obtained 
with an x-ray tube in our laboratory and discuss 
the possibilities to observe GD. The 
experimental setup is depicted in Fig. 1. A 
comparison between the GI result and imaging 
with scanning electron microscope is shown in 
Fig. 2. This is a first step in the direction of high-
resolution x-ray imaging with tabletop sources.  

 

 

 

1. R. S. Bennink, S. J. Bentley, and R. W. Boyd, Phys. Rev. Lett. 89, 113601 (2002). 
2. F. Ferri et al., Phys. Rev. Lett. 94, 183602 (2005). 
3. B. Sun at al., Science, 340, 844 (2013). 
4. D. Pelliccia et al. Phys. Rev. Lett. 117, 113902 (2016). 
5. H. Yu et al. Phys. Rev. Lett. 117, 113901 (2016). 

Fig. 1: Ghost imaging experimental scheme.  
	  

Fig. 2: Ghost imaging of a 10 µm  
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Approximate	solutions	to	hard	optimization	problems	by	quantum	annealing	
	

Lukas	Sieberer,1	Philipp	Hauke,2	Ehud	Altman,1	and	Wolfgang	Lechner2	
	

1Department	of	Physics,	University	of	California,	Berkeley,	California	94720,	USA	
2Institute	for	Quantum	Optics	and	Quantum	Information	of	the	Austrian	Academy	of	Sciences,	A-6020	Innsbruck,	

Austria,	and	
Institute	for	Theoretical	Physics,	University	of	Innsbruck,	A-6020	Innsbruck,	Austria	

	
Quantum	annealing	is	a	general	purpose	optimization	algorithm,	whose	goal	is	to	find	the	ground	
state	 of	 a	 given	 “problem”	 Hamiltonian.	 This	 is	 accomplished	 by	 starting	 from	 a	 simple	
Hamiltonian,	 the	 ground	 state	 of	 which	 can	 easily	 be	 prepared,	 and	 slowly	 deforming	 the	
Hamiltonian	to	the	one	of	interest.	If	this	procedure	is	carried	out	adiabatically,	the	system	will	
end	up	in	the	desired	ground	state,	see	Fig.	1.	For	a	broad	class	of	hard	optimization	problems	it	
is	 known	 that	 the	 minimal	 gap	 between	 the	 ground	 state	 and	 the	 first	 excited	 state	 is	
exponentially	small	in	the	system	size.	Passing	this	minimal	gap	adiabatically	would	thus	require	
exponentially	long	time	and	is	unfeasible	for	large	systems.	However,	even	if	the	output	quantum	
state	at	the	end	of	an	annealing	protocol	that	is	executed	in	finite	time	is	not	the	desired	ground	
state	 but	 rather	 a	 superposition	 of	 not-too-highly	 excited	 states,	 it	 might	 still	 give	 a	 useful	
approximation	to	the	solution	of	the	original	optimization	problem.	In	our	work,	we	investigate	
how	good	of	an	approximation	one	can	expect	to	get.	To	answer	this	question	we	build	on	recent	
advances	 in	 the	understanding	of	 the	 structure	of	 excited	 states	 and	 the	 spectral	properties	of	
disordered	 spin	 systems	 (in	 other	 words:	 random	 optimization	 problems).	 In	 particular,	 by	
combining	 an	 analysis	 of	 the	 statistics	 of	 matrix	 elements	 and	 energy	 levels	 with	 adiabatic	
perturbation	 theory,	 we	 show	 that	 the	 two	 generic	 paradigms	 of	 ergodic	 and	 many-body	
localized	phases	entail	surprisingly	different	behavior	under	quantum	annealing.	

Figure	1:	(a)	Illustration	of	the	time-dependent	spectrum.	At	t	=	0,	the	system	is	initialized	in	the	(trivial)	ground	state,	
and	 quantum	 annealing	 is	 successful	 if	 the	 time	 evolution	 is	 adiabatic	 and	 the	 system	 remains	 in	 the	 instantaneous	
ground	state	until	at	the	end	of	the	protocol.	(b)	Histogram	of	the	probability	to	populate	the	ground	state	at	the	final	
time	 for	 different	 sweep	 times	 τ.	 In	 our	work,	we	 gain	 insight	 into	 the	 dependence	 of	 the	 success	 probability	 on	 the	
statistics	 of	 matrix	 elements	 and	 energy	 levels	 of	 the	 instantaneous	 Hamiltonian.	 These	 properties	 are	 qualitatively	
different	 in	 ergodic	 and	 many-body	 localized	 phases.	 Figure	 taken	 from	 A.	 W.	 Glaetzle	 et	 al.,	 A	 Coherent	 Quantum	
Annealer	with	Rydberg	Atoms,	arXiv:1611.02594.	
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Figure 4. (a) Illustration of the time-dependent spectrum for
the minimal instance shown in Fig. 1. (b) Histogram of the
success probability, i.e. the probability P0 to populate the
ground state at final time ⌧ for di↵erent sweep times.

above system parameters, we obtain a final energy gap
�⇤ = �2⇡ ⇥ 20 kHz [29]. Due to the finite lifetime of
the Rydberg states, the dressed ground state interactions
come at a cost of an e↵ective decoherence rate 1/⌧0 for
each qubit. However, since there is only a small Ryd-
berg component admixed, the e↵ective decay rate is also
only a correspondingly small fraction of the bare Ryd-
berg decay rate. Ultimately, the figure of merit for fully
coherent operation of the quantum annealer is the ratio
of the attained interaction strength versus the e↵ective
decay rate. In the enhanced dressing scheme this ra-
tio becomes particularly favorable and is of the order of
|�⇤|⌧0 ⇡ 103 for the system parameters above (see sup-
plementary information).

Using the above potentials we demonstrate numeri-
cally the feasibility of the Rydberg annealer for the min-
imal instance (see Fig. 1) with 8 qubits and 3 ancil-
las. Fig. 4 depicts the time dependent spectrum in re-
duced units. The time-dependent spectrum for instance
of Hamiltonian Eq. (A2) for random |Ji/�⇤| < 1. The
sweep functions At, Bt and Ct are simple linear functions.
Note, that the e�ciency can be considerably increased by
adopting non-linear sweep functions. In Fig. 4 all ener-
gies are given relative to the ground state energy. The

pronounced minimal gap is an order of magnitude smaller
than the gap in the final state. Figure 4(b) shows the
histogram of the success probability P0 = | h (⌧)| gsi|2,
defined as the overlap of the final state  with the ground
state  gs, averaged over Nr = 40 random instances for
di↵erent sweep times far below the decoherence times
⌧ < ⌧0/K. For the fastest switching time |�⇤|⌧ = 50 the
average success probability is 75% and approaches unity
for slower sweeps.

IV. CONCLUSIONS

The proposed implementation of a quantum annealer
with ultracold Rydberg atoms in optical lattices pro-
vides a new platform for adiabatic quantum computing,
featuring a highly controllable environment to explore
the many-body adiabatic passage, the role of entangle-
ment and e↵ects of decoherence during the annealing
sweep. The large lifetimes of Rydberg dressed atoms en-
able coherent quantum annealing as an alternative to the
current paradigm of quantum enhanced thermal anneal-
ing [30]. We anticipate that due to the coherent evolution
the number of spins in future experiments can readily
be extended well beyond the minimal example presented
here, by using shorter annealing cycles with many rep-
etitions [31], or by employing counter-diabatic driving
schemes that could greatly increase the attained fideli-
ties [32]. Finally, our proposal allows to realize atomic
quantum simulators of arbitrary infinite-range Ising spin
glass models (see e.g. Refs. in [33]), and the combi-
nation of multi-color Rydberg-dressed interactions with
two-species mixtures has applications in realizing Z2 lat-
tice gauge theories beyond the present example [34].

We acknowledge discussions with C. Gross,
H. C. Nägerl, M. Sa↵man and J. Zeiher. This work is
supported by the Austrian Science Fund SFB FoQuS
(FWF Project No. F4016-N23), the European Research
Council (ERC) Synergy Grant UQUAM and the EU
H2020 FET Proactive project RySQ. WL acknowledges
funding from the Hauser-Raspe Foundation.

Appendix A: Numerical example using LHZ

A general quantum annealing problem with an infinite-range spin glass Hamiltonian consisting of N logical spins �̃
with K connections has the form

H̃
(log)
t = Ãt

NX

⌫=1

ã⌫ �̃
(⌫)
x + B̃t

NX

⌫<µ

J̃µ⌫ �̃
(⌫)
z �̃(µ)

z (A1)

with scheduling functions Ãt and B̃t, local transverse fields ã⌫ and programmable infinite-range interactions J̃µ⌫ .
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Tom	Silva,	National	Institute	of	Standards	and	Technology	
	
“Good	things	come	in	small	packages:	Insights	from	the	use	of	table-top	high	
harmonic	generation	sources	to	study	ultrafast	magnetization	dynamics.”	
	

High	harmonic	generation	provides	an	ultrafast	source	of	coherent	EUV	
photons	that	span	a	broad	range	of	absorption	edges	for	the	ferromagnetic	
elements,	all	in	a	table-top	footprint.	As	such,	this	technique	affords	unique	
opportunities	to	study	magnetization	dynamics	in	a	wide	variety	of	material	
systems.	

I	will	survey	the	several	results	obtained	over	the	past	several	years,	which	
demonstrate	the	impressive	capabilities	of	high	harmonic	generation	as	a	tool	for	
the	study	of	magnetization	dynamics.	In	all	these	studies,	the	sample	is	subject	to	an	
optical	pump	pulse	that	partially	demagnetizes	the	sample	on	the	time	scale	of	50-
100	fs.	First	is	the	discovery	that	individual	transition	metal	constituents	in	a	solid-
solution	binary	alloy	can	have	a	delayed	reaction	to	optical	pumping	[1]	[2].	While	it	
was	previously	well-known	that	different	elements	in	alloys	can	have	differing	
demagnetization	time-constants,	a	time-delay	was	not	at	all	expected.	The	time-
delay	has	now	been	verified	in	several	other	laboratories,	and	it	is	now	proposed	
that	the	delay	is	the	result	of	asymmetric	magnon	generation	at	different	atomic	
sites	in	an	alloy.	

The	next	discovery	was	the	generation	of	ultrafast	spin	currents	as	a	result	of	
ultrafast	demagnetization	in	Ni/Ru/Fe	metallic	trilayers	[3]	[4].	The	spin	currents	
are	generated	as	a	result	of	asymmetric	spin-dependent	transport	properties	of	hot	
electrons	for	Ni	and	Fe,	and	the	net	effect	of	the	spin	currents	is	the	transfer	of	
majority	spins	from	Ni	to	Fe	so	as	to	strongly	enhance	the	longitudinal	magnetic	
moment	of	Fe.	

Finally,	I	will	present	our	most	recent	result,	where	we	used	spectroscopic	
methods	to	reconstruct	the	time-variation	of	the	magneto-optic	constant	for	Co	as	a	
result	of	ultrafast	optical	pumping	[5].	By	careful	comparison	of	the	data	with	ab	
initio	calculations,	it	was	found	that	approximately	half	of	the	demagnetization	can	
be	understood	in	terms	of	a	renormalized,	spin-dependent	band	structure.	Such	
band	renormalization	is	to	be	expected	from	the	Stoner	model	for	metallic	
ferromagnetism,	in	the	case	where	the	optically	excited	hot	electrons	precipitate	the	
vigorous	formation	of	single-particle	spin-flip	excitations.	However,	the	other	half	of	
the	net	demagnetization	is	the	result	of	ultrafast	magnon	generation,	harkening	
back	to	the	earlier	result	for	the	time-delay	of	demagnetization	in	binary	alloys.	

	
References:	
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Quantum networks: around the globe and in the brain? 

Christoph Simon 

Department of Physics and Astronomy and Institute for Quantum Science and Technology,  
University of Calgary 

I intend to cover two main topics: 

1. Global quantum networks with quantum repeaters, satellite links, and non-destructive photonic 
qubit detection. The first quantum communication satellite was recently launched in China. It is a low-
earth orbit satellite carrying a source of entangled photon pairs. I will describe a proposal [1] how such 
satellites could be used as part of a relatively simple quantum repeater architecture to create 
entanglement over global distances. A key element of the proposed architecture is the non-destructive 
detection of photonic qubits, and I will describe two proposals [2,3] and a proof-of-principle experiment 
[2] for realizing such non-destructive detection with rare-earth ion doped crystals, which is attractive 
from the point of view of integration with quantum memories. 

2. The possible existence of optical communication channels in the brain [4]. It is well established that 
neurons can emit photons, which prompts the question whether these biophotons could serve as signals 
between neurons, in addition to the well-known electro-chemical signals. For such communication to be 
targeted, the photons would need to travel in waveguides. We showed, based on detailed theoretical 
modeling, that myelinated axons (as pictured below) could serve as photonic waveguides, taking into 
account realistic optical imperfections, and we proposed experiments to test this hypothesis. Our results 
also raise the question whether photons could mediate long-range quantum entanglement in the brain. 

 

                                  
 
[1] K. Boone, J.-P. Bourgoin, E. Meyer-Scott, K. Heshami, T. Jennewein, and C. Simon, Entanglement over global 
distances via quantum repeaters with satellite links, Phys. Rev. A 91, 052325 (2015). 
[2] N. Sinclair, K. Heshami, C. Deshmukh, D. Oblak, C. Simon, and W. Tittel, Cross-phase modulation of a probe 
stored in a waveguide for non-destructive detection of photonic qubits, Nat. Comm. 7, 13454 (2016). 
[3] C. O’Brien, T. Zhong, A. Faraon, and C. Simon, Non-destructive photon detection using a single rare-earth ion 
coupled to a photonic cavity, Phys. Rev. A 94, 043807 (2016). 
[4] S. Kumar, K. Boone, J. Tuszynski, P.E. Barclay, and C. Simon, Possible existence of optical communication 
channels in the brain, Sci. Rep. 6, 36508 (2016). 
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Quantum annealing and optimal control

Simone Montangero

Institute for complex quantum systems &

Center for Integrated Quantum Science and Technologies (IQST),

Ulm University Albert-Einstein-Allee 11, 89075 Ulm, Germany.

Quantum optimal control allows to find the optimal strategy to drive a quantum system

in a target state. We review an efficient algorithm to optimally control many-body quantum

dynamics and apply it to quantum annealing, going beyond the adiabatic strategy. We report

some theoretical and experimental applications of this approach, in particular a time-optimal

loading of cold atoms in optical lattices, that is an optimal quantum phase transition crossing

from the Superfluid to the Mott insulator phase [1]. Finally, we present an information theo-

retical analysis of quantum optimal control processes and speculate on their implications on

quantum annealing [2].

FIG. 1. Schematic representation of the optimal control experiments presented in [1]: the CRAB

optimal control technique is applied to the optimal crossing of the Superfluid-Mott Insulator quantum

phase transition and to the control of the transverse state of a BEC.

[1] S. van Frank, M. Bonneau, J. Schmiedmayer, S. Hild, C. Gross, M. Cheneau, I. Bloch, T. Pichler, A.

Negretti, T. Calarco, and S. Montangero, Sci. Rep. 6, 34187 (2016).

[2] S. Lloyd and S. Montangero, Phys. Rev. Lett. 113, 10502 (2014).
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Semiconductor-based passive, active, and nonlinear dielectric metasurfaces 

Michael B Sinclair 

Sandia National Laboratories, Albuquerque, NM, 87185 
 

All-dielectric metasurfaces, comprising arrays of high permittivity resonators, have emerged as a 

promising alternative to the use of lossy metal-based metasurfaces.  These metasurfaces exploit the 

dipolar Mie resonances of the constituent resonators to tailor the amplitude, phase, and spectral content of 

transmitted and reflected wavefronts.  For example, appropriate resonator design allows spectral overlap 

the electric and magnetic dipole Mie resonances and leads to high efficiency Huygens metasurfaces.  

Furthermore, the resonator geometry can be spatially graded to allow for beam steering and desired 

polarization control.  Semiconductor materials are attractive candidates for use in dielectric metasurfaces 

since they exhibit large permittivities below their bandgaps and resonators can be exquisitely fabricated 

using precise epitaxy and powerful semiconductor nanolithographies.  In this presentation, we will 

describe our efforts to develop semiconductor-based metasurfaces for a wide range of active and passive 

applications.  We have developed and demonstrated resonator designs that lead to high quality-factor 

(Q~600) Fano resonances which can be utilized for numerous spectral filtering, sensing, and modulation 

applications.  We have also established a process that allows us to fabricate all-dielectric metasurfaces in 

the III-V semiconductor system.  This allows us to access the beneficial photon emission and second-

order nonlinear optical properties available in the III-V system. Indeed, we have recently demonstrated 

the resonant enhancement of second harmonic generation from GaAs-based metasurfaces when the pump 

wavelength is chosen to coincide with the resonator’s electric and magnetic dipole Mie resonances.  Other 

applications of semiconductor metasurfaces will be presented. 
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Figure 1: Measured reflectivity 

spectra for a)Silicon- and 

b)GaAs-based metasurfaces 

exhibiting high quality-factor 

Fano resonances.  The insets 

show SEMs of the resonator 

elements. 

Figure 2: Measured second 

harmonic generation spectrum 

for a GaAs-based metasurface.  

The experimentally measured 

linear reflectivity spectra of 

the sample are used as the 

background. 
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Scaling analysis of localization transition for light in a 3D atomic system 
Sergey E. Skipetrov 

Laboratoire de Physique et Modélisation des Milieux Condensés, 
Université Grenoble Alpes & CNRS, 25 Avenue des Martyrs, Grenoble, France 

 

A wave propagating in a disordered medium can be blocked due to strong scattering by heterogeneities 
of the medium—a phenomenon known as Anderson localization and first discovered for electrons in 
disordered conductors at low temperatures. In a three-dimensional (3D) disordered medium, a 
transition from spatially extended to localized eigenmodes takes place when disorder is increased. This 
Anderson localization transition is believed to exist for all types of quantum or classical waves (matter 
waves, light, sound, etc.). It is characterized by a critical exponent  describing the divergence of the 
localization length  at the critical point c:  = |– c|, 
where  is the parameter that drives the transition (e.g., 
frequency or scatterer density). The value of  depends on the 
macroscopic symmetries present in the disordered system 
(e.g., time-reversal symmetry, etc.) and its dimensionality d. 

We have recently shown that optical modes of an ensemble of 
two-level atoms randomly distributed in 3D space are always 
extended, whatever the atomic number density [1], except if 
the atoms are placed in a strong external magnetic field (see 
Fig. 1) [2]. In the latter case, several factors such as the disorder 
in atomic positions, the dipole-dipole coupling between nearby 
atoms, and the anisotropy of the atomic medium induced by 
the magnetic field, can influence the nature of the localization 
transition that may be not necessary of Anderson type 
anymore. 

In the present work, we report a finite-size scaling 
analysis of the localization transition in a random 3D 
ensemble of two-level atoms in an external magnetic 
field. Our approach is based on the analysis of 
percentiles gq of Thouless parameter g and has been 
previously tested on the case of scalar waves [3]. We 
demonstrate the single-parameter scaling of gq for 
small q (see Fig. 2) and estimate the critical exponent of 
localization transition ± [4]. This value is 
compatible with Anderson transition of the 3D unitary 
universality class, suggesting that the optical 
localization transition under study is equivalent to the 
one expected for spinless electrons in the absence of 
time-reversal symmetry. We propose an experiment to 
observe the predicted transition [5].  

1. S.E. Skipetrov and I.M. Sokolov, Phys. Rev. Lett. 112, 023905 (2014) 

2. S.E. Skipetrov and I.M. Sokolov, Phys. Rev. Lett. 114, 053902 (2015) 

3. S.E. Skipetrov, Phys. Rev. B 94, 064202 (2016) 

4. S.E. Skipetrov, in preparation 

5. S.E. Skipetrov, I.M. Sokolov, and M.D. Havey, Phys. Rev. A 94, 013825 (2016) 

 

Fig. 1 Multiple light scattering in a cloud of 
immobile two-level atoms in an external 
magnetic field  can lead to formation of 
localized optical modes. 

Light

Two-level
atom

 

Fig. 2 First percentile of Thouless parameter g as a 
function of the ratio of system size R to the 
localization length . Points corresponding to 
different numbers of atoms N (different colors) all 
fall on the same master curve (black solid line). 

Speaker: Serguei Skipetrov, CNRS, Grenoble
Session: Cooperativity and Light Scattering 2
Schedule: Thursday Morning Invited Session 2

PQE-2017 328



High harmonic generation spectroscopy of laser induced  

phase transitions in strongly correlated systems 
 

R. E. F. Silva
1
, Igor V. Blinov

2,3
, Alexey N. Rubtsov

2,4
, O. Smirnova

1,5
, and Misha Ivanov

1,6,7
 

 
1Max-Born-Institute, Max Born Strasse 2A, D-12489 Berlin, Germany 

2Russian Quantum Center, Skolkovo 143025, Russia 
3Moscow Institute of Physics and Technology, 9 Institutsky lane, Dolgoprudniy, 141700, Russia 

4Department of Physics, Moscow State University, 119991 Moscow, Russia 
5Imperial College London, South Kensington SW72AZ London UK 

6Humboldt University Berlin, 12489 Berlin, Germany 
7Technical University Berlin, 10623 Berlin Germany 

 

Abstract: We study theoretically high harmonic generation in the 1D Fermi-Hubbard model in the quantum tunneling regime with 

intense mid-infrared (MIR) and THz fields. This is the first theoretical study of high harmonic generation in strongly correlated solids, 

with electron correlation effects explicitly taken into account with no additional approximations beyond the Fermi-Hubbard Hamiltonian 

itself. We find that the mechanism of harmonic emission in strongly correlated solids is distinct from the one observed in semiconductors 

and dielectrics. The mechanism relies on the production of doublon-hole pairs via Landau-Dykhne type tunneling and is inherently linked 

to an insulator-to-metal phase transition. We show that high harmonic generation can be used to time this phase transition with the 

accuracy of a few femtoseconds, i.e. within the fraction of the single oscillation of the driving electromagnetic field. Our work opens the 

window for the investigation of ultrafast phase transitions in the condensed phase using high harmonic spectroscopy.  

The advent of attosecond spectroscopy, in particular 

high harmonic generation spectroscopy, has led to 

advances in following electronic dynamics in atoms 

and molecules on their natural timescale. The recent 

discovery of the high harmonic generation in bulk 

solids [1-8] has opened the door for applying HHG 

spectroscopy for ultrafast investigations of the 

electronic dynamics in the condensed phase, 

including the demonstration of the dynamical Bloch 

oscillations [2], the analysis of the relative 

importance of the intraband and interband current in 

harmonic generation [5], the reconstruction of the 

band structure in ZnO [6,7]. In particular, recent work 

[8-10] elegantly demonstrated the power of HHG 

spectroscopy for reconstructing NIR, MIR and THz 

driven nonlinear response in time, with temporal 

resolution at the small fraction of the laser cycle. In 

the case of intense THz drivers, the information about 

the temporal profile of the nonlinear dipole was 

reconstructed with an uncertainty of about 1.5 fs [8]. 

So far, theoretical study of nonlinear response in 

strongly driven semiconductors was confined to 

systems described by the band structure, either using 

semiclassical models, solving the Time Dependent 

Schroedinger Equation (TDSE), or using the 

Semiconductor Bloch Equations (SBEs). In all of 

these studies, the electronic correlation has never 

been explicitly included, preventing them from 

addressing the fundamental questions: (i) what is the 

role of electron correlations in strongly driven 

systems and (ii) how do light-driven phase transitions 

manifest in the nonlinear response. These two 

questions are addressed in the present work. 

To this end, we perform exact numerical simulations 

for half-filled 1D Fermi-Hubbard model system, 

driven by intense MIR or THz fields, in the quantum 

tunneling regime. By changing the ratio of the on-site 

interaction energy U to the hopping parameter t0, we 

can tune the system from uncorrelated to strongly 

correlated. In the strongly correlated limit of U>>t0, 

the mechanism of the harmonic emission relies on the 

production of the doublon-hole pairs (the doublon 

itself is a pair of electrons with opposite spins, 

residing on the same site of the lattice).  The 

production of these pairs occurs is linked to an 

insulator-to-metal phase transition. We show that 

high harmonic generation can be used to time this 

phase transition with the accuracy of a few 

femtoseconds. Our work opens the window for the 

investigation of ultrafast phase transitions in the 

condensed phase using high harmonic spectroscopy. 
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Theoretical and Numerical Investigation of Optical Bistability with 

Film-Coupled Nanopatches 

D. R. Smith, Z. Huang, P. T. Bowen 
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 investigate the prospects for optical bistability in a periodic array of nonlinear plasmonic 

nanopatch antennas. Plasmonic nanostructures have the capability to strongly localize and enhance 

incident optical fields, thereby greatly enhancing the properties of nonlinear materials introduced 

into the high-field regions. A wide range of nonlinear processes can be dramatically modified and 

improved if the field enhancement effect can be reproducibly controlled. The nanopatch geometry 

is particularly compelling because it is easy to fabricate by a combination of deposition and 

lithographic technologies, and has the advantage that the gap region tolerances—where the crucial 

optical field enhancements occur—can be held to sub-nanometer 

scales.  

The optical nanopatch supports a set of cavity modes that exist 

between the patch and the film. The electric (red) and magnetic 

(blue) fields (see figure) corresponding to the lowest order 

resonance are shown in the illustration. The magnetic field of an 

incident wave acts as a surface current source at the gap boundary, 

coupling to one or more of the transmission line resonances. As a 

result, the effective polarizability of the nanopatch can be 

determined entirely analytically, making the nanopatch system 

amenable to closed-form expressions for a variety of linear and 

nonlinear properties [1, 2]. 

If the spacer layer of the patch possesses a refractive nonlinearity, 

such as a Kerr nonlinearity, bistable behavior is possible. Prior 

semi-analytical approaches for scattering from plasmonic nanoantennas have revealed a bistable 

relationship between the incident and scattered wave intensities [3]. Here, we investigate the 

nonlinear nanopatch array using both full-wave numerical solvers as well as entirely analytical 

approaches, finding excellent agreement between the two. In particular, the very large field 

enhancements available in the nanopatch system suggest that the energy required to switch the 

reflectance between two distinct values can be quite low, in the attojoule range [4]. 

References 
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Molecular modulation in gasses and solids 

with spatio-temporal shaping of optical fields 

 

A. V. Sokolov, A. A. Zhdanova, M. Shutova, A. Bahari, K. Wang*, M. C. Zhi** 

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. 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. The central feature of this 

technique is the preparation of an ensemble of molecules in a coherent superposition 

state -- a feature that has earlier been used in electromagnetically induced 

transparency, ultraslow light propagation, lasing without inversion, and in certain 

spectroscopic detection and sensing approaches. We explore the molecular 

modulation technique in Raman-active gasses and solids. Controlled spectral and 

temporal shaping of the resultant waveform will allow arbitrary ultrafast, potentially 

non-sinusoidal, field synthesis. Furthermore, we add another dimension to the laser 

field engineering by using spatial light modulators to shape the transverse beam 

profiles, and make first steps toward production of space- and time-tailored sub-cycle 

optical fields. 

 

*Current Address: Physics Department, University of Michigan, Ann Arbor, Michigan 48109, USA 

**Current Address: Biosystems and Biomaterials Division, National Institute of Standards and 

Technology, Gaithersburg, MD 20899-1070, USA 
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Exotic nanophotonic states for enhanced active photonic systems 
 
 
 
Nicholas Rivera1, Ido Kaminer1, Ling Lu1, Bo Zhen1, Zhiyu Wang2, Dexin Ye2, Lixin Ran2, John D. 

Joannopoulos1, Liang Fu1, and Marin Soljacic1 
 

1 Department of Physics, MIT, Cambridge, MA, USA 
2 Laboratory of Applied Research on Electromagnetics, Zheijang University, Hangzhou, China 

 
 
 
 
 
Nanophotonic systems can support a wide variety of states of unusual properties. I will describe 
how some such states discovered recently (including Weyl points, and NIR graphene plasmons) 
could be useful for a variety of enhanced active photonic devices, including lasers and sensors. 
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Non-equlibrium dynamics of molecular bridge model 

Limits to simplified description by Generalized Master Equations 

 

V. Špička, A. Kalvová, B. Velický
 

Institute of Physics, Academy of Sciences of the Czech Republic 

 Na Slovance 2, 182 21 Praha 8, Czech Republic
 

 

This contribution deal with the problem of a proper description of electron dynamics of open 

quantum systems when initial conditions, quantum interferences and decoherence processes play 

important roles. The aim is to understand the full time development of many-body open systems out 

of equilibrium from its initial state over its transient dynamics to its very long time (if e.g. steady 

state exists) dynamics. To deal with the difficult task to find out a proper description of this 

dynamics, we consider a very simple structure which, however, represents well open quantum 

systems: a molecular bridge between two leads. In this model the dynamics of electrons depends on 

the joint effect of the initial state with correlations and of the driving external disturbances 

(represented here by the change in the coupling between the leads and the bridge) setting on at the 

finite initial time. After the disturbances cease acting and the initial correlations die out, the process 

enters the non-equilibrium quasi-particle mode permitting, under some circumstances, a reduced 

description.  
 

The possibility of simplified descriptions will be discussed on non-equilibrium dynamics of 

molecular bridge 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. The coupling strength of the junctions is assumed to undergo rapid changes. This 

modulates the connectivity of the system. The resulting switching events lead to transient magnetic 

currents and changes of magnetization at the island. The constant galvanic bias between the 

electrodes serves as an external control parameter. The model can be treated using the non-

equilibrium Greens functions (NGF) [1] numerically. This provides a reference framework for 

testing the possibility of a simpler and physically more transparent solution by a Generalized Master 

Equation resulting from the NGF scheme approximated by the Generalized Kadanoff - Baym 

Ansatz (GKBA) [1, 2]. The basic question addressed is the range of applicability of these 

approximations. It turns out that 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. Favorable for the validity of an Ansatz are weak tunneling and 

spectrally flat tunneling functions. We find out how far it is possible to stretch these conditions. The 

advantages and limitations of the use of the GKBA will be demonstrated [2,3]. 

 

[1] V. Špička, A. Kalvová, B. Velický, Int. J. Mod. Phys B 28, 1430013 (2014). 

[2] A. Kalvová, V. Špička and B. Velický, J. Supercon. and Novel Mag., 

DOI 10.1007/s10948-016-3680-2 (2016). 

[3] V. Špička, A. Kalvová, B. Velický, Fortschritte der Physik to be published (2017) . 
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Topological photonics research at Sandia Lab 

Ganapathi Subramania 

Sandia National Laboratories, Albuquerque, NM 87185, USA 

Topological photonic structures in analogy to their electronic counterparts can provide new 
functionalities in nanophotonics. In particular, they can possess topologically protected photonic modes 
that can propagate unidirectionally without scattering and can have an extreme photonic density of 
states (PDOS). These unique properties can directly impact many photonic systems used in quantum 
information processing applications such as single photon transport. Several theoretical works and 
experimental demonstrations of topological states have been done on macroscopic systems such as 
optical fiber arrays and microwave structures. Enabling such properties at optical frequencies and on 
chip-scale will be very important for practical applications of such phenomena.  We present work 
conducted at Sandia lab towards the goal of optical frequency chipscale nanophotonic structures with 
topological properties.  We will discuss implementation of topological photonic structures in 
semiconductor based systems (e.g. Si, GaAs and GaN). 

Sandia National Laboratories is a multi-mission laboratory managed and operated by Sandia 
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of 
Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000. 

 

 

Figure: a) Band structure showing photonic spin hall effect (unidirectional 
photonic spin propagation) at the interface of a topological/trivial honeycomb 
photonic lattice. b) Structure patterned in GaN. 
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Plenary Talk on: 
    Recombination X-Ray Laser in “Water Window” for High Resolution X-Ray 

Microscopy of Biological Cells in Natural Environment. 
                                   Szymon Suckewer, Princeton University 
 

Abstract : The main subject of the talk is high resolution images of live biological cells in their 
natural environment using X-ray microscope and compact X-Ray Laser (XRL) in the “water 
window”. The “water  window” (“ww”) covers the range of wavelengths of 2.3-4.4nm, in which  
water is quite transparent for our XRL wavelength while a cell images have a good contrast. The 
high resolution and good contrast will enable to obtain the images of membranes of live normal 
and cancer cells, which are expected to provide quite fast recognition of the cancer cells in their 
early stage of the development.  
          Recently a high gain, G/cm, in the recombination XRL at 4.0nm was demonstrated for the  
first time. However, the practical applications of XRL require its pulses to have energy in the 
order of several µJ, and particularly for the high resolution X-ray microscopy of biological cells  
in a single shots, which will require about 2 - 4µJ energy per pulse for 4.0nm laser beam 
radiation. Therefore, the crucial issue will be the search for conditions for large beam intensity 
amplification, hence significantly larger gain-length product, G*L, than so far obtained, as XRL 
beam intensity is I ~ eGL.  
          The natural extension of this search will be generation of high intensity XRL beam also at 
other wavelengths in“ww”, especially in H-like CVIat 3.4nm, which would provide additionally 
important data of high resolution images for biological cell structures. 
          The lasing at 3.4nm in recombination XRL could also provide the opportunity to generate  
attosecond pulses in the “water window” at high efficiency, as it is predicted theoretically by 
Prof. Kocharovskaya and her team and will be presented in details in the Invited Session.    
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Single-photon superradiance and radiation trapping by atomic shells 

Anatoly Svidzinsky1, Fu Li1, Hongyuan Li2, Xiwen Zhang1, Raymond Ooi3 and Marlan Scully1,4 

1Texas A&M University, 2Xi’an Jiaotong University, 3University of Malaya, 4Baylor University 

The collective nature of light emission by atomic ensembles yields fascinating effects such as 

superradiance and radiation trapping even at the single-photon level. Light emission is 

influenced by virtual transitions and the collective Lamb shift which yields peculiar features in 

temporal evolution of the atomic system. We study how two-dimensional atomic structures 

collectively emit a single photon. Namely, we consider spherical, cylindrical, and spheroidal 

shells with two-level atoms continuously distributed on the shell surface and find exact 

analytical solutions for eigenstates of such systems and their collective decay rates and 

frequency shifts [1]. We identify states which undergo superradiant decay and states which 

are trapped and investigate how size and shape of the shell affects collective light emission. 

Our findings could be useful for quantum information storage and the design of optical 

switches. 

 

 

 
 [1] Anatoly A. Svidzinsky, Fu Li, Hongyuan Li, Xiwen Zhang, C.H. Raymond Ooi, and Marlan O. Scully 
Phys. Rev. A 93, 043830 (2016). 

Figure: Spherical, cylindrical and spheroidal geometry of atomic shells, corresponding eigenstates, 
collective decay rates and frequency shifts. 
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Engineering Plasmonic Systems for Fuel and Chemical Production 

Syed Mubeen 
Assistant Professor, Chemical and Biochemical Engineering Department 

University of Iowa 
 
Abstract. Environmental considerations require the world, to increase, ever more urgently, the 
renewables fraction of its energy usage. The focus on solar energy will certainly rise, and will include 
both photovoltaics and the much less well developed goal of using sunlight to convert available 
feedstocks such as water, CO2 and domestic and industrial waste directly to valuable chemicals and 
fuels. This talk will introduce our research efforts to develop novel plasmonic systems to convert light 
energy directly into high free energy materials that can be used as fuels and fine chemicals, thereby 
storing the solar energy in a high energy density and transportable form. Specifically, here we report 
our efforts to develop a novel molecular level design and synthesis strategy for successfully utilizing 
hot electrons from plasmonically active metals to drive important fuel and chemical producing 
reactions such as water splitting and CO2 reduction reaction. The devices built using plasmonic 
metals demonstrated very stable operation under photoelectrochemical environment of the cell 
allowing us to strike a compromise between efficiency and durability for converting sunlight to usable 
and chemicals. 
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Blue–shifting soliton driven high harmonics 
F. Tani1, F. Köttig1, J. C. Travers1,2, and P. St.J. Russell1 

1Max Planck Institute for the Science of Light, Staudtstrasse 2, 91058 Erlangen, Germany 
2School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, United Kingdom 

 
Soliton dynamics offer a wide range of 
powerful tools for nonlinear 
manipulation of ultrashort light pulses. 
In gas-filled hollow-core photonic 
crystal fibers (HC–PCFs), the weak 
anomalous dispersion gives access to 
these dynamics over a broad spectral 
range in the visible and near infrared 
regions, and by tuning the dispersion, it 
is possible to further control the 
interplay with the Kerr nonlinearity. By 
making use of these dynamics it is for 
example possible to compress pulses 
down to a single cycle. In addition to the Kerr effect, temporally non-local and delayed nonlinearities 
such as Raman scattering and ionization offer additional tools for manipulating guided light pulses. 
Differently from Raman, in the case of ionization, the modulational frequency is directly related to 
the temporal pulse profile, which, nevertheless, can be kept almost constant over an extensive length 
by taking advantage of soliton dynamics (Fig. 1). 
In this talk, I will present the results of two experiments, which show soliton dynamics in the presence of 
photoionization and how these can be exploited. 
In the first experiment, we have shown that besides up–shifting in frequency the soliton by more than 100 
THz, it is also possible to exploit the ionization current to induce soliton fission and in this way modulate the 
pulse propagating in the gas-filled HC–PCF with a variable frequency between 40 and 60 THz [1]. 
In the second experiment, the fiber output tip was fed into a vacuum chamber delivering the laser 
pulses to a gas–jet for high harmonic generation. By exploiting the ionization-induced soliton blue-
shift in the fiber, we could continuously tune the frequency and control the bandwidth of the 
harmonics (Fig. 2) [2]. 

 
[1] F. Köttig, F. Tani, J. C. Travers, and P. St.J. Russell, “PHz-wide spectral interference through coherent plasma–
induced fission of higher-order solitons”, submitted PRL (2016). 
[2] F. Tani, M. H. Frosz, J. C. Travers, and P. St.J. Russell, “Wavelength-tunable high harmonic generation by blue-
shifting solitons”, Europhoton (2016). 

Figure 2. Sketch of the experimental arrangement for high harmonic generation. A gas-filled kagomé-type HC–PCF is 
used to compress and blue-shift a 25 fs laser pulse at 800 nm and to deliver it to a gas–jet for high harmonic 
generation. High harmonic (left) and pump pulse (right) spectra for increasing launched pulse energy. The white curve 
on the right-hand side tracks 19 times the wavelength of the 19th harmonic. 

Figure 1. Simulation showing snapshots of a pulse undergoing 
soliton self–compression in a gas–filled HC–PCF and the 
corresponding free electron densities. 
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Directly	 probing	 spin	 dynamics	 in	 insulating	 antiferromagnets	
using	 ultrashort	 THz	pulses	

	
P.	Bowlan,	S.	A.	Trugman,			

D.	A.	Yarotski,	R.	P.	Prasankumar	and	A.	J.	Taylor		
Los	Alamos	National	 Laboratory,	 Los	Alamos,	NM	87545,	USA	

	
	
We	 demonstrate	 a	 new	 approach	 for	 directly	 tracking	 antiferromagnetic	 (AFM)	 spin	
dynamics	by	measuring	ultrafast	changes	in	a	magnon	resonance.	We	test	this	idea	on	
the	multiferroic	HoMnO3	by	optically	photoexciting	electrons,	after	which	changes	in	the	
spin	order	 are	probed	with	 a	 THz	pulse	 tuned	 to	 a	magnon	 resonance.	 This	 reveals	 a	
photoinduced	change	in	the	magnon	line	shape	that	builds	up	over	~5-12	picoseconds,	
which	we	show	to	be	the	spin-lattice	thermalization	time,	indicating	that	electrons	heat	
the	 spins	 via	 phonons.	 We	 compare	 our	 results	 to	 previous	 studies	 of	 spin-lattice	
thermalization	 in	 ferromagnetic	 (FM)	 manganites,	 giving	 insight	 into	 fundamental	
differences	 between	 the	 two	 systems.	 Our	 work	 sheds	 light	 on	 the	 microscopic	
mechanism	governing	spin-phonon	 interactions	 in	AFMs	and	demonstrates	a	powerful	
approach	 for	 directly	 monitoring	 ultrafast	 spin	 dynamics.	 Results	 for	 other	
antiferromagnetic	materials	will	also	be	discussed.	
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Probing quantum matter with light

J. M. Taylor1,2

1 Joint Quantum Institute, University of Maryland, College Park, MD, USA
2 Joint Center for Quantum Information and Computer Science,

University of Maryland, College Park, MD, USA

Advances in quantum devices have led the way to hybrid quantum systems – where the
best coherence properties of light are combined with other functionalities, from transduction
of weak signals to strong nonlinear interactions to dramatic modifications of the nominal
vacuum. I will discuss our efforts for using the quantum behavior of light from the practical
to the exotic. Specifically, combining optical and microwave domain technologies, we can
take advantage of quantum effects to enable new sensors, quantum transducers, and even
nonlinear optical and microwave devices. Beyond these initial applications, I will also discuss
how to move into the many-body regime for interacting photons by engineering strong
nonlinearities and by the creation of a robust, tunable chemical potential for light.

(a)

(b)

FIG. 1: (a) An optomechanical system, with a mechanically-compliant mirror coupling to circulating
light in a Fabry-Perot cavity. Induction of signals on the mirror via forces from electrical circuits
or even Brownian motion can be measured in the sidebands induced on the optical field, enabling
a quantum interface between motion and light. (b) A hybrid circuit QED-semiconductor quantum
dot system, which enables the generation of non-classical and thermal light into the superconducting
resonator system. This combination of high microwave nonlinearity with strong coupling to the
semiconductor bath enables the near-equilibrium generation of many-body states of light.
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Design and Characterization of Materials for Rare-earth Quantum Memories 

C.W. Thiel,1 R.M. Macfarlane,1 T. Böttger,2 P.J.T. Woodburn,1 A. Marsh,1 and R.L. Cone1 
1Montana State University, Bozeman, MT, USA             2University of San Francisco, San Francisco, CA, USA 

Realization of practical solid-state quantum memories depends on identifying materials that offer 
a demanding combination of physical properties along with massively parallel channel 
scalability to provide required data rates, for example in secure communication networks. 
Already, experimental demonstrations and theoretical analysis by groups across the world have 
shown that rare-earth ions doped into dielectric crystals are one of the most promising candidates 
to meet all of the requirements for multimode optical quantum information storage protocols.  

Quantum states encoded onto temporal, spectral, 
polarization, and spatial modes of light can all be stored 
and recalled using the massive information handling 
capacity of rare-earth-doped crystals. The phenomenon of 
spectral hole burning enables spectrally distinct ensembles 
of ions within the high-density environment to be 
individually manipulated and interrogated, leading to the 
potential for 106 or more frequency multiplexed storage 
channels in addition to the large intrinsic spatial multiplexing capacity of volumetric storage. To 
attain this full potential requires advances in our fundamental understanding and practical control 
of the physical processes that govern ion-ion, ion-spin, and ion-lattice interactions within the 
crystal lattice. At the same time, new knowledge is crucially needed regarding the role of 
material chemistry and fabrication in determining, and sometimes limiting, material properties.  

In this presentation, we review unique 
properties of rare-earth-doped crystals required 
by solid-state quantum memories for light and 
outline active research aimed at understanding, 
optimizing, and ultimately engineering these 
properties. We also highlight the identification 
and control of both static disorder (e.g. strain) 
and dynamic disorder (e.g. magnetic entropy) 
and the resulting effects on optical coherence, 
spectral multiplexing capacity, spin-state 
lifetimes, and other key parameters. Ongoing 
efforts also focus on understanding 
decoherence resulting from defects introduced 
during the growth and sample fabrication 
processes. These concepts are applied to 
specific rare-earth-doped materials and illustrated by recent results on quantum memory 
materials with enhanced properties. Finally, we discuss how insights gained into structural and 
chemical defects of high-quality materials used for quantum information may also be applied 
more broadly to traditional applications such as laser materials, phosphors, and scintillators. 

Thiel, Böttger, Cone, J. Lumin. 131 (2011) 353; Thiel, Cone, Babbitt, PRB 85 (2012) 174302; Thiel, Macfarlane, 
Sun, Böttger, Sinclair, Tittel, Cone, Laser Phys. 24 (2014) 106002; Thiel, Sun, Macfarlane, Böttger, Cone, J. Phys. 
B: At. Mol. Opt. Phys. 45 (2012) 124013; Thiel, Sinclair, Tittel, Cone, PRL 113 (2014) 160501 

Fig 1. Inhomogeneously broadened resonance.
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Photo-induced force mapping of plasmonic nanostructures 

Thejaswi U. Tumkur, Xiao Yang, Bo Jiang, Wei-Ren Wang, Xuemin Zhang, Benjamin Cerjan, 

Yankuan Wei, Tom Lee, Rakesh Vijayakumar, Shah M Bahauddin, Hossein Robatjazi, Chloe 

Doiron, Xuejun Liu, Parker Wray, Naomi J. Halas, Peter Nordlander, and Isabell Thomann 

 
Department of Electrical and Computer Engineering, Materials Science and Nanoengineering, Chemistry 

 Rice University, Houston, Texas, USA 

Email: isabell.thomann@rice.edu 

Plasmonic nanoparticles serve as efficient optical nanoantennae that interact with light with an 

effective cross section exceeding their geometric size. We have recently exploited this antenna 

effect to engineer photoelectrodes for solar water splitting, optimizing for different plasmonic 

decay mechanisms such as near-field energy transfer to the surrounding semiconductor [1], 

plasmon-induced hot carrier generation and utilization [2], and broadband extreme light 

absorption within monolayer MoS2 [3]. However, often more than one plasmonic decay 

mechanism is at work, which makes it challenging to separate out the relative contributions and 

optimize them efficiently for solar water splitting. Novel characterization tools to study the 

heterogeneity of plasmonic photocatalysts both in terms of their morphology and optical near-

field enhancements in-situ are therefore of 

widespread interest. Here we introduce a novel 

technique called photo-induced force microscopy 

that allows for simultaneous imaging of 

topographical features and spectroscopic 

characterization of near-field distributions with 

high spectral selectivity and temporal resolution. In 

this technique, a nanoscale tip is brought in the 

vicinity of the sample, which is optically excited. 

The photo-induced gradient forces between the tip 

and the sample can be detected with nanometer-

scale spatial resolution, along with topographical information in atomic force microscopy 

tapping mode. I will show examples of our combined experimental-theoretical study [4] where 

we map force intensity enhancements in nanostructures and compare them to simulated force 

intensity enhancements  in which a realistic tip-sample geometry is modeled using Maxwell-

Stress tensor methods. Near-field inhomogenities with a spatial resolution less than 10 nm are 

easily resolved. As such, photo-induced force microscopy will be a welcome addition to the 

toolbox of nanoscale characterization methods, and will find additional useful applications for 

the characterization of precisely manufactured nanostructures and surface-enhanced Raman 

scattering (SERS) substrates. Time permitting, I will discuss charge carrier dynamics in hybrid 

nanoparticles composed of plasmonic / two-dimensional materials, and applications of photo-

induced force microscopy to these study photocatalytic processes. 

[1] Nano Letters 2011, 11, p 3440 

[2] Nano Letters 2015, 15 (9), p 6155; Chemistry of Materials 2016, 28 (13), p 4546 

[3] ACS Photonics 2016, 3 (5), p 853 

[4] Nano Letters 2016, Articles ASAP (As Soon As Publishable) 
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Symmetry-protected collisions between strongly interacting photons

Jeff D. Thompson,1, 2 Travis L. Nicholson,3 Qi-Yu Liang,3 Sergio H. Cantu,3 Aditya V. Venkatramani,1

Soonwon Choi,1 Ilya A. Fedorov,4 Daniel Viscor,5 Thomas Pohl,5 Mikhail D. Lukin,1 and Vladan Vuletić3

1Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
2Department of Electrical Engineering, Princeton University, Princeton, NJ 08544, USA

3Department of Physics and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

4Russian Quantum Center, Moscow 143025, Russia
5Max Planck Institute for the Physics of Complex Systems, 01187 Dresden, Germany

Realizing robust quantum phenomena in strongly interacting systems is one of the central chal-
lenges in modern physical science. Approaches ranging from topological protection to quantum
error correction are currently being explored across many different experimental platforms, includ-
ing electrons in condensed-matter systems, trapped atoms, and photons. Although photon-photon
interactions are typically negligible in conventional optical media, strong interactions between indi-
vidual photons have recently been engineered in several systems. In this talk, I will present recent
results on using coherent coupling between light and Rydberg excitations in an ultracold atomic gas
to demonstrate a controlled and coherent exchange collision between two photons that is accompa-
nied by a π/2 phase shift. The effect is robust in that the value of the phase shift is determined
by the interaction symmetry rather than the precise experimental parameters, and that it occurs
under conditions where photon absorption is minimal. The measured phase shift of 0.48(3)π is in
excellent agreement with a theoretical model. These observations open a route to realizing robust
single-photon switches and all-optical quantum logic gates, and exploring novel quantum many-body
phenomena with strongly interacting photons. [1]
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FIG. 1. In the limit of high atomic density, the phase shift between two colliding photons saturates to π/2, a value which

is protected by the underlying symmetries of the interaction. The absorption losses also decrease asymptotically as OD
−3/2
b ,

where ODb is the optical depth over one Rydberg blockade radius.

[1] J.D. Thompson, T.L. Nicholson et al (2016). Symmetry-protected collisions between strongly interacting photons. Nature,
in press.
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A new MIE scattering: Microscopic Interface Engineering

for enhanced spectroscopy

J.V. Thompson1, B.H. Hokr1, and V.V. Yakovlev1

1Texas A&M University, College Station, TX, 77843, USA

Abstract

Optical spectroscopy and detection techniques are severely limited by the occurrence of strong optical
scattering. For example, spontaneous Raman scattering is an extremely powerful tool for the detection
and identification of chemical materials1 but its usefulness is limited in many biological and security2,3

related instances because the chemicals of interest are contained deep within a scattering material4.
This limitation is due to low optical penetration depth and short interaction time of light within the
medium. For weak processes like spontaneous Raman scattering, this means the generation of signal
from the incident light is low. Here, we demonstrate that by enhancing the injection of light into a
highly scattering material, the penetration depth and interaction time can be substantially increased.
In particular, through microscopic interface engineering, we observe the effects of enhanced optical
coupling; namely, a much larger radius of diffusion, orders of magnitude more transmission through
the sample, and at least an order of magnitude larger interaction time of light within the sample.
Furthermore, we demonstrate that this enhanced coupling facilitates the generation of two orders of
magnitude more light from a spontaneous Raman scattering process. Because this technique enhances
both the penetration distance and the interaction time of the laser light within the material, it will
extend the range and sensitivity of many spectroscopic techniques (Raman, fluorescence, etc.) inside
highly scattering environments.
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The coupling of light into a highly scattering material is enhanced by focusing the
light into a microscopic hole engineered in the optical interface. Enhanced coupling
results in a greater interaction of light with the material, as is evident by an increased
diffusion radius (a,b) as well as enhanced Raman scattering (c).

1B. H. Hokr et al., Proc. Natl. Acad. Sci. 111, 12320–12324 (2014).
2R. Arora et al., Anal. Chem. 86, 1445–1451 (2014).
3R. Arora et al., Proc. Natl. Acad. Sci. 109, 1151–1153 (2012).
4J. V. Thompson et al., Opt. Lett. 41, 1769–1772 (Apr. 2016).
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Single-Photon Superradiance from a Large Quantum Dot

P. Tighineanu1 and P. Lodahl1
1. Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, DK-2100 Copenhagen, Denmark

Enhancing the interaction between quantum emitters and light is an ongoing quest in quantum physics. The realization
of efficient photonic nanostructures has led to remarkable progress in manipulating single quanta of light and matter [1].
Here we demonstrate another approach to enhancing light-matter interaction [2], single-photon superradiance (SPS), which
is achieved by storing a single quantum of energy in the collective state of a large quantum dot (QD). The superradiant
state is prepared deterministically with a laser pulse and leads to the generation of a single photon with near-unity proba-
bility. Our work emphasizes the extraordinary potential of large QDs for improving the radiative efficiency, coherence, and
quantum nonlinearities of single-photon sources that may readily be embedded in nanophotonic quantum devices.
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Fig. 1 (a) SPS in an atomic ensemble, where the mesoscopic dipole originates from a constructive interference of atomic wavefunctions.
(b) In a large QD, the elementary excitation is an electron-hole pair whose electrostatic attraction is stronger than the QD quantum
confinement. (c) Time-resolved decay of an optically excited electron-hole pair inside the large QD. An excellent fit (yellow line) of
the theoretical model to the data (black dots) is obtained. The extracted radiative rate of (8.3±0.1) ns−1 is deeply in the superradiant
regime (green area). Inset: The single-photon nature of the emission is demonstrated in a Hanbury-Brown-Twiss experiment from which
a zero-time correlation function of g(2)(0) = 0.13 is found.

The hallmark of SPS is a collective quantum state |Ψ〉 = 1√
N ∑ j

∣∣g1g2...e j...gN
〉
, where N is the number of emitters,

the j-th emitter is in the excited state |e〉, and all others in the ground state |g〉. The remarkable property of |Ψ〉 is that
it couples to light N times stronger than a single emitter. Previous experiments have investigated SPS in non-interacting
atomic ensembles [4], where excitations are localized to a single emitter at a time, cf. Fig. 1(a). Here we explore SPS
in a strongly interacting quantum system. Our mesoscopic ensemble is a monolayer-fluctuation QD with a quantum-
confinement energy smaller than the electron-hole electrostatic attraction. We show that the fundamental excitation in
such a system has a superradiant character with the wavefunction ΨQD(R,r) = ∑ j c(R j)φX(R−R j,r), where c is a slowly
varying envelope, r (R) is the relative (center-of-mass) electron-hole coordinate, the index j runs over the unit cells of the
QD, and the internal electron-hole dynamics is governed by φX. The state ΨQD is in a spatial superposition of excitations
as illustrated in Fig. 1(b) and is a generalization of SPS.

The experimental evidence of SPS is an enhanced radiative emission rate beyond the threshold imposed by conventional
(i.e., small) QDs. The time-resolved decay is illustrated in Fig. 1(c), which is analyzed using a recently developed model [2]
exploiting the fine structure to discriminate between radiative and non-radiative processes. The extracted oscillator strength
of 72.0±0.8 is far beyond the upper limit of 17.4 of conventional QDs. We can faithfully reconstruct the wavefunction
ΨQD and find a quantum-dot diameter of 24 nm enclosing 90,000 atoms. The superradiant enhancement is limited by the
base temperature of our cryostat (7 K) and may lead to oscillator strengths above 1000 at sub-Kelvin temperatures [2].

The subtle interplay between size and symmetry may cause other mesoscopic effects in large QDs. It has been shown
recently that In(Ga)As QDs may break the electric-dipole theory and couple to the magnetic field of light [5]. Microscopi-
cally, this is caused by the lack of parity symmetry of the electronic wavefunction [6].

References
[1] P. Lodahl, S. Mahmoodian, and S. Stobbe, Rev. Mod. Phys. 87, 347 (2015).
[2] P. Tighineanu, R. Daveau, T. B. Lehmann, H. E. Beere, D. A. Ritchie, P. Lodahl, and S. Stobbe, Phys. Rev. Lett. 116, 163604 (2016).
[3] R. H. Dicke, Phys. Rev. 93, 99 (1954).
[4] R. Röhlsberger, K. Schlage, B. Sahoo, S. Couet, and R. Rüffer, Science 328, 1248 (2010).
[5] M. L. Andersen, S. Stobbe, A. S. Sørensen, and P. Lodahl, Nat. Phys. 7, 215 (2011).
[6] P. Tighineanu, A. S. Sørensen, S. Stobbe and P. Lodahl, Phys. Rev. Lett. 114, 247401 (2015).
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Quantum Theory of Superresolution for Incoherent Optical Imaging

Mankei Tsang1, 2, ∗

1Department of Electrical and Computer Engineering,
National University of Singapore, 4 Engineering Drive 3, Singapore 117583

2Department of Physics, National University of Singapore, 2 Science Drive 3, Singapore 117551

Modern imaging research recognizes that three
ingredients are crucial in defining the resolution of
an imaging system: the wave nature of light, which
introduces a spatial bandwidth limit to the fields, the
particle nature, which introduces shot noise, and the
use of proper statistics, which quantifies the accu-
racy of inferring unknown parameters from the noisy
measurements. Quantum metrology is the ideal tool
to take all three factors into account and derive the
true resolution limits in accordance with quantum
mechanics. Using this theory, we recently discov-
ered that the precision of statistical inference for the
farfield imaging of incoherent sources can be en-
hanced by orders of magnitude over previously es-
tablished limits [1, 2]; Fig. 1 shows an example.
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FIG. 1. Top: Direct images of two incoherent point
sources with different separations. Bottom: Cramér-Rao
bounds on the error of estimating their separations versus
the true separation (θ2 is the separation, σ is the width
of the point-spread function, and N is the photon num-
ber). Whereas the bound for direct imaging blows up for
smaller separations, quantum metrology suggests that the
error can remain constant with cleverer measurements.

Soon after we publicized our work, four inde-
pendent experimental demonstrations have been re-
ported [3], while related theoretical studies by other
groups have also appeared [4]. Beyond the two
sources considered in our original work, we also re-
cently generalized our theory for arbitrary distribu-
tions of multiple sources [2]. As our proposals in-
volve only thermal sources, linear optics, and photon
counting, a clear path towards applications in flu-
orescence microscopy, remote sensing, and astron-
omy can be envisioned.

For more information, please see the FAQ
at https://sites.google.com/site/
mankeitsang/news/rayleigh/faq.

∗ mankei@nus.edu.sg
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Nonlinear Scattering and Time Resolved Nonlinear Properties of Plasmonic 
Materials and Systems 

A.M. Urbas 
Air Force Research Lab, Dayton, Ohio 

augustine.urbas@gmail.com 
Metamaterials provide the ability to design materials properties to meet the unique needs of applications 

beyond what is possible with conventional materials. From spatially tailored dielectrics to tunable, dynamic 
material properties and unique nonlinear behavior, these systems offer tremendous flexibility to application 
engineers. In this presentation, we focus on studying the nonlinear properties of plasmonic and metamaterial 
systems where the careful balance of multipolar components allows for control of linear and nonlinear 
scattering cross sections and directionality, and on characterizing the nonlinearities of component materials. 
Nonlinearity in the component materials can enable controllable nonlinear excitation of multipoles leading to 
enhancement, suppression, directional control of nonlinear generation (as diagramed to the left), and 

nonreciprocal response. The overall system response is dictated by the 
design of the plasmonic dimer, i.e. the thicknesses and size of metallic and 
spacer components, and the design process is enabled by tools we have 
developed to retrieve dimer polarizabilities. These effects arise due to the 
nonlinear response of the component materials and we are actively pursuing 
novel materials systems and growth procedures to produce structures with 
controlled response. A significant part of this work focuses on the 
characterization of time resolved nonlinear response in plasmonic and 
dielectric materials. We employ the beam deflection method to measure the 

nonlinear refraction and absorption of thin films. Beam deflection is a pump probe technique which offers 
extreme sensitivity to nonlinear response in materials. This allows us to measure the response of films at the 
dimensions relevant to our dimer designs deposited using the same techniques and reveal thickness and process 
dependent changes in the properties of nonlinear materials.  

 
Graphene is a challenging 
material to measure and is 
among the materials of interest 
due to its unique properties such 
as high thermal conductivity, 
damage threshold, optical 
nonlinearity, and broadband 
saturable absorption. These 
characteristics are useful in designing nonlinear response from structured materials. The understanding of the 
time dynamics of the mechanisms is relevant to the design process and of interest to the community. In this 
work we present nonlinear refraction, 𝑛𝑛𝑛𝑛2, and nonlinear absorption, 𝛼𝛼𝛼𝛼2, measurements taken by the Beam 
Deflection (BD) technique of several plasmonic and dielectric materials, including Graphene shown above, in 
order to determine the response mechanisms and their associated parameters and the impact on their potential 
use in nonlinear plasmonics. 
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Quantum Plasmonics for Nanoscale Bio-imaging 

Dmitri V. Voronine and Marlan O. Scully 

Texas A&M University, College Station, TX 77843 

Baylor University, Waco, TX 76798 

 

ABSTRACT 

Quantum plasmonic effects play an important role in surface-enhanced 

spectroscopy when the gap between the plasmonic nanoparticles is in the sub-

nanometer range, leading to electron tunneling and near field quenching. Rapid 

development of bio-imaging relies on improving spectroscopic signal 

enhancement and imaging contrast. We have investigated tip-enhanced optical 

signals of biological cells and obtained nanoscale images which reveal surface 

topography and chemical information. We performed distance dependence 

studies of the tip-sample interactions and optimized the imaging contrast by 

reducing the tip-sample gap to sub-nanometer scale using silver and gold tips. 

We investigate the resulting nano-optical absorption and scattering signals and 

discuss applications. 

 

  
 

Figure: Quantum plasmonic imaging of a bacterial cell aggregate using tip-enhanced spectroscopy.  
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Monolithic CMOS-compatible zero-index metamaterials

D. I. Vulis1, Y. Li1, O. Reshef1,2, P. Camayd-Muñoz1, M. Yin1, S. Kita1,3, M. Lonc̆ar1, and E. Mazur1

1 Department of Physics and School of Engineering and Applied Sciences, Harvard University, 9 Oxford Street, Cambridge, Mas-
sachusetts 02138
2 Current address: Department of Physics, University of Ottawa, 25 Templeton Street, Ottawa, Ontario K1N 6N5, Canada
3 Current address: Photonic Nano-Structure Research Group, Optical Science Laboratory, NTT Basic Research Laboratory, 3-1 Wakamiya,
Morinosato, Atsugi, Kanagawa 243-0198, Japan

Figure 1: Fabricated zero-index meta-
material prism showing the incident and
refracted (α) beams.

Metamaterials with a zero index of refraction offer uniform spatial phase
and infinite wavelength [1, 2]. These extreme properties can be utilized for
numerous integrated-optics applications including supercoupling [3] and si-
multaneous phase matching in nonlinear optics [4]. However, practical im-
plementation of zero-index-based photonic devices necessitate integration
with complementary metallic-oxide-semiconductor (CMOS) technologies.
Zero-index metamaterials have been recently demonstrated in both out-of-
plane [5] and on-chip configurations [6] by taking advantage of a photonic
Dirac-cone dispersion at the center of the Brillouin zone [1]. Such de-
signs offer matched impedance and low losses through simultaneously zero
effective permittivity and permeability. However, these previously demon-
strated configurations are inherently incompatible due to an out-of-plane
configuration or metallic and high aspect-ratio structures, respectively.

We demonstrate a CMOS-compatible zero-index metamaterial consist-
ing of a square array of air-holes in a 220-nm-thick silicon-on-insulator (SOI)
wafer. This design is achieved through iteration of air-hole radius (r) and unit cell pitch (a). Using this air-hole
in silicon configuration, we increase the proportion of silicon as compared to previous designs based on infinitely
tall silicon pillars. This allows us to achieve a platform with low-aspect-ratio features and improved confinement of
transverse electric (TE) polarized light.

Figure 2: a) Near-infrared microscope image
of the prism at zero-index wavelength 1625 nm,
showing the refracted beam. The black dotted
lines indicate the position of the prism and input
waveguide. b) Effective index of the metamate-
rial extracted from the measured (blue dots) and
simulated (red line) angles of refraction (α).

To experimentally verify the refractive index, we measure refrac-
tion of TE-polarized light through a right triangular prism consisting
of the metamaterial (Figure 1). The refracted beam exits the prism
and is scattered at the edge of an adjacent semicircular SU-8 slab
waveguide, where the angle of refraction, α, is imaged by a near-
infrared camera. The index of refraction neff is then extracted using
Snell’s Law:

nSU8/neff = sin 45◦/ sinα (1)

We observe a linear relation between refractive index and wavelength
with the index transitioning from positive to negative index regimes
and a zero index crossing of λ = 1625 nm (Figure 2).

With a relatively trivial monolithic fabrication and a capacity
for integration with the expansive library of existing silicon photonic
devices, this CMOS-compatible design will allow for implementation
of several proposed zero-index devices and offers a powerful platform
for exploring the future applications of zero-index materials.

1

[1] Huang, X., Lai, Y., Hang, Z. H., Zheng, H. & Chan, C. T. Nat. Mater.
10, 582–586 (2011).

[2] Engheta, N. Science 340, 286–287 (2013).

[3] Edwards, B., Alù, A., Young, M. E., Silveirinha, M. & Engheta, N.
Phys. Rev. Lett. 100, 1–4 (2008).

[4] Suchowski, H. et al. Science 342, 1223–1226 (2013).

[5] Moitra, P. et al. Nat. Photonics 7, 791–795 (2013).

[6] Li, Y. et al. Nat. Photonics 9, 738–742 (2015).
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Fetal Magnetocardiography With an Atomic Magnetometer Array 
Thad Walker 

University of Wisconsin-Madison 
 
 Atomic vapor cell magnetometers today have 1-2 orders of magnitude lower 
noise floors than their predecessors.  The key advance, by M. Romalisi, was to exploit 
an important piece of physics discovered and studied by W. Happerii in the ‘70s but 
never fully pursued: spin-exchange narrowing of magnetic resonance lines. Under 
conditions of rapid spin-exchange (SERF regime), where the spin-exchange collision 
rate exceeds the Larmor precession frequency, spin-exchange collisions conserve all 
components of the total angular momentum of the colliding atoms.  The primary effect 
of spin-exchange collisions is to reduce somewhat the effect gyromagnetic ratio of the 
atoms, but the resonance linewidths are set by spin-non-conserving collisions with cell 
walls and other atoms in cell, and it is not hard to have linewidths in the few 10s of Hz.  
Such narrow lines, in a sample of order 1014 atoms, gives quantum projection 
sensitivity limits of order 10-13 Gauss/ Hz, much lower than the noise level of 10-11 

Gauss/ Hz in a commercial magnetically shielded room. 

 In this talk I will describe our work, in 
collaboration with R. Wakai, on developing 
small arrays of SERF atomic magnetometers 
for a particular application: fetal 
magnetocardiography(fMCG).  
Electrocardiograms are not feasible for 
fetuses, so detection of heart 
abnormalities requires magnetic 
detection to analyze the details of the 
fetal heart rhythms.  A few years agoiii 
we used a 4-channel array to fake the 
first detection of fMCG using atomic 
magnetometers; the figure shows the 
real-time signals with fetal P- and QRS-
wave features identified in with arrows 
and circles.  
 Our work in high sensitivity magnetometry has also lead to an interest in 
developing high-SNR methods for NMR of spin-polarized noble gasesiv, which will also 
be described in the talk. 

i I. K. Kominis, T. W. Kornack, J. C. Allred & M. V. Romalis, A subfemtotesla multichannel 
atomic magnetometer array, Nature 422, 596 (2003). 

ii W. Happer and H. Tang, Spin-Exchange Shift and Narrowing of Magnetic Resonance Lines 
in Optically Pumped Alkali Vapors, Phys. Rev. Lett. 31, 273 (1973). 

iii"Robert Wyllie,  Matthew Kauer,  Ronald T. Wakai, and Thad G. Walker, Optical 
magnetometer array for fetal magnetocardiography, Optics Letters 37, 2247 (2012) 
iv A. Korver, D. Thrasher, M. Bulatowicz, and T. G. Walker , Synchronous Spin-Exchange 
Optical Pumping, Phys. Rev. Lett. 115, 253001 (2015). 
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channel. The signals in channels 2–4 are therefore gradio-
metric with respect to channel 1.
Since the probe laser is much larger than the pump la-

ser and because the sensitivity is suppressed where the
pump intensity is high, it primarily detects atoms that dif-
fuse out of the pump beam region. The cells contain
50 torr of N2 gas for excited-state quenching [10] and
roughly 20 torr of He. The diffusion coefficient is esti-
mated to be D ! 2.9 cm∕s. At 150 °C, we estimate that
the effective spin-relaxation rate of the atoms is about
Γ0 ! 6.5∕s, including nuclear spin slowing-down effects
[11]. Since the diffusion length Λ ! 2π

!!!!!!!!!!!
D∕Γ0

p
! 4.2 cm

is greater than the cell size, wall relaxation dominates
spin relaxation in these cells. The large probe beam
and localized pump means we are primarily detecting
atoms in regions with reduced AC Stark shifts and
pump-induced relaxation. Despite the relatively high wall
relaxation rates in these cells (∼85∕s), our 5–10 fT∕

!!!!!!
Hz

p

(f > 20 Hz) single channel sensitivity is somewhat above
the noise level of our shielded room.
We have used the SERF magnetometer array open

loop to detect fMCG signals in real time. The array is
placed with the y ! 0 plane just above the abdominal
skin and relatively centered over the fetus’s position,
with two of the channels closer to the mother’s heart, and
the other two further away. Figure 2 shows the raw

signals observed from a fetus at 31 weeks gestation;
the only filtering is a 80 Hz low-pass filter and a 60 Hz
comb filter. The fetal QRS peaks are readily seen (circled
in the blown-up portion of the signal) with sufficient sig-
nal-to-noise ratio to allow for the positioning of the de-
tector to be adjusted to maximize the fetal signal in
real time. Note that the p-wave components, denoted
by arrows, are also readily observed. These are of parti-
cular importance for diagnosis of arrhythmias. [12]

The sensitivity of the raw fMCG tracings was similar
for the SERF magnetometer and a seven-channel vector
SQUID magnetometer (Tristan Vector Magnetometer,
Tristan, Inc., San Diego) with 21 SQUID detectors. The
SQUID time series was acquired about 10 min after
the SERF time series. A spatial filter [13] was applied to
isolate the fetal signal from the maternal interference,
and averaged waveforms were computed using autocor-
relation to time-align the fetal QRS complexes. Figure 3
shows the averaged fMCG waveforms obtained using the
two magnetometers, and Table 1 shows a comparison of
waveform interval measurements. The intervals mea-
sured with the SERF and SQUID systems show excellent
agreement.

In a hospital setting, large interfering background
fields are often incompletely suppressed by the shielded
room. In our case, a nearby ventilation fan (turned off in
Fig. 2) is the largest interfering field. By running the array
with feedback from one of the channels, we observe real-
time fMCG even in the presence of such interference.
Figure 4 shows the array run with feedback from channel

Fig. 2. (Color online) (Top) Real-time MCG from a 31 week
fetus, showing all magnetometer channels. (Middle) Portion
of channel 2, with an 80 Hz low-pass filter and a 60 Hz comb
filter applied. The fetal QRS complexes are circled; arrows iden-
tify the fetal P-wave components. (Bottom) SQUID gradiometer
signal with the same filters applied. The gradiometry sup-
presses the maternal MCG as compared to the fMCG.

Fig. 3. (Color online) Comparison of the (top) prototype op-
tical magnetometer and (bottom) commercial SQUID signals,
with timings between features corresponding to Table 1.

Table 1. Intervals between Various Components of
the fMCG Waveforms in Milliseconds

Method RR PR P QRS QT QTc

SERF 425 95 42 47 264 405
SQUID 415 90 41 48 241 375

2248 OPTICS LETTERS / Vol. 37, No. 12 / June 15, 2012
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Efficiently characterizing quantum gates and circuits

Joel J. Wallman, Institute for Quantum Computing, University of Waterloo, Canada

Quantum computers promise to revolutionize infor-
mation processing, provided they can be implemented
with sufficiently small errors for the output to be
reliable with an efficient overhead1. For quantum
computers to be useful and reliable, estimating errors
in quantum circuits has to use fewer classical compu-
tational resources than simulating an ideal quantum
computer.

In this talk, I will discuss the primary ways of
quantifying errors E in quantum circuits, namely,
the average gate infidelity r(E) and the diamond
distance from the identity ε�(E) 2, and how they can
be used to estimate the total error rate in a given
circuit3. I will then discuss how these parameters can
be estimated using randomized benchmarking4and pu-
rity benchmarking5by averaging outcome probabilities
over random circuits of the form illustrated in Figure 1.

I will conclude by discussing how ideas from random-
ized benchmarking can be used to reduce the error
rate in quantum circuits6, as demonstrated in Figure 2.

a)
ρ E g1 E g2 . . . gm E gR

b)

ρ E g1 E g2 . . . gm E
Figure 1. Circuit for (a) randomized benchmark-
ing; and (b) purity benchmarking, where the gates
g1, . . . , gm are chosen uniformly at random from the
Clifford group and gR = g−1m . . . g−11 . Let the probabil-
ity of a measurement outcome be p(~g, gR) (for random-
ized benchmarking) or p(~g) (for purity benchmarking)
for a fixed sequence ~g = (g1, . . . , gm). Randomized
and purity benchmarking experiments involve estimat-
ing the probabilities p(~g, gR) and p(~g) for multiple ~g for
each of a variety of lengths m and fitting to the models

〈p(~g, gR)〉~g = Apm +B

〈p(~g)〉~g = A′um +B′

where A,A′, B,B′ are constants, the averages are over
all sequences of m gates and p and u are parameters of
the noise that allow error rates to be estimated.

d)
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Figure 2. (a)–(c) Circuits illustrating randomized com-
piling. (a) A standard quantum circuit organized into
alternating rounds of “easy” and “hard” gates (e.g.,
single- and multi-qubit gates). (b) Random gates and
the corresponding correction gates are introduced be-
fore and after each round of “hard” gates. (c) The
random and correction gates are compiled into the ad-
jacent easy gates, resulting in a logically equivalent cir-
cuit with the same number of gates. Randomly sam-
pling the random gates dramatically reduces the worst-
case error, as shown in (d).

1A. Kitaev, Russ. Math. Surv. 52, 1191-1249 (1997).
2A. Gilchrist, L. Langford, and M. A. Nielsen, Phys. Rev. A 71, 062310 (2005), Y. R. Sanders, J. J. Wallman, and B. C. Sanders,

New J. Phys. 18, 012002 (2015).
3J. J. Wallman, arXiv:1511.00727, A. C.-Dugas, J. J. Wallman, and J. Emerson, arXiv:1610.05296.
4E. Knill et al, Phys. Rev. A 77, 012307 (2008), E. Magesan, J. M. Gambetta, J. Emerson, Phys. Rev. Lett. 106, 180504 (2011).
5J. Wallman, C. Granade, R. Harper, S. T. Flammia, New J. Phys. 17 113020 (2015).
6J. J. Wallman and J. Emerson, Phys. Rev. A 94 052325 (2016).
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Magnetic Imaging using Quantum Defects in Diamond 
Ronald L. Walsworth 

Department of Physics and Center for Brain Science, Harvard University 
Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138 USA 

Nitrogen vacancy (NV) color centers in diamond provide an unparalleled combination of mag-
netic field sensitivity and spatial resolution in a room-temperature solid, with wide-ranging 
applications in both the physical and life sciences.  NV centers can be brought into few na-
nometer proximity of magnetic field sources of interest while maintaining long NV electronic 
spin coherence times, a large (~Bohr magneton) Zeeman shift of the NV spin states, and optical 
preparation and readout of the NV spin.  Recent applications of NV-diamond magnetometry 
include magnetic imaging of living cells, single proton MRI, single protein NMR, mapping 
magnetic signatures in >4 billion-year-old meteorites and early-Earth rocks that inform theo-
ries of solar system and Earth formation, and magnetic sensing of single neuron action poten-
tials.  I will provide an overview of this technology and its applications.  
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Topological Cavity QED: A magic beam splitter for Schrodinger cat states 

Dawei Wang 

IQSE, Texas A&M University, College Station, TX 77840 

The Schrodinger cat was proposed by Erwin Schrodinger in 1935. 

People describe a superposition of two very distinctive quantum 

states (like dead and alive or travelling in opposite directions) of 

many particles as the Schrodinger cat states. They are important in 

quantum information and quantum metrology but generally very 

difficult to make. People can only prepare a dozen photons in such 

kind of states. In my talk, I introduce a new way to build a magic 

beam splitter that can prepare a Schrodinger cat state of photons.  

A beam splitter can split a beam into two beams. N photons coming 

to an ordinary beam splitter have N+1 possible ways to go, i.e., N 

photons go in path 1 and 0 photon path 2; N-1 photons go in path 1 

and 1 photon path 2; and so on until 0 

photon goes in path 1 and N photons 

path 2. If we take all N photons going 

in path 1 as an "alive" state and all N 

photons going in path 2 as a "dead" 

state, for an ordinary beam splitter we 

have a whole spectrum of possibilities 

of the intermediate states that connect 

these two extremities (a continuous 

spectrum from alive to dead). Our 

magic beam splitter excludes all the 

intermediate states and prepares the 

photons in a superposition of only the 

"alive" and "dead" states, also called 

the NOON state. 

Our key ingredient is to use an atom to guide the photons. When the atom is in the excited 

states, N photons go in path 1 and when the atom is in the ground state, N photons go in path 2. 

The mechanism is a synthetic spin-orbit coupling in a Fock-state lattice of three cavity modes 

(one input and two outputs), which has the same structure as the Haldane model (the first 

topological insulator). 

 

[1] Da-Wei Wang, Han Cai, Ren-Bao Liu and Marlan O. Scully, PRL 116, 220502 (2016). 
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Plasmon-Driven Anisotropic Growth of Gold Nanoprisms: Cooperative Action of 

Surfactants with Light 

W. David Wei, Ph.D. 

Department of Chemistry and Center for Nanostructured Electronic Materials, 

 University of Florida, United States, wei@chem.ufl.edu 

 

After more than a decade, it is still unknown whether the plasmon-mediated growth of 

silver nanostructures can be extended to the synthesis of other noble metals, as the 

molecular mechanisms governing the growth process remain elusive. Herein, we 

demonstrate the plasmon-driven synthesis of gold nanoprisms and elucidate the details 

of the photochemical growth mechanism at the single-nanoparticle level. Our 

investigation reveals that the surfactant polyvinylpyrrolidone preferentially adsorbs along 

the nanoprism perimeter and serves as a photochemical relay to direct the anisotropic 

growth of gold nanoprisms. This discovery confers a unique function to 

polyvinylpyrrolidone that is 

fundamentally different from its 

widely accepted role as a crystal-

face-blocking ligand. Additionally, 

we find that nanocrystal twinning 

exerts a profound influence on the 

kinetics of this photochemical 

process by controlling the 

transport of plasmon-generated hot electrons to polyvinylpyrrolidone. These insights 

establish a molecular-level description of the underlying mechanisms regulating the 

plasmon-driven synthesis of gold nanoprisms.   

 

Y. Zhai, J. S. DuChene, Y. Wang, J. Qiu, A. C. Johnston-Peck, B. You, W. Guo, B. DiCiaccio, K. Qian, E. 
W. Zhao, F. Ooi, D. Hu, D. Su, E. A. Stach, Z. Zhu, and W. D. Wei, “Polyvinylpyrrolidone-Induced 
Anisotropic Growth of Gold Nanoprisms in Plasmon-Driven Synthesis,” Nature Materials, 15, 889-895, 
2016.[Link] 
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Gravitational	wave	detection	by	laser	
interferometry:		Opening	of	a	new	field	

of	astronomy	and	astrophysics	
	

Rainer	Weiss	on	behalf	of	the	LIGO	Scientific	Collaboration	
	
	
Some	of	the	history	of	gravitational	waves	and	the	physics	of	the	instrument	will	be	
presented	followed	by	an	overview	of	the	recent	measurements.	If	there	is	time,	I	
will	give	a	vision	of	the	future.	
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Measuring the magnetic field of the heart in the heart
or

Towards endocscopic magnetic field sensors based on nitrogen vacancy centers in
diamonds for biomedical applications

Arne Wickenbrock,1, 2 Georgios Chatzidrosos,1, 2 Huijie Zheng,1, 2 Lykourgos Bougas,1, 2 and Dmitry Budker1, 2, 3

1Johannes Gutenberg-Universität Mainz, 55128 Mainz, Germany
2Helmholtz Institut Mainz, 55128 Mainz, Germany

3Department of Physics, University of California, Berkeley, CA 94720-7300, USA

I. MOTIVATION

Heart magnetometry so far has been the Cinderella
of clinical diagnostics even though it has been around
for more than 20 years. It mostly suffers from the proven
dominance of electro-cardiography, the higher complexity
of the setups and the tighter requirements on the back-
ground noise.

a) 

b) c) 
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FIG. 1: Schematic for a heart catheter based measurement
of the magnetic field in the heart. (a) Sketch of the path into
the heart ( c©ADAM, Inc.). (b) Explosion view of a miniatur-
ized sensor currently deployed in Mainz. (c) Size of a heart
catheter based pacemaker for comparison.

However, the intra-cardiac magnetic field has never
been measured and several diseases or conditions related
to the hearts conduction pathways remain diagnosable
only via biopsy.

We propose to build an endoscopic diamond nitrogen-
vacancy (NV) based sensor with a sensitivity sufficient to
measure magnetic fields below 100 pT inside the human
body with a bandwidth sufficient to detect cardiac signals
(>100 Hz).

The potential impact for medical diagnostics cannot
be overestimated.

II. THIS TALK

In this talk, I will motivate endoscopic magnetome-
ters, with intra-cardiac magnetometry, but also with sev-
eral other useful biomedical applications and then present
the progress of our group on bulk NV center- magne-
tometry. I will focus on our most recent results regard-
ing microwave-free magnetometry [1], high-sensitivity,
absorption-based and cavity-enhanced sensors [2, 3] and
on prospects of using the available magnetometers in
Mainz to implement new detection schemes in the context
of magnetic induction tomography with diamonds, some-
thing we have just done with vapor cell magnetometers
so far [4], but where a truly miniaturized, diamond-based
magnetic sensor might be beneficial.

Finally, I will sketch a way to combine the presented
techniques for the construction an endoscopic sensor.

[1] A. Wickenbrock, H. Zheng, L. Bougas, N. Leefer, S. Afach,
A. Jarmola, V. M. Acosta, and D. Budker, Applied
Physics Letters 109, 053505 (2016).

[2] K. Jensen, N. Leefer, A. Jarmola, Y. Dumeige, V. M.
Acosta, P. Kehayias, B. Patton, and D. Budker, Phys.
Rev. Lett. 112, 160802 (2014).

[3] G. Chatzidrosos, A. Wickenbrock, L. Bougas, N. Leefer,
T. Wu, K. Jensen, Y. Dumeige, and D. Budker, in prepa-
ration (2016).

[4] A. Wickenbrock, N. Leefer, J. W. Blanchard, and D. Bud-
ker, Applied Physics Letters 108, 183507 (2016).
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Measuring electrochemical reactions on single nanoparticles: combining 
optical and electrochemical nanoscopy 

 
Katherine A. (Kallie) Willets 
Department of Chemistry 

Temple University 
Philadelphia, PA 19103 

 
Measuring electrochemical reactions on single plasmonic nanoparticle electrodes allows 
for the dual roles of plasmon excitation and structural heterogeneity to be uncovered 
with nanoscale precision.  Typically single nanoparticle electrochemistry experiments 
are performed by using either optically-active redox probes, which show changes in 
their spectral signatures upon oxidation and reduction, thereby providing an optical 
signature of redox chemistry,1-2 or by scanning electrochemical microscopy (SECM), 
which uses a scanning electrochemical probe to measure currents associated with local 
redox events.3  To achieve sub-micron spatial resolution with SECM, nanoscale 
electrodes are required, which are extremely fragile and difficult to approach to within 
tens of nanometers of the substrate surface without the risk of significant damage.  
Moreover, because the measured current is a function of both the distance of the 
electrode from the nanoparticle surface as well as the reactivity of the nanoparticle, 
decoupling these two effects independently is a significant experimental challenge. 
 
This talk will discuss a new SECM 
design integrated with an optical 
microscope.3  A phase mask is 
introduced in the emission path, 
which converts traditional diffraction-
limited emission into a double lobed 
pattern that rotates as a function of 
the distance of the emitter from the 
focal plane of the microscope.  Initial 
demonstrations of the technique are 
performed on a model system using 
an optically-active redox probe, while 
later demonstrations use fluorescent 
nanodiamonds as surface markers, 
allowing observation of non-optically 
active electrochemical reactions. 
 
1 A.J. Wilson, K. Marchuk, K.A. Willets.  “Imaging electrogenerated chemiluminescence at single gold 
nanowire electrodes.”  Nano Lett. 15, 6100 (2015). 
2 A.J. Wilson and K.A. Willets.  “Visualizing site-specific redox potentials on the surface of plasmonic 
nanoparticles with super-localization SERS microscopy.” Nano Lett. 14, 939-945 (2014). 
3V. Sundaresan, K. Marchuk, Y. Yu, E.J. Titus, A.J. Wilson, C.M. Armstrong, B. Zhang, K.A. 
Willets.  “Visualizing and Calculating Tip-Substrate Distance in Nanoscale Scanning Electrochemical 
Microscopy Using 3-Dimensional Super-Resolution Optical Imaging.”  Submitted. 
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“High-Capacity Communications Using Multiplexing of Multiple Orbital-Angular-Momentum 
Beams” 

 

Alan E. Willner 
University of Southern California 

Los Angeles, CA 90089 
willner@usc.edu 

 
Optical communications has historically experienced capacity growth by multiplexing many channels, 
and space-division-multiplexing (SDM) appears to be the next domain to exploit. SDM can encompass: 
(a) multiple parallel non-overlapping spatial channels, and (b) multiple spatially overlapping “orthogonal” 
modes to achieve mode-division-multiplexing (MDM). Key advantages of modal orthogonality are the 
ability to efficiently (de)multiplex independent data streams and co-propagate them, all with little inherent 
crosstalk. 
 
An MDM approach using orbital angular momentum (OAM) has emerged as a potential method to 
efficiently multiplex many spatially over-lapping data-carrying beams.  Each OAM beam possesses a 
uniquely “twisting” phasefront, such that all beams are orthogonal.  OAM beams have azimuthal phase 
dependence that corresponds to the number of 2π phase changes across the wavefront. Using this method, 
both the system’s total capacity and spectral efficiency (i.e., bits/sec/Hz) can be significantly increased. 
 
This presentation will highlight advances in the following topics:  

(1) high-capacity free-space transmission of multiple OAM modes on each of many 
different wavelengths. 
(2) design considerations in an OAM free-space transmission link given the unique ring-shaped 
intensity and beam divergence. 
(3) employing both the azimuthal and radial indices of Laguerre-Gaussian OAM beams. 
(3) mitigation of atmospheric turbulence effects by adaptive optics for phase correction and digital 
signal processing for crosstalk reduction. 
(4) effects of thermal gradients when transmitting multiple OAM modes through water in the blue-
green. 
(5) data transmission of multiple OAM modes over specially-designed fiber. 
(6) advances in compact device technologies for efficiently generating and detecting OAM beams. 
(7) extension of OAM multiplexing to radio- and millimeter-wave systems. 

 

 
Figure 1: Concept of a free-space SDM communication system using OAM beams. 
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Topological Excitons in Moiré Heterobilayer 

Fengcheng Wu,1 Timothy Lovorn,2 Allan H. MacDonald2 

1. Materials Science Division, Argonne National Laboratory, Argonne, IL 60439, USA 

2. Department of Physics, University of Texas at Austin, Austin, TX 78712, USA 
 
 Monolayer transition metal dichalcogenide 2D semiconductors like MoS2 and WS2 
have attracted great interest recently. Its optical response is dominated by exciton features 
because of strong interaction effect. An exciton inherits a pseudospin-1/2 valley degree of 
freedom from its constituent electron and hole. The exciton valley degree of freedom can 
be optically manipulated, providing access to the valley Hall effect and the valley selective 
optical Stark effect.  
 The exciton physics is further enriched when two monolayers are stacked in a 
bilayer structure. A relative twist angle and/or lattice constant mismatch between the two 
layers give rise to long-range moiré pattern. In this talk, I will discuss the influence of the 
moiré pattern on intralayer exciton1. The moiré pattern produces a periodic potential, 
mixing momentum states separated by moiré reciprocal lattice vectors and producing 
satellite optical absorption peaks. The exciton energy-momentum dispersion can be 
measured by tracking the dependence of satellite peak energies on twist angle. 
 Topological exciton bands with non-zero Chern numbers can be engineered by 
combining three ingredients: i) the valley Berry phase induced by electron-hole exchange 
interactions, ii) the moiré potential, and iii) the valley Zeeman field. The topological exciton 
bands support chiral exciton edge state, which allows unidirection exciton flow.  
 I will also show that the moiré pattern can assist the optical probe of intra-Landau 
level excitations in the fractional quantum Hall regime2. 

(a) Optical conductivity due to A exciton in monolayer MoS2 at several different twist 
angles 𝜃 relative to adjacent monolayer WS2. (b) Exciton bands in a finite-width stripe. The 
red and green lines show the dispersions of chiral exciton states that are localized on 
opposite edges of the stripe.  
 
1. F. Wu, T. Lovorn, and A. H. MacDonald, arXiv: 1610.03855. 
2. F. Wu and A. H. MacDonald, arXiv: 1611.00776 
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Excitons in 2D Semiconductor Heterostructures 

Xiaodong Xu 

Department of Physics, Department of Materials Science and Engieering, 

University of Washington, Seattle, WA, USA 

E-mail: xuxd@uw.edu  

Presentation: Prefer Oral 

 

 

Heterostructures comprising different monolayer semiconductors provide a new and 

highly functional system for fundamental science and device technologies [1]. One 

such application for this system is in the emerging field of 2D optoelectronics and 

valleytronics [2]. In this talk, we will discuss the fundamental properties of interlayer 

exciton, where Coulomb bound electron and hole localized in opposite layers [3]. We 

will show the direct optical excitation of interlayer exciton, determination of its 

binding energy [4], measurement of its optical dipole strength, optical generation of 

valley polarization, measurement of valley lifetime, and observation of exciton spatial 

drift-diffusion with many-body interaction effects [5].  

 

References 

(1) A. K. Geim and I. V. Grigorieva, "Van der Waals Heterostructures", Nature 499, 

419-425 (2013). 

(2) X. Xu, W. Yao, D. Xiao, and T. Heinz, "Spin and Pseudospins in Layered 

Transiton Metal Dichalcogenides", Nature Physics 10, 343-350 (2014). 

(3) P. Rivera et al., "Observation of Long-Lived Interlayer Excitons in Monolayer 

MoSe2-WSe2 Heterostructures", Nature Communication, doi: 

10.1038/ncomms7242 (2015). 

(4) N. Wilson et al., "Band parameters and hybridization in 2D semiconductor 

heterostructures from photoemission spectroscopy", arXiv:1601.05865 (2016). 

(5) P. Rivera et al, "Valley-Polarized Exciton Dynamics in a 2D Semicondcutor 

Heterostructure", Science 351,688-691 (2016). 
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Per aspera ad astra: 

getting light through opaque medium 

J. V. Thompson1, B. H. Hokr1, W. Kim1, C. W. Ballmann1, B. Applegate1, J. Jo1, A. 

Yamilov2, H. Cao3, M. O. Scully1,4, and V. V. Yakovlev1 

1Texas A&M University, College Station, TX 77843 
2Missouri University of Science & Technology, Rolla, MO 65409 

3Yale University, New Haven, CT 06520   
4Baylor University, Waco, TX 76798 

 

Strong light scattering can make even an optically non-absorbing object 

opaque preventing deep light penetration. Many far-reaching 

applications, such as deep brain imaging (see, for example, Fig. 1(a)) 

could benefit from a better coupling of light into scattering medium and 

increased penetration depth resulting into greater transmission through a 

highly scattering medium. In this talk we discuss a simple, but efficient 

way of increasing light coupling (see Fig. 1(b)) through optical interface 

engineering. Capitalizing on our prior work [1-6], we provide a 

theoretical foundation for our experimental findings and discuss potential 

applications for imaging and sensing.  

Acknowledgement: This work was supported in part by the NSF (DBI-1532188 

and ECCS-1509268) and DOD (FA9550-15-1-0517 and N00014-16-1-2578). 

References: 
[1] B. H. Hokr et al, Opt. Express 21(10), 11757-11762 (2013). 

[2] B. H. Hokr, et al, Nat. Commun. 5, 4356 (2014). 

[3] B. H. Hokr, et al, Proc. Natnl. Acad. Sci. USA 111(34), 12320-12324 (2014) 

[4] B. H. Hork, et al, Opt. Express 23(7), 8699-8705 (2015). 

[5] J. V. Thompson, et al, J. Mod. Opt. 63(1), 80-84 (2016). 

[6] J. V. Thompson, et al, Opt. Lett. 41(8), 1769-1772 (2016). 

 
(a)                                                              (b) 

Figure 1: (a) MRI brain images of a normal person(on the left) and  a person with 

Alzheimer’s disease (https://alzheimersnewstoday.com/) (b) Enhanced light 

transmission through a scattered medium through interface engineering. 
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Eigenchannels in scattering media:  

from manipulation to inverse design 

 
A. Yamilov1*, M. Koirala1, R. Sarma2, Hui Cao2 

1Missouri University of Science and Technology, Missouri, USA 
 2Yale University, Connecticut, USA 

*Email: yamilov@mst.edu 

 
Diffusive transport of waves can be qualitatively different from that for particles due to 

interference. One striking consequence of the interference is existence of “open channels”, which 
enable an optimally prepared coherent input beam transmit through a lossless diffusive medium 
with an order of unity efficiency. Such intrinsic eigenchannels and the corresponding eigenvalues 
of the random medium can be found by singular value decomposition of the transmission matrix 
relating the input and output waves. The density of all eigenvalues is given by the universal 
bimodal distribution, independent of both microscopic and macroscopic details of the system. In 
contrast, the concept of universality does not apply to the spatial profiles of the corresponding 
eigenfunctions [1,2].  

In this work, we demonstrate that it is possible to manipulate the coherent transport of waves 
in random media by utilizing the boundary shape W(z) of the waveguide as a parameter. Simply 
put, wave interferences make transport a nonlocal process, which depends on the confining 
geometry of the system. Here we consider 2D waveguide of width W that depends smoothly on 
the longitudinal coordinate z. In particular, we demonstrate the spatial profile of the maximum 
transmission eigenchannel depends predictably on W(z). The currently available theoretical 
models based on return probability of waves or the fundamental solution of the diffusion equation 
cannot adequately describe this dependence. We propose a new model that relates W(z) to the 
spatial profile of the maximum transmission eigenchannel. This opens path to inverse design, i.e. 
obtaining the waveguide shape based on the desired eigenchannel profile, with applications in e.g. 
noninvasive biological imaging, photovoltaics and random lasers. 
 
REFERENCES 
1. Sarma, R., A. Yamilov, S. F. Liew, M. Guy, H. Cao, “Control of mesoscopic transport by 
modifying transmission channels in opaque media,” Phys. Rev. B 92, 214206 (2015). 
2. Yamilov, A., S. Petrenko, R. Sarma, H. Cao, “Shape-dependence of transmission, reflection 
and absorption eigenvalue densities in disordered waveguides with dissipation,” Phys. Rev. B 93, 
100201(R) (2016). 
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Reconfigurable nanoparticle assemblies guided by the topological defects of liquid 
crystals 

 
Shu Yang 

Department of Materials Science and Engineering, University of Pennsylvania, 
Philadelphia, Pennsylvania, United States 

 
Abstract. Assemblies of functional nanoparticles (e.g. metallic and quantum dots) will 
lead to unique optical properties for potential applications in sensing, imaging, and light 
modulation. However, it remains challenging to dynamically and reversibly switch the 
assembly and disassembly of nanoparticles for a large shift of optical responses given a 
specific stimulus. Liquid crystals (LCs), owing to their anisotropy in molecular ordering, 
offer a new route to direct nanoparticle assemblies, and thus, optical responses. Here, I 
will show how we have brought together these two materials by patterning surface 
topographies, topologies, and chemistries to guide the molecular alignment of LCs on 
surfaces and interfaces. In turn, these surface cues create and control topological defects 
that allow trapping, transportation, and actuation of nanoparticles. Specifically, we show 
dynamic tuning the (dis)assembly of gold nanorods (AuNRs) in topological defects of 
nematic LCs confined within micropillar arrays near the phase transition temperature. 
Due to their anisotropic shape, AuNRs favor side-to-side packing in the isotropic phase to 
maximize translational entropy at the loss of rotational entropy but switch to end-to-end 
assembly in LC defect core when cooled to the nematic phase, which is energetically 
more favorable to maximize their occupancy of the disclination line. In turn, the localized 
surface plasmon resonance peak wavelength can be reversibly shifted more than 100 nm. 
The interplay of LC defect core at nanoscale and surface cues at the microscale to create 
topological defects as demonstrated in our systems suggest a new route in the quest for 
active and highly sensitive optical devices.  
 

 
Fig. 1. Actuation of Au nanorods in liquid crystal defects surrounding a micropillar array. (a) SEM 
image of the micropillars. Pillar dimensions are diameter = 10 µm, spacing = 10 µm, and aspect ratio 
(height/diameter) = 1.3. (b) Schematic of the experimental cell with the liquid crystal and polystyrene 
grafted-Au nanorod suspension. (c-d) Illustrations of Au nanorods confined by the liquid crystal 
defect core (c) and their switch of orientation (d) upon cooling. (e) Extinction spectra of Au nanorods 
in liquid crystals in different phases over homeotropic anchoring epoxy pillars.  
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Ultrafast Amplitude and Polarization Switch in a High-Q Cadmium Oxide 
Perfect Absorber 

Yuanmu Yang1, Ting S. Luk1, Jon-Paul Maria2, Igal Brener1 

1Sandia National Laboratories, Albuquerque, New Mexico 87185, USA 

2Department of Materials Science, North Carolina State University, Raleigh, North Carolina 27695, USA. 

A good optical switch typically offers a large modulation depth, high modulation speed and small 

footprint. In recent years, plasmonic-based optical switches have been considered promising for fulfilling all these 

requirements. However, despite the sub-diffraction-limit size of many plasmonic cavities, realizing a plasmonic 

switch with large on/off ratio and ultrafast switching speed has remained challenging. Noble metals such as gold and 

silver are the most commonly adopted plasmonic materials, but their plasmonic properties are hardly tunable. As an 

alternative, doped semiconductors have been found to be much more versatile, with their plasma frequency ωp 

tunable by either inter- or intra-band optical excitation. In the simplest form, the plasma frequency is given by 

  
ω p

2 = ne2 m* . In the case of interband excitation, the modulation of ωp is achieved by increasing the electron 

density n; alternatively, using intraband optical pumping, one can modify the effective mass m* of the plasmonic 

material due to its conduction band non-parabolicity and the momentum-dependent effective mass m = m(k). 

Notably, plasmonic switches based on intraband excitation in transparent conducting oxides have been realized 

through modulation of the bulk plasmon resonance of gallium-doped zinc oxide or the localized surface plasmon 

resonance of indium-doped tin oxide nanorods in the near- and mid-infrared frequencies. However, their modulation 

depths are hampered by the cavity design as well as the relatively large material ohmic loss. 

 
Figure 1 (A). Schematic of the sample and the pump probe setup. (B) Contour plot of the pump probe data. (C) Polarization ellipse of the 

reflected probe beam with and without the pump.  

In this poster, I will present a new plasmonic switch based on a dysprosium-doped cadmium oxide (Dy: 

CdO) perfect absorber. Benefiting from the perfect absorber cavity design and the low material loss, we are able to 

modulate the relative reflectance ( ΔR R ) of the cavity by 1100% on a sub-picosecond time scale, at a wavelength 

of 2.1 µm. Moreover, our structure can serve as an ultrafast polarization switch, since the perfect absorber only 

responds to p-polarized light. We show the rotation of a linearly polarized light by nearly 45 degrees in 1 

picosecond, which can be desirable for laser pulse shaping and infrared vibrational spectroscopy. 
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Coherent Magnetic Response at Optical Frequencies Using Atomic Transitions

N. R. Brewer, Z. N. Buckholtz, Z. J. Simmons, E. A. Mueller, and D. D. Yavuz

Department of Physics, 1150 University Avenue, University of Wisconsin, Madison, WI, 53706

Over the last two decades there has been a growing interest in a new generation of optical tools
using materials that are not available in nature [1, 2]. These materials, termed metamaterials, offer
the promise of devices with unique capabilities; for example lenses that can image objects with a
resolution much better than the wavelength of the imaging light and the ability to cloak objects for
certain regions of the spectrum. The unique capabilities of metamaterials result from their unusual
optical properties such as having a negative index of refraction and, consequently, the left-handed
nature of the propagating electromagnetic waves. It is now well-understood that metamaterials rely
critically on their ability to interact strongly both with the electric- and the magnetic-fields of light;
i.e. both the permittivity and permeability of the material must be substantially different from their
values in free space. This is a big challenge in the optical region of the spectrum since materials
generally do not respond to the magnetic field of light at such high frequencies. As demonstrated
by the experiments from the metamaterial community, this challenge can be overcome using devices
that are engineered at the nanoscale.

It was recognized early on that it may also be possible to construct left-handed materials using
sharp transitions of atoms or ions [3, 4]. When an electron makes a transition from the ground level
to an excited level, it can do so by either interacting with the electric-field or the magnetic-field of
light. Depending on the nature of the interaction, these transitions are said to be electric-dipole or
magnetic-dipole. A naturally occuring left-handed material would require both types of transitions
simultaneously. The chief difficulty of this approach is that in the optical region of the spectrum one
essentially only encounters electric-dipole transitions since they are stronger by about five orders
of magnitude. In this work we show, for the first time, a strong coherent interaction between the
magnetic field of a laser beam and an ensemble of atomic ions. We use a cryogenically-cooled
europium doped crystal and utilize the 7F0 → 5D1 magnetic-dipole transition within the 4f shell.
By using an intense laser beam at a green wavelength of 527.5 nm, we observe strong-field Rabi
flopping between the ground and excited levels. We measure the change in the Rabi flopping
frequency as the laser intensity is varied and deduce the magnetic-dipole matrix element to be
µ = (0.063 ± 0.005)µB (the quantity µB is the Bohr magneton). We have verified the magnetic-
dipole nature of the excitation by studying angle-dependent fluorescence from the crystal. Using
laser excitation through a sharp atomic transition (with widths at the GHz level) our experiments
show for the first time that: (i) a large coherent magnetic response can be obtained from an atomic
ensemble, and (ii) the ensemble can have a permeability that is significantly modified compared to
its free space value. These results open up the prospect of constructing left-handed materials using
atomic transitions; a different and in many ways complementary approach to existing left-handed
metamaterials.

References
[1] R. A. Shelby, D. R. Smith, and S. Shultz, Science 292, 77 (2001).

[2] J. B. Pendry, A. Aubry, D. R. Smith, and S. A. Maier, Science 337, 549 (2012).

[3] J. Kästel, M. Fleischhauer, S. F. Yelin, and R. L. Walsworth, Phys. Rev. Lett. 99, 073602 (2007).

[4] D. E. Sikes and D. D. Yavuz, Phys. Rev. A 82, 011806(R) (2010).
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An Atom Mirror

S. F. Yelin1,2, E. Shahmoon1, M. D. Lukin1, D. Wild1

1 Physics Dept., Harvard Univerisity, Cambridge, MA 02138
2 Physics Dept., University of Connecticut, Storrs, CT 06269

Figure 1: (left) 2D array of atoms spanning the xy plane at z = 0, with inter-
atomic spacing a on the order of the resonant wavelength of the atoms, λ.
For resonant light, the individual atomic cross section is of order λ2 (dashed
circles). (right) Light scattering off the array: The incident field (bottom
left) produces a forward scattered field at z > 0 and a backward scattered
(reflected) field at z < 0.

We investigate light scattering off a two-dimensional atomic array and
show how it can be tailored by properly choosing the lattice constant of
the order of the incident wavelength. We demonstrate that such arrays can
constitute nearly perfect mirrors for a wide range of incident angles and
detunings. These results can be understood in terms of cooperative reso-
nances of the surface modes of the array. Experimental realizations using
ultracold arrays of trapped atoms or excitons in 2D semiconductor materials
are discussed as well as potential applications ranging from atomically thin
meta-surfaces to single photon nonlinear optics and nano-mechanics.

(These results are published in Shahmoon, Wild, Lukin, Yelin, “Coop-
erative resonances in light scattering from two-dimensional atomic arrays,”,
arXiv:1610.00138. See also Bettles, Gardiner, Adams, PRL 116, 103602
(2016).)
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Toward FAST CARS II: Experimental aspects 

Zhenhuan Yi1, Tuguldur Begzjav1, Hui Dong1, Alexei V. Sokolov1, M.O. Scully1,2 
1Texas A&M University, 2Baylor University 

Femtosecond Adaptive Spectroscopic Technique via Coherent Anti-Stokes 

Raman Scattering (FAST-CARS) has been a successful tool in detecting bacterial 
spores [1] via their Raman signatures. We consider FAST-CARS applying to a 
gas mixture, in which one spicies of gas molecule has a paticular target electric 
dipole transiton that coupled to its virational level, e. g., Carbon dioxide as 
shown in Fig. (b). By driving this transiton, we can use the induced Rabi 
splitting in CARS signal to pick up the CO2 signal from a swamp of background 
(BG) due other molecules (e. g., O2). We call this 
technic FAST CARS II. The CARS signal at the CO2 
peak 1389 cm-1 as shown in Fig. (a) has 
contributions from Oxygen O-branch signal, non-
resonant four-wave-mixing (FWM), intensity 
fluctuation and detector noise. By driving the CO2 
transition, we can embed modulation only to CO2 
signal, thus enables a lock-in detection to 
enhance the detection sensitivity. In addtion, Fig. 
(c) shows that interference between signal field 
from CO2 and BG can amplifier the intensity of 
the signal. 

 
 

 

 

_______________ 

Reference:  [1] D. Pestov, et al., Science 316, 265 (2007).  

[2] D. Pestov, et al, Lasers and Electro-Optics, 2008 and CLEO/QELS 2008. 

Figure: (a) Typical FAST-CARS signal from air in 1000 cm-1-1700 cm-1 range [2]. FWM back ground 
and noise from detection system limit the detection sensitivity. (b) CO2 has a v3 mode couple to the 
Raman active vibrational level |𝑏⟩, noted as |𝑑⟩; but O2 does not have such a level. (C) Simulation 
shows the differential signal from CO2 with and without driving field, also notice a possible 
amplification through interference of the CO2 signal and the FWM background. 

(b) (c) 

 c) 
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Achieving nonreciprocal unidirectional single-photon quantum transport
using the photonic Aharonov-Bohm effect

Luqi Yuan, Shanshan Xu, and Shanhui Fan
Department of Electrical Engineering, and Ginzton Laboratory,

Stanford University, Stanford, California 94305, USA

It has been recently found that the phase of the dynamic modulation can provide an effective gauge
field for photons in the photonic structure undergoing dynamic modulation, which exhibits a photonic
Aharonov-Bohm (AB) effect, in both real space [1] as well as in spaces that involve a synthetic frequency
dimension [2]. Here, we will show that a nonreciprocal unidirectional transport can be achieved in the
single-photon limit. A system composed of a 1D waveguide coupling to two V-type atoms are explored.
External coherent fields drive the two atoms respectively, and the phase of the external fields provides
the effective gauge potential for photons. A proper choice of the phase difference gives a unity contrast
in the transmissions for the two propagation directions in the single-photon limit (see Fig. 1) [3]. Our
work opens a new possibility for the control of single photon transport and the study of novel quantum
many-body photonic states.

FIG. 1: Transmissions [for photon of type 1 (a) and for photon of type 2 (c)], and reflections [for photon of type
1 (b) and for photon of type 2 (d)] spectra when the photon of type 1 is incident from the left end (red curves)
or from the right end (blue curves) into the waveguide system with two driven atoms (e) [3].

[1] K. Fang, Z. Yu, and S. Fan, Nat. Photonics 6, 782 (2012).
[2] L. Yuan, Y. Shi, and S. Fan, Opt. Lett. 41, 741 (2016).
[3] L. Yuan, S. Xu, and S. Fan, Opt. Lett. 40, 5140 (2015).
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Two-mode squeezing in a four-wave mixing process
with symmetric gain and loss

Lida Zhang (张理达), Hichem Eleuch, and Marlan Scully

Texas A & M University, College Station, TX 77843

Quantum squeezing, in which uncertainty in one degree of freedom of a quantum state
is reduced beyond the standard quantum limit, is crucial for precision measurements such
as gravitational wave detections, quantum imaging, etc.. In general, one can employ a
conjugate four-wave mixing process (FWM) to generate two-mode squeezing in one of the
joint quadratures of the quantum probe and signal fields. Typically, two-mode squeezing
in FWM is implemented at the far-detuned regime, in order to reduce the gain or loss
for the two fields which would introduce quantum noises and thus be detrimental for
the squeezing process. However, in the far-detuned regime, the interaction between the
quantum fields and atomic medium is usually weak, resulting in low squeezing efficiency.

Is it possible to achieve efficient two-mode squeezing at the near-resonance regime
where gain or loss is strong for the two fields? A positive answer is meaningful since it
would be useful in an applied point of view and might also bring new underlying physics as
we discussed below. Here, inspired by the recent progresses on non-Hermitian dynamics,
we investigate the FWM process where the quantum probe and signal fields experience
symmetric gain and loss simultaneously, forming an effective non-Hermitian Hamiltonian
for the two fields. Due to the non-Hermitian nature of the Hamiltonian, efficient two-mode
squeezing can be achieved at the near-resonance regime despite that strong quantum noises
are presented.
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Figure 1: Two-mode squeezing in the FWM process as a function of propagation distance.
Here b represents the amplitude of the symmetric gain and loss.
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Surface Defects on Exfoliated MoS2 
 

Weigang Lu1, Blake Birmingham1, Zachary Liege1, Dmitri V. 
Voronine1,2, Zhenrong Zhang1, Marlan O. Scully1,2,3 

 

1Department of Physics, Baylor University 

2Institute for Quantum Science and Engineering, Texas A&M 

3Princeton University 
 

ABSTRACT 
 

MoS2 is one of the most studied two-dimensional transition metal dichalcogenides due to its 

unique mechanical, optical and electronic properties with promising applications in sensing, 

catalysis, and flexible devices. Defects and impurities of MoS2 play an important role in 

electrical and optical characteristics of MoS2 and the interaction of molecules with MoS2. Here, 

we studied the defects and impurities on natural, exfoliated MoS2 crystals and thermally 

modified MoS2 using scanning tunneling microscopy and Raman spectroscopy. Freshly-

exfoliated MoS2 surfaces show dark defects and ring defects in the nanometer scale (Figure 1). 

Annealing freshly-exfoliated MoS2 in ultra-high vacuum significantly changes the roughness of 

MoS2 surfaces due to the depletion of sulfur. The differences in the Raman signal enhancement 

are measured on these fresh and thermally modified MoS2 surfaces.  

6.0nm

(a)

10 nm

(b) (c)

 
Figure 1. Scanning tunneling microscope (STM) images of freshly-exfoliated MoS2 with dark 
defects (a) and ring defects (b) and annealed MoS2 (c). 
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Driving	Rabi	Oscillation	by	Adiabatic	Pulse	due	to	Initial	Atomic	Coherence	

Xingchen	Zhao1,	Zhenhuan	Yi1,	Hichem	Eleuch1,	Anatoly	A.	Svidzinsky1,	and	Marlan	O.	Scully1,2	
1Texas	A&M	University,	College	Station,	TX	77843,	USA	

2Bayor	University,	Waco,	TX	76706,	USA	
	
	

Rabi	 oscillations	 are	 the	 cyclic	 behavior	 of	 a	 two-level	 quantum	 system	 interacting	 with	 an	
electromagnetic	 field.	 In	 the	 adiabatic	 approximation,	 Rabi	 oscillations	 are	 not	 expected	 to	 appear	
because	 the	 evolution	 of	 population	 follows	 a	 specific	 eigenstate	 of	 the	 system.	 However,	 for	 some	
applications	there	is	a	need	for	driving	Rabi	oscillations	by	adiabatic	and	far-detuned	pulses	[1].	Here	we	
are	developing	an	experimental	platform	to	observe	the	population	evolution	of	such	a	quantum	system.	
We	use	Zeeman	levels	of	87Rb	5S1/2	state	as	a	two-level	system	and	RF	pulse	as	the	driving	field	[2,3].	We	
probe	the	population	of	upper	level	by	sending	two	laser	pulse	sequences	and	expect	that	Rabi	oscillation	
will	be	produced	if	there	is	an	initial	atomic	coherence	of	the	relevant	two	levels.	
	

	
Figure	 1.	 (a-1)	 &	 (b-1).	 Pulse	 sequences	 to	 observe	 the	 population	 evolution	 without	 and	 with	 initial	 atomic	
coherence,	respectively.	(a-2)	&	(b-2)	The	expected	results	of	(a-1)	&	(b-1),	respectively.	

	

References	

[1]	Anatoly,	A.	S.	et	al.	Accepted	by	Optics	Letters	(2016).	
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All-optical chiral resolution with achiral plasmonic nanostructures 
Yang Zhao1, Amir Saleh1, Marie-Ann van de Haar2, Albert Polman2, Jennifer A. Dionne1 

Department of Material Science and Engineering, Stanford University, Stanford, CA 94305, USA 

FOM Institute AMOLF, Science Park 104, 1098 XG Amsterdam, The Netherlands 
 

Enantiomer separation is a critical step in many chemical syntheses, particularly for pharmaceuticals, 
but prevailing chemical methods remain inefficient. Here, we introduce an optical technique to sort chiral 
specimens using achiral coaxial plasmonic apertures. These apertures are composed of a deeply 
subwavelength circular dielectric channel embedded in a conducting film and can stably trap sub-20-nm 
dielectric chiral specimens. First, using both full-field simulations and analytic calculations, we show that 
selective trapping of enantiomers can be achieved with circularly polarized illumination. Opposite 
enantiomers experience distinct trapping forces in both sign and magnitude: one is trapped in a deep 
potential well while the other is repelled with a potential barrier1. These potentials maintain opposite signs 
across a range of chiral polarizabilities and enantiomer-aperture separations (Figure 1)1. Then, we 
experimentally probe these nearfield enantioselective optical forces using chiral force microscopy, a novel 
technique based on atomic force microscopy. Using an achiral tip, we show that optical forces range from 
10-65 pN per 100µW/µm2 of incident intensity, with the largest measured forces corresponding to the 
spectral peak in coaxial transmission. As expected, this optical force exponentially decays with increasing 
tip-aperture separation. Using tips patterned with chiral nanostructures, we observe a force difference of 
7pN in both sign and magnitude, depending on the handedness of the optical illumination2. Our 
measurement reveals the nanometer-scale spatial distribution of enantioselective optical forces, and 
indicates that the interaction of chiral light and chiral specimens can be mediated by achiral plasmonic 
apertures. More generally, our optical trapping scheme provides a possible route toward all-optical 
enantiomer separation and enantiopure syntheses. 

 

 
Figure 1| Transverse optical forces and trapping potentials on a chiral nanoparticle from an achiral 
plasmonic aperture. Transverse optical force distribution at 20 nm above a plasmonic coaxial aperture 
with the concentric rings indicate the dielectric channel. The Forces are exerted on a (a) left-handed chiral 
nanoparticle (S-enantiomer) and (b) a right-handed chiral nanoparticle (R-enantiomer) with chirality of 0.6, 
radius of 10 nm. The aperture is illuminated from the bottom with left-handed circularly polarized light on 
resonance. The scale bar is 50 nm. (c) The calculated trapping potential on the S-enantiomer, and (d) the 
trapping barrier on the R-enantiomer. (e) 1-D trapping potentials across the coaxial aperture [figure adapted 
from Ref. 1].  
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Towards Synthesis of Ultrafast Waveforms using Coherent Raman Sidebands

Alexandra Zhdanova,1 Maria Shutova,1 and Alexei Sokolov1

1Department of Physics and Institute for Quantum Science and Engineering,
Texas A & M University, College Station, TX 77843-4242 USA

Coherent Raman sidebands generated from a
Raman-active medium have the potential to serve as
a source of single cycle pulses. In this talk, we pro-
pose a scheme to combine several sidebands generated
in PbWO4 crystal into a single collinear beam, which,
with appropriate phase tuning, may result in a single-
cycle, ultrashort pulse. This is depicted in Figure 1.

We then elucidate the characteristics of the gener-
ated pulse by examining the phase relationship be-
tween the sidebands using the SFG and SH signals of
each sideband produced in a BBO crystal. We expect
(and find) that the synchronized sidebands beat with
each other, resulting in an additional component in the
signal, at their difference frequency. The preliminary
results illustrating this are shown in Figure 2 for the
particular case of Raman anti-Stokes (AS) sidebands
1 and 3.

After obtaining these preliminary results, we use the
beating signal to optimize the phases of our sidebands.
We plan to then use the resultant, ultrashort pulse to
ionize Xenon gas. It has been shown that the ion yield
will be related to the duration of the pulse [1], but we
aim to probe this further with our generated pulses.

Finally, in this way, we expect to synthesize and
measure visible-range, trains of near-single cycle pulses
of approximately 50 fs total pulse train duration [2, 3].

We gratefully acknowledge support from the NSF
(Grant #PHY-1307153) and the Welch Foundation
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FIG. 1. Our setup to combine Raman sidebands using
dichroic mirrors and translation stages. DC stands for
dichroic; the essence of our scheem is to assign one side-
band to each translation stage.
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present this research.
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The Effect of Spatially Tailored Beams on
Supercontinuum Generation

Alexandra Zhdanova, Yujie Shen, Jonathan Thompson, Vladislav Yakovlev, and Alexei Sokolov

Texas A & M University, College Station, TX 77843-4242 USA

Stable coherent broadband sources are essential for a variety of applications, from spec-
troscopy to imaging and nonlinear optical parametric amplifiers. Supercontinuum generation
offers a promising tool for these multidisciplinary uses, but challenges remain in terms of op-
timizing shot-to-shot repeatability and spectral width. In this poster, we propose that spatial
optimization of the pump beam may solve both of these challenges. Recently, the control of
second harmonic generation [1] and the enhancement of spontaneous Raman signals through
a turbid medium [2] have been demonstrated using wavefront shaping techniques. We extend
these results and methods to the regime of supercontinuum generation. We use a spatial light
modulator to shape an originally Gaussian, 1 µJ, 50 femtosecond beam and then use the shaped
beam to generate a supercontinuum in a thin sapphire plate. The experimental setup is depicted
in Fig. 1 (a). Spectral shaping of the pump pulse has been extensively studied [3] but, to the
best of our knowledge, investigations of arbitrary spatial shaping of the pump pulse have not
been published at all. Our preliminary results, shown in Fig. 1 (b), indicate that a broadening
of the spectral width of the supercontiuum generation can be obtained via this method.

We gratefully acknowledge the NSF (Grant #PHY-1307153) and the Welch Foundation
(award No. A-1547).
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Enhanced second harmonic generation efficiency via wavefront shaping. Submitted, 2016.

[2] Jonathan V. Thompson, Graham A. Throckmorton, Brett H. Hokr, and Vladislav V. Yakovlev. Wavefront shaping enhanced
Raman scattering in a turbid medium. Optics Letters, 41(8):1769–1772, 2016.
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Figure 1: (a) Setup for generating supercontinua (SC) from shaped pulses in a sapphire plate; a
camera picture of the generated SC is shown in the inset. The angle of the spatial light modulator
(SLM) is greatly exaggerated. OAP stands for off-axis parabola and was used to collimate the SC
spectrum after the crystal. (b) SC spectrum before (blue line) and after (red line) spatially optimizing
the pump pulse.
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Flying donuts: toroidal electromagnetic excitations  
in matter and free space 
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The toroidal dipole is a localized electromagnetic excitation, distinct from the magnetic and 
electric dipoles. While the electric dipole can be understood as a pair of opposite charges and the 
magnetic dipole as a current loop, the toroidal dipole corresponds to currents flowing on the surface 
of a torus. Toroidal dipoles provide physically significant contributions to the basic characteristics 
of matter including absorption, dispersion and optical activity. Toroidal excitations also exist in 
free space as spatially and temporally localized electromagnetic pulses propagating at the speed of 
light and interacting with matter. We review recent experimental observations of resonant toroidal 
dipole excitations in metamaterials and the discovery of anapoles, non-radiating charge-current 
configurations involving toroidal dipoles. While certain fundamental and practical aspects of 
toroidal electrodynamics remain open for the moment, we envision that exploitation of toroidal 
excitations can have important implications for the fields of photonics, sensing, energy and 
information. 
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Accelerated Quantum Control Using Superadiabatic
Dynamics in a Solid-State Lambda System

Brian B. Zhou1, Alexandre Baksic2, Hugo Ribeiro2, Christopher G. Yale1,
F. Joseph Heremans1, Paul C. Jerger1, Adrian Auer3, Guido Burkard3,

Aashish A. Clerk2, and David D. Awschalom1

1Institute for Molecular Engineering, University of Chicago, USA
2Department of Physics, McGill Univeristy, Canada

3Department of Physics, University of Konstanz, Germany

Adiabatic evolution, where a physical system remains in same instantaneous eigenstate of a slowly varying
Hamiltonian, represents a ubiquitous tool across quantum science, providing robust control of motional or spin-
tronic states and enabling adiabatic quantum computation and simulation. However, the long evolution time
required to maintain adiabaticity exacerbates the effects of quantum decoherence and challenges high fidelity
control. Recently, a general strategy termed ‘shortcuts to adiabaticity’ (STA) was proposed to remedy this
vulnerability by designing alternative fast dynamics to reproduce the results of slow, adiabatic evolutions.

In this talk, we discuss the realization of a novel STA technique known as ‘superadiabatic transitionless
driving’ (SATD) to speed up stimulated Raman adiabatic passage (STIRAP) in a solid-state lambda system.
SATD provides a class of flexible ‘dressed-state’ shortcuts to adiabaticity, thereby facilitating experimental im-
plementation. Utilizing optical transitions to a dissipative excited state in the nitrogen-vacancy (NV) center
in diamond, we characterize the accelerated performance of different SATD shortcuts for the initialization and
transfer of quantum states, including coherent superpositions. We reveal that SATD protocols, derived in the
ideal (unitary) limit, exhibit robustness to dissipation and experimental uncertainty, and can be optimized when
these effects are present. This demonstration of superadiabatic dynamics in a full three-level system extends
previous techniques in one or two-level subspaces and is applicable to combat decoherence during control of
hybrid quantum systems, where disparate systems are linked through an intermediary coupling - a configuration
that exemplifies the dissipative Λ system explored here.
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Figure 1. a) Experimental setup for implementing accelerated STIRAP in the NV center in diamond. Two optical pulses
are shaped on sub-nanosecond timescales by electro-optic modulators (EOMs). b) In SATD, the adiabatic pulse shapes
for STIRAP (Stokes pulse shown) are modified to induce fast dynamics that mimic adiabatic passage. c) Data displaying
enhanced transfer efficiencies for different SATD protocols over the adiabatic protocol as the pulse duration is reduced.
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New color centers in diamond for long distance quantum communication 
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Color centers in diamond are a promising platform for quantum communication, as 

they can serve as solid state quantum memories with efficient optical transitions. Much 
recent attention has focused on the negatively charged NV center in diamond, which has 
a spin triplet ground state electronic configuration that can be measured and initialized 
optically, exhibits long spin coherence times at room temperature, and has narrow, spin-
conserving optical transitions. However, the NV center exhibits a large static and dynamic 
inhomogeneous linewidth, and over 97% of its emission is in a broad, incoherent phonon 
side band, severely limiting scalability. Alternatively, the negatively charged SiV center 
exhibits excellent optical properties, with 70% of its emission in the zero phonon line and 
a narrow inhomogeneous linewidth. However, SiV- suffers from short electron spin 
coherence times, limited by an orbital relaxation rate (T1) of around 40 ns at 5 K. 

Informed by the limitations of NV- and SiV-, we have developed new methods to control 
the diamond Fermi level in order to stabilize the neutral charge state of SiV, thus 
accessing a new spin configuration. SiV0 exhibits a T1 exceeding one minute at 4 K, and 
>90% of its emission is in its zero phonon line. These properties make it a promising 
candidate for applications in long distance quantum communication. 
 

 
Figure 1: SiV0 photoluminescence in a modulation doped sample. (a) Ball and stick model showing the Si atom (blue) in an 
interstitial-split vacancy configuration. (b) Photoluminescence using above-band-gap excitation showing bands of incorporated 
dopants. (c) Brightfield image of the same sample, with some layers visible to the eye. (d) Photoluminescence at the SiV0 zero 
phonon line. The PL is localized to specific bands, indicating the charge state stability is related to specific positions of the Fermi 
level. 
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Quantum Imaging with Incoherent Light                                            
from a Free-Electron Laser 
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The advent of accelerator-driven hard x-ray free-electron lasers (FEL) has opened new avenues for 
high-resolution structure determination via diffraction methods. With the extremely intense, 
ultrashort coherent pulses from these sources it has become possible to record diffraction patterns 
of nanoparticles, viruses, microcrystals and non-periodic objects in a single shot, opening new 
possibilities for structural studies that go beyond conventional x-ray crystallography methods [1-
3]. Since all present-day imaging methods using FELs rely on coherent scattering processes, great 
efforts are undertaken to maintain the first-order coherence of the radiation field upon propagation 
from the source through the optical system towards the sample. On the other hand, inevitable causes 
of incoherence in the interaction of x-rays with matter often lead to background that completely 
obstructs the coherent diffraction signal [4,5]. Here we show that higher-order intensity correlations 
of incoherently scattered x-rays can reveal the full information about the arrangement of the 
scatterers, eventually reaching a spatial resolution even below the Abbe diffraction limit. The 
method goes beyond the landmark intensity correlation measurements of Hanbury-Brown and 
Twiss [6] or former techniques to image one-dimensional source distributions in the visible range 
of the spectrum using higher order correlations [7,8], extending the approach to x-ray structure 
determination  of arbitrary two-dimensional source arrangements which incoherently scatter XUV 
radiation. The method is illustrated with a non-periodic two-dimensional distribution of incoherent 
scatterers resembling an artificial benzene ring molecule. The technique constitutes a new approach 
towards x-ray structure determination, exploiting higher degrees of coherence under conditions 
that are generally considered detrimental for imaging applications. 
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