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1 EXECUTIVE SUMMARY
Scope and Goals:

ECCS has identified a new thrug area in Quantum, Molecular and High Performance Modeling
and Simulation for Devices and Systems (QMHP) in its core program. The main purpo< of this
thrug area is to capture scientific oppotunities tha result from new fundanental cross-cutting
research involving three core research communities: (1) experts in modding and ssimulation of
electronic devices and systems; (2) high peformance computing relevant to devices and systems,
and (3) the quantum many-body prindaples relevant to devices and systems. ECCS is especially
interested in learning how work in these areas could enable whole new classes of systems or
devices, beyond wha is dready unde development in existing maindream research. The
workshop hdped identify technical areas tha will enable fundanmental breakthroughsin the
future. Modding and ssmulation in the electronics and optodectronics areas, in geneal, have
already resulted in important fundamental scientific unde'standing and advances in design and
development of devices and systems. With the inareasing emphasis on the next generation of
devices and systems at the nano, micro, and macro scales and the interdisciplinary nature of the
research, it is imperative tha we explore new mathematica modds and simulation techniques.
This workshop report provides a better undestanding of unmet emerging new oppatunities to
improve modding, simulation and design techniques for hybrid devices and systems. The
purpose the QMHP workshop was to define the field and strengthen the focus of the thrud. The
ultimate god of the workshop was to produce a find report (this doaument) tha will be poged
ontheweb so tha the NSF can use it to guidereviewers and researchersin this field.

Technical Merit:

* Numerica approaches tha can treat large enoudh systems (e.g., systems of around a
million atoms a the nano-scale) unde nonequilibrium conditions fully quantum
mechanically induding effects of dissipation and decoheence need to be developed and
demondrated. High Performance Computing (HPC) can enable the rapid solution of
such systems.

* Develop a strategy for vaidaion and verification. Numerical expeiments mugd be
repeatable, doaumented, and open jud like physcal experiments and theory.

* Integration of end-users into such fundamental developments is highly desirable, since
ther needs should determine the outcome of a highly available and usable modding and
simulation approach.

Impact:

We are currently in themidg of a second quantum revolution. Thefirst quantum revolution gave
us new rules tha goven physcal redlity. The second quantum revolution will take these rules
and use them to develop new technologies. In this review we discuss the prindples uponwhich
guantum technology is based and the tools required to develop it. A numbe of examples of
research programs tha could ddiver quantum technologies in coming decades indude quantum
information technology, quantum electromechanical systems, coheaent quantum electronics,
guantum optics, and coherent matter technology. These quantum technologies will undepin
much of the technical and economical development of the World for the next 100 years. The
fugon of the recent breakthroughsin high-peformance computing with thos in quantum
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technological materials development, as proposed in QMHP will accelerate the development of
guantum technologies and thar movement to the market place, as well as uncove new domains
of scientific breakthroughsat the interface between the different subfields We predict that
guantum science and technologies will be one of the key enabling features of this new
technological revolution, taking us beyond the singularity, for example, when Moore's Law for
the exponential growth in computer processing speeds comes to an end in 10 years or so. A
guantum Moore's Law mug take over then, and the NSF' s QMHP program will take usall into
thisnew era.

Recommendations:

Recommendaions for research directions are divided into two areas. quantum electronics and
guantum photbnics.

Quanum Electronics. In the electronics area, the recommended systems range from further
studies of emergent devices replacing CMOS, especially those involving nano size and spin to
explorations towards quantum systems employing entanglement and treating decoheence. The
issues of methodobgy indudeformalism dealing with quantum trangport, multi-scale modding
in time and in space, choice of typical systems for definitive computation, and algorithms which
address the key issues of plug-and-play modding tool, numerical stability, nonlinear equaions
for condensed matter systems, and inverse modding for design, synthesis and characterization.

Quanum Photonics. In the phobnics area, the primary gods are: (1) High-peformance
computing devices and systems; (2) modding and ssimulation for phobnic systems, and (3)
guantum many-body prindples devices and systems. The areas identified for research indude
plasmonics, quantum computers, optimization and inversion, adgptive computing, quantum and
classica boundry, materials aspect, and scale-up/integration. The issues indude quantum
entanglement, nonlinear effects, phoron control, use of phobnics crystals and metamaterials, as
well as distributed and grid computing.
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2 WORKSHOP OVERVIEW

The QMHP Workshop was hdd April 16-17, 2007 at NSF Headquaters in Arlington, VA, and
suppoted by agrant fromtheNSF to Louisiana State University (LSU). Theco-organizers of the
workshop, and authors of this document, (Drs. Dowling and Klimeck), broughttogeher experts
in modding and smulation of electronic and photnic devices and systems, with emphasis on
high-performance computing and quantum many-body prindples. The paticipants were loosly
groupel into such expertsin thefields of quantum electronics and quantum phonics. Details of
theworkshop may befoundon thewebste: http://baon physlsu.edu/~dowing/gmhp/ Thefirst
day of the workshop was devoted to 20 minute focused presentations by the invitees, to
coordinate the discussions The second day of the workshop the invitees were broken down into
guantum electronic and quantum phoonic working groups and then all reconvened to make joint
recommendaions on the program at the end of the day. This report is a summary of these
presentations discussions and recommendaions We provide here bdow a program from the
workshop, while more details (induding copies of the presentationg can befoundonthewebsite
above

MONDAY 16 APRIL 2007

SESSION | (Char: Gerhard Klimeck)

8:00AM OPENING REMARKS

UshaVarshney

Division Director

Electrical, Communicationsand Cybe Systems (ECCYS)
Directorate for Engineering, NSF

Jonahan Dowling
Gerhard Klimeck

8:20AM Avik Ghosh (U. Virginia) "Fundamental Issues in Nanodectronic Modding and
Simulation”

8:40AM Kang Wang (UCLA) "Modding Needsfor Nanoachitectonics and Nanosystems"

9:00AM Dragica Vasileska (ASU) "Process Variation and RF Performance Andysis in 10nm
FinFET Using Contact Block Redudion Method"

9:20AM  Yuli LyandaGeller (Purdug "Controlling Dissipaion and Decohaence in
Nanodevices"

9:40AM Susan Coppersmith (U. Wisconsn) "Expeiment, Simulation, and Theory for
Developing High-Performance Quantum and Molecular Devices and Systems'

SESSION 11 (Char: Gerhard Klimeck)
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10:20AM Dmitri Nikonov (Intel) "Directionsfor Smulation of Beyond CMOS L ogic"
10:40AM Jerry Tersoff (IBM) "Low-Frequency Noise in Nanosae Ballistic Trangstors'

11:00AM Mark van der Schilfgarde (ArizonaState U.) "The Quasipaticle Self-Consstent GW
Approximation”

1120AM Xuedong Hu (SUNY Buffalo) "Coupled Electron-Nudear Spin Dynamics in
Semicondudor Nanodructures'

11:40AM scheduled: Henry Everitt (AMCOM) "Quantum Information Science, as presented to
the Nationd Academy Decadd Study on AMO Physics’

1140AM actud on short notice: Gerhard Klimeck, Purdue University, "A Personal view on
Challenges for Quantuum System Modding and Impad”

SESSION 11l (Char: Jonghan Dowling)

1:20AM Mikhal Lukin & Marko Loncr (Harvard) "Exploring New Interfaces Between
Quantum Optics and Nanosience"

1:40PM Marian Florescu (JPL) "Quantum Nonlinear Effects in Photonic Crystals: Applications
to Information Processing and Thermal Radiation Management"

2:00PM Ting Shan Luk (Sandia) "Photonic Crystal Program at Sandia Nationd Laboratories’
2:20PM Lu Sham (UCSD) "Wha Can be DoneAbout the Decoheence of a Quantum System?’
2:40PV Eli Yablonoviich (UCLA) "The Application of New Algorthms to Solve Inverse
Problemsin Engineering”

SESSION 1V (Char: Jonghan Dowling)

3:20PVI David Smith (Duke) "Electromagndic Clo&ing"

3:40PVI Robert Trew (NCSU) "Themal Emissionin the Near-Field from Polar Semicondudors
and the Progects for Energy Convasion”

4:00AV Gary Brown (VA Tech) "Electromagndic Scattering from Large Amplitude Small
Period Surface Roughnes'

4:20PAVI Tae-Woo Lee (LSU) "Computer Aided Approaches for Nanophobnics Research”

4:40PV Joseph Eberly (U. Rochester) "First Stepsand Results with Quantum Many-Body Math”
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TUESDAY 17 APRIL 2007

8:00AM INTRO

8:20AM BREAKOUT SESSIONSI|

A: Quantum Electronics (Char: Gerhard Klimeck)

B: Quantum Photonics (Chair: Jonaghan Dowling)

10:20AM BREAKOUT SESSIONS I

A: Quantum Electronics (Char: Gerhard Klimeck)

B: Quantum Photonics (Chair: Jonaghan Dowling)

1:30AV SUMMARY OF QE BREAKOUT SESSIONS TO ALL ATTENDEES (Klimeck)
2:15AV SUMMARY OF QP BREAKOUT SESSIONS TO ALL ATTENDEES (Dowling)
PANEL DISCUSSIONS

3:30PM PANEL DISCUSSION | — QUANTUM ELECTRONICS

(Char: Gerhard Klimeck)

Pand Members. Kang Wang, Dragica Vasileska, Dmitri Nikonov, and Susan Coppesmith
4:15AV PANEL DISCUSSION Il — QUANTUM PHOTONICS

(Char: Jonghan Dowling)

Pand Members. Joseph Eberly, Marko Loncar, Lu Sham, David Smith, and Robet Trew
5:00AV FINAL WRAP UP

5:30AV ADJORN
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3 INTRODUCTION

The purpose of the workshop and this report is to quantify and codify what is to be meant at the
research thrug of QMHP. This doaument will hdp assst NSF program manages, NSF
reviewers, and propors to this thrug area. Technicaly, QMHP is a “thrug area’ in the ECCS
Divison. It is listed as one of the thrug areas on the ECCS web Site, but there is no special
program announ@ment for QMHP or for anything else in the core of ECCS. (ECCS abolished
program announements back in 1994) At present, to submit a proposl to QMHP, one simply
submits aregular unsolicited proposl to ECCS. Beginning thetitle with “QMHP” and chocsing
the“organization unit” as “PCAN” makes it certain that it will goto QMHP and notto any other
area of ECCS, but it is not required. When people submt proposls to QMHP or to any other
core program in ECCS, in FASTLANE, the “program announ@ment” should smply be chosen
as “GPG,” the genea program announ@ment for all regular core unsolicited proposls to NSF.
Also, they should be submitted only during oneof thetwo yearly “windows,” in September and
then in Januay. (All of thisinformationis also onthe NSF ECCS websdte.)

Duein part to the predilections of the two organizers, the invitees and hence the presentations
and discussions naturally groupel themselves into the subtopics of “quantum electronics’ and
“quantum phobnics’ and the report will aso be so subdivided. Within these two subdivisons
we will summarize the presentations given at the workshop, then summarize the breakout
discussions, and findly give the recommendaions and results of the workshop attendees.
Individud attendees were solicited to write stand-alonecomments, and these will be appended to
the subtopics and identified as such.
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4 QUANTUM ELECTRONICS

To set the theme for these discussions, we reproduce first the abgracts provided by each of the
speakers in the quantum electronics talks tha took place on Mondg. (Complete copies of the
talks are available on the above mentionad website.) We will then synopsize the breakout pand
discussion topics on Tuesday morning and then end with the pand discussion topics from the
guantum electronics pand on Tuesday afternoon.We will end this section with a synopss and
recommendaionsfromtheindividud invitees.

4.1 ABSTRACTS OF THE ELECTRONICS TALKS

Novd technologies have enabled the condruction of new devices and materias a the nanometer
scale tha have the oppotunity to introdue new computing, sendng, and actuation capabilities to
mankind. At tha nanometer scale traditiondly digoint research endeavors meet: device
physcists, device engineers, material scientists, circuit engineers, mechanica engineers, and
computationd scientists/ engineers. At theatomic scale thedistinction of material/device/circuit
is vanishing and these formerly digoint groupsneed to learn how to communicate their expertise
to the other areas. The quantum electronics group represented in this workshop spanned these
different areas of expertise and enabled an identification of open questions oppotunities and
anticipaed impact.

“ Fundanental issues in nanoéectronic modding and smulation,” Avik Ghodh, University of
Virginia.

The talk will focus on formal, computationd and device level chdlenges for modding and
simulation of nanodectronic devices and systems. Formal chdlenges involve quantum trangport
in the presence of strong many-body correlations (such as Coulomb Blockade), incoheent
scattering (due to phonons for example) and time-dependent effects (such as hyderetic
switching and random telegraph noise). Conputational chdlenges involve modding surfaces
and interfaces, where we need practical semi-empirical descriptionswith tranderable parameters
to handle hybnd heterogeneous integrated systems. In addition, we need multiscaling and
embedding techniques to merge these modds with more deailed ‘ab-initio’ descriptions of
chemically significant moieties. Findly, Device level chdlengesinvolve identifying fundamental
limits of existing device conaepts, such as molecular FETS, as well as exploring novd device
opeaationd prindples. Thetak will touch uponfundanental issues that arise in context of each
chdlenge and a potential route towards addressing them. | will then apply these ideas to a
specific device architecture, namely, an ordered array of quantum dots grown on the surface of a
nanoscale glicon trangstor. All of the chdlenges identified above manifest themselves
prominently in this geometry. Specifically, we will explore how the strongly correlated electrons
in the nanogcale dots ‘talk’ to thar weakly interacting counterparts in the macroscopic channd,
how the interfacial electronic structure captures both longranged band correlations and short-
ranged chemical correlations and how the tunable coupling between the channd current with the
charge, spin or vibronic degrees of freedom of the ordered dot arrays can lead to novd device
paradigms such as scattering-based ultrasengtive detectors, memory elements and heat sinks

“Modding Needs for Nanoa chitectonics and Nanos/stems,” Kang Wang, UCLA. No abdract
available.
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“Process Variation and RF Performanae Analysis in 10nm FinFET Using Contact Blodk
Redudion Method” Dragica Vasleska, Arizona State University. We utilized fully self-
congstent quantum mechanical smulator based on Contact Block Redudion (CBR) method to
optimize 10 nm FInFET device to meet ITRS requirements for High Performance (HP) logic
technology devices. Fin width, gae oxide thickness, and doping profiles are chosn to have
optimal and technologically realizable values. We find tha the device on-current approaching
the value projected by ITRS for HP devices can be obtained usng conventiond (Si) channd.
However, getting a good subthreshold dope for specified on-current is chdlenging. Our
simulation results aso show tha quantum naure of trangoort enhances the intringc switching
speed of thedevice. Thevalue of intringc switching speed projected by ITRS is achievable with
our device. RF performance of the device has also been examined by extracting the unity current
gan frequency. Sengtivity of the on-current, threshold voltage, DIBL, subthreshold sope etc.
for the optimized device to process variation a room tempeature have been investigaed.
Device peaformance has also been andyzed for dow process corner (high temperature, low
opeaating voltage) to estimate the degradaion in performance in terms of related parameters.

“Controlling Dissipaton and Decohaence in Nanodeices,” Yuli LyandaGeller, Purdue
University. The development of nanotechnology raises fundamental questions of quantum
coheence, dephasing and dissipaion in nanodructures. These concepts are vital for new devices
and systems, for conventiond computing and quantum information technology. 1 will (1)
compae two mgor disspaion mechanisms in quantum dots, (2) show the role of system
symmetry in disspation, and (3) discuss the relation beween decohaence and quasi-paticle
localization. As an example, | will describe mechanisms of nudear spin decoheence in quantum
dots, and show tha relaxation times can be controlled via the Coulomb blodkade charging
effects, and changel by seven orde's of magnitude by applying gae voltage Findly, | will
present my view onwha are major scientific questionsin thisfield.

“Expeiment, Simulation, and Theory for Developing High-Performane Quanum and
Molecular Devices and Systems,” Susan Coppersmith, University of Wisconsin, Madison.
Simulation, theory, and experiment are al vital in the development of new materials, devices,
and systems. This talk will discuss how close coopeation between researchers uang al three
approaches has enabled substantiad new progress in the development of quantum dots in
slicon/silicon-germanium heterogructures for quantum computing and spintronics applications

“Directions for Simulation of BeyondCMOS Logic,” Dmitri Nikonov, Intel Corporation.
Continuousscaling of electronic trangstors generated the need for modding of nanodructured
electronic devices. Theresult of it was recognition of a limit set by thelaws of quantum physcs.
Non-charge-based logic on the molecular/atomic scale has to be explored in the hope of
continuad scaling. One promising option is spintronic devices, which are currently unde
expeaimental study in the academic community. The chdlenge for smulation is to achieve
gquantitative agreement and predictive power regarding such devices. Thar advantage in power
dissipaion might arise from nonequilibrium operation and strongly correlated many-body
states, which need to be theoreticaly designed. Non-chage-based systems will likely require
nontraditiond architectures, such as quantum cellular automata. High-paformance smulation
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methodsare required to modd such systems with indudgon of both the device and circuit levels.
Intel's efforts alongthese directionsare briefly reviewed.

“ Low-frequency noise in nanogale ballistic trangstors,” Jerry Tersoff, IBM Corporation. Low-
frequency "1/f" electrical noise is ubiquitous arising from thermally activated atomic-scale
processes. As devices become smaller, they become increasingly noisy, and this represents a
potentially cruda problem for nanoscale and molecular trangstors in particular. Calculationsfor
carbonnanotubebdlistic trangstorsilludrate the nove scaling expected in this regime.

“ The Quaspatrticle Sdf-Congstent GW Approximation,” Mark van Schilfgaarde, Arizona State
University. A new type of self-consstent scheme within the GW approximation is presented,
which we call the quasiparticle self-consstent GW (QSGW) approximation. It isbased onakind
of self-congstent perturbaion theory, where the self-congstency is constructed to minimize the
perturbaion. QSGW describes optical propeties in a wide range of materias rather well,
induding cases where the local-dendty and LDA-based GW approximations fail quditatively.
Self-congstency dramatically improves agreement with experiment, and is sometimes essential.
QSGW avoids some formal and practical problems encountered in conventiond self-congstent
GW, which will bediscussed. QSGW handles both itinerant and correlated electronson an equd
footing, in atrue ab initio manne withoutany ambiguity abouthow a localized state is defined,
or how doublk-couning terms should be subtracted. Thus QSGW combines advantages
separately found in many kinds of ad hoc extensionsto the LDA (e.g. LDA+U theory), in a
simple and fully ab initio way. Weakly correlated materials such as Na and sp semiconductors
are described with uniformly high accuracy; QSGW also reliably treats many aspects of
correlated materials. Discrepancdes with expeiment are smal and systematic, and can be
explained in terms of the approximations made. Its consstently high accuracy make QSGW a
versatile method tha can reliably predict many kinds of materials propeties in a unified
framework, for example, critical energy-band parameters in GaAs and CulnSe2, and spin wave
spectrain Fe and NiO. Also optical response can be calculated, as can scattering matrix elements
such as the electron-phononinteraction (in prindple); thusit can serve as an engine for true ab
initio device design. As an illugration, QSGW output is coupled to a Monte Carlo Boltzmann
Trangoont Equdion solver to smulate a realistic GaAs MESFET without any empirical
parameters.

“Coupled Electron-Nudear Spn Dynanics in Senicondudor Nanogructures,” Xuedong Hu,
SUNY Buffalo, Confined electron spins are promising candidates for qubit in solid state
guantum information processing. Here we study coupled dynamics of electron and nudear
spins particularly focusng on how this hypefineinteraction leadsto decoheence in the electron
spin. We aso show tha through gae control, the hypafine interaction can be used to polarize
thenudear spins thusreduang decohaence in the electron spin.

“Quanum Information Saence, as presented to the National Academy Decadal Study on AMO
Physics,” Henry Everitt (AMCOM). The Nationd Academy of Sciences recently performed a
decadd study on AMO physcs, at which point quantum information science was discussed and
plansfor thefuture outlined. The presentation | gave during tha study will be provided again so
tha workshop paticipants may understand some of the issues the NAS was addressing in the
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report, which has since appeared. The NAS was particularly interested in four issues, which will
be addressed here:

* Wha are therecent accomplishments, new oppatunities, and compdling scientific questions?
* Wha will betheimpact onother scientific fields, emerging technology, and naiond needs?

* Wha are theworkforce, sodetal, and educational needs?

* How mightthe US research enterprise realize itsfull potential ?

Dr. Everitt from AMCOM had to cancel his attendance on very short notice. Prof. Klimeck took
the open time dot to present his views on oppotunities and chdlenges.

“ A Personal view on Challenges for Quanuum System Modding andImpad,” Gerhard Klimeck,
Purdue University. At the nanometer scale the concepts of device and material meet and a new
deviceisredly a new material and vice versa. While atomistic device representation is novd to
device physcists who typicaly dedl in effective mass modds, the conagpt of finite devices that
are notinfinitely periodic is novd in the semicondudor materials modding community. NEMO
3-D bridges the ggp and enables electronic structure simulations of quantum dots, quantum
wells, nanowires, and impurities. Electronic structure smulations of systems 21 million atoms
have been demongrated. To truly have impact on the research, experimental and educationd
efforts of the community, relevant tools mug be put into the hands of experimentalists and
eductors. NEMO 3-D can engage both educators and advanced researchers, utilizing a single
open source code An educationd version has been released on nanoHUB.org. Over 660 users
ran over 4,100 simulationsin the quantum dot lab in the past 12 months. The Network operates
nanoHUB.org for Computationd Nanotechnology (NCN). Over 21,100 users have used the
nanoHUB in the 12 monthsleading to Feb. 2007. Over 5,100 users have launched over 174000
simulations We spend a lot of time and effort on diversity to enhance the representation of
minority groups This is of critical importance. But let us not forget tha in science and
engineering we have a true pipdine problem irrespective of diversity issues. Most graduae
students in solid state device engineering and physics are from abroad. Unless we succeed in
disseminaing theresearch indghts and ingpire the next generation of scientists and engineers, we
are dooned for failure in the American sodety to continue to be a leader in science and
technology.

4.2 ELECTRONICS BREAKOUT DISCUSSIONS

On Tuesday morning Klimeck led the electronics breakout discussions There were two three
discussion segments:
1) Free braindorm on ideas tha come to mind when thinking about QMHP; idess are jud
jotted down onvariouslarge pog-it sheets, withou in depth discussion and criticism.
2) Theidess are categorized and discussed.
3) Groupsare assembled to report onthe mgjor categories. Thereports are given bdow asa
discussion result.

Five Mgjor categories were identified and assignead to individuds to summarize:
1) Intellectud Chdlengeand gold standard benchmarks (G. Klimeck)
2) Bigldeas/ Applications
a Systems
b. Devices
c. Replacingtomorrow’'s CMOS
d. Dissipaionand Decohaence
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3) Methods
a. Materials (M. van Schilfgaarde, A. Ghodh, J. Tersoff)
b. Formalism (A. Ghosh, Y LyandaGeller)
c. Multi Time/ Multi-Length Scale Modding (D. Vasileska)
d. Algornthms (G. Klimeck)
4) Disseminaion/ Engagement (G. Klimeck)
5) Oppottunities and Technological, Scientific, and Sodetal Impact (Wang, Klimeck)

4.2.1 Intellectual Challenges, Development of Gold Standards, and Deployment (Klimeck)

A fundanenta chdlengeisthe undestanding and utilization of quantum phenomenaunde non
equilibrium conditions for redlistically sized systems. Mog of today’s quantum mechanical
approaches focus on propeties at equilibrium of relatively smal and idedized systems.
However, real devices and applicationsoperate out of equilibrium, redistribute electronsin phase
speace, involve decoheence and dissipation, and congst of systems of arounda million atoms at
thenano-scale. Itiscritical to comprehend tha the nonequilibrium treatment with dissipaionis
of absolute criticality, while typical quantum mechanical approaches ignore it completely!
Quantum mechanical systems without dissipation will repeat themselves after a certain period
and cannotinject carriers on one end of the device and extract them at another end. Without
those fundamenta ingredients the wrong physcs is modded. Numerical approaches tha can
treat large enough systems under non-equilibrium condtions fully quantum mechanicaly
induding effects of dissipaion need to be developed and demondrated. High Performance
Computing (HPC) can enable therapid solution of such systems.

For Computation to truly become a third leg of Science, holding its own weight next to
Expeaiment and Theory, it mus develop its own strategy for validaion and verification.
Numerica experiments must berepeatable, doaumented, and open just like physcal experiments
and theory. They mud be measured agang agreed-uponstandads before predictionsinto new
realms are beng made The establishment of “gold standads’ is a difficult oneand may need
the involvement of theory and experiment. For example even some basic bulk material
propeties of the mog technology relevant material Silicon are unknown experimentally such as
the strain behavior in variouscrystal directions Different theories predict different behavior —
well-qudified experiments are needed to develop verified and validaed computationd modding
approaches. New computationd approaches are needed to treat certain classes of large
problems, however, these new approaches should aso be benchmarked rigoroudy agang
exactly solvable moddsto verify the approach.

The development of such agorithmic and numerical technology, however, is not good enough
These developments need to be deployed to end users tha have real problems to solve.
Integration of end-users into such fundanental developments is highly desirable, since thar
needs should determine the outcome of a highly available and usable modding and simulation
approach.

4.2.2 Big Ideas
4.2.2.1 Quantum Coherent Devices and Systems (Xu, Coppersmith, Sham)

Device Proposals: charge based, electron spin based, nudear spin based, phoon based, other
quasipaticle or excitation based. New state-variablesin CMOS; devices tha exploit nonlocality.
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Therelentless pursuit of miniaturization of microdectronic devices has driven the feature size of
the current generation devices bdow 50 nm. As dimensons of device elements ge closer to
atomic sizes of the orde of nanometers, quantum mechanical features such as quantum
tunnding, and level and charge quantization have become more prominent in undemining
fundiondities of classical electronic devices. Ingead of struggling to overcome complications
arisng from the quantum phenomeng utilizing quantum-mechanical features, particularly
guantum coheaence, interference, nonlocality, and entanglement, to build novd quantum
cohaent devices should be increasingly explored. Fully coheaent quantum computers exploit
guantum parallelism can solve some problems much faster than classical computers, and they are
beng studied extengvely at present. In addition, patially quantum coheent systems or small
fully quantum coheent systems aso deserve more attention in the hopetha they may provide
new fundiondities or may perform classical tasks with reduced energy cost and at faster speed.
Examples of applications where partial quantum coheent can lead to powerful new devices
indudequantum sensors, quantum lithography, and quantum repeaters. The degrees of freedom
involved in these devices could be electron spin and/or charge nudear spin, phobns and
various quasipaticles and collective excitations Furthermore, exploring quantum mechanical
features of classical devices such as MOSFETS could hdp revea ther full potentia. In the
exploration of quantum coherent devices, high peformance computing will serve impaortant roles
in clarifying propeties of complex quantum mechanical systems.

Device characteristics: Control of quantum cohaence, decoherence, and dissipaion and
Device modeling: System-level quantum modding

In order to take full advantage of quantum mechanica propeties of a quantum cohaent device,
the relevant quantum cohaence of the system must be protected. It is important to identify all
the externd degrees of freedom with which the quantum device interacts, to clarify the specific
channds for decoheaence, and to devise approaches to eliminae, suppress, or control
decoheaence (induding pure dephasing and energy-dissipaive relaxation) processes. It is aso
important to peform system-wide smulations that account for al the (often classical) control
knobstogeher with the quantum cohaent components themselves. When the spaial dimendons
of such devices are sufficiently small, the controlling gaesmeans are not fully independent and
often interfere with each other. Furthemore, it is also inevitable tha disorder, defects, and
fluctudionsare present in nanoscale devices. It would thusbe crudal to simulate and andyze
the degree of control one can achieve in the presence of such correlations in addition to the
potential decohaence fromimpeafections Such detailed exploration of the bounday of classical
and quantum regimes could have profoundimpact on our undestanding of quantum mechanics
and our undestanding of the potentials and limitationsof quantum coherent devices.

Device i/o: Quantum measurement

For a practical quantum coheaent device, reliable and rapid measurement is required. Since
measurement inevitably involves the trander of information about the quantum state to the
measuring device, it iscrudal to explore how it can bedonepropealy withoutinterfering with the
cohaent opaationsof a particular device.

4.2.2.2 Systems (Xu)

Over 30years ago Philip Andeason wrote afamouspgper caled “Moreis Different,” in which he
argued tha fundamentally physca phenomenaarise when many degrees of freedomare coupled
togdher, even if the behavior of each of theindividud degrees of freedomis well-characterized
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and undestood (Science 177,393396 (1972). This indght, which has been amply verified in
the context of systems in condensed matter physcs, promises to be equdly important in the
design of complex electronic and photonic systems.

Onekey questionis howto optimize robugness. Robusnessitself can be interpreted in different
ways. Oneway is to be able to design systems tha continueto work when the device yield in
theinitial fabricationis less than 100% butin which the devices tha work initially continueto
work as the system is opeated. Another type of robugness involves developing systems whose
performance is minimally degraded when variouscomponents fail, or when the system is subject
to noise. The question of how to develop system designs which are robug to noise and to
variability in the individud componets, is becoming increasing compdling because of the
continud shrinking of devices, resulting in larger relative fluctuaionsand in greater variability
in the individual device characteristics. Developing the fundamental prindples undelying
robug design could bendfit from investigaing the architecture of complex biological systems,
which are composd of componeits tha exhibit subdantial variability and yet peform
sophisticated fundionsrobusgly.

Two other capabilities that would have enormous impact on future generations of devices are
being able to manage heat more effectively and beng able to minimize power requirements for
an oveall system with components of given individud characteristics. As such, theclarification
of electron-phonon coupling in nanodructures with reduced dimensondity and materia
inhonogenaty is of cruda importance. Furthermore, exploring possible ways to control
electron phononcoupling in terms of its strength and possible directiondity could result in more
efficient heat management and ultimately efficient recycling of theemal energy.

Anothe issuewhere an effective solution could revolutionize system integration is the search for
themog efficient, reliable, and cog-effective ways of integrating different types of components.
Examples indude the interface beween electronic and optical components, and between
mechanical and electronic components.

4.2.2.3 Devices (Vasileska)

In the field of electronic devices we have two categories. (a) existing technology, and (b)
emerging technology.

Oneway is to pursue constant in existing technologies in CMOS scaling and the other oneisto
look for alterndive device geometries and/or nev materias. In all these devices, unintentiond
dopantydefects and the nontlocality of the carrier trangport will play significant role on device
opeaation. Theefore, 3D smulators are needed for modding complex 3D structures made of
arbitrary materials and with arbitrary crystallographic directionsthat will be quantum mechanical
in naure to capture quantum-mechanica size quantization and quantum cohaence effects.

Regarding emerging technologies, in which we can indude noncharge-based devices, nudear-
spin based devices and devices used in quantum computing, smulation tools are needed tha can
propely capture, for example, the spin carrier trangoort which is not as yet developed at tha
level of sophistication as the carrier-based trangort. In both, the existing and the emerging
technology, modding of the contacts will be crudal for prope undestanding of the device
opeation. In fact, onecannotmodd an isolated device, butit mug modd thedevice + pat of the
reservoir. Another issueis the prope bandgructure incorporation, as at these scales devices will
behave as macro-molecular systems. Hence, a trangoort + band-structure kernd is needed in the
nanoscale device modding.
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4.2.2.4 Challenges for replacing tomorrow’s CMOS (Nikonov)

Chdlenge find thebest option for the nanodectronic trangstor
» predict ananodectronic device dramatically better than CMOS
* provewhen quantumtrangport smulationis necessary (i.e. drift-diffuson-Schrodnge-
Poisson breaks down)
Chdlenge choos best noncharge-based device
» toolsfor simple smulation of non-charge-based devices
» predict which optionsare dramatically better than electronics
Chdlenge smulation capability to enable experimental demondration of a practical spintronic
device
» genega spintronic smulator, handling mog of proposed devices
» achieve predictive power by close interaction with experimentalists
» tofilter device options not to discover new phenomena

Chdlenge can onelower power dissipation via operation out of thermal equilibrium?
» practical device scheme with nonequilibrium opeation
» proveadvantage of spin logic vs. electronic logic

Chdlenge wha are the architectures of choice for beyond CMOS devices
» smulator with device-circuit link for beyond CMOS devices
» which architecture bringsout the best performance of noncharge-based devices
» any application-specific architecture for beyond CMOS that is dramatically better than
CMOS

Chdlenge how can HPC bemadeuseful for real engineering?
* Need to paform smulationsrapidly with the god to hdp experiment
* Rapid turn-aroundtime
* Need amog interactive respong — as oppogd to week-long numerical experiments

4.2.2.5 Dissipation and Decoherence (Lyanda-Geller)

For quantum devices on nanoscale, control of dissipaion and decohaence becomes especially
important. Modding of nanodevices requires identification of prindpd mechanisms of
dissipaion and decoheence. Unlike dissipaion in bulk materials, special role in dissipation in
guantum dots and smilar structures belongsto relaxationd dissipaion, when energy levels
o<cillate with frequency and level popuktion adiabaically follows excitation, becoming non
equilibrium in the absence of interlevel trangtion, so tha popuktion relaxation leads to
absorption of energy. Dissipaion and decoherence in devices strongly depend on the symmetry
of wavefundions which define strength of excitation and relaxation processes.

It has long been appreciated tha there is an indispensable connection between dissipaion and
decoheaence, with mog striking examples being (i) theinaulating propeties of two-dimensond
conducors in absence of decohaence and metallicity in the presence of decohaence, and (ii)
absence of absorption in resonant trangtions between two discrete levels in the regime of Rabi
oscillations with absorption of energy appearing with dephasing. Developing methodsof control
of decohaence is crudal for quantum information technology, for coheent electronic devices
and for nonchage based devices, involving electron or nudear spin. Critical issues in
investigaion of dissipaion and decoheence are: account of dynamics and correlationsin the
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bath, and correlations between processes in the device and in the bath, such as dependence of
coupling between quantum dot and contacts on the nunmber of paticlesin thequantum dot It is
critical to undestand the role of many-body localization, and the role of localization in Fock
gpace of many-body eigengates for dissipaion and decoheence.

Modding of nanoderices requires an appropriate formalism. To investigae dissipaion,
decoheaence and trangport in quantum charge and noncharge based devices, it is inaufficient to
rely on Kubo formula, and usng non-equilibrium Green fundions and quantum Kkinetic
(Boltzmann-type) equaion is important, which would account for effects of disorder,
interactionsand correlations

4.2.3 Methods
4.2.3.1 Formalism (Ghosh and Lyanda-Geller)

Quantum and nanoscale systems and devices span a wide range of length, time and energy-
scales. Physgcal processes at interfaces and contacts, where these scales come togeher, are often
crudal. The issues are not jus computationd, but in fact, fundanental ~ at the level of basic
notionsand equaionsthemselves. How would one describe quantum trangort througha small
channd or quantum dot, induding many-body interactions disorder, correlations between
charge/spin carriers in the dot/'channd and thos in contacts? Wha deines dissipaion and
decohaence in such systems, and how would oneintrodue level broadening rigoroudy? Wha is
the role of many-bodylocalization, and localization in Fock space of many-body eigendates for
trangport propaties, dissipaion and decohaence? For ingance, quantum kingtic equaions are
quite successful in describing nonlinear responge chaacteristics of many systems. Can one use
this approach to describe strongly interacting nanosystems far from equilibrium, or are
fundamentally different nonperturbaive approaches are needed? If so, wha is the dynamics at
the nano-micro interface, where strongly correlated elements couple with weakly correlated
counerpats? Wha is the role of cohaence and localization of quasi-particles at the system
level? Could one borrow conaepts from other disciplines (such as quantum optics) to describe
some of theissues (such as entanglement) in quantum trangport paradigms?

4.2.3.2 Multi-Time / Multi-Length Scale Modeling

Thee are severa ways of interpreting multi-scale trangort. When we talk of length-scales, we
usudly mean starting from the Schrodinger equation and going up to the circuit level if we
consde modding of devices. Thisis becoming very important even in conventiond nano-scale
devices as quantum interference, nonlocality of the trangort and quantum size-effects play
significant role. There are problems tha can be dso multi-time scale and multi-length scale at
the same time. Such is the problem of heating of devices fabricated in the SOI technology where
simulation tools are needed to capture physcal phenomena starting from the circuit level
(determinaion of the hot spots in the circuit) and moving down to the device level where we
have multi-time scale dueto thedifference in the energy-relaxation times of the electrons optical
phononsacougic phononsand theundelying SIO2 level (the heath bath).

4.2.3.3 Materials (Ghosh, Schilfgaarde)

In the modern nanoscale and computing devices the chemistry, bandgructure and trangort are
strongly linked. Aside from theformal challenges of merging classical and quantum trangport in
devices spanning various length, time and energy scales, there is also the practical issue of
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identifying the correct electronic structure inputto suitable trangport solvers. Broadly speaking
there exist a hierarchy of methodsto modd banddructure. At oneextreme are ab-initio methods
which contain explicit information aboutwave fundionsand potentials. They can be predictive,
but are however limited in scale. At the othe end are modd Hamiltoniang whose matrix
elements are parameterized to fit key materials parameters, and may not be easily tranderable
between structures. A critical issuein modding practical devices is tha complex devices often
incorporate very different types of materials, such as organic and inorganic molecules, which
pos a sgnificant chdlenge to the modder. One pah is to develop multi-scale smulators, -
approaches tha couple more accurate methods in small, critical regions to simpler, more
efficient ones tha can be applied to larger scale. Another is to evolve the ability to create new
electronic structure approaches tha are more broadly applicable across boundaies and
interfaces. Some combination of these strategies will be needed to realize the objective of scaling
ourresultsfromthedevice level dl theway upto asystemslevel.

With the smaller size of devices approaching nanosale, effective mass methods commonly
employed to describe charge carrier spectra, field effects and impurities in bulk systems no
longe suffice. Atomistic approaches are needed to peform quantum simulationsin practical
devices. The latter are boundto have a least 1 million atoms; tha is the capability that such
computationd tools should target. Furthemore, for investigation of the device fundiondities
related to changes of shgpe of devices by electrogdatic gates, for study of effects of randormess
dueto fluctuaionsin alloyed materials, and effects of variability atomistic calculations can be
effectively supplemented/combined with Random Matrix Theory methods Random Matrix
theory uses symmetries of systems, the corresponding energy level repulsion and dtatistical
distribution of matrix elements of interactions for calculations of mesoscopic systems and
eluddation of universal propeties of devices and systems.

Accuracy is a maor issue New, efficient strategies are needed to supply information to
adequaely characterize impurities and defects, aloys unfamiliar materials, interfaces between
dissmilar materials, lattice deformations and so on. The structure of the interfaces within the
device are not known (paticularly when molecules or carbon nanotubes are invdved), and
cannot be readily determined experimentally. Also, theemal fluctuaionsin structure and charge
state lead to significant noise in micron-scale devices, and noise increases with decreasing size.
Optimizing for structural stability and robugness againg thermal fluctuaionsor diffuson may
become as important as optimizing the electronic respone of the device. Thus numerical
techniques need to be developed tha can adequaely address structural, electronic, and thermal
propeaties. In addition, we need ways to describe device-to-device variability. Atomistic
techniques may need to be combined with other symmetry approaches, such as random matrix
techniques. While ab-initio methodscan play a cruda role in addressing many of these issues,
chdlengesto apractical realization need to be addressed. For example, the most widdy used ab-
initio methods have well known limitations to thdr accuracy, which often rendas them
unalitable to describe key parameters. Moreover, such methods usudly stay within the
framework of a single-paticle picture, which are inadequae for some important many-body
correlation effects, paticularly relevant for quantum trangoort. New frameworks need to be
developel to overcome such limitations

4.2.3.4 Algorithms (G. Klimeck)

The pand identified 3 genera critical issues that need to be addressed in subsequent research
work and severa direct suggestion of needed algorithm work.
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1)

2)

3)

4)

1)

plug-n-play family of modding tools — traditiond software development at the University
level in the are of quantum electronics serves as a supplement to the outcome of a PhD
thesis. Typically the primary outcome of a PhD project is some new facet of specialized
knowledge doaumented in a peer reviewed joumd. The actud software tha may have
been used in the work is not really subject to review, doaumentation, and release. In
amog all cases the software dies with the departure of the student. In tha process many
wheels ge reinvented al thetime, progressis sow and the software isineficient, buggy,
undowmented, and non-interactive with other systems. Thisisa systemic problem in the
existing funding process and academic value system. NSF can strongly influence this by
demanding its projectsto deliver and disseminde the new software, to make it part of the
peer review process, andto truly elevate computation to athird leg of science.

Numerical (in-) stability: Typical software designs and implementation are not modular
enough (see argument above to test and validae aternaive solution methods on the
same problem setting. This handicap severely hampe's the testing, validaion, and
verification with alterndive algorithms and theandysis of algorithm stability issues. The
important thing to keep in mind here is tha the new algorithms are notthe“end”, butjust
a means to the end to solve real problems. Computationd scientists who develop new
algorithms mug be embedded in the physcal problem and integrate their new agorithms
in real software solving real problems, nat toy or sample problems.

Algornthms for nonlinear equaionsapplied to condensed matter: Other disciplines have
developead and implemented large sets of algorithms that may prove to be very useful to
solve problems in condensed matter physcs. Future announ@ments should encourage
the cross fertilization of formerly digoint computationd efforts to hdp advance the
computationd science in condensed matter electronics.

Design, Synthesis, and Characterization throughinverse modding: Most modding and
simulation approaches conaern themselves with accurate representation of some physcal
system and the derivation of its physca propeties or technical paformance. Thisisthe
baselinefor thework of an engineer who will now take that knowledgeand approach and
will try to tweak and modify it so it actudly ddivers desirable outputs and performances.
Tha meanstha typical engineering problems start from a desired performance and mos
of the time is spent to solve the “inverse problem” to find the physca propaties,
dimendons material choices etc, tha result in the desired peformance. Automated
approaches integrated into realistic, not toy modd-based, problems need to be sponored
by the NSF. Such automated approaches will hdp the design and synthesis but they can
also hdp the device and system characterization, since physical measurements are often
hard or impossible and software can beused to characterize devices and components.

The sectionson Systems, Materias, and Formalism laid out some of the intellectud chdlenges
thefield isfacing. New or augmented algorthms are needed to advance the science or overcome
significant obgacles. Some of theidentified issues are:

Circuit smulation for nontraditiond architectures. today’s semicondudor circuits
contain aboutl billiontrangstors. These systems are designed by a hierarchical system /
circuit approach. Alternaive architectures are currently suggested and explored at the
few deviceslevel. Overal circuit level andysis mug be performed in order to hdp guide
and validae the individud device work. Wha if in the wildest dreams the individud
devices work as well as imagined, but put togeher in circuits they cannot ddiver more
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than wha we have today? These are vaidaions system level circuit andysis needs to
ddiver.

2) Non-equilibrium Green’s fundions (NEGF) have been identified as one of the primary
formalism to solve the quantum effect dominaed non-equilibrium trangort problems at
theatomic scale. For some problem settingsthis approach poses daunting computationd
burdens for today’s agorithms. The problem at hand is not the traditiond eigenvalue
problem or the linear system solution, but selective elements (typically al the diagonds
and supe-diagonds) of theinverse of the system matrix need to be computed. New, fast
algorithms are needed for this problem solution.

3) NEGF can treat the quantum mechanics of a single carrier in an atomistic basis
representation, treating interactions with other carriers through self-energies. This is
appropriate for systems with a relatively large nunber of carriers. If the nunber of
carriers are small, large effects arise due to true few paticle-paticle interactions and
correlations No generalized theory is even available today (see formalism section). The
need for algorithmic work on eigenvaue solutionsis expected to have a strongimpact on
thetreatment of these strongly correlated systems.

4.2.4 Dissemination and Engagement (G. Klimeck)

The growth in knowedgein all fields of science is so tremendousy large tha the knowedge
disseminaion and advancement faces fundamental chdlenges with respect to 2 very different
popuktion groups peopleingdeand outsidethe science / engineering community.

1) Disseminaion indde the Science and Engineering communities.  Traditiondly

computationd scientists are very decoupled from experimentalists and theorists. Wha is
exciting and new to a computationd scientists is typically too complicated and too
computationdly intendve, or too inaccessible to an experimentaist. And wha is
interesting and essential to an expeaimentalist is often an old and boring ha for a
computationd scientists. Even for computationd scientists it is difficult to cross borders
to a new area, such as device modding towards materials modding, as codes are hard to
access, maintain, and use. NSF mug encourage the interaction of these typically digoint
groups and mug demand tha the computationd work be made accessible to
expeaimentalists and the community at large There is currently no or little formalized
and fundeal encouragement by NSF to findize and disseminae software developmentsin
research efforts.
One successful example where experimentalists, eductors, computationd scientists, and
students can use research and educationd software very easily is nanoHUB.org
developad and hoded by the Network for Computationd Nanotechnology. The
nanoHUB is now serving over 25,000 annud users with nanotechnology simulations
tutorials, seminars, web meetings and collaborations New middleware, application
development environments, and portal technology was developed to serve rea users and
thistechnology is now being used to create new HUBs. NSF should encourage the use of
similarly proven technologies for disseminaion and engagement, rather than the creation
of new future Cyber infrastructures as research efforts, that will take another few years to
develop and yet more years to serve read users. Cybe infrastructure mug be usable
infrastructure tha serves real users immediately. The real usage guides the evolution of
tha infrastructure.
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2) Even if the wildest device and systems dreams were to come true in a very short time
frame, science and engineering are facing a tremendouschdlengein the US as well as
many other technologically highly developead courtries: children in these counties do not
grow up wanting to be engineers and scientistss Making research tools, research
seminas, or introdudory lectures available to K-12 groupscannot be the right way to
address these groups Specialized efforts tha focus on the integration of fundamental
engineering and science knowledge into the existing curricula, motivated by today’s
science problems may be a great oppotunity. This can be a true service oppotunity of
scientists and engineers who are gifted teachers, who can distill essential knowledgein
math and physcsinto aK-12 curriculum.

4.2.5 Opportunities Technological, Scientific, and Societal Impact (Wang, Nikonov)

The QMHP thrug will result in commercialization of a new generation of devices for computng,
sengang, information storage and processing, which can only be enabled by the smulation and
design methodsidentified in the present workshop. The impact of the thrug will occur in the
technological, scientific, and sodetal aspects.

Technological impact. Thefield tha is mogs significantly dependent on the implementation of
the nanoscale and molecular scale devices (electronic, nanomegnéic, spintronic, optodectronic,
nanomechanical, etc.) is computing. For 35 years to dae, the progress of computing devices
according to Moore's law occurred by thar dimensond scaling. Semicondudor technology
developas encounter prohibitive obdacles in continuing thetrend. Theonly possibility to sudain
the Moore’ law for next few decades seems to come from dramatically novd devices such as
discussed in this paragraph. Such devices are necessary for higha performance and lower power
computers.

Bendfits are not limited to general purpose computing. It is likely tha the consdered quantum
and molecular devices will manifest the strongest advantage in non-traditiond architectures and
specific applications such asimagerecognition, data sorting, digital signd processing.

New heterogeneous integrated Nanog/stems for information (senang, energy management, low
dissipaion information processing, health and sodety, self sugaining) will emerge with the
major NNI investment.

Anothe branch of this thrug in the theema management and the hope of harvesting of the
thermal energy of the environment in the nanoscale heat engines to provide energy to mobile or
remotely controlled information devices.

Scientific impact. Pursuit of the QMHP program will require novd approaches to fundamental
physcs. Here we stress tha, physcist will need to tackle switching and variable states of
condened matter and quantum object, unlike mogly spaially uniform and stationay states of
matter they are used to study today.

The undestanding of variability and power dissipaion, which are the common salient features
for all nanometer scale devices with high scales of integration, will enable the new robug design
and opeaation for thenext generationsof Nanosystems.

The smulations tools as well as theory developed will accelerate the development of high
performance simulation for nanog/stems by providing new undestanding of the interactions of
nanocomponeants (induding physcal, chemica and bio building blocks) and ther interfaces
amongg different dissimilar nanocomponents for heterogeneousintegration. Therefore, seamless
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modding and simulation from nanocmponents to nanos/stems are needed. The general scope
of quantum information simulations should cover a broad scope of nanoscale quantum systems
with modules to be seamlessly integrated for users.

Societal impact. Deployment of systems based on the new device will initiate profoundchanges
in the sodety. It took the humankind approximately 50 years to reach the mark of 1 billion
computer usersin theworld. We should reach the Second Billion of computer users and connect
them ove the interng in a much shorter time. The fates of growth of globd econony,
proliferation of information freedom and democaracy in the world, increase of living standads
across theworld hingeon the success of information technology.

Achievement of a quditatively new level of application specific computing (mentionad above
will enable unprecedented capabilities in security, defense, and service econony.

The quantum information we learned may provide new sendng and measurements in nanoscae
(atomic and molecular scales): new quantum sensors and measurement techniques to go beyond
wha we have today, paticularly in the quantum systems may help many facet of soda life. For
example, the quantum fluctuaionsin the nanosale, which may correlated, may be treated as
signd for metrology as contrast with the microscale, where these fluctuaionsare consdered as
“noise”. New theory of quantum metrology and correlated effectsis needed to hdp develop new
expeaimental quantum based ingrumentation. Applications may indude tho in information
systems as well as hedlth systems, e.g., improvement of MRI.

A strategy for the seamless integration of different modules of high performance computing
should be developed. For different modules, they should be able to hdp systems designe's to
improvethar effectivenessin design and to increase of the produdivity by orders of magnitude.
Thelatter will improveall facet of produdivity in the sodety.

4.3 Electronics Panel Discussion

Pand Membes. Kang Wang, Dragica Vasileska, Dmitri Nikonov, and Susan Coppesmith,
Pand

Char: Gerhard Klimeck

The process of the pand was such tha each pandist was given 3-5 minutes to make thar initia
statements and the floor was opened up for discussion. The paragraphs bdow highlight the
keywordsof theindividud statements and the ensuing discussions

KangWang:
Wha will be the anticipated impact of this program 10 years from now? Wha would you
anticipate? Do nothave an answver for these questions

Susn Coppesmith:

Thinking of QMHP as a program: Why is this not more of the same, but really be different?
Need to put the material into context — impact here is the direct relevance to technology. Foresee
big changein electronic devices in the future. How do we keep this in the real footing and how
dowetiethisto real technology?Hasto couple to thereal device world — self congstency of the
modd to thereal world!

Needsto beacritical new ideal Have notheard anew ideain thediscussion so far

9/19/07 3:21PM Verson9.1



Need to really form the sense of a community.

Dragica Vadleska:

Wants to be a bit more specific! Wha are the current problems? Wha are the relevant
problems? Wha are themodding tools tha are needed for theend of theroad map and beyond?

Dmitri Nikonov.
Need to consder quantum device and molecular computing as atargd.

No onereadly toudhed on high performance computing in the previousdiscussions Usually think
of HPC of a peson tha publishes something tha cannot be duplicated. HPC needs to be
connected to real solutionstha are fast and accessible.

Discussions

Kang Wang: HPC means today access to remote systems — need to see ubiquitous HPC — in
eductiond and research ingitutions

Dmitri Nikonov: HPC in the context in this thrug — in order to achieve the goas the researche's
need to adopt much more efficient way to compute, formulate and distribute. Not necessary to
use amillion of computers to solve the problems — need to get the optimization donequickly.

Gerhard Klimeck - HPC: needsto be useful to engineers to turn solutionstha nomally require
days of compute time into minutes. If such HPC simulations are readily available cycles and
user interfaces) then engineers will use them.

Eli Yablonovitch: needsa certified software geniusto make thingswork in software. There are
no turn key solutionstha will work for alarge group.

Kang Wang: need HPC for fundamental calculations — has not seen it applied to immediate
realistic problems

Summary of themain part of thediscussion:

In the past HPC has not been particularly hdpful for engineering work. Efforts unde this
program in HPC should be closely coupled and integrated into the effort to have any impact.
Some output of this thrug should go to software development and software engineering. =>
broader impact. What kind of software development is needed to speed up the development?
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5 QUANTUM PHOTONICS

To set the theme for these discussions, we reproduce first the abgracts provided by each of the
speakers in the quantum phobnics talks tha took place on Monday. (Complete copies of the
talks are available on the above mentionad website.) We will then synopsize the breakout pand
discussion topics on Tuesday morning and then end with the pand discussion topics from the
guantum phobnics pand on Tuesday afternoon.We will end this section with a synopss and
recommendaionsfromtheindividud invitees.

5.1 ABSTRACTS OF THE PHOTONICS TALKS

Many of the talks, and hence the discussions, focused on high-peformance smulation,
modding, design, and experiment of complicate electromagndic systems. Examples are the
electromagndic propaties of metamateriads, phobnic crystals, plasmonics, and the
computationd difficulty involved in modding thefield-matter interactions such as the nonlinear
inversion problem — wha design gives the desired electromagndic respong? In the case tha
the field-matter interactions are noninear in nature, the inversion can be formidable and new
high-peformance computing algorthms and techniques are needed. An additiond layer of
computationd complexity occurs when the matter or field (or both) need to be treated quantum
mechanically, for example in the design of quantum optical systems for quantum information
processing. Here we run into the paradox, for example, tha in order to design a large-scale all
optical quantum computer, onemay need a large-scale quantum computer. Theandogistha in
orde to design the next generation of computer chip, one mus exploit a supacomputer tha
employs the previous geneation of computer chips Bootstrapping in the quantum domain will
become similarly important. The undestanding of light matter interaction at the quantum and
nanoscale will be come critical and high-performance computing mug address this need. Findly
thefocuswill beon optodectronic quantum computers, ther design and ther uses.

“Exploring New Interfaces Between Quanum Optics and Nanosience,” Mikhal Lukin &
Marko Lonm, Harvard University. Several examples from the emerging interface of quantum
optics, phobnics and nanosience will be discussed. We first describe and demondrate a
technique tha makes use of cohaent manipuation of a single electron spin and individud
nudear spinsin its high punty diamond|attice to create a controllable quantum system (quantum
register) composed of afew qubits. Specifically, we show tha the electron spin can beused as a
sengtive loca magnetic probe tha alows for a remarkable degree of control over individud
nudear spins We next describe our recent work on developing novd systems for single phoon
guantum control based on combining ideas of cavity QED with nanowire surface plasmons
Specifically, we will describe realization of strong coupling between such plasmonswith CdSe
guantum dot emitters. As an outiook we will discuss how these systems can be used for potential
applications ranging from scalable quantum information systems to novd sensors and single
phontrangstors.

“ Quantum Nonlinear Effects In Photonic Crystals: ApplicationsTo Information Processing And
Themal Radiation Managenent,” Marian Florescu, Louisana State University and Jet
Propulsion Laboratory. Photonic crystals conditute a new class of dielectric materials in which
the basic electromagnédic interaction is controllably altered over certain frequency and length
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scales. They promise a wealth of new devices tha could satisfy the demand for ever-faster
computers and optical communications The synergetic interplay between material science and
high-performance modding and simulationsis the major driving force in the field of phobnic
crystals. In this talk, | will review some of the novd phenomena in the quantum optics of
phobonic crystals and | will present our work on all-optical switching near a phoonic band edge
themal radiation control usng phobnic crystals, and implementation of deterministic phoon
sources in phobonic crystal architectures.

“ Photonic Crystal Program At Sanda National Laboratories,” T.S. Luk, |. El-Kady, R.A. Ellis,
J.D. Williams, W.W. Chow, Sandia Nationd Laboratories, Albuqueque The ability of a
phoonic crystal to mold and control light forcing thermal energy to emit in arelatively narrow
gpectral band has intrigued scientists and engineers in optics and physcs. In paticular, there is
interest in driving phoonic crystal emitters out of equilibrium. In thisway, Plandk’s law will no
longe limit the spectral brightness of the emission. Indesd, a quantum optical modd of an
ensemble of two level emitters suggested tha a nonequilibrium condition could be achieved even
when the heat source is thermal in naure. This is dueto the fact tha the temperature of the
emitters is not necessarily the same as the phoonic crystal itself. This result has tremendous
implications for thermophobvoltaics, efficient lighining and IR scene generator applications
Sandia has a long history of photnic crystal research. In this presentation, we will discuss the
direction and focus of Sandia phoonic crystal program. This will indude modding, fabrication
and characterization. In addition, we will toudh on phononc bandgg materials, the acougic
andog of phoonic crystal.

“What Can Be DoneAbout The Decohaence Of A Quantum System?” Lu J. Sham, University of
California San Diego. The supeiority of a quantum machine is rooted in the coheaent
supapostion of its states. This talk will discuss two methods of reduang decohaence: one
restores the log cohaence and the other a nascent proposl to avoid decohaence. (1) The
cohaence dynamics is modded by a two-level system in an interacting spin bath. Based on a
guantum solution of the dynamics, a method is proposd to recove from the pure decoheence.
(2) Adiabatic quantum computation can avoid decoheence by keeping the system in the ground
state by changing the fields We discuss whether the dendty fundiond theory can be used to
modd the adiabaic changeof the groundstate.

“The Application of New Algorithms to Sole Inverse Problems in Engineering,” Eli
Y ablonovitch, Department of Electrical Engineering, UCLA. The solution of Maxwell's
Equaionsis centra to many areas of technology. | will give the following rea-world busness
examples in which a more accurate Electromagnetic computation redoundsright down to the
bottom line of a busness: 1. Cell phonelnternd Antennadesign; 2. Nano-phobnic circuits in
Silicon-on-Inaulator wafers; 3. Design of phot-masks for Photolithography. Simulation aloneis
inaufficient in all these real life examples. Idedlly the computation should encompass an inverse
design agorthm tha actudly solvesthe engineering chdlenge

“Electromagndic Cloaking,” David R. Smith, Duke University. Over the past five years,
artificial materials—or metamaterials—have rapidly emerged as a means of obtaining unusid
electromagndic respon®. While the range of vaues tha the electromagnedic conditutive
paameters can exhibit in metamaterials does not necessary exceed wha can be found in
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conventiond materials, the ability to engineer the electromagndic respons over atremendously
broad frequency rangefar surpasses wha can be achieved in conventiond materials. This design
flexibility has enabled the development of a suite of new electromagneic materias, from media
with negdive refractive index—in which the electric permittivity and the magneic permeability
mug be negaive ove the same frequency interval—to impedance matched gradient index
structures. Mog recently, we have suggested an entirely new approach to electromagndic
design; termed trandormation optics, in which an optical deviceis created by the application of a
desired coordinae trandormation to the constitutive parameters. As a first example of this
method, we describe both the theoretica recipe as well as an experimental confirmation for an
“invisibility clogk,” which has the propaty tha it sweeps electromagndic waves of a paticular
bandwidth arounda conaealment volume, nether reflecting radiation nor casting a shadow. The
cloak parameters determined by the coordinae trandormation are generally quite complex, beng
anisotropic and exhibiting significant inhonogeneity in both the permittivity and permeability
tensors. Though the clo&k structure is complicated, the recent demondrations point out the
further enabling possibilities of metamaterials.

“Thermal Emissionin the Near-Field from Polar Semicondudors and the Prospects for Energy
Conwersion,” R.J. Trew, V.N. Sokolov, B.D. Kong, and K.W. Kim, North Carolina State
University, Raeigh. It has been demondrated tha in the near field the emission spectra of
thermal radiation from polar semicondudors exists in narrow bandwidth evanescent modes at
THz frequendes. Quasimonodromatic thermal emission exists in material sources tha suppot
surface phononpolaritons It is shown tha polar semicondudors, such as InP, GaAs, GaN, SIC,
and ! -Al203 (sapphire), al exhibit quasimonodromatic theemal emission characterized by
strong peaks of evanescent modes at well-defined frequendesin the near-field tha correspord to
the appropriate peaks in the dengty of states for surface phononpolaritons Materials with lower
polariton frequendes (e.g., InP and GaAs) demondrate a highe peak spectral energy dendty
compaed to thoe with highe frequendes (eg., SIC). The enegy densty stored in the
evanescent peaks close to the surface is estimated to be many orders of magnitude larger than
tha in the blackbody radiation. Convea'sion of the near-field evanescent mode to a traveling
wave suggests the potential for anovd energy source tha can convat themal energy directly to
dccurrent.

“ Electromagneic Sattering from Large Amplitude, Snall Period Suiface Roughnas,” Gary S.
Brown, Virginia Polytechnic Inditute & State University, Blacksburg. Our undestanding of
scattering from rough surfaces rests primarily uponasymptotic analytical modds and numerical
results. The andytica results have been found to be much more accurate than was origindly
predicted. The numerical results have shown this to be true and have aso extended our domain
of undestanding to situaions where the asymptotic andytical results breakdown. Bounday
perturbaion theory is accurate when the surface features are small compared to the probing
electromagndic (em) wavelength. The Kirchhoff approximation is accurate when the roughnes
heght and peiod are large compared to the electromagndic wavelength. An appropriate
combination of these two theories covers surfaces, which are a mixture of small and large
structure. Theintermediate rangewhere the surface height and the period are comparable to the
em wavelength can be dedt with usng numerica techniques. The one range of surface
roughnes tha has not been addressed to date is tha for which the roughnes heght is large
while the surface period is small compared to the em wavelength. If the surface roughnes period
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becomes sufficiently small compared to a wavelength, one might expect tha the surface will
become specular in it scattering characteristics. That is, from a scattering point of view, the
surface effectively becomes flat. The purpose of our research is to investigae this limiting
behavior in order to undestand the scattering from such surfaces. Our god is particularly
focused on finding what hgppensto the currents on and the scattered fieldsfrom randomnly rough
surfaces comprising surface periods tha are smaller than the inddent em wavelength. Our
approach focuses on the Magndic Field Integra Equaion (MFIE) for the surface current
indued on a onedimensondly rough, pefectly conduding surface. Unfortunaely, in its
primitive form, the MFIE is not paticularly amenable to numerical solution for scattering by an
extendead surface. We therefore use a preconditioning technique tha we developed in 1996 for
summing an infinite number of multiple scatteringson the surface prior to an iterative solution.
We demondrate the robugness of the method by applying it to a surface containing a snusida
roughneas. We show the rather unique behavior of the surface currents for both TE and TM
polarizations once the peiod of the surface becomes less tha onehdf the inddent
electromagndic wavelength. In addition, we demondrate the specular naure of the field
scattered by such a surface. It is interesting to note tha this is an excellent example of wave
diffraction produang exactly the same scattered field as a pefectly flat reflecting surface once
the point of ob=ervation is jus afew tenths of the em wavelength abovethe crests of therough
surface. Computationsalso show that the power scattered into the specular direction is equd to
the inddent power, to within a few hundedths of a dB. Results will be presented for a surface
where the technique fails to convege indicating tha our precondiioning mus be applied a
second time to pre-sum some of the back and forth multiple scatterings on the surface before
starting theiterative solution.

“Computer Aided Approadhes For Nanophoobnics Research,” Tae-Woo Lee, Louisiana State
University. Over the past decade, venturing light manipulation in subwavelength scale has been
accompanied by the advent of nanoscale probing and material processing techniques. First-
prindples computationd modding tools can help provide invaduable indghts about wave
phenomena inheent in phobnic nanosystems. They can aso be used to condud inexpensve
feasibility studies of a proposd device conaept and to optimize a device design prior to
fabrication. In this direction, a general concgpt of computer aided research and development
(CARD) in nanophotnics will be pointed out We will discuss how CARD can be systematically
structured to facilitate nanophobnics researches. Rigorous numerical andyses from high
performance computing resources and strong collaborative works are main frames of CARD
environments. Next, we will present CARD enabled research outcomes as examples which
indicate significance of CARD in nanophobnics researches: 1) quasi-3D plasmonic crystals for
bio-senang application, and 2) coheent excitations of local plasmons for encoding/decoding
optical signds. A newly established computing center, CCT, at the Louisiana State University
will bebriefly introduced which can serve as an ideal base station for CARD environments.

“First Siepsand Results with QuanumMany-BodyMath,” J.H. Eberly, University of Rochester.
Many-paty interactionstha preserve or patially preserve nonloca coheaences such as quantum
entanglement have the potential for applicationsgoing far beyond wha is available classically.
This is well known. What is till not widdy appreciated is tha such interactions also permit
applications going beyond the boundaies of the pat of quantum theory known as wave
mechanics. In a nutshdl, entanglement is more than dudity. To see the implications of
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entanglement physcs the prindples of many-body mathematics mug be reduced to calculable
examples, and we will report on this process. Two-particle calculations usng many-body
mathematics have been completed. Amongthe new results are several predictionsof evolution of
the degree of two-body entanglement that is not smooth in time, even unde conditionsof smooth
evolution of the condituent onebody dendty matrices. Experimental testing of this exotic
behavior is currently undeway.

5.2 PHOTONICS BREAKOUT DISCUSSIONS

On Tuesday morning Dowling led the phobnics breakout discussions. It was decided to take the
three primary gods of the QMHP thrug, as de€fined by the NSF, and to break these down further
into phoonics related discussion points. The primary gods are: (1.) High-peformance
computing devices and systems; (2.) modding and smulation for phobnic systems;, (3.)
guantum many-body prindples devices and systems.

High-Performance Conputing Devices and Systems

Plagmonics. The control of light at the nanoscale requires high-performance computing for the
description of plasmonic systems. Plasmonics and the related field of nanophobnics rely on
novd light-matter interactions which permit the manipulation of theoptical field in nanodevices.
New andysis and visualization methodsand approaches are clearly needed for this field. Such
developments will be important to explore the interface of eectronics with phobnics. Quanta
versus classical versions of the systems unde study need to be identified and undestood A
hybrd quantum classica theory is needed, since while the basic picture is well undestood, it
needs to be extendal to account for interfacing of light with quantum systems. Noise from
Landau damping mug be studies. Andysis and undestanding of the phobnic and electronic
detection processes needs to be donein this context.

Quanum Computers. As quantum computers become available it is important to be on the
lookoutfor ways to exploit the hype-paraleism of the quantum states as a new paradigm in
high-performance computing. Beyond classical computing, simple quantum computers will have
thar primary first practical role as smulators of simple quantum systems. This aspect then one
could envision simple quantum computers as a tool for designing better classica computers tha
opeaate robudly in spite of quantum effects, thus pushing Moore's law further. For example,
once trangstors reach single atom size, quantum effects will domnae. However by smulating
arrays of such trandstors on a smple quantum computer, we may find ways to make it behave
classically for standad classical computation, or force the quantum behavior to develop even
more powerful quantum computers. The undestanding of therole of entanglement, decoherence,
and other such quantum effects in quantum-sized machines will become increasingly important.

Optimization and Inversion: Electromagnéic inverse problems always typically run a forward
solution and the main issueistha, in generd, inverse algonthms are dow and difficult. Thereis
need to introdue new tools and standardize them. The Human interface is very important both in
providing educated guess and in interpreting thefind result. Integrate adgptive methodsand non
orthogond meshes. Any progress in inversion protocols tha alow for electromagndic devices
with well-characterized designswill greatly advance thefield of quantum phobonics.
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Adapive Conputing: New agarithms need to be designed to andyze multi-scale and multi-
physcs (phoons electronsand phoons). The implementation of an efficient feedback loop in
the ssimulation algorithm is critical. Novd numerical framework for quantum system designs,
such as the pah-integral approach, need to be considered. In this context quantum trgjectory and
Monte Carlo smulation techniques from quantum optics will beimportant.

Quanum-Classical Boundar: The development of a strategy for approaching classical quantum
interface issues becomes important when designing quantum devices at the nanoale. Which
models for the electromagnéic field should be used and for which systems? Quantum computing
and classical computing issues and undestanding ther roles become important. Pog-processing
and therole of “projection problem” in quantum computing based design and simulation needsto
be undestood. Isit posible to design tests to decide which regime the system isin — quantum
or classical?

Materials Aspects. High performance computing design of NV centers in diamond will be
important for the development of room-temperature quantum devices for use in quantum
information processing. Growth approaches. bottom up versus top down need to be consdered
and modded appropriately. One needs to understand how to develop quantum-entangled
materials by design. A hierarchy of materias for quantum phobnic devices needs to be
congdered for modding purposes. Agan the inverse problem approach to design new materials
needsto be consdered.

Sale-Up and Integration: Unforeseen problems are introduced by large-scale integration of
phobonic devices. Thewholeis, to first order, never jug the sum of parts. We need to undestand
how to go from atoms and photonsto macro-sized device and associated hardware. Examples are
cavity quantum electrodynamics and quantum opticsin fibers. Modular computationd boxes and
behavior at interfaces will be important to undestand. Do the rules of quantum superpostion
apply to therealm of self-assembly, protein folding, etc.

5.2.1 Modeling and Simulations for Electronic and Photonic Systems

Quanum Entanglement: QMHP need to investigae new designa materias employing
entanglement. A difficulty for such agod is how to visudize entanglement for smulationsand
devices. We need to undestand what are the bourds on the entanglement effects and how can we
quantify the degree of entanglement. Also we need to educate the quantum electronics
community tha entanglement plays a role in a vast hog of novd devices, not jus in quantum
computing. For example in the phobnicsream it is now undestood tha, in addition to quantum
computing and quantum communications it is now undestood that entanglement is a resource
for a number of emerging quantum technologies such at quantum imaging, quantum metrology,
and quantum sensng — all topics of recent Department of Defense thrug areas. Entanglement
and quantum computing are not synonynous and the role of entanglement in burgeoning new
technologiesisjug beginning to beundestood.

Nonlinear Effects. Efficient smulations of the lightmatter interactionsfor optically nonlinear
materials are needed. Such smulations are often very sendtive to phease errors. Classical
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computation issues also become important at the nanoscale at the energy expended pe bit
decreases. Energy condraints may play a role in the limitations for future computationd
advances, such as limits in computation speed because of the power. Designer nonlinear optical
materials would benefit from new undestanding and computationd approaches for high-
performance-based optical materials design approaches.

PhononControl: For the design of optical devices at the nanoscale it will be more and more
important to undestand the role of phoon-phononinteractions which are typically viewed as a
source of noise and decohaence. However it may be possible to control and even exploit the
phononc naure of matter at these levels. Can we havest phononenegy, say through some
nonlinear Maxwell Angd (indead of the demon)? The answver to this question is very relevant
for power control. Sideband phononcooling is an example, as well as quantum photnic devices
tha mimic similar devicesin thephotonworld.

Photonic Crystals and Optical Metamaterials: Recent advances in these fields in the past 20
years have shown tha, to a great degree, the phobnic propeties of matter can be engineered by
the careful design of optical materials whose properties are inheited from an interplay between
ther congituent atoms and thar geometry. We have seen applications of phobnic crystals to
themal control and improved theemophobvoltaics, and applications of metamaterials to such
exciting devices as an invisibility cloak. Mog of this work critically dependson the design of
novd phobonic devices with high-performance computers, and novd agorithms and inversion
tools are sorely need. Much of thework in the past 20 years has treated thelightfield classically.
However, as the structures continueto decrease in size, the quantum naure of thelightfield will
play an ever more important role, jug as in electronics the wave naure of the electron becomes
important at small scales. At the single phoon level, phobnic crystals and metamaterias will
have important application to quantum information processing, such as to optica quantum
repeaters and al optical quantum computers. Optical computingisinheently parallel computing,
and novd phobnic devices may see the resurrection of search for the niche of the optica
computer.

Distributed and Grid Computing: Asin any thrug area, high-performance computing more often
than not now means distributed and grid computing. For particularly difficult phonics design
and inversion problems, 3D photnic crystals and metamaterials for example, any oneingitution
is unlikely to have the requisite computational power localy to make headway. The NSF
initiatives in grid computing and paticularly allowing smaller universities to access thegrid in a
user-friendly way will be paamount New numerical methodstha run on such grids such as
pre-conditioning and renomalization of the problems, will be important, as well as method tha
go beyondthe perturbation approach, such as is required for the modding of optcaly nonlinear
systems.

5.2.2 Quantum Many Body Principles Devices and Systems

Entanglement: Agan we want to point out that the terms “entanglement” and “quantum
information” are not synonynous at least not in the quantum optics community, which is
investigating applications of phoon and atom entanglement to not only quantum information
processing but to quantum imaging, quantum metrology, and remote senang. Critica is the
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propeaty of some entangled states to show supea-resolution bdow the Rayleigh diffraction limit
and supea-sengtivity bdow the shotnoise limit. How to quantify entanglement in terms of
measurement, such tha quantum information community can talk to other communities will be
an important endeavor. Developing better connection between entanglement measures and thear
expeaiment implementations is cruda. Extenson of the entanglement for larger nunber of
qubitsisimportant, and given that quantum computers do not exist yet perhaps high-performance
classica computing simulations of quantum entangled systems can take us part of the way. A
classica computer cannot efficiently smulate a quantum computer, but making the sow
classical smulationsbeter and running them in supercomputers will take ussome of theway.

LightMatter Expeimental Issues: In the quantum optics realm, the issues of lightmatter
interactions particularly in optically noninear systems and in system design by inversion,
require ever more powerful computing resources. Advances in thefield can then draw alot from
advances in high-peformance and grid computing. Multi-physcs, or the physcs at multiple
length, energy, and time scales is paticularly challenging from the computationd perspective,
and inroads in the QMHP thrug could hdp tremendousy there. For example, the design and
optimization of single phon sources, processors, and detectors is a computationdly intense set
of interrelated tasks, which could lead to breakthroughsin the fields of all optical quantum
information processing, as well as quantum optical imaging, metrology, and sensng. Here then a
close role of the modds with experiment is required to make sure the modds correspond to
realistic situaions

True Quanum Many-Body Theory: Entanglement modds, beyond perturbaion modds, such as
solutions to the 3D Isng modd are needed. Spin lattice modds offer an interesting
interdisciplinary area where quantum phase trandtions entanglement characterization, and
perhaps quantum computing all meet. Dendty functiond applicationsto spin lattice systems, as
well as renomalization group theoretical methodswill hdp make such systems computationdly
tractable. Taking the condensad matter theory beyond wave mechanics and reformulating
condensed matter theory in new terms tha invoke entanglement will be an important research
area. How gquantum many body theory goes into modding large devices will need to be
undestood. Such modding dependson the fundiondity of the device, and perhgpsisit possible
to take a black-box approach to large quantum systems designs For example, how do we go
from our undestanding of thebehavior of single dots to an undestanding of arrays of millionsof
interacting quantum dots? Design of the macro-system to minimize ddeterious effects, while
exploiting knowledge of the micro-system will be paramount Micro-macro packaging and a
grand picture needsto beevolved.
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5.3 PHOTONICS PANEL DISCUSSION
Chair: Jonghan Dowling

Pandists. Robeat Trew (NCSU), Marko Loncr (Harvard), Lu Sham (UCSD), Joseph Eberly
(University of Rochester)

Robeat Trew: New thrug areas need to tie the NSF program to real applicationsand to fit in the
big picture of things Need to attack the fundanental problems of energy conve'sion and phonon
control. We need also to attack new problems. Wha is beyond Moore's Law? Nothing proposd

so far for apog-Moore’ s law paradigm has proven to work. For example, there is nothing shown

to work, practically and econonically, tha could replace the CMOS-based technology. Wha is

the big problem tha you can try to solve if funded by the NSF QMHP program? One needs also

to create a measure of success in basic research. Exceptionsto this rule are for case studies such

as GPS. Who would have predicted that work in molecular spectroscopy would give rise to GPS?

To condude the QMHP program needsto fit in the big picture.

Marko Lonar: Connecting high-peformance computing to experimental developments is
important. In nanophobnics and photonic crystals rapid progress on the experimental side needs
to interact with high-performance computing sde Boundaies between physical systems, such as
plasmonsinteracting with atoms, need to be explored. Address the issue, for example, of why
gpecific NV center diamond samples work for quantum information processing and others do
not Also a bounday issue we need to understand how quantum dots coupling to externd
environment. It will be important to address problems of all-optical switches in silicon. Is it
possible to engineer photon propeties to cool quantum dots? An andysis of the feedback in
phobnic systems at very low power levels needsto bedone

Lu Sham How to quantify the entanglement in quantum systems? Bell’ s inequdity can provide
the way to test them, but are there any othe ways. How can we best implement ssimulationsin
plasmonics, phobnic, electronic systems? We need to create a standad for extracting the most
relevant aspects from the classical and quantum interface. QMHP mug address the problem of
multi-physcs and the problem of correlations between electrons phobns and phonons
Entanglement is aresource, butwe need to develop thetools to quantify it, both in extendingit to
multi-particle entanglement and devel oping scal able experimental ways to measure it.

Joseph Ebely: Isthere any relevant new idea for QMHP to consde? But perhgostha is notthe
right question. And the example above, with molecular spectroscopy and GPS, demondrates tha
new ideas may be impossible to recognize before hand. Idess in the area coheent light matter
interaction in diverse systems, where phobonics is in fact eectronics: quantum dots SQUIDS,
etc., are al devices tha behave like quantum electrodynamic systems. These areas will provide
developments both in terms of research relevance and applications The applicationsthat will
come from quantum mechanics are not fully mature, and there is no measure of progress, but we
need to distinguish wha directionsneed to be pursued. To condude the QMHP program needs
to contributein smaller or larger stepsto the evolution of science and technology.
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Discussons When the ideas are exciting, the people are excited and they invest theoretical,
numerical, and experimenta resources if the funding is there. An additiond discussion revolved
aroundthe perception of the quantum electronics folks tha al the talk about entanglement was
synonynous with quantum computing. This notion was a surprise to the phobnics folks, who
think of quantum entanglement as a resource for an entire portfolio of emerging quantum
technologies, induding quantum computing, quantum communications quantum metrology,
guantum imaging, and quantum senang. It was a so asked why there was not much discussion of
phoonic crystals. The pandists and the char felt tha phobnic crystals were are mature
technology, with the prinaples of modding them well undestood, but where high-performance
computing would pay off in thelongrun in terms of structure design and, as Eli Yablonovitch
callsit, theinverson problem. In addition new phaonic technologies, such as metamaterials, and
nanophotbnic and plasmonic devices were much in a much early stage of development and here
the basic theory and undestanding of the propeties at the light matter interface were less well
characterized and would be a very fruitful areafor QMHP development.
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6 APPENDIX

The appendix congsts of inputfrom individud attendees who were invited to contribute directly
to thereport.

QUANTUM ELECTRONICS
Susan Coppersmith, University of Wisconsin

The chdlengeof doing quantitatively accurate device and systems modding is an enormousone
because the feature sizes in current and future devices are small enoughtha quantum effects are
critical, but the overal devices and systems involve enormous numbers of components. The
critical need for enhanced fundamental undestanding is undescored by the fact that the present
basic strategies for electronics fabrication will soon face limits indueed by fundamental physcal
propeaties (e.g., oxide thicknesses and feature sizes reaching atomic sizes), so tha future
performance improvements will rely on developing and perfecting novd materials systems and
quditatively new fabrication strategies. The domnance of quantum effects on atomic length
scales gives rise to the possibility of hanessing purely quantum effects such as entanglement for
technological applications Developing robug and accurate computationd modding tools that
incorporate the essential quantum-mechanica propeties at a microscopic level into a system
while incorporating the huge number of devices in a technologicaly relevant system is a key
enabler for designing and optimizing future generationsof electronic devices.

A fundamnental propeaty of quantum systems tha gives rise to the intrindc difficulty of
accurately modding the microscopic propeaties of devices is tha the number of paameters
needed to specify a quantum-mechanical state of N paticles grows exporentially with N. In
contrast, a classical description of a system of N particles requires specifying a numbe of
parameters that grows linearly with N. Therefore, full quantum-mechanical treatment of all but
extremely small systems is prohibitively computationdly expendve, and so it is vita to
incorporate andytic ingghts and multiscale techniques to be able to do quantitatively accurate
modding of complex devices and systems.

QUANTUM PHOTONICS
Gary Brown, Virginia Tech

Modding and Simulation

Modding and smulation are two very important elements for undestanding, predicting, and
designing new phobnic devices and systems. They take on an exceptiondly significantrolein
stuaionswhee thereis an interface between fairly well undestood science and science, which
has elements tha are still emerging, i.e., such as electromagnéeics as compared to certain aspects
of quantum mechanics. Both of these two disciplines are important to the development and
fielding of future new and revolutionay phoonic devices and they form the core of any
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assodated modding and simulation efforts. It is absolutely essential tha accurate, robug, and
versatile computer implementations or “solvers’, for both electromagneics and quantum
mechanics mug beavailable and ready for use by physcists and engineers. There are anumber
of criteriatha such software mug satisfy. Amongthese are (1) accurate modding of
electromagndic and quantum mechanics aspects of the bounday value geometry representing
desired devices, (2) efficient and rapid computationd predictionsof device peformance, (3)
broad capabilitiesin so far as adgptability to geometrical and material changes.

Among some of theattributes that would bedesirable of such device-focused software are the
following;
* theuse of renarmalization or other partial summation methodsto overcome the
limitationsof perturbation and asymptotic andysis,
» theability of the softwareto bescaled up to larger geometries, differing materias, and/or
multiple configurations
» theassurance tha theclassic limit of quantum mechanics predictionswill beattained in
the appropriate dimensdond/material limit, and
» thecombining of classica electromagnédics and quantum mechanicsin such away asto
provide a near optimal computng enginefor efficient and comprehengve simulations

Renomalization or partial summation is oneway of recasting the basic equaionsof interactions
into forms, which extend well beyond perturbation techniques and are amenable to numerical
methods Such approaches usudly also have the advantage of giving more ingghtinto the
physcal interactionstha take place on all scales. They also may yield indghtinto the
capabilities and limitationsof “effective parameter” approximationsthat have been used
previoudy to undestand these classes of problems.

Theaspect of scaling revolves aroundthe assumption tha thewhole is predictable given the
individud parts; such an assumptionis critical to scaling the size of the device smulation to
larger configurations It may betoo optimistic to require tha the“whole is equd to the sum of
thepats’ for very few numerical problems scale in such amanne’; however, predictability is
absolutely essentid. It isalso very important tha computationsand ssmulationson thelevel of
atoms and phobnscan betrandated into results at the macro-device level. One of thedesired
produds of such smulationsis, in thelongrange self-assembly where systems of devices are
capable of rearranging thar configurationsin such away as to be adgptable to a changein the
desired simulation.

Joseph Eberly, University of Rochester

(1) The device domain where quantum prindples affect phobnic-electronic opeaating princples
has aready begun to be entered. Prototypes of phobnic-electronic devices have begun to be
conceived in such ways that they can perform tasks relevant for communication, storage and daa
manipulationin close andogy to, and with many of the same advantages as, wha is projected for
cavity QED devices, and with some advantages over them. Clean phoonic-electronic interfaces
now require quantum correlation theory for quantitative calculation, but such aquantumtheory is
gtill in a primitive state. Significant advances in quantum trangoort, quantum relaxation, and
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many-body spin decohaence theory will be required. One avenueto proceed was described, via
Kraus opaator many-body quantum mathematics. Also, phononc applications appear to have
intriguing futures, induding single-phonondetection via coupling to either linear or nonlinear
nanomechanical-electrical system (NEMS) devices. This is a future direction tha should be
targeted. One example of the inroads beng made into this territory was reported in connection
with theoretical and experimental progress in calculating and observing so-called entanglement
sudden death [J.H. Ebely and Ting Yu, Science (April 27, 2007). Serious innovdion in
guantum modding is needed to accompany these thruds, and there was subgantial agreement
tha the meaning of “true quantum behavior’ is poolly defined. The boundaies of the areas
where theinfluence of quantum entanglement might be felt need to be explored. It was accepted
tha the potential for subdantial progress in fresh directionsis very great in these areas, and the
need to better undestand the quantum-classical interface was mentioned more than once. New
modding directed to efficient implementation of pah-integra and semiclassical quantum
trajectory approaches to both dynamic and decoheent processes was endorsed as a key goal for
thenear future.

(I1) Two days of QMHP discussions revedled a nunber of interesting projects unde way.

Current idess are being pursued in both the electronic and phoonic domeins of QMHP. Photonic
crystal design has serioustopics to chdlengeit. Energy-harvesting ideas are beng pursued (but
were not clearly judified). High-peformance computing is a goal, but some Workshop
paticipants doublied its ultimate usefulness in a real-life engineering environment. Innovdions
tha engage many-quantum cohaence in a new way were generally endorsed for ther potential

in spin, phoonic, phonone¢, and plasmonic device applications They can be the basis of
completely new phoonic and electronic bendfits flowing from advanced engineering research all

the way to empowering the second billion. It was accepted by essentially all paticipants in the
Workshop-ending Pand tha what istruly new can’t be expected to have immediate relevance to
devices, and what is sure to be device-relevant shouldn’t be expected to be fundanentally new.

Both fundamentally new projects and clearly device-relevant projects need suppot if the QMHP
Program isto have longterm viability.

Taewoo Lee, Louisiana State University
QMHP workshop report — nanophobnics

The capecity of numerical smulations has now expanded largdy due to the advent of high
performance computing (HPC) techniques. The significance of HPC-enabled smulationsis that
one can apply rigorous numerical schemes to solve physcal problems in a redlistic full-size
scae. In gengdl, this kind of numerical simulation is ussful when interesting physcal systems
are complex and intuitively unpredictable, where one should not smplify or approximate the
system of interest. It would be more desirable if HPC-based research activities could involve
scientific subjects tha might open up new possibilities for future device applications and
pionering engineering subjects tha might imply new device applications from the previous
scientific research outcomes.
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Among many promising areas in nanophobnics, surface plasmons (SPs) and relevant systems
would be prope subjects of research 1) for which HPC-based smulationscan be very useful and
2) from which a person’s creativity can be examined in terms of novd device idess. In spite of
thar long history, it has been only in recent years tha SPs have been serioudy considered as a
research subject. Dueto its large potential to achieve light manipulationsin nanoscale, there has
been explosve attention pad to this subject during this short period of time. Furthermore, strong
local field intendties in SPs can also be useful to boog up optica nonlinear effects tha also
bring new possibilities for realizing nonlinear phoonic devices. If researches are aimed at
exploring SP systems to discover desirable features for future device applications one should
employ rigorous nunmerical tools so tha any unexpected phydcal events are not overlooked.
Hence, HPC-enabled simulationswould be a great hdp for this type of research. However, there
are gtill chdlenges in HPC simulations to explore SPs: for example, incorporating norlinear
effects in SP interactions describing quantum mechanical effects in case of single or a few
countable phobn interactionsin SP systems, etc. Theefore, it is desirable to investigae for
algorithm developments based on HPC approaches.

In summary, a new research program would be best designel to encourage scientific
communities to examine new possibility for devices or system applications. To be distinguished
from core engineering research, scientific studies need to be emphasized as bringing founddions
of new device conaepts. SPs would be oneof choices in nanophobnics, but there could be many
other choices aslongasthey are new and promising. Developments of new numerical techniques
may aso be necessary for targeted nanophobnic problems. In all cases, HPC smulationsshould
bebase tools for pursuing those research activities.

Ting S. Luk and Thab El-Kady, Sandia Laboratories
Energy scavenging and mobile energy sources

Oneof themog fundamentally important and strategically relevant directionsof research, froma
naiond security point of view, is energy indegpendence. To this end, the mgor thruds were
focused on the search for new and aternate renewable sources of energy, along side the attempt
to enhance device opeaationd efficiency and hence reduce power consumption. In particular two
energy sources till require large fundanental scientific advances in order to ensure a full
realization of therr potential, namely: solar andthermal energies.

Mog attempts to harness solar energy have focused on the material development of phobvoltaic
(PV) cdlls. These however have come to an unfortunae abrupt stall as the efficiency of the PV
cell is cappad by the oneto-onephoton to extractable exciton conva'sion econorny on top of the
Shodkley-Queasser limit, which severely limits theefficiency of PV devices.

A promising avenue was recently demondrated where it was shown tha in IV-VI quantum dot
systems, an energetic phobn can indeed generate multiple-excitons and tha indeed unde
certain conditions [1] this multi-exciton scheme would result in the enhancement of solar-PV
systems [2]. However a magjor impediment is inability to extract these multiple excitonsbefore
the nonradiative processes prevail as aresult of the Coulomb blockade restrictionstha prevent
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the extraction of a single exciton at atime. A promising scheme tha remains unexplored is the
use of phobnic crystals to enhance theradiative decay lifetimes of these quantum dat systems to
the point where they can compete with the nonradiative decay processes, thusallowing for the
extraction of the exciton energy in the form of phoobnswhich can intern be matched to the band
gap of aPV cell hence avoiding at the same time Shodkley Queasser issues.

On the othe hand, one naturally abundant source of energy tha is routindy overlookel is
thema energy. Viewed usudly as exhaus or waste, themal enegy is regaded as the
unfortunae life cycle end of what used to be useful energy. An aternae way of looking at the
problem isto try to find ways of scavenging this conceptud “waste” energy by recycling parts of
it into the more useful form of electrical energy.

One possible way of avoiding this scenario is alowing for nonrequilibrium conditionsto prevail
in the emitter side and as such break throughthe usud Plank distribution law cap on thermal
energy extraction.

R. DiMatteo demonstrated a promising avenue is tapping into the evanescent field energy that is
by definition a nonequilibrium thermodynamic system [3]. There the initial modding of
Micron-ggp Thermophoobvoltaics (MTPV) has shown significant performance improvements
relative to conventiond far field TPV. Theseinduded upto a10" increase in power densty, and
30-35% fractiond increase in conveasion efficiency. However the prevailing drawback was in
achieving the desired micro ggp spacing and maintaining it in practica harsh environmental
condiions

However, recent studies of a number of polar semicondudor and dielectric materials that suppot
surface phonon polaritons show tha these materials exhibit quaamonodiromatic thermal
emission ove the entire range of temperature 300-600K and the distance from the surface of up
to 10um [4].

Despite the anticipated extenson of the evanescent to several microns this remains a very
impractical scenaio from the application side of view as such small distances are not only
difficult to maintain mechanically, but aso the close proximity of the PV cell to the emitter will
inevitably result in the subsequent hegting of the cell and thusresult in efficiency redudion. A
plausble solution may rely on finding the correct surface texturing of the polar emitter to create
long lived surface states with long spaia extensons one such possibility can be phoonic
lattices. However the development of such solutionsremains highly difficult, as it requires care
full engineering of the complex phobnic band-diagrams and bandeadge matching to the PV cell.
While such ideas may not betoo far fetched they require a grater fundamental undestanding of
theinna workingsof phaonic crystals and especially of themore complex highe order bands

A find plaugble scenario is to view phononswith the same footing as phonons|In other words
to view them as quantum mechanical carriers rathe than destroyers of energy, and to try to
harvest phononsin the same way phobnsare routindy harvested. One such possibility can be
established through the condruction of a homomorphism beween phobnic crystals and
phononc crystals. Furthermore, recent developments of phononc crystal fabrication and
modding of phonomc crystas have revealed the posibility of reaching GHz and THz
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frequendes [5-6]. This opens the door to ambient energy harvesting. In addition, the ability to
mold and control phononflow can immediately impact device opeaationd efficiency, where our
ability to rapidly cool a device by bdlistic phonon propagaion, or the creation of a phonon
shielded to reduce the signd-to-noise ratio or even to manipulate the heat capecity of a device
will directly reduce the energy running coast of any given device.

Theideas presented above are evidently in the early stages of development and demand a large
amount of fundanental undestanding of the inne workingsof phoonic and phononc devices,
and thougha pah may be laid out, significant fundamental scientific effort has to be devoted to
achieving a better undestanding of the mechanics of energy loss and recycling of phononsMog
importantly however, theideas presented abovelay thefoundaionfor mobile energy sources and
self powered device packages tha rely solely on energy scavenging and recycling.

1. Richard D. Schdler, Milan Sykora, Jeffrey M. Pietryga and Victor |. Klimov, NANO
LETTERS, 6(3), 424(2006)

2. Victor I. Klimov, APPLIED PHYSICSLETTERS 89,123118(2006

3. R. DiMatteo, et a, THERMOPHOTOVOLTAIC GENERATION OF ELECTRICITY:
Sixth Conference on Themophobvoltaic Generation of Electricity: TPV6. AIP Conference
Proceedings Volume 738 pp. 42-51 (2004.

4, V. N. Sokolov, B. D. Kong,K. W. Kim, andR. J. Trew, APPLIED PHY SICS LETTERS
90,113106(2007)

5. I. El-Kady, R. Olsson, APPLIED PHY SICSLETTERS in review.

6. |. ElI-Kady, R. Olsson, PHOTONIC NANO STRUCTURES FUNDAMENTALS AND
APPLICATIONS, to be pulished

Lu Sham, University of California San Diego
Device Modding and Simulationin the Regime between Classical and Quantum

The size of the electronic devices has been reduced to the extent tha the limit will soon be
reached where existing fundiondities depending on the use of classical quantities of charges
become unreliable. Quantum effects will affect the fundionsof yet smaller devices and methods
of combaing them are bang consdered. On the other hand, single paticle propeaties are bang
explored for quantum machines, such as information processing and computing. In between
these classical and quantum regimes lies an intermediate regime of oppotunities to harness the
gquantum effects of multiple particles for device applicationsof supeior peformance. Glimpses
of such promises already exist in the measurement protocols with accuracy beyond the standard
quantum limit [1] and quantum lithography method bdow the diffraction limit [2]. Phygcsin the
border region of classical and quantum physcs begins to be explored [3]. Its unfamiliarity and
difficulty demand greater innovaion in theory where numerical smulation may well bethe most
effective tool.

In CMOS, the vertica confinement of an MOS component is in the quantum region and is

successfully accounted for. The horizontal confinement lateral to the current channd is currently
beng studied in quantumwires. It is the effort to reduce the channd length below 20 nm, which
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will bring new quantum effects creating problems for defining the information bit by the
potential in the capacitor and for the bdlistic naure of trangort in the channd for gae
opeaations This is an example of the barderline regime. Similarly, in further development of
nanophobnics, the number of phobnsin a fundiond pulse will be smaller so tha shot noise
becomes dominant. But we can work to make quantum effects beneficial. Entanglement could be
built with an N phobn state and a zero phobn state aong different pahs [4]. Interferometry
[1,5] to beat the shot noise limit making use the N, O entanglement could become routine
engineering. Single phonscould serve as the classical communication bits, a feat intermediate
in difficulty level to implement beween nanophobnics and the quantum bit of linear
combinaionsof zero and onephotn states.

An example of an integrated optodectronics system might be borrowed from the quantum
network of atom-cavity quantum electrodynanics [6]. The difference would be classical bits in
the nodefor electronics and laser control in cavity with a nano-optical pulse rather than with a
single phoon qubt [7]. The optical communication channd could be either a wave-guide or a
fiber. The entire system could be integrated in a chip of phoonic lattices [8]. The wave-guide
may serve as an entropy dunmp for cooling [9]. The Raman control of the quantum dots may also
be used to convert phononenergy to amplify phoon energy by the working prindple of sde
band cooling pionesred in trappead ions The size of the nano-cavity could provide pionesring
work in electromagnéic field smulation in the border region between waves and phoons

Thecriterion for a system to bein the border region might bethe Bell inequdity test. A strategy
needsto be developal for the theory in the border region, exploring questionssuch as the propea
mixed use of classical and quantum methods or extenson of current semiclassical methods,
induding development of numerical solutionsof the pah integral method. For particle numbe's
ranging from mesoscopic to afew, the many-body problem is of great interest, encompassing the
techniques from field theory and condensed matter physcs to finite nude theory. Yet, because
of the engineering emphasis on control, questionsto be asked such as entanglement resource
require a fresh approach. For applications it is clear from the recent discovey of "sudden
entanglement death” of two qubit entanglement in an open system [10] that there is much to be
done Prindpd among the issues are a measure of entanglement, which can be measured
directly, and theinvestigaion of multi-partite entanglement.

This program will provide oppotunity for very basic development of quantum theory to enable
effective treatment of systems in the bordeline regime beween quantum and classical and for
pioneering modding and simulation in systems which are next in the natural development of the
engineering field. The benefits to the field are new theories and undestanding and means of
control of these in-beween sized systems. The effort may well start arevolutionin methoddogy
for this intermediate regime and, furthermore, pave the way for magor breakthroughs for
engineering in the quantum limit. The integrated opto-spintronics system described above could
provide a blue print for a pre-quantum computer, for a hybrid classica and quantum
communication system, and for convating waste heat in the form of lattice vibration energies
into lightenergy.

An extremely important mission of this program is the quantum education of future engineers
who will require indghtinto quantum mechanics as well as integrating the information theoretic
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methodin quantum engineering. Thetradition method of teaching quantum mechanics would not
suffice because of the aspects of control and environment impact in engineering applicationsto
guantum machines. This presents a great chdlenge If successful, it would fulfill an important
sodetal need.
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Robert Trew, North Carolina State University

Surface excitation and its manipulation in the near field is an important and timely subject of
investigaion. Specificaly, the interplay of the surface excitations with the electromagndic
radiation through various surface structures (such as grating) is known to induee phenomena
beyond the conventiond diffraction limit. Revolutionay developments are expected with
potential applicationsranging from sub-wavelength imaging to THz generation, energy harvest,
heat removd, etc. Detalled physca undestanding of the electromagndic wave propaties
induding the evanescent field at the nanoscale distances is required to take full advantage of this
development.

Eli Yablonovitch, UCLA
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TheApplication of New Algarithmsto Solve Inverse Problemsin Engineering

The solution of Maxwell's Equdionsis central to many areas of technology. | will give the
following real-world busness examples in which a more accurate Electromagneic computation
redoundsright down to thebottom line of abusness:

1. Cellphonelnternd Antennadesign

2. Nano-phobnic circuitsin Silicon-on-Insulator wafers

3. Design of phob-masks for Photo-Lithogaphy

Simulation aoneis insufficient in al these real life examples. Ideally the computation should
encompass an inverse design algorithm tha actudly solves the engineering chdlenge

Thechdlengefor NSF is to anticipate the science and technology of thefuture. Indeed thisis an
obligation for al of usin the scientific fields One of the greatest influences on sodeties around
the world has been Moore's Law of the progression of electronics and communications
Moore' s Law has been based on miniaturization, but miniaturization is coming to a culmination.
Deviceswill soonbeas small asindividud molecules.

One of the biggest questionsis what new chdlenge will be of equd importance, in its influence
on sodety, as the progressive miniaturization of technology? Tha new chdlenge should be
power dissipation, or energy pe bit fundion. Thenaura unit for thisiskT, thermal energy, pe
process onebit of information. Currently this requires on the order of 40"106 kT of energy for
simple fundions such as communicating one bit of information a distance of a few micronson
chip. While this may improve somewha based on further levels of miniaturization, it is
expected that the energy per unit fundion will ill fall a factor 1000 short, even at the find
culmination of miniaturization.

The idea here is not to congerve the relatively modest amount of energy used in information
processing. Thisis not aboutsaving ergs Rather the god would be to answer how would the
world changeif we could do onemillion times more information processing for the same size
batery in a portable application? Or how woud one million times more processing changethe
world of highly paallellized fixed base computation, simulation, and inverse design? Thus
energy pe bit fundion becomes the new parameter in this sscondMoore' s Law.

Regarding what new fundions would be enabled, there are many chdlenges, but applied
mathematics & engineering are emerging as some of the greatest bendficiaries of both the first
and secondMoore'sLaw. Engineeringisaboutdesign, and there are many design problems that
have aways been the province of the skilled and highly intuitive engineer. Moore's Law has
enabled tremendous progress in simulation, but now it is emerging as a method of solving
inverse design problems. In this respect computationd power could subgitute for an intuitive
engineer, and represent aform of artificial intelligence.

Among problems of this type, there are a number of electromagndic design issues tha are of
great commercial importance. Likewise there are mechanical problems where inverse design can
beparamount On the other hand quantum problems, while chdlenging don't necessarily lead to
actionable results. In quantum materials science, there are few levers available to designes,
changethe atomic number? Therefore the mog immediate emphasis needsto be to identify and
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encourage the solution of major classical inverse algonthms tha could have immediate impact
on enginesring.
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