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Quantum mechanics enabled modern 
computing and communication
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The TRANSISTOR, LASER, MAGNETIC STORAGE, and MRI could not have 
been developed without an understanding of quantum mechanics, 
primarily the “benign” parts of QM, such as energy levels. 



Physical devices allow us to manipulate 
information
• Quantum mechanics are the rules that describe how really small things 

behave. 
• Discovered over 100 years ago, these curious facts about matter enabled 

humans to design the transistor, ultra-precise clocks, and brain imagers.
• With these physical devices in hand, we built abstractions. The most 

amazing of which are computers and the programming languages that 
control them.

• But while physical devices allow us to manipulate information, information is 
also physical. The 0’s and 1’s that humans came up with – what came to be 
called computer science or information theory – works great, except, that 
the universe works by the laws of quantum mechanics.
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But quantum physics problems are really hard to solve on computers. 
So, what if you could build a computer based on the laws of the Universe – a 
“quantum computer”…?

1. No efficient computer simulations of 
quantum theory

2. Systems evolving according to quantum
theory efficiently compute properties of the 
quantum system – Nature is quantum

Naively, adding a 
single particle (or 
orbital) doubles 
the size of the 

matrix you need 
to diagonalize.

Charles Tahan, 2022

“How can we simulate quantum mechanics?...
Can we do it with a new kind of computer…a 
quantum computer?  It’s not a Turing machine 
but a machine of a different kind” (1981)



Quantum to Quantum Information
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• Quantum 1.0 – particles
• Quanta: atoms, photons, electrons
• Atoms have discrete energy levels 

and electron wave functions
è Electronics, photonics, etc.

• Quantum 2.0 - qubits
• Quantum superposition/entanglement
• Quantum measurement: collapse
è Quantum sensors, networks, computers



Quantum Information Science is a 
foundational shift in Information Technology
• Consider large-scale quantum computers
• QCs offer dramatic speed up for a few unique but important problems
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Exploring quantum mechanics
[we can’t simulate ~50 (perfect) qubits]

Cryptanalysis
[10+million physical qubits breaks 

modern public key crypto]

Utility?
[?100-1000 logical qubits does 

something economically useful in 
chemistry/materials science]
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MoFe protein

FeMoco

FIG. 1. X-ray crystal structure 4WES [21] of the nitrogenase MoFe protein from Clostridium pasteurianum taken from the
protein data base (left; the backbone is colored in green and hydrogen atoms are not shown), the close protein environment of
the FeMoco (center), and the structural model of FeMoco considered in this work (right; C in gray, O in red, H in white, S in
yellow, N in blue, Fe in brown, and Mo in cyan).

and the FeMoco buried in this protein on the right. De-
spite the importance of this process for fertilizer produc-
tion that makes nitrogen from air accessible to plants, the
mechanism of nitrogen fixation at FeMoco is not known.
Experiment has not yet been able to provide su�cient de-
tails on the chemical mechanism and theoretical attempts
are hampered by intrinsic methodological limitations of
traditional quantum chemical methods. Nitrogen fixa-
tion also turned out to be a true challenge for synthetic
approaches and only three homogeneous catalysts work-
ing under ambient conditions have been discovered so far
[25–27]. All of them decompose under reaction conditions
as highlighted by an embarassingly low turnover number
of less than a dozen.

I. QUANTUM CHEMICAL METHODS FOR
MECHANISTIC STUDIES

Standard concepts

At the heart of any chemical process is its mecha-
nism, the elucidation of which requires the identification
of all relevant stable intermediates and transition states
and the calculation of their properties. The latter allow
for experimental verification, whereas energies associated
with these structures provide access to thermodynamic
stability and kinetic accessibility. In general, a multitude
of charge and spin states need to be explicitly calculated
in search for the relevant ones that make the whole chem-
ical process viable. This can lead to thousands of elemen-
tary reaction steps [28] whose reaction energies must be
reliably calculated.

In the case of nitrogenase, numerous protonated in-
termediates of dinitrogen-coordinating FeMoco and sub-
sequently reduced intermediates in di↵erent charge and
spin states are feasible and must be assessed with re-
spect to their relative energy. Especially kinetic mod-

elling poses tight limits on the accuracy of activation
energies entering the argument of exponentials in rate
expressions.

Although most chemical processes are local and there-
fore involve only a rather small number of atoms (usu-
ally one or two bonds are broken or formed at a time),
they can be modulated by environmental e↵ects (e.g.,
a protein matrix or a solvent). For the consideration
of such environment e↵ects, many di↵erent embedding
methods [29–33] are available. They incorporate envi-
ronment terms, ranging from classical electrostatics to
full quantum descriptions, into the Hamiltonian to be
diagonalized.

For nitrogenase, an electrostatic quantum-
mechanical/molecular-mechanical (QM/MM) model
that captures the embedding of FeMoco into the protein
pocket of nitrogenase can properly account for the
energy modulation of the chemical transformation steps
at FeMoco. Accordingly, we consider a structural
model for the active site of nitrogenase (Fig. 1 left)
carrying only models of the anchoring groups of the
protein, which represents a suitable QM part in such
calculations. To study this bare model is no limitation as
it does not at all a↵ect our feasibility analysis (because
electrostatic QM/MM embedding does not a↵ect the
number of orbitals considered for the wave function
construction). We carried out (full) molecular structure
optimizations with density functional theory (DFT)
methods of this FeMoco model in di↵erent charge and
spin states in order to not base our analysis on a single
electronic structure. While our FeMoco model describes
the resting state, binding of a small molecule such
as dinitrogen, dihydrogen, diazene, or ammonia will
not decisively increase or reduce the complexity of its
electronic structure. See Appendix H for more details.
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“As new technologies continue to evolve, we’ll work together 
with our democratic partners to ensure that new advances in 
areas from biotechnology, to quantum computing, 5G, artificial 
intelligence, and more are used to lift people up, to solve 
problems, and advance human freedom.” – President Biden
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• Getting the science right by understanding 
the applications and timelines by which 
quantum information science and technology 
will benefit our society, and roadblocks we 
must overcome to get there;

• Enhancing American competitiveness by 
accelerating technology development toward 
useful economic and mission applications 
while also protecting our national security; 
and 

• Enabling our people by building the 
necessary talent pipeline and ensuring that 
this field creates new opportunities for all 
Americans.

QIST is a National Priority

Oct 5, 2021: White House Summit on 
Quantum Industry and Society
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Presidential Actions

“Quantum information science (QIS) can enable 
transformative advances in knowledge and 
technology for industry, academia, and 
government.  Accordingly, the National Quantum 
Initiative (NQI), which aims to ensure the 
continued leadership of the United States in QIS 
and its technology applications, is a substantial 
and sustained national priority.”

“The NQI Program encompasses contributions 
from across the Federal Government, … with 
membership on SCQIS or ESIX”

Policy: Balance the competing opportunities and risks of quantum 
computers by (1) maintaining U.S. leadership in QIS; and (2) mitigating 
the threat of CRQCs through a timely and equitable transition to PQC.

Promotion: The United States must pursue a whole-of-government and 
whole-of-society strategy to harness the economic and scientific benefits 
of QIS. 

Mitigating Risks: The United States must prioritize the timely and 
equitable transition of cryptographic systems to QRC.

Protecting US Tech: The U.S. Gov must work to safeguard relevant 
quantum R&D and intellectual property (IP) and to protect relevant 
enabling technologies and materials.



• NDAA FY22
o Amended the NQI to formally

establish ESIX Subcommittee
‒ “review and assess any economic or security 

implications of such investments; assess the export 
of technology associated with quantum information 
science and recommend…”

• CHIPS (approp) and Science Act (auth)
o Amended the NQI Act

‒ QN-IWG to update QN Strategy
‒ DOE Quantum Network Infrastructure R&D Program
‒ DOE QUEST Program
‒ Incorporating QISE into STEM Curriculum
‒ NIST development and standardization of 

quantum and post-quantum cryptography
o NSF to carry out program on Next Generation 

Quantum Leaders, leveraging the Q-12 
Partnership.

Congressional Actions

https://www.quantum.gov/wp-content/uploads/2022/08/NQIA2018-NDAA2022-CHIPS2022.pdf 

https://www.quantum.gov/wp-content/uploads/2022/08/NQIA2018-NDAA2022-CHIPS2022.pdf


Co-Chairs from:

Co-Chairs from:

*  from National Quantum Initiative Act (PL 115-368) 2018
** from National Defense Authorization Act for FY’22 (PL 117-81)

NSTC Subcommittee on Quantum 
Information Science (SCQIS)*

NSTC Subcommittee on Economic and 
Security Implications of Quantum 
Science (ESIX)**

National Quantum Coordination 
Office (NQCO)*

NQI Advisory Committee*

Quantum Economic Development-
Consortium (non-gov) 

National Quantum Initiative (NQI) Act Oversight/Coordination
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Participating AgenciesNQI COORDINATING BODIES



1. Take a science-first approach
2. Provide the key infrastructure
3. Build a quantum-capable and 

diverse workforce
4. Nurture the nascent quantum 

industry
5. Balance economic and national 

security 
6. Continue to develop 

international collaboration and 
cooperation

National Strategy for QIST Continues to Evolve and Expand
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Find all our strategy documents on quantum.gov
FY21 NQI Annual Report



Augmenting the National Strategy
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Infrastructure
• 5 DOE National QIS 

Research Centers
• 5 NSF Quantum 

Leap Challenge 
Institutes (+2 FY21)

• 3 DOD/IC QIS 
Centers (+1 FY21)

1. QIST to Benefit Society
2. Building Quantum Engineering
3. Materials Science for QIST
4. Quantum Mechanics using Quantum Simulations
5. QIST for Precision Measurement
6. Quantum Entanglement for New Applications
7. Quantum Errors
8. The Universe through Quantum Information

TR 1: Continue Research on Use Cases
TR 2: Prioritize Cross-Beneficial Core Components
TR 3: Improve Classical Capabilities
TR 4: Leverage “Right-Sized” Quantum Testbeds
PR 1: Increase Interagency Coordination 
PR 2: Establish Timetables for R&D Infrastructure
PR 3: Facilitate International Cooperation

Quantum Frontiers

Quantum Networking

1. QIST R&D leaders should partner with end-users to 
raise the TRL of new quantum sensors

2. Agencies using sensors should jointly test quantum 
prototypes with QIST R&D  leaders

3. Develop broadly applicable components and 
subsystems

4. Streamline tech transfer and acquisition practices

Quantum Sensing

by understanding the applications and timelines by 
which QIST will benefit our society, and roadblocks 
we must overcome to get there.

Getting the Science Right



New Programs and Solicitations Listed on Quantum.gov



WH Summit on Quantum Industry 
and Society

Stakeholder Engagement 

WH Meeting on Quantum Workforce: 
Q-12 Actions for Community Growth

Factsheets and more on quantum.gov
OSTP-NSF Quantum Computer 
Cybersecurity Workshop 9/22

NQI Advisory Committee 
(Federal Registry Notice 
Dec 16)

NQI Centers Meeting @ WH 12/22



International engagement
Multilateral quantum dialogues
 May 2022
 Nov 2022

 AUKUS
 QUAD
 NATO (DIANA)
 ….

New Bilateral Quantum Statements

Agency actions



Entanglement Exchange Links Quantum 
Researchers Across Twelve Nations

New website is a portal for international exchange 
opportunities in quantum information science

November 30, 2022

Australia, Canada, Denmark, Finland, France, Germany, Japan, the 
Netherlands, Sweden, Switzerland, the United Kingdom, and the United 
States are proud to launch the Entanglement Exchange, a portal for 
highlighting international exchange opportunities for students, postdocs, 
and researchers in quantum information science (QIS).

QIS is an emerging field that harnesses quantum physics for information 
processing, and it promises technological breakthroughs such as 
quantum computers, quantum networks, and quantum sensors, each of 
which offer capabilities beyond traditional devices. The field has been 
developing for decades, but in recent years, the pace of discovery has 
accelerated through programs and initiatives to invest in QIS research 
and development.

In May 2022, a roundtable meeting on Pursuing Quantum Information 
Together was held in Washington between the twelve countries. This 
meeting highlighted the importance of international cooperation in QIS 
to accelerate discovery, share resources, and jointly address global 
challenges. Recognizing the benefits of international partnerships and 
the global nature of science, the idea for the Entanglement Exchange 
was proposed as a follow-up action.

Working together, the countries identified exchange opportunities in QIS 
and developed the Entanglement Exchange to help distribute 
information about those opportunities. In November 2022, the countries 
held a roundtable in London on Progressing Multilateral Dialogue on 

Live on entanglementexchange.org

https://www.quantum.gov/readout-international-roundtable-2n/


INSPIRE

100k Views
Search:
This is quantum 
q12

Thanks to all that contributed to make this a success!!!



Quantum in CHIPS & CHIPS for Quantum

Considering opportunities for QIST in the implementation of the CHIPS Act

+ authorizations for $++ for NSF, DOE, …



Ø Renewing the National Quantum 
Initiative: Recommendations for 
Sustaining American Leadership in 
Quantum Information Science

Ø Available at 
https://www.quantum.gov/about/nqiac/

1. Reauthorize and appropriate the NQI Act
2. Expand research
3. Fund industry-led partnerships
4. Invest in equipment and infrastructure
5. Promote international cooperation
6. Promote and protect U.S. QIST R&D
7. Strengthen supply chains
8. Develop domestic talent
9. Attract and retain foreign talent
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Report from the National Quantum Initiative Advisory Committee

NQIAC & NQCO

https://www.quantum.gov/about/nqiac/


Ø On June 7, 2023, the House Committee on Science, Space, and 
Technology (HSST) held a full hearing on Advancing American 
Leadership in Quantum Technology.

1. Reauthorize the NSF and DOE quantum information science 
research and education centers

2. Expand and broaden participation in quantum information 
science

3. Expand the authorized core agencies: STATE, NIH, NASA, 
DHS, DOD/IC

4. Begin translating discoveries in quantum information 
science to commercial utility and agency missions.

5. Prioritize funding to upgrade the aging infrastructure of 
laboratory facilities.

House Science Committee Hearing on the NQI

24https://science.house.gov/2023/6/full-committee-hearing

https://science.house.gov/2023/6/full-committee-hearing


Quantum is more than Quantum Physics

Ø The future of information 
processing is different

Ø QC’s are one example
Ø And representative of others (AI 

accelerators, beyond-Moore, 
etc.)

Ø Exotic materials, packaging, 
operating regimes, ...

Ø The skillsets needed are 
applicable broadly to other 
industries of the future
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https://www.microsoft.com/en-us/research/publication/a-cryogenic-
cmos-chip-for-generating-control-signals-for-multiple-qubits/ 

https://www.microsoft.com/en-us/research/publication/a-cryogenic-cmos-chip-for-generating-control-signals-for-multiple-qubits/
https://www.microsoft.com/en-us/research/publication/a-cryogenic-cmos-chip-for-generating-control-signals-for-multiple-qubits/
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