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In recent years, annual reports have opened with reflections
on the impact of the pandemic. But in 2022, the world was
hit with a series of unprecedented events: war in Europe,
extreme weather events, rising autocracies, inflation, energy
shortages, and supply chain disruptions, leading to instabil-
ity and insecurity. Despite all these crises, SB has displayed
remarkable resilience and even managed to thrive.

Mathematician Maryna Viazovska made headlines in 2022
when she received a Fields Medal at the International Con-
gress of Mathematics in Helsinki. Her proof of the E8 lattice
as the densest sphere packing in eight dimensions earned her the distinction of being only the
second woman to receive this prestigious award. Discover more about her story in the report,
where you will also find a story about the official opening ceremony of the Bernoulli Center for Fun-
damental Studies that was attended by six Fields medalists and a Nobel laureate. Discover other
notable achievements in the annual report, which only scratches the surface of all that SB has
accomplished, and experience the breadth of our work aligned with EPFL's missions of teaching,
research, and innovation.

| extend my gratitude to the various foundations, companies and other organizations that support
our school, this year in particular to Lonza that have endowed a chair in Green Synthesis and Bio-
engineering, held jointly by our school and the School of Life Sciences. My thanks also goes out to
all those who contribute to our School for their tireless efforts, as we strive to maintain and extend
our standards of exceptional teaching programs and impactful research, in a time of considerable
financial challenges. Finally, in the spirit of sustainability, our annual reports will now be exclusively
digital, but you can learn more about SB by visiting our website at www.epfl.ch/schools/sb.

PAUL DYSON
Dean of the School of Basic Sciences, EPFL
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AWARDS

Maryna Viazovska is awarded

a Fields Medal

Maryna Viazovska has received a Fields
Medal, a prestigious honor often described
as the Nobel Prize of Mathematics, for her
work on the sphere-packing problem in 8
and 24 dimensions. Previously, the problem
had been solved for only three dimensions
or fewer. Another Fields Medal is awarded to
University of Geneva mathematician Hugo
Duminil-Copin.

Maryna Viazovska, who holds the Chair of
Number Theory at EPFL, has been awarded a
Fields Medal, widely considered to be the high-
est accolade in her discipline and described as
the Nobel Prize of Mathematics (a field in which
the Nobel Foundation does not sponsor an of-
ficial award). At 37 years of age, Viazovska has
thus become only the second female Fields
Medalist - after Maryam Mirzakhani in 2014 -
and joins a list of over 60 mathematicians to
have received the prestigious honor to date.
The Fields Medal was created in 1936 and is
awarded every four years to one or more math-
ematicians under the age of 40. The official
conferral took place at the International Con-
gress of Mathematicians in Helsinki.

Viazovska, who specializes in number theory,
has been awarded a Fields Medal for solving
the sphere-packing problem in 8 and 24 di-
mensions. In doing so, she resolved a ques-
tion that had stumped mathematicians for
more than four centuries: how to pack spheres
- such as oranges stacked in a pyramid - as
close together as possible. It was in 1611 that
Johannes Kepler posited, without proof, that
the best solution for packing spheres in a
three-dimensional space was in the shape of
a pyramid. That hypothesis was finally proven
in1998.

With the third dimension resolved, it was time
for mathematicians to move on to other di-
mensions. “Formulating the problem in the
same way complicates matters because each
dimension is different, and the optimal solu-
tion depends very much on the dimension,”
says Viazovska. Why did she focus on 8 and
24 dimensions? “Because these are special
dimensions, and the solutions are particularly
elegant.” The way spheres are packed in these
particular dimensions is remarkably symmet-
rical, and uses the E8 and Leech lattices, re-
spectively. More than a decade ago, Henry
Cohn (MIT / Microsoft Research) and Noam
Elkies (Harvard), found that these lattice pat-
terns were close to perfection - to one billionth
of a percent - but were unable develop a proof.
Viazovska's brilliant work provided the missing
ingredient, demonstrating that these lattices
are the densest possible packing patterns in
their respective dimensions.

But Viazovska wanted to prove it, suspecting
that an auxiliary function existed that could
provide the right answer and match the den-
sity of the E8 and Leech lattices. In her quest
for the right function, she drew on other are-
as of mathematics - a fact that, according to
experts, makes her proof particularly elegant
and original. Fueled by creativity and intuition,
Viazovska turned to the focus of her disser-
tation: modular forms, a type of mathematical
function with a high level of symmetry. After
two years of work, she came up with the right
function for 8 dimensions.
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UNIVERSAL OPTIMALITY

She announced her results in March 2016. Her
proof filled 23 pages: concise for mathema-
ticians. Cohn subsequently got in touch and
suggested that she extend her method to 24
dimensions. One week later, Viazovska, Cohn
and two other colleagues posted a theorem
online demonstrating that the Leech lattice is
the optimal sphere-packing configuration for
24 dimensions, confirming the significance of
her initial proof for 8 dimensions. This proof
was cheered by the mathematical community
and has earned Viazovska a number of prestig-
jous distinctions.

Viazovska continues her work on 8 and 24 di-
mensions, delving deeper into sphere-pack-
ing. “These configurations appear in other
optimization problems - not only for packing
spheres but also in explaining energy expend-
iture, for example,” she says. “That’s rather un-
usual.” Viazovska has recently proved the “uni-
versal optimality” of the E8 and Leech lattices,
demonstrating that these are the best possi-
ble configurations across a continuous set of
natural problems. It has long been known that
sphere-packing plays a key role in information
theory and in the theory of error-correcting
codes. Viazovska's latest research could one
day help solve a wide range of other everyday
problems.

AN EARLY PASSION FOR MATHEMATICS
Viazovska was born in Kyiv, Ukraine, on 2 De-
cember 1984. Having developed a passion
for mathematics at a young age, her path into
the discipline was relatively simple. “I've liked
mathematics since my schooldays,” she says.
“It always seemed like the most straightfor-
ward subject. And since | liked it, | spent more
time on it, and eventually became better at
math than other subjects. So then | liked it even
more, and so on.”

After obtaining a Bachelor's degree from the
Taras Shevchenko National University of Kyiv,
Viazovska moved to Germany to obtain a
Master’s degree at the Technical University of
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Kaiserslautern (2007) before joining the Uni-
versity of Bonn, where she completed her PhD
on modular forms in 2013. Since then, she has
also started a family. “Studying pure mathe-
matics is bit like reading a book with illustra-
tions,” she says. “The images are linked to the
text, but they don't match the written word ex-
actly.” Viazovska is driven by problem-solving,
which she describes as being akin to “doing a
jigsaw puzzle,” and by understanding abstract
concepts “so | can link them to other problems
and find practical applications.”

SIX YEARS AT EPFL

[t was during her postdoc research at the
Berlin Mathematical School and the Humboldt
University of Berlin that Viazovska took on and
solved the sphere-packing problem in 8 and
24 dimensions. In December 2016, she ac-
cepted EPFL's offer to become a tenure-track
assistant professor. Just one year later, at 33
years of age, she was promoted to full profes-
sor. “| really like the fact that at EPFL there's not
just pure mathematics, but also a lot of people
working in very applied fields,” she says.

According to EPFL President Martin Vetterli,
Viazovska is an asset to the School for two rea-
sons: “Maryna was already an outstanding re-
searcher when she joined us six years ago. But
it's been even more impressive to watch her
flourish and play an active part in our Institute
of Mathematics. EPFL is becoming a center of
excellence in this field, not least through the
Bernoulli Center, which is forging a global repu-
tation in mathematics, physics and theoretical
computer science. | would like to congratulate
not only Maryna, but all the professors and
researchers who've been involved in shaping
this dynamic ecosystem.”

EPFL extends its congratulations to Hugo
Duminil-Copin, a professor in the Mathematics
Section at the University of Geneva (UNIGE),
who has also received a Fields Medal. These
two accolades further anchor the Lake Geneva
region as a center of excellence in the basic
sciences.
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Zoé Holmes
wins Sandoz
grant

Zoé Holmes, a new professor at EPFLs
School of Basic Sciences, is one of the two
winners of the Sandoz Family Foundation’s
Monique de Meuron Programme for Aca-
demic Promotion.

The Sandoz Family Foundation was launched
in 1964 by the sculptor and painter Edouard-
Marcel Sandoz with the aim to “encourage en-
trepreneurial commitment through long-term
holdings in companies in a variety of sectors.”

Each year for the past two decades, the San-
doz Family Foundation chooses two winners
of a competition in the framework of the “Pro-
gramme Fondation Philanthropique Famille
Sandoz Monique de Meuron pour la releve uni-
versitaire.”

The winners are awarded a research grant,
which encourages universities to recruit young
research talent by providing substantial finan-
cial support for up to four years. This support
enables each of the laureates to set up their
research group and integrate it into their re-
spective research institutions.

This year, Sandoz has chosen Professor Zoé
Holmes at EPFL and Professor Roxana Mihet
at UNIL.

Z0& Holmes, joined EPFLs Institute of Phys-
ics in autumn 2022, after being a researcher
with the Los Alamos National Laboratory. Her
research focuses on different areas of quan-
tum computing, and she has made important
contributions to quantum thermodynamics
and fluctuation theory. She is the lead author
of numerous academic articles, which not only
demonstrate her originality but also show that
she can turn her ideas into reality.

Fabrizio Carbone
elected
APS Fellow

EPFL Professor Fabrizio Carbone of the
School of Basic Sciences has been elected
Fellow of the American Physical Society.

The American Physical Society (APS) is the
world's largest organization of physicists. It
was founded in 1899 “to advance and diffuse
the knowledge of physics.” Today, the APS
numbers some 50,000 members worldwide,
and publishes over a dozen scientific journals,
including the prestigious Physical Review and
Physical Review Letters. It also runs more than
twenty science conferences each year, and is
a member society of the American Institute of
Physics.

Despite its size, APS Fellows make up a mere
0.5% of the Society’'s membership, making it a
distinct honor. According to its criteria, fellow-
ships is awarded for “exceptional contributions
to the physics enterprise; e.g., outstanding
physics research, important applications of
physics, leadership in or service to physics, or
significant contributions to physics education.”

This year, the APS has elected into its Fellows
Professor Fabrizio Carbone at EPFL's Institute
of Physics. Professor Carbone directs the Lab-
oratory for Ultrafast Microscopy and Electron
Scattering, where his research focuses on the
investigation of matter in out of equilibrium
conditions by means of spectroscopy, diffrac-
tion and imaging.

The APS citation for Professor Carbone reads:
“For pioneering work using ultrafast electron
scattering instrumentation to discover and-
control new states of matter at the nanometer
and sub-femtosecond scales.”
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Maria Colombo
receives the
2023 ICIAM
Collatz Prize

Professor Maria Colombo, head of the chair
of Mathematical Analysis, Calculus of Vari-
ations and PDEs (AMCV) at EPFL has been
awarded the 2023 ICIAM Collatz Prize.

The International Council for Industrial and Ap-
plied Mathematics (ICIAM) is a society that pro-
motes scientific work in applied mathematics
all around the world.

Every four years since 1987 they organize a
Congress during which they award special
prizes. The ICIAM Collatz prize was started in
1999 upon the initiative of the Association of
Applied Mathematics and Mechanics (GAMM)
to provide international recognition for scien-
tists under 42 years of age for outstanding
work on industrial and applied mathematics.

Professor Maria Colombo, head of the chair
AMCV has been awarded the 2023 ICIAM
Collatz prize in recognition of her fundamental
contributions to the regularity theory and the
analysis of singularities in elliptic PDEs, ge-
ometric variational problems, transport equa-
tions, and incompressible fluid dynamics. She
will give a presentation about her work during
the upcoming ICIAM Congress in August 2023
in Tokyo.
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Michael Gratzel
elected to the
Royal Society

THE

ROYAL
SOCIETY

Professor Michael Gratzel has been elected
as a Foreign Member of the Royal Society.

The Royal Society is the oldest scientific acad-
emy in continuous existence. Its fundamental
purpose is “to recognise, promote, and sup-
port excellence in science and to encourage
the development and use of science for the
benefit of humanity.”

This year, the Royal Society has elected among
its Foreign Members Professor Michael Gréatzel
at EPFL's School of Basic Sciences. “l was de-
lighted to receive these excellent news,” says
Gratzel. “It is an immense honor for me to join
the ranks of scientific giants of Schrodinger
and Heisenberg's caliber.”

Sir Adrian Smith, President of the Royal Soci-
ety said: “It is an honour to welcome so many
outstanding researchers from around the
world into the Fellowship of the Royal Society.
| am also pleased to see so many new Fellows
working in areas likely to have a transformative
impact on our society over this century, from
new materials and energy technologies to syn-
thetic biology and artificial intelligence. | look
forward to seeing what great things they will
achieve in the years ahead.”

Professor Gratzel is world-renowned for in-
venting the first dye-sensitive solar cell in 1991
with chemist Brian O'Reagan. Just as plants
use chlorophyll to turn sunlight into energy, the
“Gratzel cells” use industrial dyes, pigments or
quantum dots stimulated by sunlight to trans-
mit an electrical charge.

His 1,650 publications have received over
400,000 citations and have an h-index of 282.
In 2019, Stanford University ranked Gratzel
first of 100,000 top scientists across all fields.
Read more about Michael Graetzel

PRIZES AND
AWARDS
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Annalisa Buffa
elected to
French Academy
of Sciences

INSTITUT DE FRANCE
Académie des sciences

.
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EPFL mathematician Annalisa Buffa has
been elected to Foreign Associate of the
prestigious French Academy of Sciences.

The French Academy of Sciences (Académie
des sciences) is a learned society, found-
ed in 1666 by Louis XIV at the suggestion of
Jean-Baptiste Colbert.

The Academy is “an assembly of scientists,
chosen among the most distinguished French
and foreign specialists” and aims “to provide
policy makers with a framework of expertise,
counsel and alert and more broadly to enlight-
en the debates and choices of our society.”

The Academy supports research, is commit-
ted to science education, and promotes scien-
tific life at the international level. It also includes
up to 150 foreign associates, who contribute to
its international reputation.

Following its open 2021 elections, the Acade-
my of Sciences has now elected sixteen new
foreign associates. Among them is Profes-
sor Annalisa Buffa at EPFL's School of Basic
Sciences. Professor Buffa holds the Chair of
Numerical Modelling and Simulation at EPFLs
Institute of Mathematics, where she directs a
research group focusing on the design and
analysis of numerical algorithms for partial dif-
ferential equations.

The reception ceremony for the newly elected
members took place on 14 June 2022, at the
Institut de France.

Jan Hesthaven
elected to Royal
Danish Academy

Professor Jan S. Hesthaven at EPFL's School
of Basic Sciences has been elected as For-
eigh Member of the Royal Danish Academic
of Sciences and Letters.

Founded in 1742 it was created with the pur-
pose “of strengthening the position of science
and scholarship in Denmark, in particular pro-
moting basic scientific research and interdisci-
plinary understanding.”

The Academy has now elected Professor Jan
S. Hesthaven as a member of the Class of Nat-
ural Sciences. Hesthaven is Professor of Math-
ematics at EPFL's School of Basic Sciences,
where he holds the Chair of Computational
Mathematics and Simulation Science. Since
2021, he is the Vice President for Academic
Affairs at EPFL.

Professor Hesthaven's research focuses on
the development, analysis and application of
high-order accurate computational methods
for time-dependent partial differential equa-
tions, while he has also contributed substan-
tially to the development of reduced order
models and the application of neural networks
and machine-learning techniques to problems
in science and engineering.
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SIAM honors EPFL mathematicians
Daniel Kressner and Léniac Chizat

Professor Daniel Kressner, head of the Chair
of Numerical Algorithms and High-Per-
formance Computing (ANCHP) has been
named in the 2022 Class of SIAM Fellows
and Professor Lénaic Chizat, a mathema-
tician at EPFL, has won their 2022 Activity
Group on Imaging Science Best Paper Prize.

Professor Daniel Kressner has been chosen as
one of the 26 members of the 2022 Class of
Fellows for "his contributions in numerical lin-
ear and multilinear algebra and scientific com-
puting".

The "Society for Industrial and Applied Mathe-
matics" (SIAM) is a big community of more than
14000 applied mathematicians, engineers and
computer scientists. SIAM has been founded
in 1952 to foster strong interactions between
mathematics and other scientific and tech-
nological communities through membership
activities, publication of journals and books,
conferences and prizes.

Every two years, SIAM awards the SIAM Activi-
ty Group on Imaging Science Best Paper Prize
“to the author(s) of the most outstanding paper
on mathematical and computational aspects
of imaging published within the four calendar
years preceding the year prior to the award
year.” Candidates include papers on image
formation, inverse problems in imaging, image
processing, image analysis, image interpreta-
tion and understanding, computer graphics,
and visualization.
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Society for Industrial and Applied Mathematics

This year, the SIAM selection committee has
awarded the Prize to Professor Lénaic Chizat,
who holds the Chair of Dynamics of Learning
Algorithms at EPFL's School of Basic Sciences
(Institute of Mathematics). The selection com-
mittee cites Chizat's paper “Sparse optimiza-
tion on measures with over-parameterized gra-
dient descent”, published in May 2021 in the
journal Mathematical Programming. The SIAM
citation states that Chizat's paper is awarded:
“for laying out the mathematical foundations
of particles-based methods for off-the-grid
sparse regularization.”

The Prize was awarded during the virtual SIAM
Conference on Imaging Science (1IS22) in
March 2022. As the winner, Chizat presented
the paper as a plenary lecture.

PRIZES AND
AWARDS
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Teaching
Awards

BEST TEACHER AWARD OF
THE SCHOOL OF BASIC SCIENCES
(POLYSPHERE D'OR)

Nicolas Grandjean (IPHYS)

BEST TEACHER AWARD OF
THE MATHEMATICS SECTION

Sacha Friedli

BEST TEACHER AWARD OF
THE CHEMISTRY AND CHEMICAL
ENGINEERING SECTION

Kay Severin

BEST TEACHER AWARD IN THE
PHYSICS SECTION AND WINNER
OF THE CREDIT SUISSE AWARD
FOR BEST TEACHING

Jean-Philippe Ansermet

B School
of Basic
Sciences
SB

Doctoral
Schools Thesis
Awards

MATHEMATICS DOCTORAL
THESIS AWARD

Quentin Posva

“On the projectivity of some
modqluli spaces of varieties”
THESIS DIRECTOR

Prof. Zsolt Patakfalvi

PHYSICS DOCTORAL
THESIS AWARD

Dunja Simicic

"Advanced metabolite
mapping at ultra-high field
using TH-MRS, 1H-MRSI and
macromolecules: applica-
tions in a rat model of type
C hepatic encephalopathy”
THESIS DIRECTOR

Prof. Rolf Gruetter and Dr.
Cristina Cudalbu

CHEMISTRY AND CHEMICAL
ENGINEERING DOCTORAL
THESIS AWARD

Rebekah Wells
“Semiconducting two-di-
mensional transition metal
dichalcogenides via solu-
tion-processable route”
THESIS DIRECTOR

Prof. Kevin Sivula

Elena Braconi

“Chiral Diimine Complexes
of Earth-Abundant Transi-
tion Metals for Asymmetric
Catalysis”

THESIS DIRECTOR

Prof. Nicolai Cramer
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EPFL Thesis
Awards

VILLE DE LAUSANNE AWARD 2022

Dora Mahecic

“High-throughput and adaptive super-resolu-
tion fluorescence microscopy of organelles”
THESIS DIRECTOR

Prof. Suliana Manley

“For innovations in light shaping and real-time
adaptation for high-throughput super-reso-
lution microscopy, and their applications to
structural biology and cellular biophysics.”
EPFL Doctorate Award 2021

DIMITRIS N. CHORAFAS
FOUNDATION AWARD 2022

Weiyan Ni

“The design and synthesis of nanostructured
hydrogen oxidation reaction electrocatalysts
for hydroxide exchange membrane fuel cells”
THESIS DIRECTOR

Prof. Xile Hu
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Bachelor and
Master Students
Prizes and Awards

MATHEMATICS

Linus Erik Rosler

EPFL - Best Master average grade and Prix
Douchet (for the best grade average in a Math
Master cursus) (5.94)

Florent Jean Draye

EPFL - Best Bachelor’s average grade (5.88)
Mathis Duguin

EPFL - Highest first year average grade (5.97)
Anne Aurélie Marie Fayolle

EPFL - Youth award - youngest graduated
student, born 14.09.2001 (5.6)

PHYSICS

Matteo Delladio

EPFL - Second Best Master average grade
(5.93)

Nicolas Palazzo

Gilbert-Hausmann award for his Diploma work
carried out at Harvard University

Supervision EPFL: Christophe Galland

Gaélle Wavre

Sports award, for her contribution to the creation
of the Student's Games

CHEMISTRY AND CHEMICAL
ENGINEERING

BACHELOR

Ole Frederik Dressler

Prix Pelet Section's Highest Bachelor average
grade (5.87)

EXCELLENCY AWARD

Ole Frederik Dressler (5.87)

Loic Lucien Cédric Bassement (5.63)
Jose Antonio Merkelj Abi-Fadel (5.59)
Tom Sorgius (5.43)

Ly Yi-Yi (5.42)

Frédéric Brantschen (5.41)

MASTER

Prix Firmenich (best master project)
Chemistry: Yildiz Kupper

Chemical Engineering: Margherita Tonini
Prix Syngenta Monthey

section's best average grade

Chemistry: Samuel Van Gele (5.76)
Chemical Engineering: Coline Marie Agathe
Boulanger (5.75)

PRIZES AND
AWARDS

1
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Faculty news 2022

Dr Victor Gorbenko
currently Research
Fellow at Stanford
University, USA,
was named as
Tenure-Track Assis-
tant Professor of Physics, starting on

the 1stof February 2022.

Victor Gorbenko's main domain of activity is
Quantum Field Theory, with important impli-
cations to particle physics, cosmology and
condensed matter physics. His research has
already contributed to important scientific find-
ings, in particular in the area quantum chro-
modynamics, where he characterized the dy-
namics of color flux tubes, and in the study of
renormalization group flows, where he invent-
ed the notion of Complex Conformal Field The-
ory. This young, very talented physicist shows
exceptional potential and has the necessary
abilities to succeed at EPFL, where he will also
foster interconnection among different areas
of fundamental physics.

Dr Philippe Schwaller
currently Postdoctoral
Researcher at the
University of Bern,
was named as Ten-

A ure-Track Assistant
Professor of Chemistry, starting from

the 1%t of February 2022.

Philippe Schwaller investigates how chemical
processes can be simulated using artificial
intelligence (Al). His research has a particular
focus on the challenge of using artificial chem-
ical intelligence to facilitate the discovery of
new catalysts and organic materials. This tal-
ented researcher has invented important ways
of applying Al methods. He belongs to a new
generation of scientists with a very wide-rang-
ing set of skills - in his case a combination of
experimental research, computer science,
materials science and chemistry.

Professor Michaela

Hirschmann, currently

Assistant Professor

at the University

of Copenhagen,
U\ Denmark, as Ten-

ure-Track Assistant Professor of Physics,

starting from the 1t of March 2022.

Michaela Hirschmann's research investigates
the cosmic development of black holes and
galaxies, making it possible to model the for-
mation of galaxies with great precision. She is
one of the world’s leading theoreticians in this
field, and her findings are all the more important
now that new terrestrial and space telescopes
will be able to observe the first moments of
the universe in the coming years. Through her
appointment, the school is boosting synergies
and partnerships at EPFL in the field of astro-
physics and other areas.

Professor Vladimir
Manucharyan,
currently Associate
Professor at the Uni-
versity of Maryland,

A8 USA, as Associate
Professor of Physics, starting from
the 15t of July 2022.

Quantum physics is the main focus of Vladimir
Manucharyan's research. He is one of the chief
architects of the development of a new type of
qubit called the fluxonium qubit, as well as a pi-
oneer in the application of superconductors in
the field. The department is thus strengthened
by the appointment of one of the leading re-
searchers in the field of quantum science and
technology. Among other activities, Vladimir
Manucharyan will help solve major challenges
in quantum physics and facilitate the develop-
ment of quantum algorithms.
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Professor Guillermina
Ramirez-San Juan,
currently Assistant
Professor at Brandeis
University, USA has
been appointed as
Tenure-Track Assistant Professor of
Physics started on the 1¢t of August 2022.

Guillermina Ramirez-San Juan considers ques-
tions relating to the fundamental mechanisms
affecting how cilia function - an area in which
little research has been conducted so far. In
her unique skill set, she is able to combine
aspects of cell biomechanics and the use of
model organisms with expertise in chemical bi-
ology and whole tissue imaging. Her research
interests thus go beyond traditional biophysics
to include the fields of materials science, me-
chanics and robotics. Guillermina Ramirez-San
Juan will forge close links between the EPFL
Center for Imaging and the Dubochet Center
for Imaging (DCI).

Dr Zoé Holmes,
currently a post-doc-
toral student at Los
Alamos National Lab-
oratory, New Mexico,
USA, as Tenure-Track
Assistant Professor of Physics, starting
from the 1t of August 2022.

Z0é& Holmes' research focuses on different ar-
eas of quantum computing. She has already
made important contributions to quantum
thermodynamics and fluctuation theory. Fur-
thermore, she is the lead author of numerous
academic articles, which not only demon-
strate her originality but also show that she
can turn her ideas into reality. This well-known
researcher will solve pressing scientific prob-
lems and strengthen cooperation with other
schools at EPFL, including the School of Com-
puter Sciences, in order to develop quantum
machine learning algorithms.

SB Annual Report 2022

Dr Georgios Moschidis
currently Research
Fellow at the Univer-
sity of California, USA,
was named as Ten-
ure-Track Assistant
Professor of Mathematics, starting from

the 1%t of September 2022.

Georgios Moschidis’ work relates to the gen-
eral theory of relativity and his research has
already achieved important scientific results
in areas such as Friedmann equations and
anti-de Sitter space. This brilliant mathema-
tician, who excels in the area of analysis and
the general theory of relativity, has achieved
an international reputation at an early age. His
presence will enhance EPFL's efforts in this
field and is also likely to attract students from
a variety of disciplines.

Dr Angela Steinauer,
previous Postdoctoral
Researcher at ETH
Zurich, has been
appointed as Ten-
ure-Track Assistant
Professor of Chemical Biology started

on the 1%t of October 2022.

Angela Steinauer’s research interests bring to-
gether chemical synthesis, protein engineering
and biological chemistry. She belongs to a new
generation of researchers benefiting from a very
varied and multidisciplinary education. Angela
Steinauer has achieved impressive results in
the field of protein development and directed
evolution. In addition, she has performed pi-
oneering work on the development of protein
cages. Her current research programme grap-
ples with the challenge of designing non-viral
vectors for RNA-based therapies.
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Professor Xue-Mei Li,
former Full Professor
at Imperial College
London, United
1 Kingdom, has been
Lot N appointed as Full
Professor of Mathematics on the 1t of
November 2022.

Xue-Mei Li's expertise lies at the interface of
stochastic analysis and differential geometry.
Her research, which has been published in
numerous leading journals, has made a sig-
nificant contribution to the geometric analysis
of stochastic processes on differentiable va-
rieties, as well as to Malliavin calculus and in-
finite-dimensional analysis. The appointment of
Xue-Mei Li will considerably strengthen EPFL's
excellent reputation in the areas of probability
and stochastic processes.

Professor Martin
Hairer, pior Full
Professor at Imperial
College London,
United Kingdom,

\ has been appointed
as Full Professor of Mathematics on the 1¢
of November 2022.

Martin Hairer is a mathematician globally re-
nowned for his breakthrough work at the inter-
section of analysis and probability. In 2014 he
won the Fields Medal for visionary work which
introduced a radical new way of constructing
solutions for certain nonlinear stochastic partial
differential equations which had been intracta-
ble before, and which are of great importance
in particular to physics. The appointment of
Martin Hairer to EPFL will give strong impetus to
analysis in particular and mathematics in gen-
eral, consolidating EPFL as one of the world’s
leading centres for analysis.

Professor Raffaella
Buonsanti, until now
Tenure-Track Assis-
tant Professor, has
been promoted as
R Associate Professor
of Chemical Engineering.

Raffaella Buonsanti conducts research in the
field of colloid chemistry. At EPFL she found-
ed the Laboratory of Nanochemistry for Energy
and heads a research programme aimed at
finding innovative approaches to the controlled
synthesis of nanomaterials with novel proper-
ties. Her research takes place at the intersec-
tion of materials chemistry and catalysis, and
pursues a sustainability approach. Raffaella
Buonsanti is regarded as an ambitious and
forward-thinking researcher. She has already
received several awards, including an ERC
Starting Grant in 2017

Professor Wendy

Queen, currently

Tenure-Track Assis-

tant Professor, has

4 been promoted as
L5 Associate Professor

of Chemical Engineering.

Wendy Queen'’s research focuses on the devel-
opment of metal-organic frameworks (MOFs)
for environmental applications. She adopts
a collaborative approach aimed at helping to
solve some of the important problems faced
by society. Wendy Queen has shown herself to
be an up-and-coming researcher in this fierce-
ly competitive research area, and her research
has made a key contribution to a fast-growing
field of study. Her work at EPFL has already re-
sulted in six patents. In addition, she is a pop-
ular university lecturer who actively strives to
communicate her research findings to a wider
audience.
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Professor Kumar
Agrawal, earlier Ten-
ure-Track Assistant
Professor at EPFL,
has been promoted
as Associate Profes-
sor of Chemistry and Chemical Engineering
Sciences in the School of Basic Sciences
(SB) at EPFL Valais Wallis.

Kumar Agrawal works on the development of
molecular separation systems for industrial
product streams. This promising researcher is
regarded as a leader in the field of membranes
made of two-dimensional materials for filtering
gases. A group of chemical engineers under
his direction has developed a porous graphene
filter which can extract carbon dioxide from the
mix of gases emitted by industrial facilities. He
and his team aim to expand the applications of
nanoporous graphene membranes to include
the separation of hydrocarbon mixtures.

Professor Suliana
Manley, former
Associate Professor
at EPFL, has been
promoted to Full
Professor of Physics.

Suliana Manley’s research has a focus on the
development of high-resolution optical instru-
ments and their application in studying the
organisation and dynamics of proteins. As a
pioneer in her field who works closely with the
best-known biologists, she took only a few
years to become recognised as a leader in her
area of research. She received an ERC Starting
Grant in 2009 and an ERC Consolidator Grant
in 2019. Suliana Manley will make a decisive
contribution to super-resolution microscopy at
EPFL.
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Professor Henrik M.
Ronnow, until now
Associate Professor
and Head of the
Institute of Physics
. at EPFL, has been
promoted as Full Professor of Physics in
the School of Basic Sciences (SB).

Henrik Rgnnow investigates low-dimensional
guantum systems. He has not only contributed
to fundamental advances in the field of quan-
tum magnetism, resulting in an impressive
list of publications in leading journals, but has
also developed innovative concepts for neu-
tron scattering instrumentation. He has won a
number of awards, including an ERC Starting
Grant in 2010 and an ERC Synergy Grant in
2018. Since April 2021 he has been head of the
Physics Institute at EPFL. His appointment will
help strengthen EPFL and the Paul Scherrer
Institute (PSI).

Daniele Mari and Andreas Osterwalder
promoted to Adjunct Professor

Dr Daniele Mari, is currently Senior Scientist
at the Institute of Physics (IPHYS) and Deputy
Director of the Physics Section. Daniele Mari is
an expert in mechanical. His research has also
had a significant impact on Swiss industry, as
numerous collaborations demonstrate.

Dr Andreas Osterwalder, is currently Senior
Scientist at the Institute of Chemical Sciences
and Engineering (ISIC). he has established him-
self as one of the world’'s leading scientists
in the field of cold-molecule chemistry. He is
a very committed teacher who makes a sub-
stantial contribution to the education of young
researchers.
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THREE PROFESSORS NAMED EMERITUS IN 2022

m Prof. Hubert Girault, who directed the Laboratory of Physical and Analytical Electrochemistry
at the Institute of Chemical Sciences and Engineering from 1992 to 2022.

m  Prof. Jean-Philippe Ansermet, who directed the Laboratory of the Physics of Nanostructured
Materials at the Institute of Physics from 1992 to 2022.

m  Adj. Prof. Mohammed Nazeeruddin, who directed the group SCI-SB-MN at the Institute of
Chemical Sciences and Engineering from 2014 to 2022.

ONE PROFESSOR LEFT THE SCHOOL OF BASIC SCIENCES IN 2022

m Prof. Pablo Rivera-Fuentes, who directed the Laboratory of Chemical and Biological Probes
at the Institute of Chemical Sciences and Engineering from 2019 to 2022.
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Maryna Viazovska included
in BBC's “100 Women 2022” list

BlBJC

0300200 |OO

WOMEN ®°¢:.0,050%

On December 6, the BBC published its 10" season of “100 Women”,
a list that includes the most influential women of the year in the
categories of “Politics & Education”, “Culture & Sport”, “Activism
& Advocacy”, and “Health & Science”.

This year’s list “also reflects the role of women at the heart of conflict
around the world in 2022 - from the protesters bravely demanding
change in Iran, to the female faces of conflict and resistance in Ukraine
and Russia.” For the first time, the BBC also asked for nominations from
women who have been previously included in the list.

The BBC 2022 list includes Professor Maryna Viazovska, who holds the
Chair of Number Theory at EPFL's School of Basic Sciences (Institute of
Mathematics). The citation reads:

“The Ukrainian mathematician who earlier this year became only the
second woman in history to win the prestigious Fields Medal - often
described as the Nobel Prize of mathematics and given out every four
years. Maryna Viazovska won the award for her work on a 400-year-old
puzzle, solving the problem of how to pack spheres in the most efficient
way into a space with eight dimensions.”
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Michael Gratzel ranked #1
in Switzerland and the world

Research.com is a leading academic re-
search portal that publishes an annual
ranking of researchers in different fields of
science. Their ranking is constructed using
H-index data gathered by Microsoft Aca-
demic and includes only prominent scien-
tists with an H-index of at least 40 for sci-
entific papers.

In their 2022 analysis for Chemistry, Research.
com has ranked Professor Michael Gratzel
at EPFL's School of Basic Sciences first in
Switzerland and the world.

Professor Gratzel is world-renowned for in-
venting the first dye-sensitive solar cell in 1991
with chemist Brian O'Reagan. Just as plants
use chlorophyll to turn sunlight into energy, the
“Gratzel cells” use industrial dyes, pigments or
quantum dots stimulated by sunlight to trans-
mit an electrical charge. Within fifteen years
of the original invention, Gratzel evolved the
cells into an applied technology that is now be-
ing developed in universities and companies
worldwide.

Having discovered molecular photovoltaics,
Gratzel's research has focused on designing
mesoscopic photosystems based on molecular
light harvesters that convert light very efficient-
ly to electricity. He is credited with moving the
photovoltaic field beyond the principle of light
absorption via diodes to the molecular level.

Recently his research engendered a second
revolution in photovoltaics prompting the ad-
vent of perovskite solar cells. Within only one
decade their power conversion efficiency in-
creased from 3 to over 25% rivaling and even
exceeding the performance of conventional
photovoltaics.

Gratzel also applied his innovative mesoscopic
design concept to enhance the power of lith-
ium-ion batteries and to create photoelectro-
chemical cells that efficiently generate chemi-
cal fuels from sunlight, opening up a new path
to provide future sources of renewable energy
that can be stored.

Gratzel currently directs EPFL's Laboratory of
Photonics and Interfaces within the Institute
of Chemical Sciences and Engineering (ISIC).
His 1650 publications have received over
400,000 citations and have an h-index of 282.
In 2019, Stanford University ranked Gratzel first
of 100,000 top scientists across all fields.
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QSE Center organized first
IBM-EPFL Workshop on Quantum

Algorithms

The first IBM-EPFL Workshop on Quantum Al-
gorithms organized by the Center for Quan-
tum Science and Engineering (QSE) brought
together experts from across Switzerland for
two days of sharing and advancing research.

Quantum computers will enable complex
problems in fundamental science, engineer-
ing, material, and life sciences to be solved
more efficiently than today's most powerful
supercomputers, offering the promise of great
societal benefit. To achieve this ambitious goal,
progress in how quantum computers are pro-
grammed will be just as important as the pro-
gress in quantum hardware.

To advance research and promote discussions
in this field, the EPFL Center for Quantum Sci-
ence and Engineering (QSE) organized the first
IBM-EPFL Workshop on Quantum Algorithms.
This two-day workshop, held on November 17-
18 in the premises of the Bernoulli Center, gath-
ered leading experts on quantum algorithms
from EPFL, IBM Research Europe, ETHZ, and
CERN to share and discuss their latest ad-
vances in this exciting field of research.

Scientists at the workshop discussed cut-
ting-edge research on quantum algorithms that
predict the properties of molecules, materials,
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and elementary particles, as well as applica-
tions in quantum machine learning and artifi-
cial intelligence. Speakers included Giuseppe
Carleo and Zoé Holmes from the QSE Center,
along with Sofia Vallecorsa from CERN, Marina
Marinkovic from ETH Zrich, Guglielmo Mazzola
from the University of ZUrich, and members of
the IBM Research team. The meeting led to
lively roundtable discussions.

“The development of useful quantum algo-
rithms for near-term quantum computers is a
rapidly emerging field that is still in its infancy.
This workshop was a great opportunity to set
new research goals and establish synergies
between the leading Swiss researchers,” says
Vincenzo Savona, Academic Director of the
QSE Center.

The first IBM-EPFL Workshop on Quantum
Algorithms led to new ideas, fostered fruitful
collaborations, and promoted the excellence
of Swiss research in this exciting field, and is
just the start of a great tradition of collabora-
tive workshops between the QSE Center, the
Bernoulli Center, and quantum industry both in
Switzerland abroad. This workshop is planned
to become an annual event, with the second
edition being hosted at the IBM offices in Zlrich
next year.


https://research.com/
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Ascending peaks of knowledge
- Bernoulli Center Inaugural Event

Left to right: M. Vetterli, A. Fontcuberta i Morral, D. Haldane (Nobel Prize ‘16), E. Abbé, M. Viazovska (Fields Medal ‘22),
H. Duminil-Copin (Fields Medal ‘22), J. Penedones, M. Hairer (Fields Medal ‘14), A. Wigderson (Abel Prize ‘21)

© Alain Herzog, EPFL

The Bernoulli Center for Fundamental

ies at EPFL on the shores of Lake Geneva
is a new hub for the advancement of funda-
mental research in mathematics, theoretical
physics, and theoretical computer science.
The inauguration event in November 2022
was attended by students, faculty, research-
ers, and invited guests including Nobel lau-
reates, Fields medalists, Abel Prize winners
and other prominent scientists.

The keynote speakers at the event included
EPFL's own Fields Medalist, Maryna Viazovska,
who spoke about solving the sphere-packing
problem in high dimensions, Abel Prize laure-
ate Avi Wigderson, who discussed the role of
"imitation games" in various fields, Nobel Prize
laureate Duncan Haldane, who presented his
contributions to topologically protected quan-
tum entanglement, and Fields Medalist Hugo
Duminil-Copin, who gave a humorous tour of the
creation of mathematical models of real-world
systems.

The center was originally inspired by the Insti-
tut des Hautes Etudes Scientifiques (IHES) in
Paris and was originally opened as the Centre
Interdisciplinaire Bernoulli serving as a visitors
center for mathematicians. However, under the
direction of Nicolas Monod from 2014 to 2021,
the center grew into a meeting place for theo-
retical mathematicians to exchange ideas and
collaborate. The center would host hundreds of
visiting scientists and researchers every year
before the pandemic and was highly sought
after for its opportunities for projects and work-
shops.

Due to a lack of dedicated facilities and disrup-
tions from the COVID pandemic, the Bernoulli
Center was briefly suspended in 2021, but was
re-inaugurated in November 2022 in its new
facilities with much more space and resources
to support its mission. EPFL President Martin
Vetterli, cut the ribbon at the new center, sym-
bolizing the fresh start in new facilities, build-
ing on a solid foundation with many lessons
learned. The event was a celebration of sci-
ence, understanding, and excellence, with a
focus on pushing the boundaries of knowledge
and encouraging collaboration and discovery.
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EPFL and DeepMind use Al to
control plasmas for nuclear fusion

Plasma inside the TCV tokamak © Curdin Wiithrich /SPC/EPFL

Scientists at EPFL's Swiss Plasma Center
and DeepMind have jointly developed a new
method for controlling plasma configura-
tions for use in nuclear fusion research.

EPFL's Swiss Plasma Center (SPC) has dec-
ades of experience in plasma physics and
plasma control methods. DeepMind is a scien-
tific discovery company acquired by Google in
2014 that's committed to “solving intelligence
to advance science and humanity.” Together,
they have developed a new magnetic control
method for plasmas based on deep reinforce-
ment learning, and applied it to a real-world
plasma for the first time in the SPC’s tokamak
research facility, TCV. Their study has just been
published in Nature.

Tokamaks are donut-shaped devices for con-
ducting research on nuclear fusion, and the
SPC is one of the few research centers in the
world that has one in operation. These devic-
es use a powerful magnetic field to confine
plasma at extremely high temperatures - hun-
dreds of millions of degrees Celsius, even
hotter than the sun’s core - so that nuclear fu-
sion can occur between hydrogen atoms. The
energy released from fusion is being studied
for use in generating electricity. What makes
the SPC'’s tokamak unique is that it allows for
a variety of plasma configurations, hence its

name: variable-configuration tokamak (TCV).
That means scientists can use it to investigate
new approaches for confining and controlling
plasmas. A plasma configuration relates to its
shape and position in the device.

CONTROLLING A SUBSTANCE

AS HOT AS THE SUN

Tokamaks form and maintain plasmas through
a series of magnetic coils whose settings, es-
pecially voltage, must be controlled carefully.
Otherwise, the plasma could collide with the
vessel walls and deteriorate. To prevent this
from happening, researchers at the SPC first
test their control systems configurations on a
simulator before using them in the TCV tokam-
ak. “Our simulator is based on more than 20
years of research and is updated continuous-
ly," says Federico Felici, an SPC scientist and
co-author of the study. “But even so, lengthy
calculations are still needed to determine the
right value for each variable in the control sys-
tem. That's where our joint research project
with DeepMind comes in.”

DeepMind's experts developed an Al algorithm
that can create and maintain specific plasma
configurations and trained it on the SPC’s sim-
ulator. This involved first having the algorithm
try many different control strategies in simula-
tion and gathering experience. Based on the
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collected experience, the algorithm generat-
ed a control strategy to produce the request-
ed plasma configuration. This involved first
having the algorithm run through a number of
different settings and analyze the plasma con-
figurations that resulted from each one. Then
the algorithm was called on to work the other
way - to produce a specific plasma configura-
tion by identifying the right settings. After be-
ing trained, the Al-based system was able to
create and maintain a wide range of plasma
shapes and advanced configurations, including
one where two separate plasmas are main-
tained simultaneously in the vessel. Finally, the
research team tested their new system directly
on the tokamak to see how it would perform
under real-world conditions.

The SPC’s collaboration with DeepMind dates
back to 2018 when Felici first met DeepMind
scientists at a hackathon at the company’s
London headqguarters. There he explained his
research group’s tokamak magnetic-control
problem. “DeepMind was immediately inter-
ested in the prospect of testing their Al tech-
nology in a field such as nuclear fusion, and
especially on a real-world system like a tokam-
ak,” says Felici. Martin Riedmiller, control team
lead at DeepMind and co-author of the study,
adds that “our team’s mission is to research
a new generation of Al systems - closed-loop
controllers - that can learn in complex dynamic
environments completely from scratch. Con-
trolling a fusion plasma in the real world offers
fantastic, albeit extremely challenging and
complex, opportunities.”
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A WIN-WIN COLLABORATION

After speaking with Felici, DeepMind offered
to work with the SPC to develop an Al-based
control system for its tokamak. “We agreed to
the idea right away, because we saw the huge
potential for innovation,” says Ambrogio Fasoli,
the director of the SPC and a co-author of the
study. “All the DeepMind scientists we worked
with were highly enthusiastic and knew a lot
about implementing Al in control systems.” For
his part, Felici was impressed with the amazing
things DeepMind can do in a short time when it
focuses its efforts on a given project.

DeepMind also got a lot out of the joint re-
search project, illustrating the benefits to both
parties of taking a multidisciplinary approach.
Brendan Tracey, a senior research engineer at
DeepMind and co-author of the study, says:
“The collaboration with the SPC pushes us to
improve our reinforcement learning algorithms,
and as a result can accelerate research on fus-
ing plasmas.”

This project should pave the way for EPFL to
seek out other joint R&D opportunities with
outside organizations. “We're always open to
innovative win-win collaborations where we
can share ideas and explore new perspectives,
thereby speeding the pace of technological
development,” says Fasoli.

REFERENCES
Degrave, J., Felici, F., Buchli, J. et al. Magnetic control of tokamak
plasmas through deep reinforcement learning. Nature 602,
414-419 (2022). https:/doi.org/10.1038/s41586-021-04301-9
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Localis-rex: a new tool for studying
electrophile signaling

© iStock photos

A team of researchers led by Professor
Yimon Aye at EPFL’s School of Basic Scienc-
es has developed a new screening method
to explore an important biological process
known as electrophile signaling.

In general, an electrophile is a highly reactive
compound that “seeks” to bond with atoms or
other molecules that have an available electron
pair. In the buzzing hive of activity that is the
cell, electrophile signaling is a process that
regulates the signaling properties of proteins.

Electrophile signaling is also directly related to
drug-target discovery and in our understanding
of drug mode of action. In fact, there is an entire
field of pharmacology that aims to improve the
efficacy of certain drugs by adding electrophilic
“parts” to them.

Intriguingly, as the proteins move across the
cell's subcellular compartments, they may
encounter different reactive small-molecule
metabolites, which are low-molecular weight
compounds, typically involved in a biological
process as a substrate or product. Some of
these compounds are themselves electrophilic.
Thus, it is interesting to ponder how a specific
protein’s “electrophile-sensing” properties may
change across different parts of the cell.

In 2021, Aye’s group developed an innovative
chemical method to study the biological mech-
anisms of the electrophilic drug Tecfidera,
which is used to treat multiple sclerosis. Now,
the team has developed a new tool, named
“Localis-rex”, that allowed them to delve deep-
er into electrophile biology and address some
unanswered questions in the field. The study is
published in PNAS.

LOCALIS-REX: SOLVING ELECTROPHILE
SIGNALING MYSTERIES

“Electrophile signaling is typically viewed in
one of two ways,” says Aye. “First, the random
collision of small reactive molecules and reac-
tive proteins that leads to a muddied response
that may affect some cell signaling pathways.
Second, the localized production of an electro-
phile labeling a protein due to proximity, lead-
ing to downstream signaling.”

The problem is that proteins themselves can
change their own sensing properties as they
move through different areas of the cell, some-
thing that the field has given little thought to,
according to Aye. “Even less thought has been
invested into how the electrophile-modified
state, itself significantly more stable and diffu-
sive than the electrophile signals themselves,
may signal across organelles,” she adds.
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The aim of Localis-rex was to explore all those
questions by identifying metabolite “sensors”
located in subcellular compartments - in this
case the nucleus or the outer membrane of the
mitochondrion. The method works by releasing
a transient burst of an electrophilic compound
in a specific subcellular compartment. There,
the compound reveals (or not) potential reac-
tive metabolites that sense and regulate a sig-
naling protein.

NOVEL FINDINGS

“Using Localis-rex, we identified 32 locale-spe-
cific sensor proteins sensing a native lipid-car-
bonyl-based metabolite, namely, hydroxynon-
enal,” says Aye. “Twenty percent of these
proteins were not previously identified as be-
ing sensitive to electrophiles or covalent-drugs
at all, while others were not even known to
be sensitive specifically to hydroxynonenal, a
quintessential lipid-derived electrophilic-me-
tabolite.” Hydroxynonenal is of particular in-
terest to Aye’s group, because they recently
showed it to be a novel covalent fragment for
kinase-isoform-specific drug development, an
important field of pharmacology.

About forty percent of the sensor proteins that
Localis-rex identified sensor electrophilic-me-
tabolites in areas of the cell where these pro-
teins normally neither localize nor are active.
The researchers focused on CDK9, a protein
that is involved in transcription, the process of
converting a gene from DNA to mRNA. Their
work showed CDK9, which primarily resides in
the nucleus is indeed a cytosol-specific sensor
of electrophiles.
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It is important to note here that transcription,
which is as critical to life as it is studied, has
never before been thought to be regulated by
electrophiles and there are few advanced ther-
apeutics targeting it.

“Localis-rex is likely to be most informative
for rigorous identification of the best electro-
phile-sensors,” says Aye. “Our work has impor-
tant ramifications for covalent drug design and
also profiling of drug-sensitive cells with high
spatiotemporal resolution, as well as estab-
lishing interesting and relevant means through
which endogenous signaling electrophiles and
reactive metabolites can impact biological sig-
naling processes.”

REFERENCES
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Single photon emitter takes a step
closer to quantum tech

© iStock photos

To get closer to quantum technology we
need to develop non-classical light sources
that can emit a single photon at a time and
do so on demand. Scientists at EPFL have
now designed one of these “single photon
emitters” that can work at room tempera-
ture and are based on quantum dots grown
on cost-effective silicon substrates.

Conventional light sources like incandescent
light bulbs or LEDs emit bunches of photons
at a time. Laser sources can emit streams of
single photons, but not on-demand.

The main advantage of SPEs is that they can
do both: emit a single photon and do so on-de-
mand - or, in more technical terms, their sin-
gle-photon purity, which they can maintain at
an ultrafast timeframe. Thus, for a light source
to qualify as an SPE, it must feature a sin-
gle-photon purity above 50%,; of course, the
closer t0 100%, the closer we will be to an ide-
al SPE.

Researchers at EPFL, led by Professor Nicolas
Grandjean, have now developed “bright and
pure” SPEs based on wide-bandgap semicon-
ductor quantum dots grown on cost-effective
silicon substrates.

The quantum dots are made of gallium nitride
and aluminum nitride (GaN/AIN) and feature
single-photon purity of 95% at cryogenic tem-
peratures, while also maintaining excellent
good resilience at higher temperatures, with a
purity of 83% at room temperature.

The SPE also shows photon emission rates
up to 1 MHz while maintaining a single-photon
purity over 50%. “Such brightness up to room
temperature is possible because of the unique
electronic properties of the GaN/AIN quantum
dots, which preserves the single-photon purity
due to the limited spectral overlap with com-
peting neighboring electronic excitation,” says
Stachurski, the PhD student who investigated
these quantum systems.

“A very appealing feature of GaN/AIN quan-
tum dots is that they belong to the lll-nitride
semiconductor family, namely that behind the
solid-state lighting revolution (blue and white
LEDs) whose importance was recognized by
the Nobel prize in Physics in 2014," state the
researchers. “It is nowadays the second semi-
conductor family in terms of consumer market
right after silicon that dominates the microe-
lectronic industry. As such, lll-nitrides benefit
from a solid and mature technological platform,
which makes them of high potential interest for
the development of quantum applications.”

An important future step will be to see if this
platform can emit one photon and only one per
laser pulse, which is an essential prerequisite
to determine its efficiency.

“Since our electronic excitations exhibit room
temperature lifetimes as short as 2 to 3 bil-
lionth of a second, single photon rates of sev-
eral tens of MHz could be within reach,” state
the authors. “Combined with resonant laser
excitation, which is known to significantly im-
prove single-photon purity, our quantum-dot
platform could be of interest for implementing
room-temperature quantum key distribution
based on a true SPE, as opposed to current
commercial systems that run with attenuated
laser sources.”
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Stabilizing polarons opens up

new physics

© iStock photos

Physicists at EPFL have developed a for-
mulation to solve the longstanding problem
of electron self-interaction when studying
polarons - quasiparticles produced by elec-
tron-phonon interactions in materials. The
work can lead to unprecedented calculations
of polarons in large systems, systematic stud-
ies of large sets of materials, and molecular
dynamics evolving over long time periods.

One of the many peculiarities of quantum me-
chanics is that particles can also be described
as waves. A common example is the photon,
the particle associated with light.

In ordered structures, known as crystals, elec-
trons can be seen and described as waves that
spread across the entire system - a rather har-
monious picture. As electrons move through
the crystal, ions - atoms carrying a negative or
positive charge — are periodically arranged in
space.

Now, if we were to add an extra electron to the
crystal, its negative charge could make the
ions around it move away from their equilibrium
positions. The electron charge would localize
in space and couple to the surrounding struc-
tural - “lattice” - distortions of the crystal, giving
rise to a new particle known as a polaron.

“Technically, a polaron is a quasi-particle, made
up of an electron “dressed” by its self-induced
phonons, which represent the quantized vibra-
tions of the crystal,” says Stefano Falletta at
EPFL's School of Basic Sciences. He continues:
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“The stability of polarons arises from a compe-
tition between two energy contributions: the
gain due to charge localization, and the cost
due to lattice distortions. When the polaron
destabilizes, the extra electron delocalizes
over the entire system, while the ions restore
their equilibrium positions.”

Working with Professor Alfredo Pasquarello
at EPFL, they have published two papers in
Physical Review Letters and Physical Review B
describing a new approach for solving a major
shortcoming of a well-established theory that
physicists use to study the interactions of elec-
trons in materials. The method is called density
functional theory or DFT, and is used in physics,
chemistry, and materials science to study the
electronic structure of many-body systems like
atoms and molecules.

DFT is a powerful tool for performing ab-initio
calculations of materials, by simplified treat-
ment of the electron interactions. However,
DFT is susceptible to spurious interactions of
the electron with its own self - what physicists
refer to as the “self-interaction problem”. This
self-interaction is one of the greatest limita-
tions of DFT, often leading to incorrect descrip-
tion of polarons, which are often destabilized.

“In our work, we introduce a theoretical for-
mulation for the electron self-interaction that
solves the problem of polaron localization in
density functional theory,” says Falletta. “This
gives access to accurate polaron stabilities
within a computationally-efficient scheme. Our
study paves the way to unprecedented calcu-
lations of polarons in large systems, in system-
atic studies involving large sets of materials, or
in molecular dynamics evolving over long time
periods.”
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Nanotubes illuminate the way
to living photovoltaics

Light-harvesting bacteria infused with nanoparticles can
produce electricity in a "living photovoltaic". © Giulia Fattorini

Scientists at EPFL have gotten bacteria
to spontaneously take up fluorescent car-
bon nanotubes for the first time. The break-
through unlocks new biotechnology applica-
tions for prokaryotes, such as near-infrared
bacteria tracking and “living photovolta-
ics” - devices that generate energy using
light-harvesting bacteria.

“We put nanotubes inside of bacteria,” says
Professor Ardemis Boghossian at EPFLs
School of Basic Sciences. “That doesn't sound
very exciting on the surface, but it's actually a
big deal. Researchers have been putting nano-
tubes in mammalian cells that use mechanisms
like endocytosis, that are specific to those kinds
of cells. Bacteria, on the other hand, don't have
these mechanisms and face additional chal-
lenges in getting particles through their tough
exterior. Despite these barriers, we've managed
to do it, and this has very exciting implications
in terms of applications.”

Boghossian's research focuses on interfacing
artificial nanomaterials with biological con-
structs, including living cells. The resulting “na-
nobionic” technologies combine the advantag-
es of both the living and non-living worlds. For
years, her group has worked on the nanomate-
rial applications of single-walled carbon nano-
tubes (SWCNTs), tubes of carbon atoms with
fascinating mechanical and optical properties.

These properties make SWCNTs ideal for
many novel applications in the field of nanobi-
otechnology. For example, SWCNTs have been
placed inside mammalian cells to monitor their
metabolisms using near-infrared imaging. The
insertion of SWCNTs in mammalian cells has
also led to new technologies for delivering ther-
apeutic drugs to their intracellular targets, while
in plant cells they have been used for genome
editing. SWCNTs have also been implanted in
living mice to demonstrate their ability to image
biological tissue deep inside the bodly.

FLUORESCENT NANOTUBES IN BACTERIA:
A FIRST

In an article published in Nature Nanotechnol-
ogy, Boghossian's group with their international
colleagues were able to “convince” bacteria to
spontaneously take up SWCNTs by “decorat-
ing” them with positively charged proteins that
are attracted by the negative charge of the
bacteria’s outer membrane. The two types of
bacteria explored in the study, Synechocys-
tis and Nostoc, belong to the Cyanobacteria
phylum, an enormous group of bacteria that
get their energy through photosynthesis - like
plants. They are also “Gram-negative”, which
means that their cell wall is thin, and they have
an additional outer membrane that “Gram-pos-
itive” bacteria lack.

The researchers observed that the cyanobac-
teria internalized SWCNTs through a passive,
length-dependent and selective process. This
process allowed the SWCNTSs to spontaneous-
ly penetrate the cell walls of both the unicellular
Synechocystis and the long, snake-like, multi-
cellular Nostoc.

Following this success, the team wanted to
see if the nanotubes can be used to image cy-
anobacteria - as is the case with mammalian
cells. “We built a first-of-its-kind custom setup
that allowed us to image the special near-in-
frared fluorescence we get from our nanotubes
inside the bacteria,” says Boghossian.
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Alessandra Antonucci, a former PhD student at
Boghossian's lab adds: “When the nanotubes
are inside the bacteria, you could very clearly
see them, even though the bacteria emit their
own light. This is because the wavelengths of
the nanotubes are far in the red, the near-infra-
red. You get a very clear and stable signal from
the nanotubes that you can't get from any oth-
er nanoparticle sensor. We're excited because
we can now use the nanotubes to see what
is going on inside of cells that have been dif-
ficult to image using more traditional particles
or proteins. The nanotubes give off a light that
no natural living material gives off, not at these
wavelengths, and that makes the nanotubes
really stand out in these cells.”

INHERITED NANOBIONICS

The scientists were able to track the growth
and division of the cells by monitoring the
bacteria in real-time. Their findings revealed
that the SWCNTs were being shared by the
daughter cells of the dividing microbe. “When
the bacteria divide, the daughter cells inherent
the nanotubes along with the properties of the
nanotubes,” says Boghossian. “We call this ‘in-
herited nanobionics.” It's like having an artificial
limb that gives you capabilities beyond what
you can achieve naturally. And now imagine
that your children can inherit its properties from
you when they are born. Not only did we impart
the bacteria with this artificial behavior, but this
behavior is also inherited by their descendants.
It's our first demonstration of inherited nanobi-
onics.”

LIVING PHOTOVOLTAICS

“Another interesting aspect is when we put
the nanotubes inside the bacteria, the bac-
teria show a significant enhancement in the
electricity it produces when it is illuminated by
light,” says Melania Reggente, a postdoc with
Boghossian's group. “And our lab is now work-
ing towards the idea of using these nanobionic
bacteria in a living photovoltaic.”
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“Living” photovoltaics are biological ener-
gy-producing devices that use photosynthetic
microorganisms. Although still in the early
stages of development, these devices repre-
sent a real solution to our ongoing energy crisis
and efforts against climate change.

“There’s a dirty secret in photovoltaic commu-
nity,” says Boghossian. “It is green energy, but
the carbon footprint is really high; a lot of CO,
is released just to make most standard photo-
voltaics. But what's nice about photosynthesis
is not only does it harness solar energy, but it
also has a negative carbon footprint. Instead
of releasing CO,, it absorbs it. So it solves two
problems at once: solar energy conversion
and CO, sequestration. And these solar cells
are alive. You do not need a factory to build
each individual bacterial cell; these bacteria
are self-replicating. They automatically take up
CO, to produce more of themselves. This is a
material scientist’'s dream.”

Boghossian envisions a living photovoltaic
device based on cyanobacteria that have au-
tomated control over electricity production that
does not rely on the addition of foreign parti-
cles. “In terms of implementation, the bottle-
neck now is the cost and environmental effects
of putting nanotubes inside of cyanobacteria
on alarge scale.”

With an eye towards large-scale implementa-
tion, Boghossian and her team are looking to
synthetic biology for answers: “Our lab is now
working towards bioengineering cyanobacteria
that can produce electricity without the need
for nanoparticle additives. Advancements in
synthetic biology allow us to reprogram these
cells to behave in totally artificial ways. We can
engineer them so that producing electricity is
literally in their DNA.”
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Cosmic web orchestrates
the progression of galaxies

© iStock photos

The shape of galaxies and how they evolve
depend on a web of cosmological filaments
that run across the Universe. According to
a recent study headed by EPFL's Laborato-
ry of Astrophysics, this cosmic web plays a
much bigger role than previously thought.

To get deeper insight, an international team of
scientists led by Prof. Pascale Jablonka and
Gianluca Castignani from EPFL's Laboratory of
Astrophysics (LASTRO) examined the vast en-
vironment surrounding Virgo, a representative
cluster in the local Universe. It contains some
1,500 galaxies and is located around 65 million
light-years away from our own galaxy, the Milky
Way.

“Many properties of galaxies, like their mor-
phology, gas content and star formation rate,
are directly influenced by their environment,”
says Jablonka. “We know that galaxies form
fewer stars in very dense environments and
adopt a more elliptical shape. But the exact
role that filaments play in this transformation is
still not clear. That’s what we wanted to investi-
gate with our research.”

The scientists analyzed the properties of gal-
axies located around the Virgo cluster, across a
region spanning 12 times the radius of the main
cluster. Theirs is the largest study conducted
to date on this topic and covers a sample size
of some 7,000 galaxies, including 250 that are

big enough for scientists to be able to precisely
estimate their gas content - and especially the
amount of cold, dense atomic hydrogen that
stars are made out of. Measurements were
taken using the decametric radio telescope in
Nangcay, France, and the IRAM-30m telescope
in Pico Veleta, Spain.

A TRANSITIONAL ENVIRONMENT

By combining the new data they collected with
measurements from the literature, the sci-
entists found that the properties of galaxies
clearly change as the galaxies progress from
more isolated positions towards filaments and
eventually into clusters.

Filaments therefore seem to serve as a tran-
sitional environment where galaxies are
pre-processed before falling into a cluster. In
this environment, star formation slows or even
stops altogether, elliptical shapes appear more
frequently, and there is less atomic and molec-
ular hydrogen, indicating that the galaxies are
reaching the end of their active life. The scien-
tists observed that a galaxy’s evolution through
its life cycle corresponds to the local galaxy
density: galaxies producing few or no stars
made up less than 20% of the sample of iso-
lated galaxies, but they accounted for 20-60%
of galaxies in the filaments and some 80% of
galaxies in the Virgo cluster. These findings
open up new avenues of research on theories
to explain galaxy formation and how galaxies
evolve in tandem with major cosmic bodies.
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“Gratzel” solar cells achieve

a new record

Gratzel cells installed at the SwissTech Convention
Center © Alain Herzog

Scientists at EPFL have increased the pow-
er conversion efficiency of dye-sensitized
solar cells ("Gratzel cells") beyond 15% in
direct sunlight and 30% in ambient light
conditions.

Mesoscopic dye-sensitized solar cells (DSCs)
were invented in 1990s by Brian O'Regan and
Michael Gratzel, EPFL Professor, taking on the
latter's name - the world-famous Gratzel cells.
DSCs convert light into electricity through pho-
tosensitizers - dye compounds that absorb
light and inject electrons into an array of oxide
nanocrystals and are subsequently collected as
electric current.

DSCs are transparent, can be fabricated in
multiple colors for low cost, and are already
being used in skylights, greenhouses, as well
as glass facades, such as those adorning the
SwissTech Convention Center. In addition,
lightweight flexible versions of DSCs are now
commercially sold on a large scale for elec-
trical powering of portable electronic devices
such as earphones and e-readers, as well in
the Internet of Things by using ambient light.

Recent advancements in photosensitizers and

other components of DSCs have improved the
performance of DSCs under both solar sunlight
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and ambient light conditions. But the key to en-
hance DSC efficiency, lies in understanding and
controlling the assembly of dye molecules on
the surface of titanium dioxide nanoparticle films
that favor the generation of electrical charge.

Now, scientists from the groups of Gratzel and
Anders Hagfeldt at EPFL have developed a way
of improving the packing of two newly designed
photosensitizer dye molecules to enhance the
DSC's photovoltaic performance. Together, the
new photosensitizers can harvest light quan-
titatively across the entire visible domain. The
new technique involves pre-adsorbing a mon-
olayer of a derivative of hydroxamic acid on the
surface of nanocrystalline mesoporous titani-
um dioxide. This slows down the adsorption of
the two sensitizers, enabling the formation of a
well ordered and densely packed layer of sen-
sitizer at the titanium dioxide surface.

With this approach, the team was able to de-
velop DSCs with a power conversion efficiency
of 15.2% for the first time under standard global
simulated sunlight, with long-term operational
stability tested over 500 hours. By increasing
the active area to 2.8 cm?, the power conver-
sion efficiency spanned 28.4% - 30.2% over
a wide range of ambient light intensities along
with outstanding stability.

The authors write: “Our findings pave the way
for facile access to high performance DSCs
and offer promising prospects for applications
as power supply and battery replacement for
low-power electronic devices that use ambient
light as their energy source.”
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Chemistry boosts drug libraries

© Mischa Schuttel (EPFL)

Scientists at EPFL have found a way to syn-
thesize large numbers of macrocyclic com-
pounds, which are needed for developing
drugs against difficult disease targets.

Pharmaceutical companies actually have librar-
ies of 1-2 million “small-molecule” compounds
collected overyears. Butin many cases, screen-
ing classical small-molecule compounds can't
identify drug candidates simply because they
don’'t contain a compound that binds sufficiently
strong to the target.

A solution has been found in the “macrocy-
cles”, an emerging class of molecules that have
proven to be ideal for binding difficult targets
like proteins with flat surfaces or even proteins
bound to other proteins. The problem is that
current macrocycle libraries only contain less
than 10,000 compounds, which limits the
chance of finding drug candidates that can
bind a given disease target.

But a group of chemists at EPFL have now
found a way to generate large numbers of mac-
rocycles, which can significantly increase the
sizes of available libraries. The breakthrough
is the work of the group of Professor Christian
Heinis at EPFL's School of Basic Sciences.

“Our approach is based on combining a large
number ‘m’ of different macrocyclic scaffolds
with a myriad of ‘n’ chemical fragments to gen-
erate ‘'mxn’ different macrocyclic compounds,”
says Heinis. “For example, we generated a li-
brary of 19,968 macrocycles by reacting 192
macrocycle scaffolds with 104 carboxylic acid
fragments.”

With the help of EPFL's Biomolecular Screen-
ing Facility, the scientists performed the re-
actions in tiny volumes of 40 nanoliters and
by transferring the reagents using acoustic
waves, which is enormously fast. Through the
miniaturization and the high speed, the library
of 19,968 macrocyclic compounds was put to-
gether in just half a day.

Working with scientists from the universities
of Padova and Venice, the team got an X-ray
structure of the thrombin inhibitor while it bound
the protein. “The structural analysis validated
the approach of screening compounds con-
taining macrocyclic cores and laterally linked
chemical fragments,” says Sevan Habeshian,
the PhD student leading the project.

“We are currently applying the approach for
developing macrocyclic compounds to arange
of disease targets for which pharmaceutical
companies are struggling to generate drugs
based on classical small molecules,” says
Heinis. “Given the small size and the limited
polar surface of macrocyclic compounds, they
have a high chance of being passing through
cell membranes, which means that they can
be used to developing drugs for intracellular
targets or even drugs that are taken orally.”
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New PET-like plastic made directly
from waste biomass

A 3D-printed “leaf” made with the new bioplastic
© Alain Herzog (EPFL)

EPFL scientists have developed a new,
PET-like plastic that is easily made from
the non-edible parts of plants. The plastic
is tough, heat-resistant, and a good barrier
to gases like oxygen, making it a promis-
ing candidate for food packaging. It can be
chemically recycled and degrade back to
harmless sugars in the environment.

It is becoming increasingly obvious that mov-
ing away from fossil fuels and avoiding the
accumulation of plastics in the environment
are key to addressing the challenge of climate
change. In that vein, there are considerable
efforts to develop degradable or recyclable
polymers made from non-edible plant material
referred to as “lignocellulosic biomass”.

Of course, producing competitive biomass-
based plastics is not straightforward. There
is a reason that conventional plastics are so
widespread, as they combine features that any
alternative plastic replacements must match
or surpass. And so far, the task has been chal-
lenging.

Until now, that is. Scientists led by Professor
Jeremy Luterbacher at EPFL's School of Basic
Sciences have successfully developed a bio-
mass-derived plastic, similar to PET, that meets
the criteria for replacing several current plastics
while also being more environmentally friendly.
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“We essentially just ‘cook’ wood or other
non-edible plant material, such as agricultural
wastes, in inexpensive chemicals to produce
the plastic precursor in one step,” says Luter-
bacher. “By keeping the sugar structure intact
within the molecular structure of the plastic, the
chemistry is much simpler than current alter-
natives.”

The technique is based on a discovery that
Luterbacher and his colleagues published in
2016, where adding an aldehyde could stabi-
lize certain fractions of plant material and avoid
their destruction during extraction.

“By using a different aldehyde - glyoxylic acid
instead of formaldehyde - we could simply clip
‘sticky’ groups onto both sides of the sugar
molecules, which then allows them to act as
plastic building blocks,” says Lorenz Manker,
the study’s first author. “By using this simple
technique, we are able to convert up to 25%
of the weight of agricultural waste, or 95% of
purified sugar, into plastic.”

The well-rounded properties of these plastics
could allow them to be used in applications
ranging from packaging and textiles to medi-
cine and electronics. The researchers have al-
ready made packaging films, fibers that could
be spun into clothing or other textiles, and fila-
ments for 3D-printing.

“The plastic has very exciting properties, no-
tably for applications like food packaging,”
says Luterbacher. “And what makes the plas-
tic unique is the presence of the intact sugar
structure. This makes it incredibly easy to make
because you don't have to modify what nature
gives you, and simple to degrade because it
can go back to a molecule that is already abun-
dant in nature.”
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How cells correct errors under

time pressure
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How does a cell balance risk and speed
when dividing? EPFL scientists have de-
veloped and experimentally tested the first
mathematical theory that describes the
cell’'s best strategy for dividing safely and
efficiently.

Cells go through a life cycle that includes grow-
ing to the right size, being equipped to perform
its functions, and finally dividing into two new
cells. The cell cycle is critical because it en-
sures the perpetuation of the cell population
and by extension of the greater structure they
are a part of - for example a tissue in the body.

The cell cycle itself is tightly regulated by
checkpoints, which prevent errors like muta-
tions or DNA damage from being passed onto
the next generation of cells. Each checkpoint
acts as a kind of quality-control monitor (a bi-
ological “checklist”) that ensures the order, in-
tegrity, and fidelity of the cell cycle. But check-
points themselves often fail or are overridden
after a prolonged stop of the cell cycle. If this
happens in the human body, the result could
be unregulated cell growth and division, which
is what happens in cancer.

“Checkpoints monitor cells or whole organ-
isms and can stop either the cell cycle or the
organism’'s development when they detect
problems,” says Sahand Jamal Rahi at EPFL's
School of Basic Sciences. “But if cells or or-
ganisms are stuck with an error for a very long
time, in many cases, they just continue dividing
or growing; they don't stop forever. There is a
real risk of dying if checkpoints do not stop at
all, but also waiting forever is effectively equiv-
alent to dying.”

THE MATH OF CHECKPOINT OVERRIDE
The question is then, how does the cell bal-
ance risk and speed when dividing? Although
critical, checkpoint override is not very well
understood, neither theoretically nor exper-
imentally. But in a new paper, Rahi and his
colleagues put forward the first mathematical
theory to describe the process of checkpoint
override. “Many organisms have to predict
what's going to happen,” he says. “You have a
problem and you have to assess how bad that
problem could be because the consequences
are not certain. You could survive this or you
might not survive this. So, the cell makes a bet
either way. And in this study, we analyze the
odds of that bet.”
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For a real-life model organism, the researchers
looked at the budding yeast Saccharomyces
cerevisiae, which has been used in wine mak-
ing, baking and brewing for centuries. “There
are systems that monitor organisms, and
among these systems, possibly the best stud-
ied is the DNA damage checkpoint in yeast,”
says Rahi. “So, we thought, let's look at that and
see whether we can make sense of checkpoint
overrides. We started with a mathematical
analysis behind which was a very simple ques-
tion: what if these organisms are balancing risk
and speed because they have to predict the
future?”

THE RISK-SPEED TRADEOFF

This tradeoff between risk and speed is similar
to the quality control system of a factory assem-
bly line: how fast can you produce things before
the quality is affected? How do you balance
quality and efficiency? “People have thought
about this risk-speed tradeoff for checkpoints
before, but they've only thought about it quali-
tatively,” says Rahi. “It's not something that has
been actually analyzed or taken seriously. So,
I guess we can claim ownership of the idea!”

The scientists looked into the relationship be-
tween risk and speed. “The theory is basically
balancing different probabilities, so we're com-
puting the change in fitness if you wait versus
if you continue with self-replication,” says Rahi.
“The organism has to come up with a strategy
that involves continuously making the decision
to wait or go depending on the gravity of the or-
ganism’s situation at that time. Of course, wait-
ing means that you will make fewer and fewer
progeny. So the alternative is to take a risk, so
the cell divides and there’s a probability that it
survives, and there's a probability that it dies.”
The theory calculates when risk and speed
balance one another, determining the optimal
“time”. “The result turned out to be a very sim-
ple equation,” Rahi adds.
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Despite being developed for yeast, the theory
applies broadly to cells because it only takes
into account risk and speed, factors that affect
all organisms. “There isn't a one-to-one corre-
spondence between what happens in yeast
and mammalian cells because mammalian
cells have other constraints on them than just
maximizing their own growth,” says Rahi.

THE CANCER DIMENSION

“But when cells become cancerous, they de-
couple their fitness from the fitness of their
host. And then Darwinian evolution suggests
that they should remodel their checkpoints to
maximize growth. It's something we are inter-
ested in; one of our next steps is seeing wheth-
er cells rewire their checkpoints in an optimal
way once they become cancerous.”

Rahi does not expect that cancerous cells
would abolish their checkpoint systems alto-
gether. “They don't get rid of their checkpoints
because then they take on too much risk in
each division,” he says. “Having no checkpoints
whatsoever compared to when they were pre-
cancerous is also not optimal because then
as soon as there's a problem they will die. So,
we're interested to see whether they too aim
for this state of optimal balance that our theory
describes.”
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Imaging chemical kinetics
at liquid-liquid interfaces

© iStock photos

Scientists led by EPFL have developed a
new method to measure chemical kinetics
by imaging progress of a reaction at a lig-
uid-liquid interface embedded in a lami-
nar-flow liquid microjet. This method is ideal
for studies of dynamics on the sub-millisec-
ond timescale, which is very difficult to do
with current applications.

“It is a new application of so-called water flat-
jets,” says Andreas Osterwalder at EPFL's
School of Basic Sciences. “We prepare a con-
trolled interface between two aqueous solu-
tions and use it to measure chemical kinetics.”

Free-flowing liquid microjets allow chemists
to create a controllable smooth (and in some
cases flat) surface of a liquid that can be used
for surface scattering or spectroscopy studies.
The free flow of the liquid in air or in a vacu-
um creates unobstructed optical access to
gas-liquid and liquid-vacuum interfaces.

Some of the main applications of microjets
include X-ray photoelectron spectroscopy,
evaporation dynamics, attosecond-pulse gen-
eration, and gas-liquid chemistry. A popular im-
plementation is a single cylindrical jet, made by
forcing a liquid to exit through a nozzle 10-50
micrometers in diameter and under a pressure
of a few bars, resulting in a laminar jet with a
flow velocity of tens of meters per second.

These microjets have recently garnered a lot of
interest for in-vacuum applications, where the
jets travel freely, and remain liquid, for some
millimeters before decaying into droplets and
freezing. “Many experiments require a planar
surface that prevents unwanted averaging over
effects from the angle-dependent surface,”
says Osterwalder. As a result of this need,
scientists have been developing different ar-
rangements of laminar-flow planar surfaces,
producing so-called liquid flat-jets.

A common form of such an arrangement is to
cross two cylindrical jets of a liquid. The result-
ing flat-jet is a chain of leaf-shaped structures
of the flowing liquid. The “leaves” are sheets
only a few microns thick, and each one is
bound by a relatively thick fluid rim and stabi-
lized by surface tension and fluid inertia.

The scientists tested the flat-jet arrangement
by using it to study the kinetics of the lumi-
nol oxidation chemiluminescence reaction,
a glow-in-the-dark reaction that emits a blue
light when the organic compound luminol is
oxidized. The reaction is popular with crimi-
nal investigators looking for trace amounts of
blood, but is also widely used in biological re-
search assays.

“We believe this is a promising approach to-
wards measuring chemical kinetics on the
sub-millisecond timescale, a range that is very
difficult to reach with currently existing technol-
ogies, and to study fundamental dynamics at
liquid-liquid interfaces,” says Osterwalder.
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Chemical data management:
an open way forward

© iStock photos

Writing in Nature Chemistry, three EPFL sci-
entists propose an open platform for man-
aging the vast amounts of machine-search-
able data produced in chemical research.

“For along time, we needed to compress infor-
mation due to the limited page count in printed
journal articles,” says Professor Berend Smit,
who directs the Laboratory of Molecular Simu-
lation at EPFL Valais Wallis.

The scientists envision the platform as “seam-
lessly” integrating three crucial steps: data
collection, data processing, and data publica-
tion - all with minimal cost to researchers. The
guiding principle is that data should be FAIR:
easily findable, accessible, interoperable, and
re-usable. “At the moment of data collection,
the data will be automatically converted into a
standard FAIR format, making it possible to au-
tomatically publish all ‘failed’ and partially suc-
cessful experiments together with the most
successful experiment,” says Smit.

But the authors go a step further, proposing
that data should also be machine-actionable.
“We are seeing more and more data-science
studies in chemistry,” says Jablonka. “Indeed,
recent results in machine learning try to tack-
le some of the problems chemists believe are
unsolvable.
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Finally, the authors propose concrete steps
that the field must take to create a FAIR da-
ta-management plan.

“We think there is no need to invent new file
formats or technologies,” says Patiny. “In prin-
ciple, all the technology is there, and we need
to embrace existing technologies and make
them interoperable.”

“Our perspective offers a vision of what we
think are the key components to bridge the
gap between data and machine learning for
core problems in chemistry,” says Smit. “We
also provide an open science solution in which
EPFL can take the lead.”
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A new law unchains fusion energy

The tokamak thermonuclear fusion reactor at Swiss Plasma Center. © Alain Herzog (EPFL)

Physicists at EPFL, within a large European
collaboration, have revised one of the fun-
damental laws that has been foundational
to plasma and fusion research for over three
decades, even governing the design of
megaprojects like ITER. The update shows
that we can actually safely use more hydro-
gen fuel in fusion reactors, and therefore
obtain more energy than previously thought.

Fusion is one of the most promising sources of
future energy. It involves two atomic nuclei com-
bining into one, thereby releasing enormous
amounts of energy. In fact, we experience fusion
every day: the Sun’s warmth comes from hydro-
gen nuclei fusing into heavier helium atoms.

There is currently an international fusion re-
search megaproject called ITER, which aims
to replicate the fusion processes of the Sun to
create energy on the Earth. Its aim is the crea-
tion of high temperature plasma that provides
the right environment for fusion to occur, pro-
ducing energy.

Plasmas — an ionized state of matter similar to
a gas - are made up of positively charge nu-
clei and negatively charged electrons, and are
almost a million times less dense than the air
we breathe. Plasmas are created by subjecting
“the fusion fuel” - hydrogen atoms - to extremely
high temperatures (10 times that of the core of

the Sun), forcing electrons to separate from
their atomic nuclei. The process takes place
inside a donut-shaped (“toroidal”) structure
called a “tokamak”.

“In order to create plasma for fusion, you have
to consider three things: high temperature,
high density of hydrogen fuel, and good con-
finement,” says Paolo Ricci at the Swiss Plasma
Center, one of the world’s leading research in-
stitutes in fusion located at EPFL.

Working within a large European collaboration,
Ricci's team has now released a study updat-
ing a foundational principle of plasma gener-
ation - and showing that the upcoming ITER
tokamak can actually operate with twice the
amount of hydrogen and therefore generate
more fusion energy than previously thought.

“One of the limitations in making plasma inside
a tokamak is the amount of hydrogen fuel you
can inject into it,” says Ricci. “Since the early
days of fusion, we've known that if you try to
increase the fuel density, at some point there
would be what we call a ‘disruption’ - basically
you totally lose the confinement, and plasma
goes wherever. So in the eighties, people were
trying to come up with some kind of law that
could predict the maximum density of hydrogen
that you can put inside a tokamak.”
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An answer came in 1988, when fusion scientist
Martin Greenwald published a famous law that
correlates fuel density to the tokamak’s minor
radius (the radius of the doughnut 's inner circle)
and the current that flows in the plasma inside
the tokamak. Ever since then, the “Greenwald
limit” has been a foundational principle of fu-
sion research; in fact, ITER’s tokamak-building
strategy is based on it.

“Greenwald derived the law empirically, that
is completely from experimental data - not a
tested theory, or what we'd call first principles’,”
explains Ricci. “Still, the limit worked pretty well
for research. And, in some cases, like DEMO
(ITER’s successor), this equation constitutes a
big limit to their operation because it says that
you cannot increase fuel density above a cer-
tain level.”

Working with fellow tokamak teams, the Swiss
Plasma Center, designed an experiment where
it was possible to use highly sophisticated
technology to precisely control the amount of
fuel injected into a tokamak. The massive ex-
periments were carried out at the world’s larg-
est tokamaks, the Joint European Torus (JET)
in the UK, as well as the ASDEX Upgrade in
Germany (Max Plank Institute) and EPFL's own
TCV tokamak. This large experimental effort
was made possible by the EUROfusion Con-
sortium, the European organization that coor-
dinates fusion research in Europe and to which
EPFL now participates through the Max Planck
Institute for Plasma Physics in Germany.

At the same time, Maurizio Giacomin, a PhD
student in Ricci's group, began to analyze the
physics processes that limit the density in to-
kamaks, in order to derive a first-principles law
that can correlate fuel density and tokamak
size. Part of that though, involved using ad-
vanced simulation of the plasma carried out
with a computer model.

“The simulations exploit some of the largest
computers in the world, such as those made
available by CSCS, the Swiss National Super-
computing Center and by EUROfusion,” says
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Ricci. “And what we found, through our simu-
lations, was that as you add more fuel into the
plasma, parts of it move from the outer cold
layer of the tokamak, the boundary, back into its
core, because the plasma becomes more tur-
bulent. Then, unlike an electrical copper wire,
which becomes more resistant when heated,
plasmas become more resistant when they
cool down. So, the more fuel you put into it at
the same temperature, the more parts of it cool
down - and the more difficult is for current to flow
in the plasma, possibly leading to a disruption.”

This was challenging to simulate. “Turbulence
in a fluid is actually the most important open
issue in classical physics,” says Ricci. “But tur-
bulence in a plasma is even more complicated
because you also have electromagnetic fields.”

In the end, Ricci and his colleagues were able
to crack the code, and put “pen to paper” to
derive a new equation for fuel limit in a tokamak,
which aligns very well with experiments. Pub-
lished in Physical Review Letters, it does jus-
tice to Greenwald’s limit, by being close to it,
but updates it significant ways.

The new equation posits that the Greenwald
limit can be raised almost two-fold in terms of
fuel in ITER; that means that tokamaks like ITER
can actually use almost twice the amount of fuel
to produce plasmas without worries of disrup-
tions. “This is important because it shows that
the density that you can achieve in a tokamak
increases with the power you need to run it,”
says Ricci. “Actually, DEMO will operate at a
much higher power than present tokamaks and
ITER, which means that you can add more fuel
density without limiting the output, in contrast to
the Greenwald law. And that is very good news.”
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Photonics chip allows

light amplification

The photonic integrated circuits used in this study ©Tobias Kippenberg (EPFL)

Scientists at EPFL have developed photonic
integrated circuits that demonstrated a new
principle of light amplification on a silicon
chip. It can be employed for optical signals like
those used in Lidar, trans-oceanic fiber am-
plifiers or in data center telecommunications.

The ability to achieve quantum-limited ampli-
fication of optical signals contained in optical
fibers is arguably among the most important
technological advances that are underlying
our modern information society. In optical tel-
ecommunications, the choice of 1550 nm
wavelength band is motivated not only by he
loss minimum of silicon dioxide optical fibers (a
development recognized with the 2009 Nobel
Prize in Physics), but equally to the existence of
ways to amplify these signals, crucial to achieve
trans-oceanic fiber optical communication.

Optical amplification plays a key role in virtually all
laser-based technologies such as optical com-
munication, used for instance in data-centers
to communicate between servers and between
continents through trans-oceanic fiber links, to
ranging applications like coherent Frequency
Modulated Continuous Wave (FMCW) LiDAR
- an emerging technology that can detect and
track objects farther, faster, and with greater
precision than ever before. Today, optical am-

plifiers based on rare-earth ions like erbium, as
well as llI-V semiconductors, are widely used in
real-world applications.

These two approaches are based on amplifica-
tion by optical transitions. But there is another
paradigm of optical signal amplification: trave-
ling-wave parametric amplifiers, which achieve
signal amplification by varying a small system
“parameter”, such as the capacitance or the
nonlinearity of a transmission line.

OPTICAL PARAMETRIC AMPLIFIERS

It has been known since the 80’s that the in-
trinsic nonlinearity of optical fibers can also be
harnessed to create travelling-wave optical
parametric amplifiers, whose gain is independ-
ent of atomic or semiconductor transitions,
which means that it can be broad-band and
virtually cover any wavelength.

Parametric amplifiers also do not suffer from a
minimum input signal, which means that they
can be used to amplify both the faintest sig-
nals and large input power in a single setting.
And finally, the gain spectrum can be tailored
by waveguide geometry optimization and dis-
persion engineering, which offers enormous
design flexibility for target wavelengths and
applications.
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Most intriguingly, parametric gain can be de-
rived in unusual wavelength bands that are
out of reach of conventional semiconductors
or rare-earth-doped fibers. Parametric amplifi-
cation is inherently quantum-limited, and can
even achieve noiseless amplification.

SILICON LIMITATIONS

Despite their attractive features, optical para-
metric amplifiers in fibers are compounded by
their very high pump power requirements re-
sulting from the weak Kerr nonlinearity of sili-
ca. Over the past two decades, the advances
in integrated photonic platforms have enabled
significantly enhanced effective Kerr nonlinear-
ity that cannot be achieved in silica fibers, but
have not achieved continuous-wave-operated
amplifiers.

“Operating in the continuous-wave regime
is not a mere ‘academic achievement’,” says
Professor Tobias Kippenberg, head of EPFL's
Laboratory of Photonics and Quantum Meas-
urements at EPFL. “In fact, it is crucial to the
practical operation of any amplifier, as it implies
that any input signals can be amplified - for ex-
ample, optically encoded information, signals
from LIDAR, sensors, etc. Time- and spec-
trum-continuous, travelling-wave amplification
is pivotal for successful implementation of am-
plifier technologies in modern optical commu-
nication systems and emerging applications
for optical sensing and ranging.”

BREAKTHROUGH PHOTONIC CHIP

A new study led by Dr Johann Riemensberger
in Kippenberg's group has now addressed the
challenge by developing a traveling-wave am-
plifier based on a photonic integrated circuit
operating in the continuous regime. “Our re-
sults are a culmination of more than a decade
of research effort in integrated nonlinear pho-
tonics and the pursuit of ever lower waveguide
losses,” says Riemensberger.
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The researchers used an ultralow-loss silicon
nitride photonic integrated circuit more than
two meters long to build the first traveling-wave
amplifier on a photonic chip 3x5 mm?2 in size.
The chip operates in the continuous regime
and provides 7 dB net gain on-chip and 2 dB
net gain fiber-to-fiber in the telecommunication
bands. On-chip net-gain parametric amplifica-
tion in silicon nitride was also recently achieved
by the groups of Victor Torres-Company and
Peter Andrekson at Chalmers University.

In the future, the team can use precise litho-
graphic control to optimize the waveguide
dispersion for parametric gain bandwidth of
more than 200 nm. And since the fundamen-
tal absorption loss of silicon nitride is very low
(around 0.15 dB/meter), further fabrication opti-
mizations can push the chip's maximum par-
ametric gain beyond 70 dB with only 750 mW
of pump power, exceeding the performance of
the best fiber-based amplifiers.

“The application areas of such amplifiers are
unlimited,” says Kippenberg. “From optical
communications where one could extend sig-
nals beyond the typical telecommmunication
bands, to mid-infrared or visible laser and sig-
nal amplification, to LIDAR or other applications
where lasers are used to probe, sense and in-
terrogate classical or guantum signals.”
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