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Pursuing a circular economy

O ne of the critical challenges of the 21st century is to make full use of our planet’s resources.

The United States throws away tens of millions of tons of plastic, aluminum, rubber and other valuable materials
each year. We discard water after a single use, even as much of the country suffers through a long-term drought. Even
the green technologies we've developed over the years face their own supply and recycling challenges.

The successful recycling and reuse of limited resources constitutes a “circular economy.” Reaching this ideal requires
advances on a variety of fronts.

For instance, materials such as plastics are mostly designed neither to decompose nor to be recycled. Solving that
problem requires designing new materials that are more earth-friendly and reusable, but while we do that, we must also
find ways to make the most of existing plastic waste — even though it was not designed to be reused.

ORNL researchers are applying expertise in supercomputing, neutron science and materials science to create a (nonnu-
clear] continuous flow reactor that will — among other benefits — speed and automate the research needed both to
create the next generation of plastics and to recycle the plastics that surround us (see “Keeping

materials out of landfills,” page 8).

Our researchers are also involved in the effort to ameliorate the water crisis brought on by
climate change and economic growth (see “Ensuring our water future,” page 14), developing
alternative sources of water — including seawater and the produced water associated with oil
and gas drilling — and improving treatment systems.

ORNL researchers also are working to forestall shortages of lithium for high-tech batteries
by developing new sources of lithium, in particular by mining it from the brines produced by
geothermal plants.

Elsewhere in this issue of ORNL Review, we take a look at efforts by ORNL researchers to
accelerate the development of effective COVID-19 treatments by interrupting specific
stages of the virus’ life cycle (see “DOE scientists deploy creativity, speed to disrupt
COVID-19,” page 38].

We also talk with talented researchers in all stages of their careers, including
Nobel laureate Samuel Ting, who delivered our most recent Eugene P. Wigner
Distinguished Lecture (see “Eugene Wigner Distinguished Lecturer,” page 50),
and five promising ORNL researchers recognized by the Early Career Research
Program sponsored by the Department of Energy’s Office of Science (see "A
tremendous achievement in a tumultuous year,” page 44).

Finally, we are introducing a new section to ORNL Review. Research Insights
features technical articles highlighting key areas of ORNL research. We focus
in this inaugural edition on materials in extreme environments — a field in
which Oak Ridge has historic leadership — with applications in advanced
manufacturing, nuclear energy, information technology, batteries, transpor-
tation and national security.

| hope you will find many topics of interest in this latest review of
research around ORNL.

Thomas Zacharia
Laboratory Director
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Advance in modeling
improves water analysis

A new modeling capability developed at
ORNL incorporates important biogeochem-
ical processes taking place in river corri-
dors for a clearer understanding of how
water quality will be impacted by climate
change, land use and population growth.

Researchers used high-performance
computing and the award-winning Amanzi-
ATS software to include biogeochemical
reactions in microbially active zones near
streams in models that track the move-
ment of dissolved chemicals in river
networks. These reactions have a major
influence on the cycling of carbon, nutri-
ents and contaminants at basin scales. The
new multiscale model better tracks water
quality indicators such as nitrogen and
mercury levels.

“To build a next-generation modeling
capability to address water quality issues,
we needed a new multiscale framework
that allows us to incorporate funda-
mental understanding of key processes
and how those fine-scale processes
manifest at much larger scales,” ORNLs
Scott Painter said.

The research team validated and
demonstrated the model on several water-
sheds. — Kim Askey

ORNL teams take seven
R&D 100 awards

ORNL research teams and their tech-
nologies have received seven 2021 R&D
100 Awards, plus special recognition for a
COVID-19-related project.

Established in 1963, the R&D 100
Awards each year recognize 100 accom-
plishments in research leading to signifi-
cant new commercial products, technolo-
gies and materials from around the world.
This year’s wins bring ORNL's total R&D 100
Awards to 232 since the award’s inception.

ORNL researchers and technolo-
gies named among this year's winners
are listed below.

www.ornl.gov/ornlreview

An ORNL research team has incorporated important effects from microbially active hot spots near
streams into models that track the movement of nutrients and contaminants in river networks. Image

credit: Andy Sproles, ORNL

Autonomous self-healing
developed by ORNL.

sealant,

ORNL researchers have tackled the
problem of brittle, leaky sealants by devel-
oping an adhesive material that self-
heals autonomously.

ORNLs team developed the self-
healing sealant by integrating a self-
healing polymer, poly(BCOE), with existing
commercial sealants. The novel material
can autonomously self-heal cracks that
arise within days at room temperature. It
also adheres better to dusty surfaces than
current products, eliminating the need
to clean an area or apply a primer to the
substrate prior to using.

Precision deicer, developed by Clinch
River Computing LLC and ORNL.

Researchers developed a method to
more precisely gauge the amount of deicing
materials, such as salt or brine, needed to
deice a particular road.

The precision deicer uses light-detec-
tion and ranging data to consider traffic,
road conditions, slope and solar radiation
to calculate a road vulnerability index indi-
cating how much deicing material should
be applied in a particular area.

QED: Quantum Ensured Defense of
the Smart Electric Grid, developed by Los
Alamos National Laboratory, ORNL and
EPB of Chattanooga.

Scientists at LANL and ORNL have
sought to escape the ongoing attack-

defend cycle of cybersecurity breaches by
developing a new method for protecting
information called Quantum Ensured
Defense, or QED.

The technology harnesses single
particles of light, or photons, to distribute
cryptographic keys that can be used to
lock control signals into secret codes. This
novel method brings the security assur-
ances of quantum communication systems
to long-haul distances inherent in elec-
tric grid systems.

UCC: Ultraconductive Copper-Carbon
Nanotube Composite, developed by ORNL.

Copper is a key element in many elec-
trical devices, but its resistance leads
to power losses, meaning that new low-
resistance conductors are needed to meet
current clean energy goals.

ORNL researchers have developed
an ultraconductive copper-carbon nano-
tube composite, or UCC, as an alterna-
tive that improves on the mechanical and
electrical properties of pure copper. The
product, made of carbon nanotubes inte-
grated within a copper matrix, has high
mechanical strength and excellent elec-
trical properties.

GridDamper, developed by ORNL, the
University of Tennessee, Knoxville, and the
Electric Power Research Institute.

The increasing integration of renewable
energy has created more severe, complex
and frequent electrical oscillations in the



grid. If not sufficiently controlled, they can
lead to major blackouts.

GridDamper is a deployment-ready
technology that allows for more renewable
electricity in power grids. The technology
automatically updates its parameters,
sensors and actuators to guarantee power
grid stability and reliability when renewable
energy and electricity demand fluctuate.

MSC MillMax, developed by ORNL,
MSC Industrial Supply Co. and Manufac-
turing Laboratories.

MSC MillMax uses measurements
to eliminate wavy marks on metal that
occur in milling when a tool's spindle is
not stiff enough.

Metalworkers cut metal with a rotating
tool, typically manually adjusting the
machinery in an unscientific process
that can take hours. The new computer-
ized system measures tool characteris-
tics, the tool holder and the machine tool,
then produces a report on ideal depth and
spindle speed in 15 minutes.

BIG-NET: Bis-iminoguanidine Nega-
tive Emission Technology, developed
by ORNL, ReactWell and Holocene
Climate Corporation.

Researchers developed a method for
separating carbon dioxide from the air that
has the potential to permanently remove
billions of tons of the greenhouse gas out of
the atmosphere. In the process, scientists

use an aqueous solution containing ORNL-
discovered receptors called Bis-iminogua-
nidine, or BIGs, to absorb carbon dioxide.

Upon absorption of carbon dioxide,
BIGs turn into an insoluble crystalline
salt, which can easily be removed from
the liquid solution. The carbon dioxide
can then be extracted from the salt under
mild conditions and sent for deep under-
ground storage, either in aquifers or
former oil fields.

Domestic supply chain of filter media
and face masks, a project led by ORNL,
Techmer PM and DemeTECH, received the
Silver Award in the Special Recognition:
Battling COVID-19 category.

Researchers adapted melt-blowing
capabilities at DOE’s Carbon Fiber Tech-
nology Facility to enable the production of
filter material for N95 masks in the fight
against COVID-19. The team used poly-
propylene supplemented with an addi-
manufac-

tive from polymer material

turer Techmer PM.

The resulting process had the capability
to produce filter media for 9,000 masks per
hour at greater than 95 percent filtration
efficiency. — Alexandra DeMarco

For more information: https://
go.usa.gov/xeZjc

ORNL scientists co-developed the 2021 R&D 100 Award-winning Quantum Ensured Defense method to

bring security to the electric grid. Image credit: ORNL

UT-Battelle honored for
veteran recruitment

ORNLs managing contractor,
UT-Battelle LLC, has received a gold
medallion award from the Department of
Labor’s Honoring Investments in Recruiting
and Employing American Military Veterans,
or HIRE Vets, program.

“Military veterans are an important part
of the ORNL workforce, and we appreciate
the knowledge and experience they bring
to the lab each day,” said ORNL Director
Thomas Zacharia. “It's a significant honor
for the HIRE Vets programs to recognize the
commitment we have made to veterans.”

The award recognizes exemplary efforts
in recruiting, employing and retaining
military veterans.

“By meeting the criteria required for
a gold medallion award, UT-Battelle has
demonstrated both patriotism and recog-
nition of the value veterans bring to the
workplace,” said Randall Smith, HIRE Vets
Medallion program director.

Large employers recognized with gold
medallions must have at least 7 percent of
new hires who are veterans, maintain a 75
percent retention rate for 12 months, and
offer a veteran’s resource group and lead-
ership program. — Karen Dunlap

New computer code
focuses on power grid

ORNL, University of Tennessee and
University of Central Florida researchers
have released a new high-performance
computing code designed to more effi-
ciently examine power systems and
identify electrical grid disruptions, such
as power outages.

The Resilient Adaptive Parallel slmu-
lator for griD, or RAPID, relies on a novel
parallel-in-time, or “parareal,” algorithm
that divides calculations into smaller time
intervals, then completes them simultane-
ously on different processors to streamline
traditionally time-consuming simulations.

RAPID also uses adaptive model reduc-
tion, which reduces computational demand

Vol. 55, No. 1, 2022



An open-source code developed by an ORNL-led team could provide new insights into the everyday
operation of the nation’s power grid. Image credit: Pixabay

by focusing only on areas near a disrup-
tion. The code is compatible with various
architectures and could eventually help
predict grid dynamics and assess algo-
rithms for the integrated transmission and
distribution network as fast as — or faster
than — real time.

“The goal is to run these simulations
as fast as possible and provide informa-
tion to grid operators about how to address
problems,” said ORNLs Srdjan Simunovic.
— Elizabeth Rosenthal

Researchers 3D-print
new high-tech alloy

ORNL researchers have additively
manufactured a lightweight aluminum alloy
and demonstrated its ability to resist creep,
or deformation, at 300 degrees Celsius.

Materials that can perform in high-
pressure, high-temperature environments
are needed for automotive, aerospace,
defense and space applications. The alloy,
which combines aluminum with cerium
and other metals, was printed using a
laser powder bed system that deposits one
thin layer of material at a time for precise
results. Researchers printed pistons
made of the alloy for deployment inside a
full-scale engine.

“Using powder-bed 3D printing allowed
the alloy to rapidly solidify into fine, stable
strengthening particles in the microstruc-
ture, resulting in the remarkable high-temp
creep resistance we measured,” ORNLs
Ryan Dehoff said. “We expected notable

www.ornl.gov/ornlreview

improvements but were surprised by how
strong and stable these alloys proved to be.”

The pistons will undergo additional
testing inside of a four-cylinder, turbo-
charged engine. — Jennifer Burke

Nanostructures promote
stretchier alloys

ORNL researchers have developed a
method for adding nanostructures to high-
entropy metal alloys, or HEAs, that enhance
both strength and ductility, which is the
ability to deform or stretch under tensile
stress without failing.

The results, published in Science, open
a promising pathway for tailoring HEA
properties using small gradient structures
to produce improved high-performance
metals for a wide range of applications.

Conventional metallic materials,

including HEAs, become less ductile or more

brittle as their strength increases. HEAs
are composed of five or more elements.

The scientists used neutron diffrac-
tion methods at ORNL's Spallation Neutron
Source to confirm that tiny defect features,
called stacking faults, form easily in
an HEA compared to conventional fine-
grained alloys.

“The stacking faults enhanced the test
alloy’s plasticity while also contributing to
increased strength and hardening,” said
ORNL's Ke An. “Industries that could greatly
benefit include automotive, power distribu-
tion and aerospace.” — Paul Boisvert

Data to aid models for
Colorado River Basin

New data hosted through the Atmo-
spheric Radiation Measurement Data
Center at ORNL will help improve models
that predict climate change effects on the
water supply in the Colorado River Basin.

Mountains are natural water towers
that collect the snowpack, which becomes
drinking water for millions of people. ARM’s
goal is to collect data needed to advance
understanding of complex land-water-
atmosphere interactions in these regions
and improve model predictions of future
climate and water availability.

More than four dozen instruments
measure atmospheric factors affecting
the water cycle and climate near Crested
Butte, Colorado, as part of ARM's SAIL
project. This data will be integrated with
other measurements taken at and below

ORNL researchers used the lab’s Spallation Neutron Source to analyze modified high-entropy metal
alloys with enhanced strength and ductility. Image credit: Rui Feng, ORNL



Instruments gather atmospheric data at the Colorado site as part of the Atmospheric Radiation
Measurement User Facility’s SAIL project. Image credit: DOE ARM User Facility

the surface to provide a clearer picture
of key processes.

“The ARM data services team is making
terabytes of data accessible to facili-
tate the multi-institutional effort inves-
tigating the hydrologic processes that
influence climate and the availability of
critical water resources,” said ORNL's Giri
Prakash. — Kim Askey

Gene helps switchgrass
become more adaptable

An ORNL team has successfully
introduced a poplar gene into switch-
grass, an important biofuel source. The
gene switchgrass to interact
with a beneficial fungus, ultimately
boosting the grass’ growth and viability in
changing environments.

allows

Scientists observed the ectomycorrhizal
fungus Laccaria bicolor as it enveloped the
plant’s roots. This behavior, not known to
occur naturally between these fungi and
switchgrass, helps the plant to efficiently
take up nutrients and water. This symbiotic
relationship results in switchgrass that is
more disease- and drought-resistant.

“We've engineered switchgrass to grow
where it would typically struggle, that is,
marginal land that is unsuitable for food
crops,” said ORNL's Jay Chen. “The fungus
allows the switchgrass to absorb minerals
from the soil.”

In a previous study, the team identi-
fied the receptor gene that looks out for
friendly fungi. Next, the team will vali-

date the laboratory findings with a field
study. — Karen Dunlap

New ORNL tech
targets cyberattacks

ORNL researchers have created a tech-
nology that more realistically emulates
user activities to improve cyber test beds
and ultimately prevent cyberattacks.

Data Driven User Emulation, or D2U,
uniquely uses machine learning to simu-
late actual users’ actions in a network
and then enhances cyber analysts’ ability
to thwart, expose and mitigate network
vulnerabilities.

“Understanding and modeling indi-
vidual user behaviors is critical for cyber-
security,” said ORNL's Sean Oesch. “D2U
can create unlimited, realistic test users
of a particular network for developers of
cyber tools to improve their products.”

Where other user models need large
numbers of testers or make assumptions
about their behavior, D2U requires just
a small number of users and emulates
actual user behavior.

The software is currently deployed to
help evaluate defensive cyber technolo-
gies but could have benefits to the broader
cyber community. — Liz Neunsinger

Novel process creates
heat-resistant composites

ORNL researchers have developed a
novel process to manufacture extreme
heat-resistant carbon-carbon compos-
ites. The performance of these materials
was tested in a Navy rocket that NASA

launched in October.

Made of graphite reinforced with carbon
fiber, the composites use a pure graphite
matrix instead of epoxy to bind the fibers.
Researchers manufactured a nose cone
temperature
sensors for the launch, which is designed to
expose the material to the harsh environ-
ment of high-speed flight.

and fins embedded with

“This launch will allow us to collect data
and characterize the temperature perfor-
mance in extreme environments, which
are difficult to reproduce in a laboratory at
full scale,” ORNL's James Klett said. “The
nose cone and fins were produced using a
method that significantly cut production
time.” — Jennifer Burke

The D2U model categorizes user data by capturing behavior in all open programs throughout a user’s day.

Image credit: Nathan Armistead, ORNL
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Two ORNL researchers
named APS fellows

Two ORNL scientists have been
elected fellows of the American Physical
Society, or APS.

APS is a nonprofit membership orga-
nization working to advance and diffuse
the knowledge of physics through its
research journals, scientific meetings
and education, outreach, advocacy, and
international activities. APS members
represent academia, national laborato-
ries and industry throughout the world.
The APS Fellowship Program recognizes
members who have made advances in
physics through original research and
publication or made significant innovative
contributions in the application of physics
to science and technology.

The new fellows include two
ORNL scientists:
Larry Baylor Andrew Lupini

Larry Baylor, group leader for the
Blanket and Fuel Cycle Group in the
Fusion Energy Division, was honored for
“experimental investigations involving
the physics of fueling magnetic fusion
plasmas with hydrogenic pellets and
development and demonstration of pellet
injection for use in the mitigation of
edge-localized modes and disruptions in
fusion plasmas.”

Baylor's research focuses on the
deposition of cryogenic pellet fuel in
fusion plasmas utilizing the ORNL pellet
injector on the DIII-D tokamak at General
Atomics in San Diego, California. Other
current projects include development of
pellet fueling systems for the ITER fusion
reactor in France and the W7-X stellar-

www.ornl.gov/ornlreview

atorin Germany, as well as a pellet-based
disruption mitigation system for ITER.

Andrew Lupini, a scientist in the
Scanning Transmission Electron Micros-
copy Group in the Center for Nanophase
Materials Sciences, was honored for
“groundbreaking contributions to the
fields of electron microscopy and aberra-
tion-correction in scanning transmission
electron microscopy, and for development
of new image and spectroscopy capa-
bilities, higher-resolution, and better
sensitivity to atomic-resolution imaging
and spectroscopy.”

Lupini’'s current research interests
include various forms of atomic-reso-
lution  aberration-corrected electron
microscopy, nanoscale monochromated
electron spectroscopy, and the applica-
tion of these techniques to novel quantum
materials. He has worked in several
different areas with publications on
imaging, analyzing and controlling single
atoms. — Karen Dunlap

Scientists honored as
highly cited researchers

Ten ORNL scientists are among the
world’s most highly cited researchers,
according to a bibliometric analysis
conducted by the scientific publication
analytics firm Clarivate.

The annual list identifies researchers
who demonstrated significant influence
in their field through the publication of
multiple highly cited papers during the
last decade. These researchers authored
publications that rank in the top 1 percent
by citations for field and publication year
in the Web of Science citation index.

“Researchers at ORNL are leading
the advancement of scientific knowledge
in multiple fields,” said ORNL Director
Thomas Zacharia. “This recognition
demonstrates that the laboratory and our
scientists are engaged in cutting-edge
research and development to solve some
of the world’s biggest challenges.”

The ORNL scientists listed are:

e Miaofang Chi, Center for Nano-
phase Materials Sciences

e Sheng Dai, Chemical
Sciences Division

e Easo George, UT-ORNL Gover-
nor’s Chair for Advanced Alloy
Theory and Development, Materials
Science and Technology Division

e Colleen Iversen, Environmental
Sciences Division

e Michael McGuire, Materials
Science and Technology Division

e Karren More, Center for Nano-
phase Materials Sciences

e Richard Norby, retired, Environ-
mental Sciences Division

e Art Ragauskas, UT-ORNL Gover-
nor’s Chair for Biorefining,
Biosciences Division

e Anthony Walker, Environmental
Sciences Division

e Jiaqiang Yan, Materials Science
and Technology Division

David Mandrus of the University of
Tennessee, Knoxville, is named on the
list with ORNL as his second affiliation.
Michael Naguib, also listed as affiliated
with ORNL, was an ORNL Wigner Fellow
from 2014 to 2017 and is now an assis-
tant professor at Tulane University in New
Orleans, Louisiana.

The methodology by which Clarivate
determined its list of the world's most
highly cited researchers draws on the
data and analysis performed by biblio-
metric experts and data scientists at
the Institute for Scientific Information
at Clarivate. It also uses the tallies to
identify the countries and research insti-
tutions where these citation elites are
based. — Karen Dunlap

New EV controls yield
up to 30 percent savings

ORNL researchers have developed
and demonstrated algorithm-based
controls for a hybrid electric bus that
yielded up to 30 percent energy savings in
testing compared with existing controls.

The Integrated Eco-Drive technology
used a combination of powertrain control
techniques, advanced machine learning



Researchers from ORNL's Vehicle and Autonomy Research Group created a control strategy for a hybrid
electric bus that demonstrated up to 30 percent energy savings. Image credit: University of

California, Riverside

and multiple sensors to determine an
optimal driving speed that conserves the
most energy. The technology, developed in
collaboration with the University of Cali-
fornia, Riverside, and US Hybrid Corpora-
tion, offers significant energy savings for
medium- and heavy-duty vehicles oper-
ated on defined bus and delivery truck
routes. The system was subsequently
licensed by US Hybrid.

“Co-optimizing the combustion
engine output, electric motor output
and battery state of charge — and taking
into account the repeated route — helps
us ensure the best performance,” said
ORNL's Zhiming Gao.

“We can apply this same strategy to
light-duty cars and trucks, especially
networks of connected vehicles, and
realize significant energy savings,” said
ORNLs Tim LaClair. — Stephanie Seay

Three ORNL researchers
named Corporate Fellows

ORNL has named three researchers
Corporate Fellows for their significant
career accomplishments and continued
leadership in their scientific fields.

Mitchel Doktycz, Yutai Kato and Burak
Ozpineci represent ORNLs strengths

in electrical engineering, materials
research, and analytical and imaging
technologies, respectively. The Corporate
Fellow designation recognizes standing
in the scientific community as an excep-
tional and influential researcher and as a
role model and mentor among peers and
early-career researchers.

“Oak Ridge National Laboratory must
be a place known for equipping scientists
to reach the pinnacle of their fields and
rewarding them when they do,” ORNL
Director Thomas Zacharia said. “Our
Corporate Fellows represent the very best
of our research staff. Congratulations to
Mitch, Yutai and Burak. We will continue
to benefit greatly from their scientific
contributions and leadership.”

Mitchel Doktycz
is the Bioimaging
and Analytics section
head in  ORNLs
Biosciences Division.
He also has appoint-
ments at the Univer-
sity of Tennessee,
Knoxville, in the
UT-ORNL Bredesen
Center for Interdis-
ciplinary Research and Graduate Educa-
tion and the UT Genome Science and
Technology Program.

Mitchel Doktycz

His research interests focus on the
intersection of natural and synthetic
systems. Doktycz's laboratory is involved
in the development of analytical tech-
nologies for postgenomics studies with
specific emphases on molecular and
cellular imaging techniques and the use
of nanomaterials to study and mimic
biological systems.

Yutai Kato, pro-
fessionally  known
as Katoh, leads
the Materials in
Extremes  section
in  ORNLs Mate-
rials Science and
Technology Division
and manages the

laboratory’s fusion
materials program.

Yutai Kato

Kato's research interests involve the
development and characterization of
ceramics and composites, graphite and
other advanced materials for severe-envi-
ronment applications including nuclear
fusion and fission energy. He also studies
the effects of neutron and high-energy
particle irradiation in metals, alloys and
ceramics, with emphases on irradiation
effects on properties and microstruc-
tures of silicon carbide and influences of
helium on irradiation effects in materials.

Burak Ozpineci
is head of the Vehicle
and Mobility Systems
Research section
in ORNLs Buildings
and Transporta-
tion Science Divi-
sion. He also serves
as a joint faculty

with the UT-ORNL
Bredesen Center.

Burak Ozpineci

Ozpineci focuses on transportation
electrification and wireless charging
of electric vehicles. His team achieved
the world’'s first 20-kilowatt wireless
charging system for passenger cars and
also demonstrated a 120-kW benchtop
wireless charging system both through
a 6-inch gap and above 95 percent effi-
ciency. — Bill Cabage
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Keeping materials

A'lot of that [plastic] goes into
landfills, some goes to Incinera-
tion — wheretis burnedior.energy

content — and then the rest ends
up In the ocean.

— ORNL Macromolecular Nanoscience Group
lead Rigoberto’Advincula

@
1k
A

=X

pwvwweorn B oviornlteview



~

.'r.

—r

oy Leo Williams
illiamsjl2@ornl.gov

he U:Sieconomy s went through snearlys36 million *tons ot

plasticiniZ018 thellastiyearforrwhichiwethaveldatas Of that
emount; Y percentiwasirecycled il 6ipercentiwasiburned foreneragy,
end theirremainder-==380millionitons;orfullythree=quartersiofithe
total=-endedupin{andfillsiorinithelocean;whereitisdestinedito
Stayinitsicurrentiformiessentiallyforever.

Plasticsmay berour-mostitroublingrexamplerof fatlinear,
economy, onetiniwhichinaturaliresources = inithisicase; petro=
{eUm, for;.thelmostipart=—areusedonceandithenidiscarded!

Butitheyare notitheonly;examplesihe EnvironmentaliProtec=
tiontAgency reportsithatiinithatisame year, two=thirdstof cans
andlotherraluminUum; 61 percentiofibottlesiandfothersglass;and
btpercentiofdiscardeditires; shoesiandother-rubber-andileather,
itemsialsofounditheirwaylintolandfills:

Ihistleveltof fwasteistunsustainable, bothinterms of fthe
resourcesibeingilostiand the pollutionibeing createdIntorder to
echieveiaisustainableleconomy,weimustibelableto takeour left=
over.productsiandiappliancesi—€venourwater,—and putithemito
good uselagain s lhisisknown asia circularzeconomy:

ORN[Eresearchersiarerdeeplyiinvolvediintapplying thesprinci=
plesiof ;alcircularseconomy,focusing;foriinstance,on plasticsiand
polymers, water (see SEnsuring lour; watersfuture,&page 14)fand
criticalimaterjalsisee s lithiumirecovery: Alcriticalichallengefor:
batterytech,page 18]

Onechallengewefaceincreatingacircular.economyforplastics
ISithatinew plasticsareicheaperithan their,recycledicounterparits:
Anotheris thatitraditionaliplasticsiareinotidesigned to/decompose:

“Here'st thes problem:»Mostiof Stheplastic thatShasbeen
producedfiststilliaround; s said FRigobertorAdvincula; whoileads
the MacromolecularNanosciencerGroup ratfORN[EsTGenter-for:
INanophaseMaterialsiSciencesiandiserves asiGovernors Ghair of
Advancedjand Nanostructured MaterialsiattORN[FandithelUniver=
Eityofdlennessee:

THONMYAD) 5\ CIHCIULNN [RCIOINONY

3" "
" N

dddD

ORNI[BMacromolecalaraNanosciencelGroupiead kigobertoAdvinculaexamines
SD=printed PLAplasticsampleinoldersiimageicreditiCarliosyonespuRN[E

SAllotiof ithatigoestintoilandiills; i someigoes toiincineration —
wherentisiburnediforienergyicontenti=—"andithenttherestiendsiup
inithelocean; s Advinculalexplained:

Iihetchallenge; thenyisitwofold:firstyitofind iatway torrecycle
existing plasticsiandipolymersiandikeepithemioutioflandfillsiand)
second) tolcreate new plasticsiandipolymersithatiare designedto
beeasilyrecyclediandireused:

Onetbigichallengertorplasticsirecyclingris thatsplasticiwaste
doesnitirefertoyustione materialiiliherearetavariety of plastics;
eachiwithiuniquerpropertiesiilorcreatetvaltablesproductssfrom
recyclediplastic;ithenywesmustihandlertherdiversitysoffmaterials

SEERKEERPINGMATERIALS OUTLORLANDEILIS Spagedyl

VORESENOR 0077




In our standard approach, we typi-
cally make some material, then we
characterize the material, then we try
to understand what's going on in the
material. What we want to do here Is
to do it all at once in a single experi-

ment. And that's where the Al and
machine learning come in, because
the number of control parameters
you have, and the number of possible
compositions you have to deal with, Is
basically infinite.

— ORNL Corporate Fellow Bobby Sumpter
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going into the process. This involves breaking them down into their
component molecules.

“We have a term called construction-deconstruction chem-
istry,” Advincula said. "We take these existing polymers, which are
large molecules, chop them and start connecting them back.

“Deconstruction-construction means that we need to discover
new types of catalysts or reaction mechanisms that allow us to
deconstruct them properly and to reconstruct them and then to
process them in the melt.”

Putting those component parts back together into economi-
cally viable products is a monumental scientific challenge. For
Advincula, the best way to make the process successful is to
create products that are more valuable than the original plastics.
This approach is called upcycling.

“It could be a more high-performance polymer or plastic
product,” he said, “or it could be an intermediate for another
chemical reaction. It has to have an added value for people to
buy and use it.”

Enabling autonomous materials research

Both challenges, then — designing more recyclable materials
and recycling those we already have — require a massive amount
of experimentation. One approach being taken at ORNL to accel-
erate the process is the creation of a reconfigurable continuous
flow reactor, which is essentially a (nonnuclear reactor) device to
automate large-scale chemistry experiments.

The reactor — a three-year investment by ORNL — takes
advantage of the lab’s strengths in supercomputing, neutron
science and materials science. Planned for the lab’s Center for
Nanophase Materials Sciences, the reactor will combine analytical
tools such as nuclear magnetic resonance, various forms of spec-
troscopy and chromatography, X-ray analysis and neutron analysis
with artificial intelligence and machine learning to automatically
conduct, analyze and rework experiments to recycle existing
materials and create new ones.

“In our standard approach, we typically make some mate-
rial, then we characterize the material, then we try to understand
what’s going on in the material,” said ORNL Corporate Fellow
Bobby Sumpter, who serves as CNMS’s Theory and Computation
section head. “What we want to do here is to do it all at once in a
single experiment. And that’s where the Al and machine learning
come in, because the number of control parameters you have, and
the number of possible compositions you have to deal with, is basi-
cally infinite.”

By automating the “make-measure-model” approach of tradi-
tional chemistry and using Al to provide feedback to allow autono-
mous decisions, the reactor can greatly accelerate the discovery
process. And while it will be used on a wide variety of important
scientific problems, two of these will be the recycling of existing
mixed plastics and the creation of smarter future plastics.

“We have focused efforts to use Al to mimic a real chemist or
materials scientist in making decisions on which compositions
or which catalysts or which reactor parameters are required to
deliver a particular material property or a recyclability possibility,”
Sumpter said. “Oak Ridge is putting forth a pretty significant
investment to build capabilities to not just automate materials
synthesis, but to make it autonomous.”

ORNL Corporate Fellow Bobby Sumpter in ORNL's Center for Nanophase
Materials Sciences. Image credit: Carlos Jones, ORNL

High-tech materials

The challenge of plastics doesn’t just apply to consumer prod-
ucts such as water bottles and grocery bags. It also extends to
the high-tech composite materials that go into high-performance
plastic products such as electric vehicles, aircraft and wind
turbine blades.

By combining plastics with carbon or glass fibers, these
composites combine the light weight and strength needed in these
21st century products. Yet, once the cars or windmill blades reach
the ends of their useful lifetimes — typically 20 years for a wind
turbine blade — the problem of the linear versus circular economy
remains. On top of that, high-tech composite materials have a
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Oak Ridge is a science laboratory.
We have an interdisciplinary team
of chemists, materials scientists,
product design engineers, cCompu-

tational experts and others who can
support all of the diverse, complex
and necessary aspects of the tech-

nology development.
— ORNL materials scientist Soydan Ozcan
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significantly larger carbon footprint than lower-tech plastics, and
demand for these composites is expected to grow about 7 to 10
percent each year for the next decade.

According to ORNL materials scientist Soydan Ozcan, who also
leads the Institute for Advanced Manufacturing Composite Inno-
vation’s composite recycling effort, the challenge of composites,
like that of conventional plastics, requires both short- and long-
term approaches.

“We cannot design everything in the next five years to switch
to a new world,” Ozcan said. “We’ll have this problem for at least
the next 30 years. It's going to take time to switch to more sustain-
able material and product designs. In the meantime, we've got
to develop advanced recycling technologies that will work with
current materials.”

Ozcan suggested a variety of uses for these materials. For
example, windmill turbine blades can find a second lifetime as
structural reinforcements in bridges, buildings and even power
poles. The materials can also be broken down and used in
advanced 3D-printing applications, a process being demonstrated
at ORNL's Manufacturing Demonstration Facility.

One advantage to recycling in the composites industry is that
its waste streams aren’'t as contaminated as commodity plas-
tics. However, it is still critically important to minimize contami-
nation in recycled composites to ensure they can be used in the
highest-value applications. As such, the material must be tracked
throughout its life cycle with techniques such as radio-frequency
identification, or RFID, and cloud-based data management.

“We need to capture value throughout the digital supply chain,”
Ozcan said. “Where are these wind turbine blades? Where are
these cars? Or where are these composite materials? How many
times have they been used? How many years have they been used?
What type of thermosets or thermoplastics were used? Where are
the closest recycling centers or facilities?”

The goal is to keep composite materials out of landfills, take
advantage of the energy and cost that has gone into them, and
maximize their useful lifetimes.

For example, Ozcan said, "There are many steps in the produc-
tion of a blade. Raw materials are mined, polymer is then synthe-
sized, fiber is made, and the composite is then manufactured.
Each step involves transportation costs — capital, energy and CO,
— before you get the final product and the utility. In 20 years when
you are done, you don’t need to redo every step. The structure is
still fine and, if designed appropriately, can potentially be used for
other purposes.”

Efforts to recycle existing materials are necessarily a stopgap
effort as researchers design more inherently recyclable materials,
he noted. After all, the materials themselves were not created
to be recycled.

“We design for performance, mechanical strength, stiffness,
rigidity, longevity and so on,” Ozcan said. “This is typically what | do

as a materials engineer. While we were creating these materials,
we didn’t talk about what was going to be happening to them at
the end of life.

“Composite materials are extremely complex. It's not easy to
unzip and reuse the resin system. So, the starting point should
be how we can develop and implement inherently recyclable
resin systems.”

Soydan Ozcan. Image credit: Carlos Jones, ORNL

Composites may also lend themselves to bio-based materials,
he said, allowing manufacturers to forgo petroleum-based mate-
rials altogether.

“Instead of starting with a petroleum base, what if we start with
biologically sourced materials? When you make a resin or fiber out
of wood, your starting material already has a negative carbon foot-
print because trees and plants process CO, during their lifetime.”

For Ozcan, ORNL is an ideal place to answer these questions.

“Oak Ridge is a science laboratory. We have an interdisci-
plinary team of chemists, materials scientists, product design
engineers, computational experts and others who can support
all of the diverse, complex and necessary aspects of the tech-
nology development.”
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Ensuring our

by Leo Williams

williamsjl2@ornl.gov

r I Ihe United States — and indeed the world — is in the midst of
a water crisis.

The situation in the American West is especially critical, quali-
fying as a “megadrought” because it has lasted for decades. Nine-
teen percent of the country is experiencing “extreme” drought,
according to the National Integrated Drought Information System.
This includes nearly 90 percent of California and Utah and roughly
two-thirds of Nevada, Montana, Idaho and Oregon.

And while the situation in the West may seem the most dire,
the rest of the country is not out of the woods.

“We're beginning to run into a situation in many parts of the
country where the sources of water that we traditionally use are
now becoming less and less available,” said ORNL Energy Systems
Integration Section Head Yarom Polsky. “Everybody is familiar with
the issues that plague California right now, but you're also running
into situations in cities like Atlanta, for example.

“Atlanta does not have a very extensive watershed. Sure, it
receives an abundance of rain; they have fairly good surface water
catchments and reserves. But it has a very large population, and
they're running into a situation where those traditional sources of
water are becoming less available.”

Any discussion of the circular economy and sustainability
needs to include our use — and reuse — of water. Growing popu-
lations and changing climate mean we will need to be creative in
meeting our water needs.

Conservation, of course, needs to be part of the solution, but
it is only a part. Our approach to water must also include the

www.ornl.gov/ornlreview

future

development of nontraditional water sources and more intelligent
treatment and reuse of the water that goes down our drains.

Nontraditional sources are found in a variety of places. The
category includes seawater and less-salty brackish water, which
can be found in aquifers or where rivers meet the ocean. In addi-
tion, oil and gas drilling also bring up water, known as “produced
water.” And our approach must also include reused wastewater
from throughout the economy, including industrial, agricultural,
mining and municipal sources.

A national effort

DOE responded to the water crisis in 2018, creating an Energy-
Water Desalination Hub focused on early research and devel-
opment into desalination and the promotion of nontraditional
water sources. In response, a consortium of three national labs
(Berkeley Lab, the National Renewable Energy Laboratory and
ORNL]J, universities and industrial partners formed the National
Alliance for Water Innovation in 2020.

Its goal is to make alternative sources of water available at
essentially the same cost as traditional sources such as rivers,
lakes and aquifers.

“The goal of the consortium is to substantially reduce the
energy intensity and cost of water treatment, and in particular
to make nontraditional sources of water available for use,” said
Polsky, who serves as NAWI's lead for process innovation and
intensification R&D. “That can be for human consumption, but it
can be for other applications as well.

“Achieving this goal centers around a concept that DOE devel-
oped a few years ago called pipe parity. The basic objective is
to treat water at a cost that's comparable to traditional sources
in that region.”



Were beginning to run into a situ-
ation In many parts of the country
where the sources of water that we
traditionally use are now becoming
less and less available. Everybody Is

familiar with the issues that plague
California right now, but youre also
running into situations in cities like
Atlanta, for example.

— ORNL Energy Systems Integration
Section Head Yarom Polsky

NAWI's approach is outlined by challenge areas denoted by the
acronym A-PRIME, which stands for

* "Autonomous operations,” especially in water treat-
ment and the development of advanced sensors for water
quality monitoring

* “Precision separations,” focused on removing pollutants in
industrial wastewater

» “Resilient treatment and transport,” for instance, that adapts
to varying water quality

* “Intensified brine management,” focused on managing
ultrasalty brines

e “Modular systems” using improved materials and manufac-
turing processes

¢ “Electrified treatment systems,” including the development
of electrocatalytic processes and treatment systems that
integrate with the electrical grid

These challenge areas guide research projects across the alli-
ance, including at ORNL, Polsky said.

“All of our research projects are basically defined by the
A-PRIME topic areas. We have projects in the autonomous water
challenge area, the intensified brine management challenge area
and the resilience challenge area. And then we have projects that
focus on electrified treatment as well.”

See ENSURING OUR WATER FUTURE, page 16
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The NAWI approach acknowledges that water treatment
Systems need to be modernized.

“Many conventional water treatment approaches are very old
= some of them over 100 years old,” Polsky said. “The treatment
approaches require an application of sequential treatment trains:
iYou use one process to remove one constituent, then you use
another process to remove another.and so on.”

The approach relies on the composition of input water not
changing drastically, he explained. When water. composition
changes, treatment needs can also change, and existing systems
€an become inefficient or ineffective.

“And so one of the goals of the research hub is to break that
paradigm of linearity so that the treatment trains work more effi-
ciently together and can handle a much larger. variety of input
Water types. In the future, we may need to be more flexible with
respect to where we get our water from.”

Bioenergy, while critical to a circular economy, can also create
challenges for. water. quality. For one, there is the danger that
efforts to grow bioenergy crops quickly — in particular with the
Use of fertilizers'and herbicides — may lead to stream pollution.

These risks were the focus of an ORNL-led project that studied
the environmental effects of producing loblolly pine, which may be
Used for heating, transportation fuels and electricity generation.

The experiment was conducted on three adjacent watersheds
at DOE's Savannah River Site in South Carolina, said ORNL envi-
ronmental scientist Natalie Griffiths. The watersheds emptied
into separate streams, allowing researchers to test the impact on
Water quality at each site.

Because the trees are intended for bioenergy, researchers
Wanted them to grow more quickly than'is needed for traditional
iorestry, so the team applied the chemicals multiple times during
early tree growth.

“If we're growing trees for bioenergy, we want to make
Sure we're not impacting the environment and water quality,”
Griffiths explained. “In this case, it's possible that the fertilizers
and herbicides that are applied could run off into the streams or.
enter groundwater.”

The team left one of the watersheds as they found it, letting
thactias the experimentis.controlisite: With the other two, it cut
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down halt'the'treestin the'watersheds and planted (oblolly pines
treating them with'fertilizer and herbicide.

The researchers monitored the area for. a total of eight years;
including two years before they planted the new trees. The most
important. measurements were focused on tracking where the
applied fertilizer ended up.

“Most importantly, we were looking at the nitrogen content of
the water, specifically nitrate,” Griffiths said. “Nitrate is a form of
nitrogen thatis readily available for microbes and algae to take up:
It can cause water quality issues ifit's at a high'level because it can
cause algal'blooms.”

She noted that there are also drinking water limits for nitrate
because they can be harmful, particularly to infants.

Griffiths found that nitrate levels were elevated in groundwater:
under the planted pine trees, but the levels had gone back down by:
the time the water reached the streams.

“Not all of the applied fertilizer was taken up by the trees, and
some entered the groundwater. But by the time the groundwater:
reached the stream, the nitrate concentration was reduced,” she
said. “We did not see any effects in the stream, likely because
biological processes occurring along the pathway to the stream
removed the nitrate.”

Griffiths noted that the experiment focused on the pines’ early
years, running for six years after. the trees were planted, even
though they are typically grown 10 to 15 years before they are
harvested for. bioenergy. She said the chemicals would affect the
environment primarily during these early years, when the trees
were stillsmall.

“We expected effects mostly to happen initially, when the trees
were still small'and growing quickly,” she said. “The trees were
likely too small to take up all'the fertilizer. And as they get bigger;
and bigger, they're shading out other vegetation, so you don‘t need
to apply herbicides.”

She said the team also collaborated with a computational
researcher. at Oregon State University who developed models
using data from the project. This step allowed them to extrapolate
their results to larger areas and longer time periods.

“As experimentalists, we can’t grow the trees for 10 years, cut
them all down, grow more trees for. another 10 years, cut them
down and keep doing it for 50 years. We need the models to esti=
mate what's going to happen in the future and understand poten=
tialiregionalimpacts. %




[f we re growing trees for bioen-
ergy, we want to make sure we re not
Impacting the environment and water
guality. In this case, it's possible that

the fertilizers and herbicides that are
applied could run off into the streams
or enter groundwater.

— ORNL environmental scientist
Natalie Griffiths
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Lithium recovery:

A critical challenge
for battery tech

by Jim Pearce
pearcejw@ornl.gov

D OE's National Blueprint for Lithium Batteries 2021-2030 makes
it clear that lithium production is a national priority. The report
notes that the worldwide lithium battery market is expected to grow
by a factor of 5 to 10 in the next decade and warns: “The U.S. indus-
trial base must be positioned to respond to this vast increase in
market demand that otherwise will likely benefit well-resourced and
supported competitors in Asia and Europe.”

Taking advantage of this impending increase in demand for
lithium will be particularly challenging for the United States, which
currently produces very little of the critically important mineral.

“Less than 2 percent of our lithium comes from the U.S. and
Canada,” said ORNL Corporate Fellow Parans Paranthaman, who
has spent years investigating alternative sources of lithium. “Forty
percent comes from Australia. We get about 35 percent from South
America — Argentina, Bolivia, Chile — and the rest comes from China.

“Because we are using more lithium batteries in electric cars
and many other devices, to alleviate supply chain shortages we
have identified alternative sources of lithium. The most promising
of these is recovering lithium from brine generated by geothermal
power plants or from mine tailings.”

Mineral-rich brine

Geothermal plants generate power by drilling into reservoirs of
pressurized, superheated water deep underground and pumping it
to the surface. Depressurized, the water turns to steam and spins
turbines that power generators to produce electricity. The leftover,
mineral-laden water, known as brine, contains high concentrations
of several minerals and a much lower concentration of lithium.

www.ornl.gov/ornlreview

“We see 300 to 400 parts per million of lithium chloride,” Paran-
thaman said. “Compare that to 50,000 parts per million of sodium
chloride. In the brine, we have sodium chloride, potassium chlo-
ride, calcium chloride and manganese at very high concentrations,
whereas the concentration of lithium is low. So the challenge is to
extract the lithium efficiently and with a high level of purity.

Though the concentration of lithiumis relatively low in geothermal
brines compared to other sources, brines require no mining, and no
wells have to be drilled because they are already being exploited for
power production.

Normally, geothermal power plants pump their cooled brine
back underground. However, Paranthaman is working with scientists
at ORNL, DOE’s Critical Materials Institute and industry partner All-
American Lithium to devise methods of first recovering the lithium
from the brine. The key to this recovery is the development of a
sorbent material that will selectively adsorb, or chemically remove,
lithium chloride from the brine. So far, the material that has shown
the most promise is pure or iron-doped lithium-aluminum-layered
double hydroxide chloride, or LDH.

“We designed the sorbent to exclusively adsorb lithium chlo-
ride,” Paranthaman said. “LDH has the advantage of being relatively
low cost and highly selective for lithium — meaning that it not only
adsorbs a large percentage of the available lithium, but it doesn’t
recover other minerals in the process.”

In tests, simulated brine was pumped through a column
containing layers of LDH separated by water molecules and hydroxide
ions that preferentially admit lithium chloride ions and block sodium
and potassium ions. This process removed more than 90 percent of
the lithium from the simulated brine.

Paranthaman and his colleagues are also investigating using a
membrane that will concentrate the lithium chloride solution before



L ess than 2 percent of our lithium
comes from the U.S. and Canada. Forty
percent comes from Australia. We get
about 35 percent from South America

— Argentina, Bolivia, Chile — and the
rest comes from China.

— ORNL Corporate Fellow
Parans Paranthaman

it is exposed to the sorbent. This is expected to increase the effi-
ciency of the process. “Using the membrane, we can go from roughly
a 3-percent lithium chloride solution to a 22-percent solution. We
hope to be able to go all the way to 40 percent. When we concen-
trate the lithium chloride, the sodium chloride and potassium chlo-
ride — which have lower solubility — precipitate out, so they can be
removed by filtering. This results in a pure lithium chloride solution
that can then be converted to lithium hydroxide or lithium carbonate.
These are the starting materials for lithium battery production.”

A good situation to be in

If this technology can be scaled up and employed on an indus-
trial level, it is estimated that a 50-megawatt geothermal plant could
recover 15,000 tons of lithium carbonate per year, and there are
more than 20 geothermal power plants just in the vicinity of Califor-
nia’s Salton Sea. Currently, the entire world’s production of lithium
carbonate is only around 160,000 tons. So, if the lithium recovery
capacity of these geothermal plants were to be fully utilized, it would
provide more than enough lithium to meet domestic demands.

“Then, we could be an exporter of lithium carbonate,” Paran-
thaman said. “That would be a good situation to be in.”

Critical leftovers

Paranthaman and his colleagues are also teaming up with the
Critical Materials Institute as well as several small companies

and university partners to develop conceptually similar methods
for recovering lithium from mine tailings left over from boron
mining operations.

“As part of CMI’s Critical Materials Project, we are working with
Rio Tinto Borates, among others, which has been mining boron in
California for almost 150 years,” Paranthaman said. “Boron tail-
ings contain lithium sulfate. So we're in the process of developing a
prepilot demonstration of lithium recovery from these tailings right
now. We expect that we will be ready for a full-scale demonstration
within a year.”

Recovering lithium from mine tailings, naturally, uses
different methods and processes than recovering lithium from
geothermal brine.

“Chemistry-wise, geothermal recovery is a chloride stream; mine
tailings are a sulfate stream, so they require different processes,”
Paranthaman said. “However, the idea is the same, and the product
resulting from both processes will be the same.”

Taking it to the next level

Over the longer term, Paranthaman and his colleagues envision
mounting a comprehensive effort to address the challenges associ-
ated with lithium-ion batteries. For example, in addition to lithium,
there is a critical need for nickel, cobalt and graphite in the produc-
tion of lithium-ion batteries.
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WWelcome to
\eutrino Alley:

Q&A with ORNL's

Marcel Demarteau

by Dawn Levy
levyd@ornl.gov

Marcel Demarteau, director of
ORNLs Physics Division, shapes
a research agenda exploring topics from
nuclear structure to astrophysics. One of
his challenges is advancing knowledge of
neutrinos — electrically neutral particles
that interact only weakly with matter,
making their detection difficult.

ORNL plays key roles in four major
neutrino collaborations, including the
COHERENT experiment at the Spall-
ation Neutron Source, a 1.4-megawatt
pulsed neutron source at ORNL. Because
neutrinos are a byproduct of neutron
production, COHERENT makes the most
of SNS’s neutrino factory with five detec-
tors sited along a 164-foot-long hallway
that has come to be called Neutrino Alley.

www.ornl.gov/ornlreview

Here, Demarteau explains its successes
and possibilities.
Q: What is Neutrino Alley, and how

did it come to be?

A: Neutrino Alley is a service corridor
at the Spallation Neutron Source that is
ideally suited for neutrino experiments. As
SNS’s name says, it is a facility to create
neutrons, but in the process, a lot of other
particles are created, especially pions.
Pions are stopped very quickly in the liquid
mercury target and decay at rest to give us
three different neutrinos: promptly emitted
muon neutrinos with a precise energy, and
delayed electron and antimuon neutrinos.
Q: What experiments are
going on there now?

A: The COHERENT experiment measures
neutrino interaction processes including
coherent elastic neutrino-nucleus scat-
tering, or CEVNS, which is pronounced
“sevens.” This is a collective process

in which a neutrino interacts with the
nucleus as a whole, rather than with indi-
vidual components of that nucleus. Eleven
neutrino experiments at spallation and
reactor sources worldwide are looking for
this interaction.

Scientists predicted this process about
50 years ago. However, it has been very
difficult to observe because the interac-
tion probability is small and the energy
to be detected is tiny. A frequent analog