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2.5nV/+/Hz input noise
Fast time constants
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The SR86x series brings new performance to lock-in
measurements—a frequency range of 4 MHz (SR865A)
or 500kHz (SR860), state-of-the-art current and voltage
input preamplifiers, a differential sinewave output

with DC offset, and fast time constants (1 us) with
advanced filtering.
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Distinguished Postdoc Programs

The INL Distinguished Postdoctoral Associate Program is designed to attract, recruit, develop and inspire

early-career researchers who have the potential to develop into INLs future scientific and technical leaders. These
appointments are highly competitive and intended to recognize and provide Distinguished Postdoc Associates
with a competitive award, research experience, mentorship, and training to develop their capabilities.

INL's Distinguished Postdoctoral Program Opportunity:
« Develop and build independent research while helping advance INL,
Department of Energy and national agendas for energy and security
« Access to cutting-edge instrumentation and facilities
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GlennT. Seaborg Distinguished Postdoctoral Associate Program

The Glenn T. Seaborg Institute at Idaho National Laboratory has postdoctoral research positions available through its Distinguished
Postdoctoral Research Associate program. The institute’s mission is to nurture early-career Ph.D. scientists and engineers in the general area
of actinide science. Outstanding applicants with research interests in solid state chemistry and physics, materials science, nuclear physics,
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Russell L. Heath Distinguished Postdoctoral Research Associate Appointment

Idaho National Laboratory has postdoctoral research positions available through its Russell L. Heath Distinguished Postdoctoral Research
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nuclear energy, critical infrastructure protection and clean energy. Outstanding applicants with research interests over a broad range of fields
supporting INL's mission including, but not limited to, chemistry; physics; materials science; nuclear, mechanical and electrical engineering;
earth/environmental science; separations science; biomass; geology; catalysis; advanced manufacturing; computational science; cybersecurity;
electric vehicles and infrastructure; battery technologies; power engineering; wireless technology; systems analysis and design; or any

related field are encouraged to apply. This appointment provides up to two years of research support with a possible one-year extension.

Deslonde De Boisbhlanc Distinguished Postdoctoral Appointment

This appointment will be awarded to early-career nuclear scientists and engineers to perform leading research and development for advanced
reactor design and development as well as support operations, safety, fuel management, experiment management and other pertinent
activities associated with INL research reactor facilities (e.g., the Advanced Test Reactor, used to support advanced reactor development).
Outstanding applicants will have in-depth knowledge of computational and experimental reactor physics, core design optimization, nuclear
instrumentation and thermal fluids science, and experience with established and well-validated reactor analysis tools such as, but not limited to,
RELAP, MCNP, HELIOS, SCALE and Serpent. This appointment provides up to two years of research support with a possible one-year extension.

Apply Today! Scan the QR codes for more information or to apply online.

Applications will be accepted from Oct. 1, 2022, through Jan. 31, 2023, for positions starting in the 2023/2024 timeframe, although earlier
appointments are possible. Notification of decision will be made within four months of receiving the application package. Applications should
include a current CV, unofficial transcripts, a letter of interest including long-term professional goals, abstract of the doctoral dissertation, three
letters of recommendation (one must be from a Ph.D. advisor), one peer-reviewed publication re/preprint, and a short research proposal.

Minimum qualifications include a doctorate degree in a field applicable to nuclear science and engineering research completed within the last five
years; favorable recommendations; and demonstrated leadership, written and oral communication skills, and ability to work independently and
as part of a team.

Equal Employment Opportunity: Idaho National Laboratory (INL) is an Equal Employment Opportunity (EEO) employer. It is the policy of INL to provide equal employment opportunities

to all qualified applicants without regard to race, color, religion, sex, sexual orientation, gender identity, national origin, age, protected veteran or disabled status, or genetic information.
Women and People of Color are strongly encouraged to apply.

'-i “ : Battelle Energy Alliance manages INL for the U.S.
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ct.gmat - Complexity and Topology in Quantum Matter
Wiirzburg-Dresden Cluster of Excellence

Postdocs in
Topological Condensed
Matter Physics

ct.gmat is a strategic alliance of two of the world’s leading quantum matter
research institutions based in Wirzburg & Dresden, Germany. Its aims are to de-
velop a systematic understanding of topological phenomena in quantum physics,
to find and design materials in which these phenomena can be observed in the
laboratory, and to identify and test initial applications of these novel materials.

Applications are invited from new or recent doctoral recipients in the areas of
Electronic Quantum Materials, Quantum Magnetism, and Topological Photonics.

Successful candidates will join a team of nearly 400 physicists, chemists, and
materials scientists from 38 nations. They will have access to state-of-the-art
research infrastructure based in two cities and benefit from a powerful network
made up of two universities and five distinguished research institutes of the
Max Planck Society, the Helmholtz Association, and the Leibniz Association.

Applications should be submitted to jobs.ct.gmat@listserv.dfn.de, enclosing

your CV, a list of publications, and outlining your main interests and proposed
field of research. Applications arriving before January 15, 2023, will be consid-
ered preferentially; recruiting will continue until positions are filled. The positions
provide comprehensive social security benefits, including health insurance.
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Intertwined electronic orders * Synthetic materials
Electronic quantum materials
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Spin-orbit coupling Methods: Materials synthesis, quantum transport, spectroscopies,
Topological superconductivity extreme conditions, ab-initio electronic structure, field theories, numerics
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Commentary

Science and colonialism

ern science would have looked like

without colonialism. It is equally hard
to imagine what 19th- and 20th-century
colonialism would have looked like minus
developments in science.

To grasp the first point, one only has
to think of Charles Darwin on board the
Beagle on a five-year voyage that would
take him around the world and that would
provide much of the data that would drive
his theory of natural selection. The young
man was brought on as a naturalist and
gentleman companion for the captain,
Robert Fitzroy, who was tasked with a
survey of the southern waters. The survey
mattered for economic reasons because
it could extend trade with a number of
Latin American states. Fitzroy was also
tasked with taking measurements that
would aid imperial security and hope-
fully ward off French and North Ameri-
can interests in the same region.

Darwin himself carried an imperial
sensibility with him, lauding British efforts
when he arrived in Sydney, Australia, in
January 1836. After walking through the
town, he noted that it was “a most mag-
nificent testimony to the power of the
British nation,” in the book we now know
as The Voyage of the Beagle. “Here, in a less
promising country, scores of years have
done many more times more than an
equal number of centuries have effected
in South America,” he wrote. “My first
feeling was to congratulate myself that I
was born an Englishman.”

Imperial connections aided the phys-
ical sciences as much as the biological.
Solar eclipse expeditions often involved
travel to regions well outside Europe. There
they relied on imperial infrastructures to
help with transportation and communica-
tion, to supply skilled assistants and those
able to repair complex machinery, and to
access official protection when necessary.
While Victorian astronomers often wrote
adventurous accounts of their journeys,
complete with perilous jungles and dan-
gerous “natives”, the reality was often
far more staid. As the historian Alex

I tishard to imagine what much of mod-
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THE HMS BEAGLE in the Strait of Magellan, a reproduction of the frontispiece by
Robert Taylor Pritchett from the 1890 illustrated edition of Charles Darwin’s Journal of
Researches [...] (later republished as The Voyage of the Beagle). (Courtesy of Freshwater
and Marine Image Bank, University of Washington, public domain.)

Soojung-Kim Pang notes, eclipse expedi-
tions were, in fact, “less like James Cook’s
voyages than Thomas Cook’s tours.”?
Nor, to provide a final example, were
colonial structures only useful as a sup-
port for collection or observation. Impe-
rial problems could produce quite remark-
able theoretical solutions. The value of the
telegraph for facilitating trade, commu-
nication, and control at vast distances was
noted by a myriad of 19th-century observ-
ers. Karl Marx wrote in 1853 that India’s
political unity was “imposed by the Brit-
ish sword” and would “now be strength-
ened and perpetuated by the electric
telegraph.”? The attempt to lay and use
transatlantic cables also led to fundamen-
tal developments in physics, not the least
of which was the spread and broad ac-
ceptance of Michael Faraday’s field the-
ory in Britain in the 1850s and 1860s.
Action-at-a-distance theories strug-
gled to explain, in simple ways that were
not ad hoc, why signals traveled so much
more slowly, were less crisp, and were
more smeared out through undersea ca-

bles than through overhead ones. For
Faraday, the answer was simple as long
as one paid more attention to the mate-
rial around the wire than the wire itself.
Before electricity was conducted through
a wire, he argued, a state of strain was
induced in the surrounding dielectric,
which also stored a certain amount of
charge. The inductive capacity of a long
cable was large, so it took some time for
the charge to be stored, unlike the case of
the overhead wires, where induction was
close to immediate.

Faraday’s explanation would soon in-
spire further work by William Thomson
(later Lord Kelvin) and James Clerk Max-
well. According to the historian of phys-
ics Bruce Hunt, one major reason that
field theory was broadly adopted in Brit-
ain by the 1860s and largely ignored in
Germany until the late 1880s had to do
with the difference in “technological en-
vironments.”? Cable telegraphy was a
virtual British monopoly, and cable teleg-
raphy made field theory make sense.

As Marx’s words suggest, the tele-



graph offers an easy example of the ways
that science and technology facilitated the
colonial enterprise. Communication was
slow in the early 19th century, and armies
require information. A story told about
the sepoys who rose up against British
officers in the Indian Mutiny of 1857-59
is probably apocryphal, but it is none-
theless revealing of the power that the
Crown ascribed to its technology. As
one rebel was led to his death, he was
supposed to have noted a telegraph wire
and muttered, “The accursed string that
strangles us!”

Certainly, the so-called lightning
wire allowed communication at speeds
hitherto unimaginable. Before the age of
steam, sending a letter from Britain to
India and then receiving a reply could
take considerably more than a year, de-
pending on the prevailing winds. With
steamships and trains, that time had been
cut to two or three months by the 1850s.
In the 1870s, however, a telegraph mes-
sage could get from Britain to India in a
number of hours, and in 1924 King
George V could send himself a message
that traveled the globe on all-British lines
in 80 seconds.

What telegraphy made easier, medi-
cine made possible. One set of data may
serve to illustrate a larger point. Accord-
ing to statistics published in 1840, out of
1685 white British troops that arrived in
western Africa between 1822 and 1825,
77% died between 1823 and 1827; the
remaining 23% were “invalided” (that is,
removed from service due to infirmity).
Of the latter group, 4% died on their
journey home; only 9% of the survivors
were found fit for service again.* Quinine
prophylaxis against malaria was one of
the main reasons that the “scramble for
Africa” became thinkable. Where death
rates for Europeans in West Africa had
once been on the order of 25-75% per
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year, by the end of the century,® they
were closer to 5-10%.

The history of science and colonialism
is, relatively speaking, a fairly new area of
research. Its most fundamental claim is,
however, well established: Modern colo-
nialism and modern science could not
have been what they were—and what
they are—without one another.

1. A.S.-K. Pang, Empire and the Sun: Victorian
Solar Eclipse Expeditions, Stanford U. Press
(2002), p. 81.

2. K. Marx, New-York Daily Tribune, 8 August
1853, p. 5.

3. B.]. Hunt, in History of Technology, vol. 13,
G. Hollister-Short, F. A. ]J. L. James, eds.,
Bloomsbury Academic (1991), p. 1.

4. “Statistical Society,” Athenaum 653, 353
(1840).

5. D. R. Headrick, The Tools of Empire: Tech-
nology and European Imperialism in the
Nineteenth Century, Oxford U. Press
(1981), p. 70.

Suman Seth
(ssb36@cornell.edu)
Cornell University
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LETTERS

Heliocentrism
hefore Copernicus

n his interesting review of P.C.

Deshmukh’s Foundations of Classical Me-

chanics (Puysics Topay, December 2021,
page 54), Robert Scott notes “that the
14th- to 16th-century Kerala school of
astronomy and mathematics developed
a heliocentric model of the solar system
well before the Copernican revolution.”
But I believe that for historical complete-
ness, that statement should be supple-
mented by a note that about 1600 years
earlier, in the third century BCE, Aris-
tarchus of Samos proposed a heliocentric
model in which Earth revolved about the
Sun in a circular orbit with the Sun at the
center. However, the writings in which he
proposed that idea have been lost, and
the only reference to his work from that
century is by Archimedes in a letter to
King Gelon of Syracuse.!

Aristarchus of Samos is regrettably
skipped over in many popular accounts
of early astronomy —for example, in Ste-
phen Hawking’s well-known book A
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Brief History of Time: From the Big Bang to
Black Holes (1988). Thus, years ago, when
I was teaching an introductory course on
the history and philosophy of science, I
would ask the students whether they
had heard of Copernicus, and everyone
would raise their hand, but when I asked
about Aristarchus of Samos, usually no
hands went up. If I were still teaching, in
addition to my usual covering of Aris-
tarchus and Copernicus, I would teach
about the Kerala school as well, thanks
to Deshmukh’s book.

Reference
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Observing
interstellar
molecular hydrogen

ohanna Miller’s Search and Discovery
] story “Ten billion years ago, galaxies

were already running out of gas”
(Puysics Topay, December 2021, page 20)
describes evidence that some galaxies
deplete their interstellar matter to fuel
star formation. Particularly important
are cold interstellar gas clouds, where
the atomic-to-molecular transition is a
key step in sustaining new star formation.
The story highlights recent Atacama
Large Millimeter/Submillimeter Array
observations of molecular gas in carbon
monoxide microwave emission and far-IR
emission from dust grains.! But these two
sentences were misleading: “Measuring
the galaxies” H, content directly isn’t an
option because H, molecules themselves
are essentially invisible. They're symmet-
ric and lack electric dipole moments, so
they don’t absorb or emit radiation when
they rotate and vibrate.”

Rumors of H, invisibility have been
greatly exaggerated. Although it’s true that
the H, ground electronic state has no di-
pole moment, two low-lying electronic
states (molecular orbitals from 1s-2s and
15-2p) do have dipole moments. Electronic
absorption lines into those states lie in
the far-UV and are known as the Lyman
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and Werner bands.? Widely observed in
the interstellar medium by the Copernicus
and Far Ultraviolet Spectroscopic Explorer
(FUSE) satellites, they provide diagnostics
of the molecular fraction, gas temperature,
and UV radiation field in diffuse and
translucent interstellar clouds. FUSE also
surveyed H, in two external galaxies,
the Large and Small Magellanic Clouds
orbiting the Milky Way.?

UV H, lines have also been seen in
strong quasar absorption systems red-
shifted into the visible band.* For sys-
tems in the Milky Way and local galaxies,
measuring those absorption lines requires
finding a bright UV background source,
such as a hot star or quasar, behind the
absorbing gas. That makes dark molecu-
lar clouds hard to probe in the UV. But
FUSE observed H, in a number of trans-
lucent clouds® with one to five magnitudes
of visual extinction and molecular frac-
tions up to 75%.

Thanks to cosmological redshifting of
light, H, has now been observed in distant
intervening galaxies in spectra of back-
ground quasars. The H, far-UV absorp-
tion lines are shifted into portions of the
UV accessible to the Hubble Space Tele-
scope for galaxy redshifts z > 0.05 (a dis-
tance of 680 million light-years). At
redshifts z>1.8, the H, lines can be
observed by optical spectrographs. The
European Southern Observatory’s Very
Large Telescope in Chile has detected
H, in more than 22 distant galaxies
(damped Lyman-alpha absorbers) at red-
shifts z between 1.96 and 4.22, correspond-
ing to cosmological distances of 10.3 to
12.2 billion light-years. The recent Decadal
Survey on Astronomy and Astrophysics
supported plans for a 6 m optical, UV, and
IR space telescope. With greatly enhanced
sensitivity in the far-UV (90-200 nm),
that facility would be a powerful tool for
probing the atomic and molecular gas
that fuels star formation in galaxies.
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SEARCH & DISCOVERY

Physics Nobel honors foundational quantum
entanglement experiments

The laureates brought the conceptual features of quantum
physics back to mainstream interest.

fascinated with a paper he stumbled

on in the Columbia University library.
Published a few years earlier by John
Bell, it proposed a scenario in which
specific predictions of quantum mechan-
ics could be distinguished from those of
a proposed rival theory.! Clauser was
eager to conduct the described entangle-
ment experiment. But his graduate ad-
viser and other professors discouraged
him from pursuing the topic, which they
deemed to be more philosophical than
physics related. If Clauser wanted a job
in physics, he needed to stick with a
mainstream topic, such as the ultimate
subject of his thesis, radio astronomy.

Thirty years earlier many leading
physicists —Niels Bohr, Albert Ein-
stein, Werner Heisenberg, and Erwin
Schrédinger, among others—devoted
much of their time to grappling with the
defining properties of quantum me-
chanics, particularly entanglement. But
the pragmatic bent of physicists during
World War II and the Cold War had
pushed quantum mechanics interpreta-
tions from the forefront of the field to the
fringes.

The three experimentalists awarded
this year’s Nobel Prize in Physics were
pioneers who helped return the founda-
tions of quantum mechanics to main-
stream interest. In the face of discourage-
ment and indifference from the research
community, Alain Aspect, Clauser, and
Anton Zeilinger pursued rigorous evi-
dence that pinned down the properties
of entanglement. And now those results
and techniques lie at the foundation of
quantum information science.

Hot topic, Cold War

In the 1920s, physicists were still identi-
fying and understanding the implica-
tions of quantum mechanics. Those im-
plications, such as wave—particle duality,
were in stark contrast to classical physics,

I n the late 1960s, John Clauser became
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and physicists started formulating dif-
ferent conceptions of quantum mechan-
ics’ math and measurements. Bohr and
Heisenberg were among those promot-
ing numerous ideas and attitudes that,
by the 1950s, were collectively being re-
ferred to as the Copenhagen interpreta-
tion of quantum mechanics, which gen-
erally posits that rather than well-defined
properties, quantum systems have only
probability distributions—until the mo-
ment they’re measured.

To Einstein, the Copenhagen interpre-
tation had unsettling consequences. For
example, two particles can interact such
that a single wavefunction describes
them both—that is, they become entan-
gled. No matter how far apart the particles
are, quantum mechanics was suggesting
that the moment one is measured, the
other instantaneously adopts the expected
partner state. But such an observation
would seem to contradict causality, as
understood in the theory of relativity.

In their famous 1935 paper, Einstein,
Boris Podolsky, and Nathan Rosen,
known together as EPR, argued that be-
cause of such violations, quantum me-
chanics must not be a complete descrip-
tion of physical systems.? They suggested
that a full theory should be local, in that
an object is directly influenced only by
its immediate surroundings, and realis-
tic, in that nature has defined properties
whether or not they’re measured.

Those on the Copenhagen side argued
that locality and realism might be what’s
wanted, not what'’s necessary, in a model.
Einstein stuck to his convictions, and
other physicists proposed the addition of
hidden variables—so called because they
aren’t measurable—that could explain
away entanglement’s action at a distance.
The variables would determine all a par-
ticle’s measurable properties, such as
position and spin, before (and regardless
of) measurement, and they would have
a distribution of values across particles

John F. Clauser

that accounts for the apparent probabil-
ities seen in quantum experiments.

By the 1950s, however, the Copenha-
gen interpretation had become the stan-
dard. The decade saw some alternative
quantum interpretations, notably from
David Bohm and Hugh Everett. (See the
Quick Study by Sean Carroll, Puysics
Topay, July 2022, page 62.) But largely,
physicists stopped thinking about quan-
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tum mechanics’ implications. World War
II and the Cold War created a physics
culture centered on pragmatism rather
than philosophizing. “The Copenhagen
interpretation was something that folks
could appeal to and say, “Those interpre-
tation questions seem like they were
handled, and our business is elsewhere,””
says David Kaiser, a physicist and histo-
rian of physics at MIT. At universities,
ballooning physics enrollment and class
sizes—a reaction to massive defense
projects—led professors to focus on top-
ics, particularly calculation-based prob-
lems, amenable to a large lecture hall and
rapid grading.?

When the physics funding bubble
eventually burst in the late 1960s, job
prospects dwindled, and by the end of
the 1970s, physics enrollments were half
of what they were at their peak near the
start of the decade. With the return to
smaller classes, essay and discussion
questions again became part of exams
and textbooks, and philosophically ori-
ented seminars found their place on the
calendars once again.’

EPR reevaluated

As early as his undergraduate days at
Queen’s University Belfast in the 1940s,
Bell disliked how he’d been taught quan-
tum mechanics. The Copenhagen inter-
pretation distinguished quantum and
classical worlds without a clear divide
between the two. (See the article by Rein-
hold Bertlmann, Prysics Topay, July
2015, page 40.) While a grad student at
the University of Birmingham, Bell be-
came intrigued by Bohm’s 1952 reinter-
pretation of quantum mechanics as de-
terministic and realistic through the
addition of hidden variables. Bohm pre-
sented the idea in a modified version of
the situation proposed in the EPR paper.

In the EPR gedanken experiment, two
entangled particles are emitted in opposite
directions, and they travel until each one
has either its position or momentum mea-
sured. Bohm replaced those continuous
measurements with binary measurements
of spin. Bohm’s hidden-variable model
has a literal wave—particle duality, in that
particles ride on wavefunctions, which
replace quantum mechanics’ probability
distributions for determinism. But because
measurement outcomes depend on wave-
functions, Bohm'’s model is still nonlocal.

After graduation, Bell went to work
at CERN, alongside his wife and fellow
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Figure 1. John Bell, in his CERN office in 1982. The drawing on the blackboard
depicts measurements of the correlations between the spins or polarizations of an
entangled pair of particles. The equation at the top is the upper bound expected
in local-realist models, which. is lower than the bound forquantam-mechanies

(QM). (Courtesy of CERN, CC BY 4.0.)

physicist Mary Bell. But in his spare mo-
ments, Bell pondered the possibility of
hidden variables that could restore local-
ity to quantum systems. In 1964 Bell
published an article about Bohm’s vari-
ant of the EPR paradox.! He identified
an experimental scenario in which Ein-
stein’s desired local-realist theory couldn’t
possibly replicate the results of quantum
mechanics.

In the scenario, each particle of an
entangled pair has its spin measured
along one of two randomly and in-
dependently chosen axes, as illustrated
in figure 1. For certain axes —say, parallel
ones—the correlation between the pair’s
measured spins over many measure-
ments will have the same upper bound
for quantum and local-realist models.
But for combined measurements of mul-
tiple relative angles between the axes,
quantum mechanics predicts a higher
upper bound on the correlation. Given
the right parameters, an experiment
could potentially exclude a broad class
of local hidden-variable theories if the
correlations are higher than the upper
bound in what’s now known as Bell’s
inequality.

California dreamin’

Despite his graduate adviser’s discour-
agement, Clauser refused to be swayed
from his desire to test Bell’s inequality.
He wrote to Bell to confirm that no such
experiment had been done, and buoyed
by Bell's confirmation and encourage-
ment, Clauser started planning how to
transform the idealized situation in Bell’s
paper to realistic equipment. He con-

nected with some researchers who also
were interested in Bell’s inequalities:
Abner Shimony and his grad student
Michael Horne at Boston University and
Richard Holt at Harvard University. In
1969 they published their reformulation
of Bell’s inequality for a realistic experi-
mental setup.*

That same year Clauser started a
postdoc at Lawrence Berkeley National
Laboratory under Charles Townes, one
of the inventors of the laser. Townes
agreed to let Clauser split his time be-
tween radio astronomy and an experi-
mental test of Bell’s inequality. Over the
course of two years, Clauser and Stuart
Freedman, a graduate student under Eu-
gene Commins, constructed their setup.
In the experiment, calcium atoms pro-
duced entangled photons after excitation
by a hydrogen arc lamp. Most excited
electrons immediately returned to the
ground state, but some cascaded down a
series of energy levels, emitting photons
along the way. The parity of the energy
transitions determined the polarization
state of the photons, and their shared
origin entangled them.

The photons traveled in opposite
directions toward a detector on each
end of the setup. But first, each photon
encountered a polarizer set at some
angle. Some photons were blocked,
and others passed through to ping the
detectors. Clauser and Freedman built
new, more efficient polarizers —so-called
pile-of-plate polarizers—whose angles
could be changed more quickly. Even
so, collecting sufficient particle statistics
for a range of relative polarizer angles

DECEMBER 2022 | PHYSICS TODAY 15



SEARCH & DISCOVERY

Teleported

Classical
information

/

Initial
state

Entangled
pair

state m

Entangled

Measurement

Entangled  Entangled
pair 1 pair 2

FIGURE 2. ENTANGLEMENT enables useful tricks for quantum technologies.

(@) Quantum teleportation replicates a quantum state that starts with Alice. She and
Bob each receive one particle of an entangled pair. Alice then does a joint measurement
on the initial state and her entangled particle, and she sends Bob classical information
about the outcome. With that information, Bob can then apply a local transformation
to his particle to replicate the exact state of Alice’s initial particle. (b) Entanglement
swapping entangles particles that have never been in close proximity. Two separate
entangled pairs are sent out: particle 1 to Alice, particle 4 to Bob, and particles 2 and 3
to a central location. A joint measurement on the central particles and communication
of the result leaves distant particles 1 and 4 entangled. (Figure by Freddie Pagani.)

from 0° to 90° took about 200 hours.

In their paper, published in 1972,
Clauser and Freedman presented the
first-ever experimental Bell test. Their
observations violated Bell’s inequality.®
“The result, I didn’t expect,” Clauser said
in a 2002 oral history interview with the
American Institute of Physics (publisher
of Prysics Topay). “I hoped we would
overthrow quantum mechanics.” Similar
experiments using mercury atoms fol-
lowed from Holt, Edward Fry, Randall
Thompson, and Clauser. Allagain matched
the expectations of quantum mechanics,
not local realism.

Switching it up
When Aspect started working on Bell’s
theorem in 1974, he had just returned
from Cameroon for his graduate studies
at the University of Paris-Sud. During
his three years teaching in the central
African country, he had read and thought
about quantum theory. So when Bernard
d’Espagnat recommended that he test
Bell’s inequality, Aspect quickly realized
why the project was interesting—and
experimentally tricky. But the topic was
still viewed with skepticism at the time.
In fact, in a discussion at CERN, Bell
recommended pursuing it only if Aspect
had a permanent job, which he did: a
teaching job while he finished his degree.
“It was possible for a young Aspect and
a young Zeilinger to pursue their proj-
ects with cover from one or two influen-
tial senior colleagues,” says Kaiser, “and
that’s what it took to get them going.”
Over the course of 1981 and 1982,
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Aspect, Philippe Grangier, Jean Dali-
bard, and Gérard Roger did three tests.
(See the article by David Mermin, Prys-
1cs Topay, April 1985, page 38.) Their
experiments were similar to Clauser’s—
in fact, some of his equipment was
shipped from California to Paris for them
to use—but improved in a few crucial
regards. In Aspect and his colleagues’
first test, they excited the calcium atoms
more efficiently, which boosted the pair
production. In their second experiment,
they opted for polarizing cubes, which
transmit one polarization and reflect the
other, rather than block it as in Clauser’s
pile of plates. Aspect could then measure
photons with both polarizations.

The third experiment was the biggest
advance. In Clauser’s setup, the polariz-
ers stayed at a given fixed angle for long
periods. That design introduced what’s
known as the locality loophole. Informa-
tion about the orientation of one polar-
izer traveling at or less than the speed of
light would have plenty of time to reach
and influence the source and the other
polarizer before the entangled photons
are even emitted. A local-realist model
could then still explain the measured
outcome, even though it seems to violate
Bell’s inequality. In the parlance of rela-
tivity, to close the locality loophole, each
measurement should be space-like sepa-
rated from the events in which the other
polarizer is positioned and in which the
particles are emitted. That is, ideally, the
polarizers should be set during the time
of flight of the two particles.

Aspect made strides in closing the

locality loophole. Rotating the polarizers
took too long to be done during the pho-
tons’ 20 ns journey from the source to the
detectors 6 m away. But with the help of
acousto-optical switches that alternated
between transmitting and reflecting light
every 10 ns, the setup could, during the
photons’ flight, direct each photon to one
of two possible polarizers at different
fixed angles. All three of Aspect’s measure-
ments exceeded Bell’s inequality. “Aspect’s
experiments were received more warmly
than Clauser and Freedman’s,” says Kai-
ser, but largely by the small community
already interested in Bell tests. “The topic
was still on the margins.”

Loop the loop

Aspect didn't fully close the locality loop-
hole because the measurement settings
weren’t random. The two polarizers were
fixed, and the switches were essentially
periodic. That information is known
enough in advance that one detector
could still influence the other one or the
particle-pair source before emission.
The locality loophole is one of three
significant loopholes in Bell tests.® An-
other is what’s known as fair sampling. No
measurement detects every particle. If too
few particles are detected, the measure-
ment could be picking a nonrepresenta-
tive sample of the photons that artificially
skews the correlations. Although nature
is perhaps unlikely to play such a trick,
in quantum communication technologies
a hacker may well try to do so. (See Prys-
1cs Topay, December 2011, page 20.) De-
tecting more than about three-fourths of
the photons takes care of that loophole.
The third, the freedom-of-choice loop-
hole, arises when the measurement set-
tings may not be free or random but could
instead depend on the entangled pairs’
local hidden variables because of the
shared history of the detector and particle
source. Taken to an extreme, the loophole
can suggest that every event in all space-
time was determined by the initial condi-
tions at the Big Bang, an idea called super-
determinism. Such a universe would obey
local realism, but at the cost of free will,
among other things. But even not taken
to such an extreme, “it actually takes very
little statistical correlation for Einstein-
like models to yield all the predictions of
quantum mechanics,” explains Kaiser.
The loopholes at first were tackled one
by one. Zeilinger’s group closed the lo-
cality loophole in the 1990s in a measure-



ment done by detectors 400 m apart whose
polarizer settings were determined by an
electro-optical modulator hooked up to
arandom-number generator. David Wine-
land and his colleagues closed the fair-
sampling loophole in 2001 for measure-
ments on entangled trapped ions.”

Areal test of Bell’s inequality, however,
requires simultaneously closing all three
loopholes. That is easier said than done,
particularly because the locality and fair-
sampling loopholes are at odds. The more
distance between the source and the de-
tectors, the more photons the experiment
stands to lose. Nevertheless, in 2015, three
groups managed loophole-free Bell tests,
the first by Ronald Hanson’s group at
Delft University of Technology. (See
Puysics Topay, January 2016, page 14.)

Zeilinger and his then-grad student
Marissa Giustina performed their mea-
surements in the Hofburg, a former im-
perial palace in Vienna. Zeilinger’s group
has a history of performing experiments
in unusual locations, including the Canary
Islands and a utility tunnel under the Dan-
ube. For the loophole-free Bell test, “it was
a challenge to find a good location,” says
Giustina. “We pulled up a Google Maps
satellite view of Vienna and looked for a
spot that would be willing to let us take
over for an unknown period of time and
shine lasers around, with a 60-meter line
of sight, stable temperatures, three-phase
power, and water-chiller support for our
cryostats.” The dusty basement of the
Hofburg was one of the few options.

Using random-number generators and
high-efficiency detectors set far apart,
Giustina and Zeilinger demonstrated
once again that nature violated Bell’s in-
equality. Sae Woo Nam and Krister
Shalm of NIST, who likewise used pho-
tons for their loophole-free test, got sim-
ilar results. And Hanson and his collab-
orators also saw higher correlations than
in Bell’s inequality, but in their case in
the spin states of two diamond nitrogen—
vacancy centers entangled through a trick
known as entanglement swapping, which
is explained below.

The freedom-of-choice loophole, how-
ever, is never fully closed. One approach
to narrow it is picking detector settings
based on phenomena that shrink the
shared history of the settings and the
entangled pairs. Zeilinger and research-
ers from several institutions, including
MIT, Harvey Mudd College, and NASA’s
Jet Propulsion Laboratory, conducted a

pair of experiments in 2016 and 2018 in
which they set the polarizers based on
the observed fluctuating properties of
light from distant astronomical objects.
(See “Cosmic experiment is closing an-
other Bell test loophole,” Prysics Topay
online, 1 December 2016.) Such so-called
cosmic Bell tests have pushed the most
recent shared history between the exper-
iment and the light used to derive the
random settings to 8 billion years ago.

More particles

Zeilinger says that his interest was
never specifically in tackling loopholes.
Rather, he says, “I am interested in what
conceptual features quantum physics
must have.” In collaboration with Dan-
iel Greenberger and Michael Horne,
“Zeilinger made the step from two en-
tangled particles to multiple entangled
particles and all you can do with that,”
says Hanson. Two notable examples, de-
picted in figure 2, are quantum telepor-
tation and entanglement swapping, both
proposed by Charles Bennett and his
colleagues in 1993.

According to the no-cloning theorem,
a quantum state can’t be copied while
keeping the original. But copying is
possible if you destroy the original state.
In 1997 two groups—one headed by
Zeilinger, while at the University of Inns-
bruck, and the other by Francesco De
Martini—managed to do it through quan-
tum teleportation. (See Puysics Topay,
February 1998, page 18.) In the scheme,
a fictional character Alice teleports a
quantum state to Bob with the help of an
entangled pair shared between them.
Alice does a joint measurement on the
teleporting particle and her half of the
entangled pair. She then sends Bob clas-
sical information about what measure-
ment he should perform to put his parti-
cle into the initial particle’s state.

A similar trick, known as entanglement
swapping, can entangle two particles
that have never directly interacted. Take
two entangled pairs: particles 1 and 2 and
particles 3 and 4. While particles 1 and 4
head off to their final destinations—say,
distant Alice and Bob—particles 2 and 3
are both sent to Charlie. He then per-
forms a joint measurement on those two
particles that, after classical information
is shared, leaves 1 and 4 entangled. The
phenomenon was demonstrated in 1998
by Zeilinger and his collaborators.®

“Starting in the early 1990s, people

began to realize that Bell’s inequality and
quantum entanglement could become a
real-world resource for things like quan-
tum encryption,” says Kaiser. That reali-
zation is part of why the quantum infor-
mation field boomed, but unlike during
the Cold War, the physics community
was no longer dismissive of founda-
tional work. Entanglement, as described
and understood by quantum mechanics,
is now at the core of numerous current
and proposed future technologies, most
notably quantum computers and quan-
tum encryption. (See the article by
Charles Bennett, Paysics Topay, October
1995, page 24.)

Giustina, who now works at Google,
explains that quantum error correction,
which is an essential component of quan-
tum computing, “stands on the founda-
tion of Bell inequality violations and the
confidence that nature consistently tends
to violate Bell’s inequality.” (See the arti-
cle by Anne Matsuura, Sonika Johri, and
Justin Hogaboam, Prysics Topay, March
2019, page 40.) Quantum key distribution
also relies on Bell tests to securely send
messages and check that they haven't
been hacked. (See the article by Marcos
Curty, Koji Azuma, and Hoi-Kwong Lo,
Prysics Tobay, March 2021, page 36.)

But the future of quantum mechanics
is more than applications. “The most im-
portant issue for future research lies in
questions about the foundations of quan-
tum mechanics,” says Zeilinger. Now that
Bell tests have excluded local hidden-
variable theories, “we can focus on ques-
tions that have not been answered by the
experiments, such as, ‘Is there a deeper
theory than quantum mechanics?” ”

Heather M. Hill
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Chemistry Nobelists developed reactions that are
“compatible with almost everything”

Most chemical reactions require stringent conditions and
can interfere with other molecules in their environment.
But a few do not—and they've proved tremendously useful.

can’t just pluck atoms out of a box

and connect them however they
want. Rather, they rely on an inventory
of reactions, accumulated over genera-
tions of research, for manipulating mo-
lecular structures. Building a new mole-
cule means solving an intricate puzzle of
which reactions to perform in which
order.

Those reactions can be temperamen-
tal. They can depend sensitively on sol-
vents, temperatures, and other parame-
ters. The reactants don’t always find
each other, and they don't always react
as planned. In a complex environment,
they often react with the wrong thing
entirely to form unwanted by-products.
In a multistep synthesis of a complicated
molecule, the inefficiencies quickly com-
pound, and chemists often need an enor-
mous amount of starting material to
make even a tiny amount of product.

A few special reactions buck the trend.
Their reactants seek out and react only
with each other, with nearly 100% effi-
ciency, regardless of what other molecules
might be around. This year’s Nobel Prize
in Chemistry recognizes three research-
ers who made key contributions to devel-
oping and harnessing the power of those
ultraefficient reactions: Carolyn Bertozzi
of Stanford University, Morten Meldal
of the University of Copenhagen, and
K. Barry Sharpless of Scripps Research.

Sharpless coined the term “click chem-
istry” to describe the reactions, likening
the joining of molecules to the satisfying
“click” of a push-buckle tab inserted into
its socket. Bertozzi introduced the term
“bioorthogonal chemistry” to emphasize
how the reactions can be so indifferent to
their surroundings that they can be car-
ried out in living cells, or even living
animals, with no ill effects.

The distinction between the two
terms is largely in the application; the
reaction properties they refer to are very
similar. “We talk about reactions that are
compatible with biology,” says UCLA’s

M olecules aren’t Tinkertoys. Chemists
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Ellen Sletten, who earned her PhD under
Bertozzi in 2011. “But really we design
these reactions to be compatible with
almost everything.”

Beyond its use in chemistry, biology,
and related fields such as materials and
polymer science, click chemistry has
been a great benefit to scientists in many
other disciplines, including physics, by
making the tools of chemistry accessible
to researchers who aren’t trained as
chemists. “The main selling point is that
it’s really easy to do,” says Katie Bratlie
of the National Academies of Sciences,
Engineering, and Medicine, “so it’s really
beneficial for lots of applications.”

Seeing sneaky sugars

The story’s molecular protagonist is the
azide, a group of three nitrogen atoms
bound together as part of a compound or
larger molecule. When made into a so-
dium salt, azide has been used as the
active ingredient in car airbags. Sodium
azide is a stable solid until it’s heated,
when it rapidly decomposes to release
nitrogen gas. For azides in organic mol-
ecules, the chemical details differ, but the
effect is similar: The azide is nearly inert,
but it carries a lot of pent-up potential
energy. So when it finds the right reaction
partner, it’s ready to react vigorously.

But there aren't a lot of azide reaction
partners. It’s what’s known as a soft reac-
tant: Its charge density is spread out, and
it's highly polarizable. Chemistry —and
especially biology —doesn’t have many
other soft reactants; most reactants are
hard, with concentrated, relatively un-
movable charge distributions. Because
hard reacts with hard and soft with soft,
azides don’t react with much.

In the late 1990s, Bertozzi started to
recognize azides’ potential. She was in-
terested in glycans, the complex sugars
that coat the outsides of cell membranes,
about which little was known. To study
the behavior of a new biomolecule in a
cell, a good first step is typically to label
the molecule with a fluorescent tag and

then directly observe where it is and
what it’s doing. For proteins, the labeling
could be done through genetic engineer-
ing (see Puysics Topay, December 2008,
page 20), but that was no help for glycans.
New tools were needed to label those.

The key is that cells are lazy in con-
structing their glycans. They don’t build
the complex sugars atom by atom.
Rather, they take the simple sugars that
they ingest, such as glucose and galac-
tose, and assemble the glycans directly
from those building blocks. Bertozzi dis-
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covered that if she fed a cell a sugar mol-
ecule bound to a chemical group that’s
not supposed to be there, the cell still
inserted the sugar, unchanged, into one
of its glycans—as long as the unnatural
group was sufficiently small and un-
reactive. Azides fit the bill, and she
started tricking the cells into making
their own azide-tagged glycans.

Azides by themselves aren’t fluores-
cent. To complete the fluorescence la-
beling, Bertozzi needed to flood the cell
with a fluorescent dye bound to some-
thing that reacts with the azide. In those
early years, she used a reaction called
the Staudinger ligation, in which the
azide reacts with a phosphorus atom
bound to a benzene ring.! But although
the Staudinger ligation was bioorthogo-
nal—it could harmlessly label glycans
in cells and even in live mice—it wasn't
especially fast: Labeling a glycan took
the better part of a day, and the benzene-
phosphorus molecule was degrading and
getting eaten by cells almost as fast as it
was reacting with the azides. Clearly, a
different azide reaction partner would be
better, if one could be found.

Function over structure

Meanwhile, Sharpless was formulating a
bold vision of what he hoped would be
a new way for chemists to think about
organic synthesis. In the conventional
approach, chemists begin with the end in
mind: If they want to create, say, a new
pharmaceutical, they first identify the
precise molecular structure they want to
make, and then they figure out how to
make it. The drawback of that strategy is
that even if they succeed in making the
target molecule —which may take years—
the synthesis could be highly inefficient.
If the ultimate goal is to manufacture the
new substance on a commercial scale,
they may be dooming themselves to an
extremely expensive end product.
Sharpless’s idea, which he articulated
in the 2001 paper that introduced the
term “click chemistry,” was to change the
focus from structure to function.? The
space of possible molecular structures is
indescribably vast; it stands to reason that
for any desired function, there ought to be
many different molecules that are fit for
the job. Moreover, those molecules prob-
ably aren’t all equally difficult to make.
Sharpless argued that chemists stood a
greater chance of discovering valuable
new substances by focusing on the mol-
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FIGURE 1. CLICK REACTIONS efficiently connect almost anything to anything else:
The orange and green blobs can represent molecules, solid surfaces or particles, or
even living cells. (@) The classic click reaction, discovered independently by the groups
of Morten Meldal and K. Barry Sharpless, joins an azide (N,) with an alkyne (a carbon-
carbon triple bond), catalyzed by copper. (b) Instead of a simple alkyne, Carolyn
Bertozzi used an alkyne in a strained octagonal ring. Because it requires no toxic
copper catalyst, the cyclooctyne reaction can be performed in living cells. (Figure by

Freddie Pagani.)

ecules that are easiest to synthesize and
taking the functions as they come.

That’s where the click reactions came
in. Molecules are easy to synthesize if
they can be assembled through reactions
that are efficient and simple to carry out.
For a reaction to retain its efficiency in
the context of many different molecular
assemblies, it needs to be highly specific:
Its reactants should react only with each
other, not with anything else that might
be present.

Sharpless went on to list several can-
didate click reactions, although most of
them fell short of the ideal of perfect ef-
ficiency and selectivity. “But the paper
challenged chemists around the world to
look for even more efficient reactions,”
says Jeremiah Johnson of MIT. “And
seeding that idea has led to transforma-
tive advances.”

Copper-catalyzed click

The quintessential click reaction, shown
in figure 1a, came on the scene a year
later, discovered independently by Sharp-
less’s own group and by Meldal’s.> Al-
though Meldal wasn’t motivated directly
by Sharpless’s ideas, he recalls that the

push for more efficient reactions was in
the air. In Meldal’s case, he was looking
for reactions he could use to make new
classes of protein-inspired molecules.
“We weren’t looking for a whole new
way of doing chemistry,” he says, “but
we hoped to be able to synthesize a lot of
things that were not possible before.”
The reaction the groups discovered
joins an azide with an alkyne—two car-
bon atoms joined by a triple bond —in
the presence of a copper catalyst, to make
a pentagonal carbon-nitrogen ring. The
bare reaction, without the catalyst, had
been well studied by generations of chem-
ists, and Sharpless mentioned it briefly in
his 2001 paper. But it was slow and re-
quired high temperatures and pressures.
The catalyst increases the reaction rate
by a factor of 10 million. Although the
reasons for the speedup are now under-
stood —the electrons in the copper ions
couple with uncanny precision to those of
both reactants —they weren’t at the time.
“We discovered the catalysis by serendip-
ity,” says Meldal, “which I think is how
most big discoveries happen. If some-
thing was easy to foresee, someone else
would have foreseen it a long time ago.”
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SEARCH & DISCOVERY

Both Sharpless and Meldal repeated
the reaction with the azide and alkyne
bound to many different molecules, in-
cluding some that in any other context
would be extremely reactive. None of
them could distract the azide and alkyne
from finding each other and reacting.
The robust reaction could attach almost
anything to anything else.

A milestone in the adoption of click
chemistry came in 2004, when Craig
Hawker, of IBM Almaden Research
Center in California, and colleagues
used the azide-alkyne reaction to syn-
thesize a dendrimer, a tree-like branched
polymer that had been extremely diffi-
cult to make.* “I knew click chemistry
would be a big deal when the materials
scientists started to use it,” says Georgia
Tech’s M. G. Finn, a coauthor of Sharp-
less’s 2001 paper, “because they're fo-
cused on function, and click chemistry is
all about function.” Use of the reaction
spread rapidly through the materials and
polymer communities: for functionalizing
electrodes, formulating new adhesives
and self-healing materials, and more.

Among organic chemists, Sharpless’s
idea of searching for function among easy-
to-make molecules coexists with the tra-
ditional structure-focused philosophy of
molecular discovery. Most molecules can’t
be assembled purely by click chemistry,
and there’s still a lot of interest in the
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FIGURE 2. BIOLOGY AND PHYSICS applications of click chemistry. (a) Glycans
in a living zebrafish embryo are tagged with a green fluorophore. (Adapted
from J. M. Baskin et al., Proc. Natl. Acad. Sci. USA 107, 10360, 2010.) (b) A bone
marrow sample contains different types of cells, including nascent white
blood cells and their marrow precursors. Tagging living cells with different
colored fluorophores helps distinguish their type. (Adapted from J. Ko et al.,
Nat. Biotechnol., 2022, doi:10.1038/s41587-022-01339-6.) (c) Liquid droplets
functionalized with biomolecules self-assemble into complex structures.
(Adapted from A. McMullen et al., Nature 610, 502, 2022.) (d) Solid colloidal
particles coated in DNA form crystalline arrays. (Adapted from Y. Wang et al.,

ones that can’t. “The beauty and
challenge of synthesizing com-
plex structures remains, and it
remains hugely valuable,” says
Finn. “That hasn’t gone away,
and it shouldn’t go away.”

Bioorthogonal explosion

Bertozzi, who was still on the
lookout for an azide reaction that
could improve on the Staudinger
ligation, was also thinking about
ways to speed up the azide-
alkyne kinetics. “The copper-
catalyzed reaction was useful for a lot of
things, but it wasn't useful for us,” she
says, because the copper catalyst was
toxic to living cells. Independently of
Sharpless and Meldal, she came up with
a different solution.

Digging into the literature, she found
a 1961 paper published in German that
described a version of the reaction shown
in figure 1b, between an azide and a cyclo-
octyne—that is, an alkyne in an octago-
nal ring.® Nobody in her group was pro-
ficient enough in German to read the
paper thoroughly, but they realized they
may have found the reaction they were
looking for when they saw it described
as “explosionsartig.”

It was no mystery why azides would
react more explosively with cyclooctynes
than with simple alkynes. An alkyne’s
preferred structure is linear: The two
triply bonded carbon atoms and the two
atoms on either side of them all lie in a
straight line. When that linear structure
is forcibly bent into half an octagon, it
endows the molecule with additional
pent-up energy that’s ready to be re-
leased in a reaction.

Even so, the reaction is explosive only
when the reactants are mixed in their
pure form. When diluted in a biological
system, they react as slowly as in the
Staudinger ligation. Fortunately, cyclo-
octyne offered plenty of room for im-

provement. By decorating the edges of
the octagon with other chemical groups,
Bertozzi managed to speed up the reac-
tion by a few orders of magnitude—
enough to fluorescently label an azide-
tagged glycan in a minute or two.® With
no toxic copper required, the reaction
could be performed harmlessly in living
animals, such as the zebrafish embryo in
figure 2a.

Finally equipped with the chemical
tools to image glycans in vivo and in real
time, Bertozzi and her group have gone
on to gain extraordinary insights into the
formerly elusive biomolecules, including
their roles in animal development, im-
mune activity, cancer, and other diseases.
To translate her research into useful tech-
nologies and treatments, she’s launched
nine startup companies, including Oli-
Lux Biosciences, which she cofounded
with her former student Mireille Kama-
riza. OliLux is working to develop a test
for tuberculosis—a leading cause of death
in Kamariza’s home nation of Burundi—
based on a molecule that’s part sugar,
part fluorescent dye. The tuberculosis bac-
teria recognize the sugar and eat it, and
the dye’s fluorescence changes once it’s
in the low-dielectric-constant environ-
ment of the cell. “Unlike other tests, this
detects only living bacteria,” says Ber-
tozzi, “so you can tell if the drugs you're
using are working.”

Chemistry for all

In the 20 years since Sharpless and Meldal
discovered the azide-alkyne click reac-
tion, more reactions have joined the click-
chemistry portfolio. “But they’re mostly
not as robust,” says Wolfgang Binder of
Martin Luther University of Halle-
Wittenberg in Germany. “So when you
look at the literature, there are orders of
magnitude more citations for the azide—
alkyne reaction than for all of the others
combined.” The lone exception is the
reaction between tetrazine and trans-



cyclooctene, which does rival the azide—
alkyne reaction in speed and selectivity;
it's been used in many recent fluores-
cence-labeling studies, including the one
shown in figure 2b.

Vibrant research continues into many
variations on the click-chemistry theme,
including photoclick chemistry, in which
click reactions are triggered by light;
fluorogenic click chemistry, in which the
reactants are not fluorescent but the prod-
uct is; and a concept Johnson calls “clip
chemistry,” which seeks to sever chemi-
cal bonds with the same specificity and
efficiency as click chemistry forms them.”

And the range of click chemistry’s
potential uses is near limitless, because
its pool of potential users is near limit-
less. “The reactions are very easy, even
for physicists like me,” says Susumu
Takahashi of the University of Southern
California. Takahashi uses click chemis-
try to tether biomolecules to diamond
surfaces so he can probe the molecules
with nitrogen-vacancy centers embed-
ded in the diamond. “Many physicists
worry about working with wet labs and
chemicals. Click chemistry makes every-
thing much more accessible—and the
reactions are really fun!”

“Before click chemistry, it was a night-
mare,” says Jasna Brujic, a soft-matter
physicist at New York University (NYU).
She and her group program liquid drop-
lets to self-assemble into larger struc-
tures, such as those shown in figure 2c,
by attaching DNA and other molecules to
the droplets’ surfaces. “If the attachment
was too inefficient, we got all these non-
specific by-products and imperfections,”
she says, “which completely messed up
the large-scale structure.”

Beyond click chemistry’s efficiency
and ease of use, another benefit is that its
reactants are small, explains David Pine,
also at NYU. He studies the crystalliza-
tion of DNA-functionalized colloidal par-
ticles, shown in figure 2d. To attach the
DNA to the colloids, he explains, “we
used to follow the biologists’ protocol of
biotin—streptavidin binding: We’d put
biotin on the colloids and streptavidin
on the DNA, then attach them together.”
But streptavidin is a protein, and its bulk-
iness meant that the DNA coatings were
sparse and nonuniform. “With the click
reaction, we increased the DNA areal den-
sity by an order of magnitude,” he says.

“Maybe click chemistry will help break
down the barriers between chemistry and
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everything else,” says Bertozzi. “It’s really
democratized chemistry.” Meldal agrees:
“A very good principle is to keep it sim-
ple,” he says, “to make your work useful
to a lot of people. If it’s too complicated,
then nobody’s going to pay attention.”
Johanna Miller
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ISSUES & EVENTS

Giant telescopes take small but significant
steps toward realization

Can closer communication
with Native Hawaiians turn
the tide for the Thirty Meter
Telescope?

(44 year ago, I would have been pessi-
Amistic about building the Thirty Meter
Telescope on Mauna Kea,” says John
O’'Meara, deputy director and chief sci-
entist for the W. M. Keck Observatory, one
of 13 observatories on Mauna Kea, the
Northern Hemisphere’s premier site for
optical and IR astronomy. Opposition to
the Thirty Meter Telescope (TMT) has long
been strong, and in 2019, hundreds of
Native Hawaiians and others blocked the
road to prevent its construction on the
mountain. (See “Thirty Meter Telescope
faces continued opposition in Hawaii,”
Prysics Topay online, 5 August 2019.)

But changes in the TMT leadership
and in its approach to interactions with
Native Hawaiians, as well as a new gov-
ernance structure for Mauna Kea, may
open the door to more fruitful dialog.
O’'Meara, who is not involved in the TMT,
says recent developments make him “op-
timistic about astronomy on Mauna Kea,
whether or not TMT is part of it.” And
Robert Kirshner, who in May took the job
of TMT executive director, says the TMT’s
“new community-based model” gives him
hope that the TMT can be built “through
mutual stewardship of Mauna Kea.”

The perceived potential for rapproche-
ment lines up timewise with steps NSF
is taking with the US Extremely Large
Telescope (ELT) Program. The agency is
evaluating the environmental and cul-
tural impacts of building the TMT on
Mauna Kea and will soon review the
designs of the TMT and the 25.4-meter-
diameter Giant Magellan Telescope (GMT),
the other US-led ELT project, which has
a site in northern Chile.

The 2020 decadal survey by the US as-
tronomy community named NSF invest-
ment in the TMT and GMT as its highest
priority for ground-based projects. Known
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CHUNKS OF LOW-EXPANSION GLASS are placed in a mold for casting one of seven
segments, each 8.4 meters across, that will form the primary mirror of the Giant
Magellan Telescope in Chile. This work is being done at the University of Arizona.

as Astro2020, the survey recommends that
NSF get a 25% share in each of those in-
ternational facilities in order to give access
to US-based users who are not affiliated
with TMT and GMT member institu-
tions. If only one of the telescopes is built,
NSF should go for a 50% share for the
broader US community, says Astro2020.
(See “Astro2020 proposes new approaches
to realizing projects,” Puysics Topay on-
line, 18 November 2021.)

Meanwhile, construction on the Euro-
pean Southern Observatory’s 39-meter
Extremely Large Telescope is well under-
way on Cerro Armazones in Chile, some

700 kilometers north of the GMT site.
The European telescope is on schedule
for completion by the end of the decade,
well ahead of the others.

The sky access that would be gained
by building the GMT in the Southern
Hemisphere and the TMT in the North-
ern Hemisphere would give the US a
scientific edge. If neither US ELT is built,
astronomy in the US would suffer; the
access policy for the European Southern
Observatory ELT for astronomers from
nonmember countries has yet to be de-
fined. Even with only one of the two, says
O’'Meara, it would be hard to remain at
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STARGAZING EVENTS such as this one from 27 August at Mo‘okini Heiau, a National Historic Landmark on the island of Hawaii, are
among the activities that the Thirty Meter Telescope outreach team is collaborating on with Native Hawaiians in efforts to build

positive long-term relationships.

the top of the field. “US leadership in
astronomy needs big glass.”

The ELTs will be able to detect more-
distant and fainter objects than is possible
with existing 8- to 10-meter-class optical—
IR telescopes. One area of anticipated
discovery is exoplanets. “We’ll be able to
see planets by reflected light. They don't
have to be hot. They could have habitable
temperatures,” says Kirshner. “Looking
at the atmospheres of other planets will
be very powerful.” In the long run, he
says, “it’s not kooky to talk about learn-
ing biology with the ELTs.”

Observations may also provide clues
to the nature of dark energy, dark matter,
and the origin and expansion of the uni-
verse, and they will test general relativity
in the strong fields of black holes. The
ELTs will be trained on objects spotted
by the James Webb Space Telescope and the
Vera C. Rubin Observatory. “We’ll also
follow up on gravitational-wave obser-
vations by LIGO [the Laser Interferome-
ter Gravitational-Wave Observatory],”
says Kirshner.

Two telescopes, one priority

In recommending that NSF treat the TMT
and GMT as a single priority, Astro2020
reset the tone between the projects; the
astronomy rivalry between two of their
lead institutions—Carnegie Institution
for Science for the GMT and Caltech for
the TMT —goes back decades before ei-
ther telescope was proposed.

Good relations between some of the
astronomers on the projects have always
existed, of course, and there is crossover
among the leadership; Kirshner, for ex-
ample, was on the GMT board for 12
years before taking the TMT reins. But
ties are better now because of their being
ajoint priority. Wendy Freedman, former
GMT board chair and a professor at the
University of Chicago, says that relations
between the projects are as good as
they’ve ever been, but that “when there
is concern that only one will be built,
everyone gets nervous.”

Worldwide, 16 telescopes in the 8- to
10-meter class exist, Freedman notes.
“There is so much exciting science to do.
It would be so nice to have all three ELTs.
It would be a tragedy to have any fail.”

Both US-led projects have ready de-
signs, US and international partners, and
partial financial and in-kind commit-
ments, and both have begun manufac-
turing mirrors and other parts. Their
technologies differ, as will their astro-
nomical instruments, but their science
goals and capabilities are similar.

The GMT primary mirror is to be
formed from seven 8.4-meter mirrors. Six
of those have been cast, and three are fully
polished. Site excavation was completed
in 2019. The next large items are the
telescope mount and the enclosure, says
the board chair, Walter Massey. So far, the
collaboration has amassed commitments
totaling about $800 million. Project part-

ners include more than a dozen institu-
tions in the US, Australia, Brazil, and
South Korea. The newest partner, the
Weizmann Institute of Science in Israel,
came on board in fall 2021.

The TMT mirror will be made from
492 1.4-meter segments, using the same
technology as both the Keck telescopes
and the European ELT. Some 50 of them
are in the roundel stage, waiting to be
formed into the hexagons needed for
tiling. Cash commitments to date total
roughly $400 million —with half coming
from the Gordon and Betty Moore Foun-
dation. Partners have also made in-kind
commitments of comparable value for the
enclosure, mount, and mirror supports.
The TMT partners are Caltech and the
University of California in the US, and
government departments and institutions
in Canada, China, India, and Japan.

The Astro2020 cost estimates for
construction are $2 billion for the GMT
and $2.4 billion for the TMT; those tabs
will likely rise due to time delays, infla-
tion, and supply issues. For compari-
son—rough, given differences in costing
methods—the European ELT price tag
is on budget at €1.4 billion (about
$1.4 billion).

The NSF plans to decide about fund-
ing the US ELT by late 2024. That’s the
ideal timeline to enter full construction-
phase funding, says Richard Green, interim
director of the US ELT Program at NOIR-
Lab, NSF’s National Optical-Infrared
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CONSTRUCTION OF THE EXTREMELY LARGE TELESCOPE by the European Southern
Observatory is in full swing about 3000 meters above sea level on Cerro Armazones in
Chile (see the interactive webcam at https://elt.eso.org/about/webcams/). The 39-meter
telescope is the largest of the proposed next-generation optical-IR telescopes and the
only one that is fully funded. It is on track to see first light by the end of this decade.

Astronomy Research Laboratory, which
would manage time allocation, data, and
other user interfaces for the projects. “But
a lot has to happen for that to happen.”
A green light could mean first light in
2035 for the TMT and at the end of this
decade for the GMT. The US ELT would
be NSF’s largest research-facility invest-
ment ever.

Funding and other challenges

For the GMT, the big challenge is funding,
says Massey. “I'm convinced that we have
demonstrated that we know how to build
the telescope.”

The TMT, too, is technologically ready,
but it faces a web of challenges involving
money, international politics, and access—
both legally in terms of locating on Mauna
Kea and socially as far as addressing
Native Hawaiian opposition. The TMT’s
backup site, on the Spanish Canary Island
of La Palma, comes with other political
hurdles. And for either location, the de-
terioration in US—-China relations could
cloud China’s continued participation.

Earlier this year, the state of Hawaii
established a new governance body for
Mauna Kealands. The 11-member Mauna
Kea Stewardship and Oversight Author-
ity will have representatives from the
Native Hawaiian community, for which
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the mountain holds sacred and cultural
significance. It will also include stake-
holders with expertise in land resource
management, public education, and busi-
ness, as well as representatives from the
University of Hawaii and the state’s Board
of Land and Natural Resources. Nomi-
nees by the state’s governor—including
one representing the observatories, Rich
Matsuda—still must be confirmed by the
state senate. The new body will take over
management of —and have extended ju-
risdiction over —the lands currently man-
aged by the University of Hawaii under
the supervision of the Board of Land and
Natural Resources.

For astronomy, the most important
decisions facing the authority concern
access to the land. The current 65-year
lease held by the University of Hawaii
for 11 000 acres centered on the summit
of Mauna Kea—where all of the observa-
tories are located —expires in 2033, as do
subleases for each observatory on the
mountain. Absent new land authoriza-
tion, the observatories will need to be
decommissioned and the land restored,
which could take years. And to go ahead
with new projects requires confidence in
long-term access. “NSF is unlikely to au-
thorize expenditures for the TMT with-
out a land commitment,” notes Douglas

SIMON LOWERY, ESO STAFF

Simons, director of the Institute for As-
tronomy at the University of Hawaii at
Manoa, and a longtime Hawaii-based as-
tronomer. With the new authority hav-
ing “unprecedented power” and being
more representative, he adds, the hope is
that “there will be more harmony going
forward.”

The new authority’s decisions for land
use are needed by 2028 —when the tran-
sition from the University of Hawaii to
the authority is completed. “That’s as late
as you can push it,” says Simons. “I have
a healthy dose of concern about how
much has to be done in the short time
available.”

Listening to Native Hawaiians

Meanwhile, in parallel with legal and
other planning activities, the TMT team
is working to improve relations with the
Native Hawaiian community. Fengchuan
Liu is the new TMT project manager. Liu
is a physicist who had been the TMT
deputy project manager and before that
had worked on several space missions
at NASA’s Jet Propulsion Laboratory. In
June 2021, he moved from California to
Hawaii and went out to talk to Native
Hawaiians, including TMT opponents.
In the past, says Liu, the TMT was
successful in connecting with Native Ha-
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waiian families whose kids had access to
college education and were interested in
science, but not with those who lacked
such opportunities or who preferred ca-
reer paths that would allow them to stay
near their land. Like everyone else, Liu
says, Native Hawaiian families want their
children to have opportunities. “We are
learning from the communities and work-
ing with the communities.”

The TMT outreach and education team
tutors in schools and hosts evenings of
storytelling and stargazing. It is collabo-
rating with a community college to pro-
vide scholarships, training, and placement
in internships and jobs in local busi-
nesses, including observatories, with the
aim of improving job prospects across
many fields. The team is also planning a
program through which Native Hawaiian
high school students can visit their Indig-
enous counterparts in TMT partner coun-
tries. “All of these programs came through
listening and community requests,” says
Leinani Lozi, a Native Hawaiian and TMT
community outreach specialist.

Rather than asking what it would take
to convince the Native Hawaiian commu-
nity to support TMT construction, Liu
says, “we are asking, “What can we do for
the community? What are the right things
to do to build long-term relationships?””
That approach goes beyond the TMT, he
says. “It is about the future of astronomy
and about how science communities relate
to Indigenous people, culture, and lands.”

Kealoha Pisciotta is a Native Hawaiian
cultural practitioner who for years worked
as a telescope technician on Mauna Kea
(see the interview with Pisciotta, Prysics

Topay online, 23 October 2019). “I have
no qualms about them wanting to help
the community,” she says, “but it can’t be
transactional.” She is skeptical that such
activities will lead to acceptance of the
TMT and worries that, unless it works
by consensus, the new stewardship au-
thority will steamroll Native Hawaiian
voices. “People are fed up with the con-
tinual “We are going to do better.” It's
kind of obnoxious,” she says.

Astronomy in Hawaii contributed
$221 million to the economy in 2019 and
was responsible for more than 1300 jobs,
according to a January 2022 report by the
University of Hawaii Economic Research
Organization. The local economy would
take a hit if astronomy were to leave
Mauna Kea, Pisciotta admits, “but I think
people are more interested in protecting
the land.” Native Hawaiians are not
against astronomy, she emphasizes, but,
noting that the community has “had to sue
to get the telescopes to follow the law,”
she says that astronomers and other users
of Mauna Kea “have acted in bad faith
for too long.”

The Office of Hawaiian Affairs (OHA),
a quasi-autonomous state body that ad-
vocates for Native Hawaiians, wrote NSF
on 17 September in response to public
hearings held this past summer. The of-
fice recommends that the agency delay
its environmental review of Mauna Kea.
“OHA does not advise gambling on overly
optimistic and presumptuous lease ex-
pectations,” the letter says. Given the
change in authority over the mountain,
it says, delaying the review would be the
rational approach and would also be

“respectful of the new authority’s posi-
tion and prerogative.”

Still, with NSF’s involvement making
the federal government a player, more
opportunities for negotiating are possible,
says Simons. He points to the 2011 deal
for the solar telescope on Maui, which
included $20 million over a decade to train
Native Hawaiians in science, technology,
engineering, and math fields at the Univer-
sity of Hawaii Maui College. A similar ar-
rangement may be possible for the TMT,
he says, “but with more money, plus other
creative solutions, and involvement of com-
munity voices in important decisions.”

Other areas for negotiation include
capping the number of telescopes on the
mountain, hiring more Native Hawaiians
at the observatories, taking measures to
help endangered species, and paying
more rent—under the current lease, the
observatories pay $1 per year to the state
and grant the state’s astronomy pro-
gram at the University of Hawaii 10-15%
of telescope time. “Sometime, many de-
cades in the future,” says O’Meara,
“there should be no more telescopes on
the mountain. That's part of the commit-
ment we should make.”

If Mauna Kea doesn’t pan out for the
TMT, plan B is to build it on La Palma.
That site would allow most of the sci-
ence, but it comes with different twists.
Many astronomers worry that NSF won't
invest in the TMT if it’s not on US soil; it’s
different for the GMT because the US has
no territory in the Southern Hemisphere
and has a long history of astronomy in-
vestments in Chile.

Toni Feder
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The quest is on to remove petro- from petrochemicals

R&D on making petroleum-
free petrochemicals is
making strides. But the
scale-up may come too
late to meet urgent climate
change goals.

distance transport will be the most

difficult sectors of the economy to
decarbonize. But the petrochemical in-
dustry is doubly challenged: Not only
are enormous quantities of carbon diox-
ide released during the manufacture of
chemicals and plastics, but the products
themselves embed carbon taken from the
geosphere, most often natural gas or
petroleum.

The manufacture of petrochemicals—
the building blocks of plastics, solvents,
detergents, lubricants, synthetic fibers,
and many other products—is responsi-
ble for up to 5% of global CO, emissions,
according to the United Nations Envi-
ronment Programme. In the US, chemi-
cal plants contribute around one-fifth of
industrial CO, emissions. That doesn’t
count the carbon that reenters the atmo-
sphere when the chemicals or plastic
products eventually decompose.

Big reductions in CO, emissions from
petrochemical production can be had by
decarbonizing the fossil-fueled high-
temperature heat and power that's needed
for the steam crackers that thermally
break down long-chain hydrocarbons into
smaller molecules. But achieving true
decarbonization of the industry will re-
quire removing the “petro” prefix.

Universities, government labs, and
chemical companies are devoting consid-
erable R&D efforts to achieving that end.
Electrochemical- and biological-based
processes can synthesize chemical build-
ing blocks from sources of concentrated
CO,, such as waste gases from steel-
making, or from future air-capture plants,
in combination with hydrogen produced
with renewable energy.

A few companies have begun making
chemicals directly from captured CO,
and water. The Stanford University spin-
off Twelve, for example, is working with
industrial partners to apply its electro-
chemical process to the production of

E xperts agree that industry and long-
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THREE-DIMENSIONAL PRINTING can shorten the time it takes to make improved
versions of devices to electrochemically convert carbon dioxide to chemicals. Shown
here is a rendition of a 3D printer with a palm-sized reactor housing being printed.
Assembled reactors are on the table. The research is a collaboration between Stanford
University, the oil and gas company Total American Services, and Lawrence Livermore

National Laboratory.

sustainable fuels, plastic car parts, and
detergents. In July, it announced an agree-
ment with Alaska Airlines and Microsoft
to commercialize its sustainable avia-
tion fuels made from industrial waste
gases. The company says it will build a
commercial-scale production plant next
year at an unannounced site. It’s also
supplied material for sunglasses made
by Pangaia.

In October, LanzaTech, based in Skokie,
Illinois, reported that it had made eth-
ylene, the most widely used petrochemical,
directly from CO, using engineered mi-
crobes. Since 2018, the company has made
ethylene, a precursor to polyethylene and
other plastics, from ethanol that’s fer-
mented from CO, in industrial waste
gases. Its products include packaging,

polyester fabrics, and detergents. A
LanzaTech spinoff, LanzaJet, converts
ethylene to the longer double- and single-
bonded hydrocarbons that are used in
aviation fuel.

Earlier this year, LanzaTech reported
it had manufactured acetone, a solvent
that can be used to make acrylic glass,
and isopropanol, an antiseptic and pre-
cursor chemical, using engineered mi-
crobes feeding on industrial waste gases.
Michael Kopke, the company’s vice pres-
ident for synthetic biology, says that pro-
cess is carbon negative. “Typically, per
kilogram of acetone, you emit two and
a half kilograms of CO,,” he says. “We
can avoid those emissions but also lock
in 1.8 kilograms of CO, per kilogram of
acetone.”



In October the Department of Energy
awarded a team from Northwestern Uni-
versity, LanzaTech, Yale University, and
the National Renewable Energy Labo-
ratory $18.5 million for R&D aimed at
accelerating biosystems design for carbon-
negative biomanufacturing. Michael Jew-
ett, director of Northwestern’s Center for
Synthetic Biology and the project’s prin-
cipal investigator, says the goal is to re-
duce to two days the amount of time
needed to engineer a carbon-hungry mi-
crobe to make different bioproducts, bio-
fuels, and biomaterials; the process cur-
rently can take up to a year.

“We need to advance and apply our
capacity to partner with biology to make
what is needed, where and when it is
needed, on a sustainable and renewable
basis,” Jewett says. “This project will
allow us to grow US-based manufac-
turing through fundamental research
insights.”

Improving on photosynthesis

One potential method for transforming
CQO, into useful compounds is artificial
photosynthesis, where sunlight, CO,, and
water are transformed directly into use-
ful chemical compounds. Tobias Erb is
one researcher working on enzymatic
pathways to solar-driven chemical syn-
thesis. Erb, director of the department of
biochemistry and synthetic metabolism
at the Max Planck Institute for Terrestrial
Microbiology in Marburg, Germany, and
colleagues have found or engineered
multiple enzymes that improve on the
efficiency of RubisCO, the enzyme used
by plants to fix CO, into their biomass.
One of their early carbon-fixing cycles
required 17 enzymes from nine organ-
isms, including three that were synthe-
sized or had their active sites altered to
react with more substrates. Compounds
they have made include terpenes, a class
of 5-carbon compounds, and a soon-to-be-
published paper will describe the syn-
thesis of a 15-carbon compound that
serves as the backbone of erythromycin,
a commonly used antibiotic.

The artificial photosynthetic approach
can accomplish simultaneously in a con-
tinuous process cycle reactions that might
require 10 or more steps in chemistry,
each one requiring new solvents and en-
ergy to purify the product for the next
step, says Erb. He’s developed a micro-
fluidic platform that spits out tiny drop-
lets of artificial chloroplasts, and he is

working to move them into the cells of
living organisms such as Escherichia coli.
He stresses that the work is still in the
basic research stage.

Genetically engineered microbes have
the capacity to produce a wide array of
diverse, high-value chemicals and com-
pounds, and R&D has advanced rapidly
in the last decade, says a September report
from the Engineering Biology Research
Consortium. But the document, Engineering
Biology for Climate and Sustainability, says
those processes still must be engineered
to capture and recycle all of the CO, that
is emitted by the organisms as they digest
and transform it into useful compounds.

Electrochemical pathways

As cheap renewable energy makes elec-
trochemistry more affordable, the tech-
nique is finding new applications, includ-
ing decarbonizing petrochemicals, says
Adam Weber, a senior scientist at Law-
rence Berkeley National Laboratory. “We
like to say that electrochemistry is the
thermal chemistry of the 21st century,”
he says.

One of the costliest petrochemical
processing steps is the post-cracking sep-
aration of ethylene from ethane that re-
mains in the mix. Weber works to opti-
mize an alternative: the electrochemical
reduction of CO, to carbon monoxide.
The CO is combined with electrolyti-
cally produced hydrogen to make syn-
gas, which can further be converted to
ethylene.

Berkeley Lab is a partner in the
Caltech-led Liquid Sunlight Alliance (a
successor of the Joint Center for Artificial
Photosynthesis), which has long worked
on electrochemical CO, reduction using
photons to produce sustainable fuels.
“What we see is if you want to be indus-
trially relevant, you need to go to higher
fluxes. And in any photosynthetic or arti-
ficial photosynthetic process, if you are
tied to the flux of light coming in, you
won't get to high fluxes,” Weber says.
Higher reaction rates can be achieved
with the use of electricity and catalysis.
“That’s where we see industry wanting
to go when we talk to them about elec-
trochemistry, electrochemical refining, and
CO, production.”

Researchers at Lawrence Livermore
National Laboratory have demonstrated
that three-dimensional printing can be
used to rapidly enhance vapor-fed elec-
trochemical reactors designed for CO,

conversion, increasing their efficiency
while broadening the fundamental un-
derstanding of the reactions. “Mass trans-
port is key,” says the principal investiga-
tor, Jeremy Feaster. “We can have the
best catalysts in the world, but if we can’t
get the reactants to the catalyst surface,
then it doesn’t matter.” The team has been
repurposing electrolyzer designs used in
water splitting that can take weeks to
make and cost thousands of dollars
each. He estimates that his team has built
around 150 palm-sized reactors in vary-
ing geometries, printing them in a few
hours for about $10 apiece. They are
now scaling them up in size, using much
larger printers.

A team effort

The most efficient production process
for petroleum-free chemicals could team
electrochemistry with biology. Electro-
chemically generated CO or formic acid,
for example, might be fed to microbes
that are genetically engineered to spit
out more-complex hydrocarbons, such as
polyhydroxyalkanoates, a class of poly-
mers that is compostable.

The cleverly titled Bio-Optimized
Technologies to Keep Thermoplastics
out of Landfills and the Environment
(BOTTLE) consortium, headed by the
National Renewable Energy Laboratory,
published a paper in Science in October
in which the researchers described a pro-
cess that would allow recyclers to skip
sorting plastic by type. In their approach,
first the different polymers were broken
down to their building blocks through
a catalyzed oxidation process that ac-
complished in minutes the degradation
that naturally takes place over years or
decades.

The researchers next fed the mixture of
chemical compounds—including benzoic
acid, terephthalic acid, and dicarboxylic
acids—to a genetically engineered soil
microbe, Pseudomonas putida, for conver-
sion to either polyhydroxyalkanoates
or beta-ketoadipate, the latter of which
can be used to make new performance-
advantaged nylon materials. An experi-
ment selected to fly aboard the Inter-
national Space Station next year will test
whether microgravity conditions can im-
prove the bacterial conversion rate.

Energy inputs
Despite their promise, however, tech-
nologies to displace fossil carbon in the
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STEAM CRACKERS, such as the ones in this BASF facility in Ludwigshafen am Rhein, Germany, require a significant amount of fossil
energy to break down long-chain hydrocarbons into smaller, more usable products. The reactions are typically conducted at about
850 °C. Crackers are one of the largest sources of CO, emissions in the manufacture of petrochemicals.

raw-materials feedstock are still in their
nascent stages, and bringing them to
industrial scales is likely to take decades,
says Julia Attwood, the principal author
of a May analysis by the consulting firm
BloombergNEF, Decarbonizing Petrochem-
icals: A Net Zero Pathway, that explored
the industry’s route to net-zero emissions
by 2050. The R&D thus might do little to
help the chemical sector achieve net zero
in 28 years. The industry is likely to focus
mainly on removing fossil energy inputs
to the chemical manufacturing process,
says the study.

The report estimates that the chemi-
cal industry can achieve near-net-zero
status in the 2050 time frame for a cost of
$759 billion. The largest reduction, 40%
from current levels, would come from
adding carbon capture and storage sys-
tems to the crackers and to the combined
heat and power plants at the manufac-
turing sites. The introduction of electri-
fied steam crackers, which are still in
development, could cut emissions by 35%
more.

The study does foresee industry’s hav-
ing to turn to renewable methanol, very
little of which is produced today, to
provide the feedstock for around 20% of
its output. Most aromatics—benzene,
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toluene, and xylene—essential for some
plastics are a by-product of oil refineries,
Attwood explains, and that supply will
likely plunge as refineries either close
or sharply curtail their output of gaso-
line and diesel fuels because of vehicle
electrification.

Methanol is the most likely option
for replacing the lost aromatics, but
nearly all methanol is derived from gas
and coal today. Green ethanol will triple
the cost of the petrochemical products
that are made from aromatics, says
BloombergNEF. Not surprisingly, dozens
of renewable methanol projects are in
development globally, the largest num-
ber of them in Europe, according to the
Methanol Institute.

A study by George Mason University
and other contributors released in Sep-
tember said that 80-90% of CO, emis-
sions from polyvinyl chloride production
could be eliminated by 2050 through a
combination of carbon capture and stor-
age and replacing fossil fuels with hy-
drogen to provide heat and power. PVC
is the third-most-produced plastic by
volume, behind polyethylene and poly-
propylene. The researchers said their
recommendations would add 5-15% to
PVC prices. Stringent regulatory policies

or breakthroughs that reduce the capital
costs of carbon capture and storage
would drive substantial abatement more
rapidly.

Those estimates, however, assume an
existing infrastructure is available to trans-
port green hydrogen from its source and
to move CO, to where it will be injected
underground for permanent storage. Last
year’s bipartisan infrastructure law in-
cluded $8 billion for hydrogen produc-
tion and infrastructure (see Puysics Topay,
August 2022, page 22). The high concen-
tration of refineries, petrochemical plants,
hydrogen-production facilities, and asso-
ciated pipelines along the Gulf Coast
could be adapted for those purposes,
notes Brett Perlman, CEO of the non-
profit Center for Houston’s Future. The
organization is preparing a bid to be-
come one of 6-10 regional hydrogen
hubs the Department of Energy is plan-
ning to support.

The authors of the PVC study said
that petroleum-free processes won't likely
be ready in time to meet the urgency of
the CO, emissions challenge. Adoption
of electric crackers will be dependent
on more affordable electricity from a de-
carbonized grid.

David Kramer
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Peter Fischer heads the Institute of Food, Nutrition,
and Health at ETH Zirich in Switzerland. His research
focuses on rheology and structure of complex fluids.

and

MUCUS.

A toolbox for animal survival

Peter Fischer

Studying animals’ use and manipulation
of complex fluids from materials-science and
rheological points of view can help to understand
animal behavior and provide new insights for
mimicking biomaterials.

nimals are under constant pressure to survive in their surrounding

. environment, and they have evolved countless strategies to adapt,

colonize, and reproduce successfully in their habitats." Almost acting

as materials scientists, animals may directly manipulate complex fluids

around them or secrete complex fluids themselves to fulfill a specific task.

Mucus, for e>.<ample, demonstrates a wide range of rheological properties depending

on its physiological purpose—locomotion, sexual reproduction, protection against

predators, or one of countless other uses. And when conditioned properly, sand present

in the habitat can be used for movement or for predation.

Rheologically active materials—those with un-
usual or nonlinear responses to an applied force
(stress) or deformation (strain) —often have clearly
defined action windows, so matching the material
properties with an animal’s desired outcome is essen-
tial. To exploit the rheological properties for the spe-
cific task, the animal therefore must sense and, if
needed, manipulate the rheology of the surrounding
complex fluids. Rheology and materials science pro-

vide a valuable approach to study materials originat-
ing from the habitat or secreted by an animal, with
implications for biomimetic materials design and
ethology.

Defining terms

Selective pressure on animals originates from the en-
tire set of environmental factors acting on them. Those
factors can be classified as biotic or abiotic. Biotic
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for insects and their larvae. Endogenous bi-
otic material originates from the animal that
also utilizes it; examples include saliva and
mucus for digestion and lubrication.

Animal-material interactions also depend
on a whether a material is hard or soft, as
determined by its mechanical and rheological properties.
Hard exogenous materials generally do not change much over
time or as a function of applied mechanical stress, and thus
they offer little physical response for animals to exploit. Fluids,
on the other hand, do respond to external forces and often have
fascinating material properties as a function of applied stress
or strain as well as time and temperature.

The simplest and most convenient way to describe the me-
chanical properties of fluid is by its viscosity, which expresses
the internal friction during flow and deformation. For Newto-
nian or linear fluids, the viscosity is a constant, independent of
the acting forces, as shown in figure la. Complex fluids—
macromolecular or multiphase systems consisting of molecu-
lar, colloidal, and noncolloidal components in liquid, solid, or
gaseous states—exhibit more complex, non-Newtonian flow
behavior. The viscosity of a non-Newtonian fluid, also called a
nonlinear fluid, might increase (shear thickening) or decrease
(shear thinning) under applied mechanical deformation.

Shear-thickening and shear-thinning behaviors arise from
the flow-induced orientation and alignment of the structural
elements of the fluid, such as mucin proteins in mucus or sus-
pended sand particles, as shown in figure 1la. Without flow,
those structural elements could arrange in solid-like structures
and require a certain deformation or stress to yield before New-
tonian or non-Newtonian flow properties are observed (see
figure 1b). Last but certainly not least, complex fluids also may
exhibit elastic properties (solid-like energy storage) and viscous
properties (liquid-like energy dissipation) at the same time and
are thus defined as viscoelastic materials; they also exhibit lin-
ear and nonlinear responses. The broad spectrum of rheologi-
cal properties of soft materials provides the playground for
exploitation by animals under different environmental cues.?

This article focuses on two very different complex fluids:
sand, an exogenous abiotic material, and mucus, an endogenous
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such as mucin proteins and sand
particles. (b) Yield-stress fluids will

only begin to flow—with Newtonian or non-Newtonian behavior—once a minimum
deformation or stress is applied. (Adapted from ref. 3.)

biotic material. Both exhibit strain- and time-dependent flow
behavior, which animals sense, manipulate, and use in their
survival strategies. The mechanical and rheological properties
of granular materials such as sand are mainly determined by
the moisture content and the particle size distribution, shape,
and roughness. The governing equations to describe the flow
properties extend from frictional rheology, describing the in-
terplay between inertial and viscous forces, to more classical
suspension rheology.

Mucus is a collective term for substances with similar com-
position and properties; it appeared early in the evolution of
multicellular animals and probably evolved multiple times
independently.* It is composed of water, proteins, lipids, salts,
and cellular debris and is constantly renewed by the secreting
goblet cells of mucosal membranes. The main component, mu-
cins, are proteins densely covered with covalently bound oligo-
saccharides (carbohydrates). Mucus is used for various well-
targeted physiological applications, such as cell protection and
food and gas uptake, and also for locomotion, defense, and
predation, as discussed below. Mucus can fulfill those different
tasks because of an almost endless combination of proteins and
oligosaccharides, which determine the viscoelastic or gel-like
properties of the physically cross-linked material.®

Locomotion

Terrestrial gastropods, such as snails and slugs, use their entire
body as a single foot to crawl by so-called adhesive locomotion.
The propulsion is powered by muscular waves that propagate
from tail to head along the ventral side of the foot. The periodic
contraction-relaxation waves (see figure 2a) are transmitted to
the ground by a thin, sticky layer of viscoelastic mucus con-
stantly secreted by the animal.® The nonlinear rheology of the
mucus enables the gastropods to propel by partly detaching
from the ground via a stick-and-release mechanism.



The mucus’s rheological properties must be threefold: a
solid-like elasticity at low stresses (including at rest); a high,
sharp yield point with a transition to a highly viscous, shear-
thinning liquid; and a fast recovery of network structure after
stress release. A movement cycle, as visualized in figure 2b,
starts with elastic, solid-like mucus anchoring the resting part
of the foot. The approaching muscular wave shears the mucus,
increasing the stress until, at the yield point, the mucus struc-
ture breaks and liquefies. During the interwave, there’s no
shear, and the mucus network recovers its elastic, solid-like
properties that anchor the foot for the next cycle. The move-
ment cycle generates an asymmetric shear force under the foot
that allows the animal to crawl forward.”

Although adhesive locomotion is the most energy-intensive
form of movement, the largest energy expense is mucus pro-
duction, not muscle activity. Within the stick-slip cycle of rest-
ing and sliding, the transient rheological properties represent
a fine-tuned interaction between the animal and its environ-
ment. The secreted mucus layer also provides adhesion, which
allows the animal to climb walls and trees and crawl across
ceilings and overhangs, and it enables a spectacular mating per-
formance, as discussed below. But locomotion is significantly
slowed down on rough surfaces or granular matter —not be-
cause of the surface properties per se but because of the in-
creased amount of mucus required to lubricate the ground.

Some snakes and lizards that are native to semiarid or arid
areas exhibit an exceptional way of locomotion: swimming-like
movement. (See the Quick Study by Yang Ding, Chen Li, and
Daniel Goldman, Puysics Topay, November 2013, page 68.)
Under certain conditions, a granular material like sand can flow
like a liquid, enabling that unique way of locomotion. Animals
living in such surroundings can locally fluidize the granular
material around them by changing the packing fraction—the
fraction of space occupied by the particles. Digging has proved
to be a favorable escape strategy for animals such as the sand-
fish skink (Scincus scincus, seen in figure 2c); burying eggs in

the sand to protect them from predators is commonly seen
t00.59

In addition to their dependence on the packing fraction, the
mechanical properties of granular media also change dramat-
ically between dry and water-saturated conditions. As a con-
sequence, rain in the desert renders the dry sand into a compact
suspension that is much harder to shear, thereby temporarily
stopping underground locomotion until the sand has dried up
again. Granular flow is classically described by frictional rhe-
ology: In dry conditions, the macroscopic friction is character-
ized by the dimensionless inertial number (relating the inertia
forces to the imposed shear forces), while in wet conditions, it
is replaced with the dimensionless viscous number (relating
shear forces to normal forces). Both dimensionless numbers are
a function of the local solid packing fraction.

To “swim,” the sandfish locally fluidizes dry sand using
undulating stresses (see figure 2d). Locomotion in granular
media can be divided into different regimes depending on the
relative digger size compared with the grain size and on the
inertial number; sandfish belong to the class of large and fast
digging animals.® Analogous to an aqueous swimmer at low
Reynolds number (the ratio of inertial to viscous forces), the
sandfish achieves a net forward displacement by undulating
motion. Interestingly, the scallop theorem claims that at low
Reynolds numbers, a simple symmetrical back-and-forth
motion is not sufficient for locomotion. But if the swimmer is
immersed in a non-Newtonian liquid, such back-and-forth
movement can cause a net forward displacement. For the sand-
fish, the packing density and thus the friction in the front and
rear parts of the animal differ, which enables the forward
movement.

Catching prey
Velvet worms (phylum Onychophora) use an endogenous com-

plex fluid that is strain hardening and adhesive to immobilize
their prey.”” The worms, which inhabit humid regions of the

FIGURE 2. LOCOMOTION exploiting
mucus and sand. (a) Slugs and snails move
via traveling waves along their body that
rely on the yield-stress and shear-thinning
behavior of the viscoelastic mucus that the
animals excrete. (b) The transient rheological

properties of the pedal mucus of the Pacific
banana slug (Ariolimax columbianus) during

locomotion.® As the body wave passes, the
mucus yields and begins to flow; between
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waves, it recovers its solid-like elastic
behavior. (c) The sandfish skink (Scincus

scincus) lives in arid and semiarid climates.
(d) The sandfish swims through sand using
undulatory motion that fluidizes the sand
particles surrounding it. (Adapted from

ref. 3.)
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compression is released, the surrounding
water refills the void and dilutes the sand;
the eased flow makes it easier to extract

tropical and temperate zones and have lengths of 0.5-20 cm,
crawl up on their prey and eject a sticky slime from two papil-
lae flanking their mouth, as shown in figure 3a. The slime ejec-
tion produces an uncontrolled papillae oscillation at 30-60 Hz,
which causes the threads to cross in midair, leading to an
entangled slime net that traps the prey. The worm then injects
the prey with hydrolytic, enzyme-containing saliva that kills it
and induces liquefaction for later ingestion.

In contrast to other secreted adhesive fibers like spider or
silkworm silk, which are solid upon excretion, velvet-worm
slime is a remarkable showcase of a biological complex fluid
with fine-tuned transient properties. Fluidlike in the slime
glands and papillae, it develops cohesiveness and mechanical
strength during the elongational flow upon ejection. The func-
tional components of the aqueous slime (90% water by weight)
are protein-lipid nanoglobules, which are about 50% protein
and 1% lipid and exemplify the important role of additives
in biological and biomimetic composite materials. The nano-
globules are approximately 150 nm in diameter and have a narrow
size distribution. They are probably formed by the complex
electrostatic aggregation of oppositely charged protein moi-
eties.” Although the exact amino-acid sequence and the fold-
ing of the proteins is unknown, the proteins have a high molec-
ular weight, high charge density, and some portion of p-sheet
structures, which all favor intra- and intermolecular electrostatic
interactions.

The transition from fluidlike slime to viscoelastic fibers upon
extrusion outside the animal’s body suggests that elongational
strain thickening is crucial for the slime’s functionality. That
untested hypothesis is depicted in figure 3b. In elongational
flow, the protein-lipid nanoglobules rearrange into stretched
protein fibers. The fibers have a coating layer with a higher lipid
content compared with the protein-rich core. The protein fibers
are probably responsible for the toughness of the final slime.
The role of the lipids is not fully clear yet; they may act as in-
terfacial stabilizers of the nanoglobules and control their as-
sembly prior to and during elongation.

The final slime filament consists of thin, elastic threads with
several adhesive globules distributed along their length. Dried
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prey. (Adapted from ref. 3.)

threads undergo a glass transition and reach a stiffness of about
4 GPa. Interestingly, the initial protein-lipid nanoglobules can
be re-formed upon rehydration of the dried slime, and new
fibers can be drawn from the regenerated slime. That behavior
supports the current model, which says that noncovalent elec-
trostatic interactions are responsible for slime formation and
that the liquid-liquid phase separation into dispersed protein—
lipid nanoglobules returns the slime to its equilibrium state.

Seagulls (family Laridae) and numerous plovers (family Cha-
radriidae) in tidal zones use a two-footed pedaling technique
(see figure 3c) to exploit granular material properties: The ped-
aling loosens and liquefies the structure of the wet sand and
eases the extraction of worms. Granular rheology suggests the
following mechanism: The glossy sand in tidal zones is a ran-
domly close-packed and completely wetted material. Upon im-
pact or pedaling —whether by humans, gulls, or other animals—
the sand is spatially rearranged and the water table is lowered
temporarily, making the sand’s surface appear matte. Immedi-
ately after the structural rearrangement, the surrounding water
refills the void and dilutes the sand, which then can flow with
far less resistance because of its lower solid volume fraction
(see figure 3d). A preying animal such as a seagull is thus able
to pick its prey from a diluted suspension rather than from
densely packed sand with its high resistance to digging and
deformation.

The pedaling, a form of oscillatory compression (see figure 3e),
results in a more dilute sand structure, an effect known as pos-
itive dilatancy. A similar phenomenon is the Brazil nut effect,
even though no diluting secondary fluid is involved. When
something is lost in granular matter, just shake the container;
depending on the density difference, the object can be collected
at the bottom or top of the container.

Reproduction

One of the most spectacular examples of using endogenous
complex fluids is the mating ritual of leopard slugs (Limax max-
imus). Slug twosomes use a thread of gel- or rubber-like mucus
to suspend themselves in midair to perform their circus-like
sexual act (see figure 4).



Like other gastropods, leopard slugs usually use mucus
for adhesive locomotion. But once a twosome reaches a desir-
able location, preferably the bottom side of a tree branch or
even a wall, the slugs start to intertwine and stimulate the
formation of a thick mucus layer around themselves. The mucus
secretion and rubbing continue for up to an hour until the
mucus achieves a gel- to rubber-like consistency. The slugs then
dive headfirst from the supporting branch or wall, dangling
by the mucus thread. The midair position allows full extension
of male genitalia, a feat difficult to perform without being
suspended.

Slugs and snails are known to produce mucus with different
composition and rheological properties depending on its use.
But for mating leopard slugs, the time-dependent change of the
rheological properties is crucial. The yield stress and viscosity
of salivary, nose, and slug mucus generally increase upon dry-
ing. And mucus viscosity scales as the cube of mucin concen-
tration. But the transition from a viscoelastic fluid to a gel-like
thread cannot be explained only by a higher concentration of
mucin or other mucus components. The applied shear stresses
induced by the constant intertwining could promote mucus
elasticity through the formation of intermolecular bridges.
That possibility is supported by the observation that shear forces
cause mucin molecules to aggregate into larger network-like
structures.

Before performing their slow-motion headfirst dive together,
the slugs must somehow sense when the drying and inter-
twining have achieved the ideal gel-like mucus properties:
Go too early and the thread will not hold the weight, and the
slugs will crash-land in the bushes. Wait too long and the
dried-out mucus will lose its gel-like properties and become
solid, and again the slugs will not be able to exploit the visco-
elasticity to safely lower themselves. As sketched in figure 4d,
both the storage modulus (a measure of the elastic response)
and loss modulus (a measure of the viscous response) increase
during the prelude until a gel-like consistency supporting
the headfirst dive is reached. The mucus thread experiences
a strong extensional force as it holds two fully grown leopard
slugs, which weigh up to 8 g each. That gravitational force
has to be balanced by the network structure of the mucus
thread.

Defense

Hagfish (including Myxine glutinosa and Eptatretus stoutii) pre-
sent a particularly striking example of an animal defense mech-
anism that uses complex viscoelastic fluids. The eellike animals
play an important role in aquatic ecosystems: By burrowing
and feeding on carcasses that sink to the seabed, they contrib-
ute significantly to substrate turnover and ocean cleanup. When
hagfish are disturbed in their daily duty and attacked by pred-
ators, such as sharks or suction-feeding fish, they form huge
amounts of slime in less than a few hundred milliseconds (see
figure 5a).

That remarkably fast slime formation is triggered by the re-
lease of a protein-based exudate from ventral glands into the
surrounding seawater. Once in contact with seawater, the exu-
date rapidly forms a fibrous hydrogel that clogs a predator’s
mouth and gills.'*"® The exudate itself is composed of keratin-
like protein threads, which are coiled up into microscopic balls
called skeins, and mucin vesicles. In contact with seawater, the
skeins unravel into long threads with lengths of up to 15 cm
and form a wide-ranging network structure. The mucin vesi-
cles, meanwhile, swell and eventually burst, releasing the water-
absorbing mucin molecules into the network.*

Hagfish slime thus can be considered a double network
structure formed by the skein and mucin components. The
long skein threads are crucial for the slime’s cohesion and vis-
coelasticity, whereas the mucins facilitate water entrapment.
Both have their own mechanical and structural properties, such
as elasticity and pore size. Together they form a soft yet elastic
hydrogel with a water content higher than any other known
biological hydrogel.

The rheology of hagfish slime is fine-tuned for its defense
functionality. In extensional flow, such as the suction flow of
suction-feeding fish, the mucin’s extensional viscosity in-
creases by two orders of magnitude in just a second, making it
harder for the predator to swallow and additionally clogging
its gills (see figure 5b). On the other hand, the slime is shear
thinning, and the hagfish can easily wipe the slime off itself by
forming a knot that moves down its body; that feature allows
the hagfish to escape its own trap after successfully deterring
the predator (see figure 5¢). As a viscoelastic material, the slime

Headfirst

VISCOELASTIC MODULI (Pa)

strengthening
by intertwining

TIME (h)

FIGURE 4. VISCOELASTICITY IN COURTSHIP. (a-c) After a leopard slug (Limax maximus) meets its mating partner, they intertwine and
secrete mucus, which thickens to support a headfirst dive that allows hanging intercourse. (d) Hypothesized change in viscoelasticity as
expressed by the storage modulus (elasticity) and loss modulus (viscosity) of leopard slug mucin over time during courtship and mating.

(Adapted from ref. 3.)
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shows gel-like behavior at small deformation and fluidlike
behavior at larger deformation above the yield point. Besides
its fast deployment, hagfish slime is also unique in that its for-
mation requires very little exudate—the final slime is about
0.02% solids by weight—and no additional energy input (gelatin,
for example, requires heating to gel). The slime is an econom-
ical yet efficient defense mechanism, and it might serve as a
template for future gelling agents.

The notorious hagfish is not the only creature that uses
slime to deter predators. When disturbed, the slime star (Pter-
aster tesselatus) presses water through mucus-lined channels to
rapidly produce large quantities of mucus-based slime that
engulfs it.”® No rheological data are currently available on the
slime, but it shows viscoelastic and transient rheological prop-
erties similar to those of hagfish slime. And the parrotfish
(Chlorurus sordidus) secretes mucus during the night to form a
gelatinous sleeping bag around its body to protect itself from
parasites. In contrast to the instantly formed but short-lived
slimes of hagfish and slime stars, parrotfish mucus is produced
within one hour, and its protective function remains for up to
five hours.'® Although no rheological characterization of par-
rotfish mucus has been reported, it is described as gel-like or
even solid-like, suggesting a higher solid content than other
slimes.

Sand-dwelling crabs (genus Dotilla) use sand-based
structures—either vertical burrows or igloo-like structures!”
(see figures 5d and 5e)—for protection. As discussed above,
dry sand acts like a fluid whose behavior can be described just
by the friction between the individual particles. With increas-
ing water content, the sand’s cohesiveness increases because of
rising suction forces. Eventually, at elevated water content, the
resulting sand—water suspension regains a more fluidlike char-
acter. The crabs adapt their construction designs depending on
the sand’s water content. When the water content in the sand
is low, the crabs create vertical burrows. Under unstable, semi-
fluid conditions, they change their behavior and build igloo-like
structures. Semifluid sand doesn’t allow for a vertical burrow —
it would immediately collapse. The crabs instead exploit the
water-induced suction forces to produce self-standing architec-
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tures. Figure 5f depicts the proposed link between the burrow’s
design and the cohesiveness of sand.

A versatile toolbox

Animals have generally little to no influence on the ambient
conditions at which they exploit complex flow phenomena. As
a consequence, some of the presented survival strategies are
seen only in specific habitats. For example, the “swimming” lo-
comotion in sand is only possible in arid or semiarid regions
where sand can be locally fluidized with relatively small effort.
On the other hand, the construction of complex sand formations
is only possible in tidal zones where the water content makes sand
cohesive—a strategy we humans also intuitively exploit when
building sandcastles. Some animals, like the sand crabs, adapt their
behavior depending on the surrounding material properties.

For endogenous complex fluids like those used by the velvet
worm, the leopard slug, and the hagfish, ambient conditions
such as temperature and humidity are not that critical for the
initial performance. Instead, the imposed flow field —shear,
elongation, or a combination thereof —triggers the fluid to ful-
fill its physiological task. An example is hagfish slime, which
through a combination of shear- and ion-sensitive mucin vesi-
cles and protein skeins manages to gel vast amounts of water
instantly despite being expelled in a vast body of cold ocean
water. After successfully deterring the predator, the slime even-
tually becomes diluted and dissolves in seawater—an impor-
tant after-use behavior. The behaviors of both hagfish and velvet-
worm slime are determined not by environmental cues but by
the close relationship between the endogenous material’s chem-
ical composition and the exerted flow profile that the material
experiences during its employment.'®

The time scales on which complex fluids need to alter or re-
tain their properties range from milliseconds to days. Many
animals have developed materials during their evolution that
allow for rapid change in fluid structure and properties. Hagfish
slime is short-lived and dissolves rapidly in seawater after use,
which helps the hagfish to escape from the slimy trap. On the
other hand, the mucus-based cocoons of parrotfish remain stable
for several hours in seawater to prevent parasite infestation

FIGURE 5. DEFENSE AND PROTECTION
using complex materials. (a) Eellike hagfish
(family Myxinidae) can form huge amounts
of slime in a few hundred milliseconds.
(b) The excreted slime clogs the mouth
and gills of would-be predators.’ (c) By
forming a knot that propagates rapidly
down its body, the hagfish can shear off
its slime and escape."® (d-e) Sand crabs
(genus Dotilla) build a vertical burrow or

d o] P igloo, depending on the water content in
A cohesiveness the sand." (f) Proposed link between the
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during sleep. And the mating ritual of leopard slugs illustrates
the importance of proper timing as material properties change.
Except for the velvet-worm nanoglobule extrudate, hagfish
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HOW PHYSICS GAN HELP

Ashkan Shafiee, Elham Ghadiri, and Robert Langer

By understanding and applying the physics of cellular
self-assembly, scientists aim to predict tissue behaviors and
accelerate the regeneration of human tissues and organs.

@™
Y

n 23 December 1954, the first successful organ transplantation was
accomplished by a team of scientists and clinicians, including Joseph
Murray, who was awarded the 1990 Nobel Prize in Physiology or
Medicine for that breakthrough procedure.! It was performed at the
Peter Bent Brigham Hospital in Boston. The surgery, captured in the

photograph on the opposite page, involved transferring a kidney from Ronald
Herrick to hisidentical twin, Richard. Having both donor and recipient genetically
identical reduced the risk of adverse immune reactions and eliminated the chance

of organ rejection.

In subsequent years, immune suppressive
medicines enabled organ transplantation from
genetically unrelated donors. In 1968 a Harvard
University ad hoc committee on brain death (a
neurological criterion for organ donation) recom-
mended that individuals who have irreversible
loss of brain function can be considered deceased.”
The same year, the Uniform Law Commission

drafted the Uniform Anatomical Gift Act, a regu-
latory framework for organ donation. Ever since,
numerous types of organs —including heart, lung,
liver, and pancreas—have been transplanted.
Despite remarkable advances in organ trans-
plantation, the shortage of organ donors and the
large number of patients who need a replace-
ment have produced long waiting lists, which puts
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FABRICATING HUMAN TISSUES

patients” lives at risk. The shortage in- B}
spired one of us (Langer) and Joseph
Vacanti to introduce tissue engineering in

the 1980s and early 1990s, wherein phys-

ical sciences, cell biology, and chemical
engineering would be used to regenerate
human tissues and eventually organs.’

To that end, new hope has dawned for
patients with end-stage organ failure.

FIGURE 1. TISSUE-ENGINEERED human organs are transplanted into a patient. (a) A

Biofabrication

Engineered tissues can be made from
cells from a patient’s own body, another
individual’s body, or another species—
referred to as autografts, allografts, and xenografts, respec-
tively. Among them, the most promising are autografts because
they largely eliminate the chance of rejection and require little,
if any, immunosuppressive medication.

In 2006 Anthony Atala (Wake Forest University School of
Medicine) and coworkers reported the biofabrication and
transplantation of human bladders created from the patients’
own cells* (see figure 1). The same group later reported the
fabrication and transplantation of other organs, such as ure-
thras and vaginas.

Autologous organ and tissue fabrication involves several
steps, including cell biopsy and culturing, biofabrication of
three-dimensional biological constructs, tissue maturation,
and transplantation. The time needed to create a new organ,
however, may be much longer than a patient can afford to wait,
particularly when they urgently require transplantation.

From the point of view of a physicist, human organ fabri-
cation is a 4D project because time is a tremendously important
factor when considering the big picture of tissue and organ
regeneration. Physicists are trying to understand the behavior
of multicellular systems and the dynamics of cellular
self-assembly in an effort to improve their ability to accelerate
tissue and organ fabrication. Although cells are the building
blocks of tissues and organs and are investigated largely in
terms of their genetic and biological attributes, it is physical
laws that they must ultimately follow, irrespective of the un-
derlying biological processes.” Therefore, understanding and
applying the physical principles of the dynamics of multi-
cellular systems may help control the tissue regeneration pro-
cedure. Consequently, the physics of tissue engineering has
gained more attention recently.

One can envision four types of organs: flat, such as skin;
hollow and tubular, such as the urethra and vagina; hollow and
nontubular, such as the bladder; and solid, such as the heart,
liver, and kidneys. The challenge when fabricating solid organs
is to vascularize the tissues to make thicker structures while
maintaining their viability and function. Although scientists
have fabricated some organs, the procedure is still not widely
available. The goal is to eventually manufacture all the organs
that patients need.

Biofabrication can be scaffold based or scaffold free. In
scaffold-based tissue engineering, different natural or synthe-
sized materials—polymers, mostly —can be used to mold the
cells into appropriate structures during fabrication and after
transplantation. The scaffolds are chiefly made of materials
that degrade over time, thereby allowing tissue and organ in-
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scaffold is shaped like a bladder and seeded with the patient’s own cells. (b) The engineered
bladder is then sutured to the patient’s bladder. (c) A surgical material known as fibrin glue
covers the scaffold’s exterior. (Adapted with permission from ref. 4.)

tegration into the body. As such, familiarity with the physics
of how the cells interact with the scaffolds may help improve
the biofabrication process.

Scaffold-free tissue engineering, on the other hand, uses cel-
lular structures; no template biomaterials are required. There-
fore, cellular self-assembly and the dynamics of multicellular
systems play an important role in helping the fabricated tissue
reach the maturation phase and to be ready for the next steps.

Bioprinting

There are a number of biofabrication techniques used for tissue
engineering. Bioprinting is one promising technology for tissue
and organ fabrication —and, ultimately, organ manufacturing —
given that it is a reliable and precise technique for making 3D
biological structures. (To learn about different bioprinting ap-
proaches, see reference 6.)

Organ and tissue printing is a term used in the tissue engi-
neering, bioengineering, and biomaterials communities. It re-
fers to a series of activities performed to biofabricate human
organs using computer-controllable 3D printers. Although bio-
printing shares many concepts with the ordinary 3D printing
of objects, a key difference is that in normal 3D printing, the
object is ready immediately after printing, whereas in bioprint-
ing, the postbioprinting process is essential for achieving a
reliable biological structure.

Immediately after the bioprinting, there are only 3D biological
structures composed of cells and supporting materials that
must undergo cellular self-assembly to become the tissue con-
struct ready for the following steps. Cellular self-assembly —
including but not limited to cell migration to physiologically
appropriate locations and tissue fusions that provide mechani-
cal integrity for the bioprinted tissue—occurs postbioprinting.
Here again, understanding and applying the physics of the mul-
ticellular system can help engineers bioprint tissues and organs.

Physics of multicellular systems

Scientists looked toward the developing embryo, which is the
quintessential tissue and organ engineering process, to under-
stand the physics behind organogenesis. Their work relied on
Malcolm Steinberg’s pioneering model of tissue liquidity, a
loose analogy that allowed scientists to use the known proper-
ties of liquids to assess tissue behavior.>” That analogy was
based on the many similarities between tissues and liquids. For
example, tissues try to minimize their surface energy and form
a sphere out of cylindrical or cubical shapes. Spheroids made
from the same type of tissue fuse together to create larger tis-



Printed cell

sue, as would, for example, two droplets of water. Moreover,
different tissue types separate, based on their viscoelastic prop-
erties, much like droplets of immiscible liquids, such as oil and
water.

In what’s known as the differential adhesion hypothesis,
Steinberg stated in 1963 that cells in different tissues adhere to
each other with different strengths.” That property was subse-
quently shown to be a feature of 3D cellular structures, not 2D
monolayers. Different tissue-fabrication techniques from the
same cell source could provide different strengths.®

Gabor Forgacs of the University of Missouri and his collab-
orators, including Steinberg, quantified the biophysical param-
eters of many tissue-related properties, such as the apparent
tissue surface tension. A measure of how cells adhere in a tis-
sue, surface tension can help scientists predict the interaction
pattern of different tissues. For example, tissues with higher
surface tensions are engulfed by those with lower surface ten-
sions, similar to how oil engulfs water.

That prediction of the interaction patterns of two tissues
is helpful when calculating the self-assembly of a mixture of
different cell types postbioprinting, given that bioprinted
structures such as blood vessels and nerves undergo cellular
self-assembly to become sturdy biological structures with
physiologically appropriate cell localization.” Cyrille Norotte
(then at the University of Missouri) and collaborators used the
prediction of tissue interaction to print human blood vessels,
in which microtissues comprising smooth muscle cells had a
higher surface tension than did those comprising fibroblasts.
The postbioprinting cellular self-assembly mimicked the exact
pattern observed in human blood vessels.’

Abioprinter can deposit bioinks on supportive layers, which
are mostly hydrogels, such as agarose. Bioinks are either spher-
ical or cylindrical paste-like materials composed of millions of
cells that are loaded into a bioprinter’s cartridge to be 3D printed.
Figure 2 demonstrates the concept of cellular self-assembly,
postbioprinting.

Models for cellular behavior

Most primary works to understand the physics of cellular

FIGURE 2. BIOPRINTING BLOOD VESSELS,
scaffold free. (a) In this schematic, red rods depict
cellular bioinks, each composed of millions of
cells, and green ones depict agarose, a printable
hydrogel that serves as a structural support layer.
(b) After fusion is complete and cellular self-
assembly occurs, the bioprinted structure is ready
for the next steps. The time that elapses for the
construct to change from the structure in panel a
to that in panel b is critical for the final
regenerated tissue. (c) The supportive layers of
agarose can then be removed, leaving a hollow
tube. (Panels a-c adapted from ref. 10.) (d) This
bioprinted branched tubular structure has
different inner diameters: 1.2 mm (solid arrow)
and 0.9 mm (dashed arrows). (e) This image
shows a bioprinted blood vessel just after the
printing process. Blue rods are agarose cylinders
and white rods are bioinks composed of cells.
(Panels d—e adapted with permission from ref. 9.)

self-assembly and the dynamics of multicellular systems inves-
tigated embryonic morphogenesis. To that end, cell sorting,
movement of cell collections, and early morphogenesis have
all attracted the attention of researchers.’

More recent works have concentrated on tissue-engineering
applications and the physics of tissue regeneration, with the
ultimate goal of predicting and controlling the time it takes
tissue to mature.'” Most models successfully predicted the be-
havior of tissue with a limited number of cells, and one of the
challenges that remained was addressing tissue behavior for
multicellular systems with millions of cells.

Garrett Odell and coworkers from the University of Califor-
nia, Berkeley, performed investigations on multicellular sys-
tems more than 40 years ago when they sought to understand
cellular behavior in sea urchin embryos.! They hypothesized
that a decrease in the apical circumference of the epithelial
layers of a blastula—a multicellular aggregate —occurs because
of the contractile activity of actin filaments. In a developing
embryo, the process of cleavage of the single-cell-stage zygote
results in the formation of the blastula and is considered an
example of early morphogenesis.’

Eirikur Palsson of the City University of New York and Hans
Othmer of the University of Minnesota introduced a model for
cell movement in a slime mold, in which they considered cells
to be deformable viscoelastic ellipsoids, and integrated signal
transduction and cell-cell signaling into their model.”? The
subcellular-element method, which was able to describe the
dynamics of larger numbers of interacting cells, was intro-
duced by Thea Newman, then at Arizona State University.”
She considered the subcellular elements as fundamental dy-
namical variables and used the inter- and intracellular poten-
tials to understand the dynamics of multicellular systems.

The ultimate goal of understanding the physics of cellular
self-assembly is to predict and control tissue behavior. Con-
trolling self-assembly can be used to either decelerate tissue
migration in oncology or accelerate tissue maturation in tissue
engineering. Most of the models presented so far, however,
failed to describe the behavior of cells beyond a certain number.
Therefore, physicists have been working hard to predict the
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time of tissue relocation, postbiofabrication, across the scales
to address tissue sizes and greater cell numbers.

That time of tissue relocation is essential in the process of
tissue regeneration. In figure 2, for example, if the biological
construct is removed from the container in which it was bio-
printed before it gains its mechanical integrity during cellular
self-assembly, the structure may fall apart. On the other hand,
if the structure is given more time than it requires to mature,
it may develop some necrotic cores with dead cells that may
impact the functionality of the structure after transplantation.

To predict the optimum time, Ioan Kosztin of the University
of Missouri and collaborators, including Forgacs, introduced
cellular particle dynamics (CPD)."* It provides a theoretical,
computational, and experimental framework to address the
tissue dynamics and time of tissue fusion, postbioprinting.'>¢
CPD involves examining the fusion of two spherical and cylin-
drical bioinks or microtissues that are used to 3D print biolog-
ical structures. After the bioprinting is complete, tissue fusion
allows the biofabricated tissue to adopt the mechanical prop-
erties required for its function and is one of the most important
steps in tissue maturation. Figure 3 shows the fusion of two
cylindrical bioinks and the experimental procedure to measure
the fusion time.

The CPD formalism coarse-grains each cell into a finite
number of equal regions and considers them cellular particles
(CPs). The interactions among those CPs are introduced using
short-range contact forces, and their dynamics are explained by
an overdamped Langevin equation.!* The ultimate goal of that
formalism is to predict the time evolution of a multicellular sys-
tem, specifically the change in the biological structure’s shape.

In 2014 Matthew McCune, then at the University of Mis-
souri, and collaborators accomplished that goal by computing
and recording the simulated trajectories of all CPs. Using the
formalism, they were able to predict the fusion of same- and
different-sized spherical bioinks as well as cylindrical bioinks.
Their framework consists of a comprehensive experimental
component to evaluate the theoretical part and calibrate the
simulation.

{

Controlling time with zipper CAMs

Although CPD was able to predict the fusion time of different
structures with different cell types and geometries, it was not
capable of controlling the time.">'® To the best of our knowl-
edge, the only model that provides different biophysical pa-
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FIGURE 3. BIOINK FUSION. (a) Shown
schematically, two cylindrical bioinks sit
next to each other, immediately after being
bioprinted. (b) A few hours later, they have
evolved into fused pieces and can be cut
into smaller sections. By flipping the fused
bioinks by 90° and recording their cross-
sectional geometric parameters r, R, and 6,
at different times during that evolution,
researchers can obtain the characteristic
fusion time—a quantitative measure of the
cellular self-assembly procedure. (c) Twenty
hours of evolution separate the top and
bottom light-microscopy images of fused
cyllndrlcal bioinks. (Adapted from ref. 10.)

C).."

rameters to control and fine-tune the behavior of multicellular
systems is the zipper cell adhesion molecules (CAMs) model
introduced by two of us (Shafiee and Ghadiri) and our
collaborators.®1%1”

CAMs are cell surface proteins by which cells bind either to
each other or to the extracellular matrix—a network of proteins
and molecules essential for tissue integrity. The dynamics of
those molecules play an important role in the zipper CAM
framework, in which the analysis of experimental data for tis-
sue fusion considers how the cell surface adhesion molecules
are involved in tissue dynamics.

Forgacs and colleagues previously showed the relationship
between the number and strength of CAMs on the surface of
the cells and their respective surface tensions; the researchers
found that a higher number of CAMs causes a higher tissue
surface tension. On the other hand, using the zipper CAMs
model, Shafiee, Norotte, and Ghadiri showed that cellular bio-
inks with higher surface tension have faster fusion and tissue
maturation rates.® The finding implies that a higher number of
CAMs or stronger ones may help accelerate tissue fusion.

In that framework, cells are imagined to lie on ribbons, or
lines, atop spherical and cylindrical bioinks. The fusion of two
bioinks starts when they are located in close vicinity to each
other. The outermost cells of two close bioinks detect each other
on their surfaces via their CAMs and develop new bonds. After
the CAMs of all cells positioned on the first imaginary line
bond, their proximity will force the next line of cells to ap-
proach each other. Based on the adhesion molecules’ chemistry,
their length when they form bonds is shorter than that of their
free state. Figure 4 demonstrates the basics of the zipper CAMs
model for fusing cylindrical bioinks.

It is essential to understand that in the model, cells attach
to each other one by one, and the imaginary lines are men-
tioned only to demonstrate the location of a group of cells in-
volved in each step. The cellular attachment resembles a zipper.
In a zipper, the slider passes through teeth that engage each
other and close one by one. Likewise, in the zipper CAMs
model, the cells use their CAMs to attach to each other when
they develop their bonds.

With that analogy, therefore, statistical mechanics was used
for the zipper CAMs model, with energy equal to zero for the
(unbonded) ground state and ¢ for a (bonded) excited state. The
researchers used the appropriate partition function to establish
a mathematical technique to identify the energy and force in-



External force

FIGURE 4. ZIPPER CAM. The zipper cell adhesion
molecules (CAMs) model describes how to use different
biophysical parameters to accelerate tissue formation.

(@) In the case of cylindrical bioinks, the cellular attachment
is considered as two series of closing zippers (above and
below the contact line, shown in red). (b) The solid curves
show the original site of adhesion molecules on the
surface of each bioink. The dashed line represents the final
location of cells after attachment when fusion is complete.
Cell adhesion molecules of outermost cells on each bioink
are shown as A and B in the unbonded, ground state; C
represents the developed bond, the excited state. (c) The
adhesion molecules can also be studied as springs, wherein
a deviation bond length and applied external force help
the bond develop faster. (Adapted from ref. 10.)
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tigate the different aspects of tissue dynamics could
help the field move forward and introduce more com-
plex structures and additional materials.

It appears that the amount of computational and
theoretical work aimed at predicting tissue behavior
far exceeds the number of experimental studies.'® On
one hand, it is good to have a number of different com-
putational approaches that save money and time, but
the fruits of those endeavors have not significantly
reached the tissue-engineering community.

volved in tissue fusion—and hence cellular self-assembly. The
identification of energy and force in cellular self-assembly was
not previously possible.

The framework then predicted that by applying an external
force—by pushing the bioinks toward each other —the cellular
attachment could be further expedited.’ Shafiee and collabora-
tors therefore investigated the effect of external force on tissue
dynamics and confirmed that tissue fusion was indeed faster.
They developed a mechanotransduction-based bioprinter to
evaluate the prediction and used an external force to push the
bioinks toward each other immediately after bioprinting.

The external force had to be limited, however, to prevent
any damage to cells and tissues. The mechanotransduction-
based bioprinter deposits bioinks inside the grooves of agarose
so that the two bioinks experience the force from the walls of
the grooves pushing them toward each other. That configura-
tion could help the fusion procedure by providing cells with a
limited external force to facilitate their migration. A normal
bioprinter deposits bioinks on a flat surface, and the tissue
fusion occurs only by using the energy and force involved in
self-assembly, fueled only by the biochemistry of CAMs.

Comparing different bioprinted structures from a
mechanotransduction-based bioprinter and normal bioprint-
ers demonstrates that the fusion occurs almost three times as
fast for the products of the mechanotransduction bioprinter.'
The comparison attests to the use of CAMs as a building block
of tissue movement and to the versatility of the zipper CAMs
model in terms of controlling or accelerating tissue maturation.

Future directions

The physics of tissue engineering in general and of bioprinting
in particular is a relatively new field that could provide nu-
merous opportunities for tissue and organ fabrication and re-
generation. Increasing the number of physicists who can inves-

It would be helpful to have more physicists work-
ing together with biologists and bioengineers to optimize the
physics of every single step of tissue fabrication. As stronger
experimental approaches to the physics of tissue engineering
are developed, computational investigations can help advance
our abilities to tackle more complex problems in the field.
Physics can identify different biophysical parameters with
which to fine-tune tissue behavior and introduce innovative
techniques and technologies to adjust those parameters to
achieve the desired tissue behavior.

Ashkan Shafiee would like to thank Jareer Kassis for fruitful discus-
sions and comments on the manuscript.
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Arthur Compton playing the banjo among a group of students at
Washington University in St Louis, circa 1949. (Courtesy of the

Washington University Photographic Services Collection, Julian Edison
Department of Special Collections, Washington University Libraries.)
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For nearly 20 years, Einstein’s quantum theory of light
was disputed on the basis that light was a wave. In 1922
Compton’s x-ray scattering experiment proved light's

dual nature.

n November 1922 Arthur Holly Compton sketched a diagram for his
students at Washington University in St Louis, Missouri. From the left,
a photon, or “incident quantum,” collides with a stationary electron,
which causes the pair to recoil and conserve momentum and energy.
That was the first time Compton shared his breakthrough formulation

of x-ray scattering from electrons.! A month later he delivered the same
message to the American Physical Society; shortly thereafter his paper “A
quantum theory of the scattering of x-rays by light elements” appeared in

the Physical Review.?

Writing in 1929, Werner Heisenberg cited
Compton’s discovery as the key finding that
“opened up” the path toward the subse-
quent rapid development of quantum the-
ory"?in the mid 1920s. Similarly abbreviated
stories appear in myriad introductory texts
alongside Compton’s famous result for the
change in wavelength of an x ray upon scat-
tering from an electron,

VoA=L (1 cose),
MeC

in which A is the initial wavelength, A’ is the
wavelength after scattering, /1 is Planck’s con-
stant, m, is the electron mass, c is the speed
of light, and 0 is the scattering angle (see
figure 1). But those versions of the story pass
over the fascinating history of how the cor-
puscular nature of light was experimentally
established.

Compton’s scattering results resolved
long-standing controversies regarding the
nature of free radiation and rescued Albert
Einstein’s long-neglected Lichtquant—“light
quantum,” or photon— from the radical fringe
of physics. For the discovery, Compton was
awarded the Nobel Prize in Physics in 1927,
which he shared with Charles Wilson, the
inventor of the cloud chamber. After scientists

spent nearly three decades struggling to un-
derstand x rays, Compton’s clear and compel-
ling data led to a swift and broad adoption of
the new quantum picture. His results arrived
ata timely moment: In the aftermath of World
War I, a small but growing number of Euro-
pean researchers had begun reconsidering
the quantum theory of light. The news from
the US landed like a spark on dry tinder.

The path to recognizing the quantum na-
ture of x rays was hardly straightforward:
Like many episodes in the history of science,
it was replete with successes and failures,
human errors, fruitless investigations, con-
founding claims that later proved to be hog-
wash, and slow, painstaking advances earned
by piecemeal improvements in experimen-
tal apparatuses.* Because Compton’s quan-
tum theory of x-ray scattering is of central
relevance to the foundational notion of
wave-particle duality, the path to his dis-
covery is worth recalling as we approach the
centennial anniversary of the development
of modern quantum mechanics.

X-ray research before World War |

The mysterious rays discovered by Wilhelm
Rontgen in 1895 were a puzzle from the
start. Their ontological status was continu-
ally under discussion.’ The mechanism used
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to produce them—bombarding an anode with an electron
beam —was highly suggestive of bremsstrahlung emission, so
x rays were viewed as an unusual cousin of visible light. The
rays propagated in straight lines, were not deflected by electric
and magnetic fields, and could expose photographic plates:
clear visual evidence of familiar light-like behavior. But emis-
sion from charged-particle collisions should occur in short
pulses, so a picture of x rays as innumerable, aperiodic spher-
ically propagating impulses held sway in the prewar years.
That view gained credence when J. J. Thomson calculated the
distribution of energy in such pulses and found that it was in
accord with early x-ray experiments.

But for a decade following the discovery of x rays, further
evidence of well-known wave phenomena was hard to come
by: X rays did not obviously diffract or interfere and were only
first seen to be polarizable in 1905 by Charles Barkla.® Their
seemingly contradictory properties led to some intriguing al-
ternative ideas: William Henry Bragg, for example, argued for
years that the rays were actually electrons paired with a puta-
tive positive charge.” But by 1912 Bragg’s position had evolved,
and he began searching for an x-ray theory that included the
characteristics of both a particle and a wave.’

That hypothesis was driven in part by a growing recogni-
tion that x-ray scattering in gases posed a serious challenge to
classical electromagnetism. If x rays emanate from decelerating
charges, the expanding sphere of influence will rapidly attain
a size far exceeding the distances between atoms in a rarefied
gas. Yet the electrical currents through ionized gases pointed
to a very small ionization rate, on the order of one in 10%
atoms.® Why should so few atoms be affected by a wave pass-
ing equally over all? Moreover, the released electrons con-
tained a significant part of the incident energy, as if the expand-
ing pulse suddenly concentrated all its energy on a vanishingly
tiny portion of its surface.

Despite their best efforts, researchers failed to resolve those
anomalies in the first two decades of the 20th century. Arnold
Sommerfeld suggested that a focused relativistic beam of “needle
radiation” might explain the phenomenon, but the beam would
still illuminate broad regions of the gas. A version of the same
problem arose in the photoelectric effect: Even at vanishingly
small light intensities, electrons were emitted the instant a metal
surface was illuminated. That meant it was impossible for energy
to slowly accumulate from successive spherical disturbances.
Worse, as those experiments pushed into the x-ray regime, the
seemingly problematic behavior of x rays began to infect visi-
ble light, which had heretofore been safely in classical territory.

More x-ay troubles

Still, evidence that x rays were simply unusual electromagnetic
impulses began to pile up. In the spring of 1912, at the sugges-
tion of Max Laue—whose name would not carry the aristo-
cratic von until his family was ennobled the next year—Paul
Knipping and Walter Friedrich demonstrated that diffraction
patterns arose from x rays passing through copper sulfate crys-
tals en route to a photographic plate. Although those patterns
evince periodic wave behavior, many prominent individuals
who supported the wave picture of x rays, including Barkla
and Sommerfeld, were either highly resistant to that interpre-
tation or skeptical that such behavior could be observed.’

At any rate, Hendrik Lorentz soon demonstrated how short
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FIGURE 1. ARTHUR COMPTON pictured at a blackboard with the
central result of his quantum scattering theory, as written in archaic
versine notation. (Courtesy of the Washington University
Photographic Services Collection, Julian Edison Department of
Special Collections, Washington University Libraries.)

impulses—namely, finite trains of oscillating waves represent-
ing x rays—could show interference just like monochromatic
waves. And within a year, the father—son team of William Henry
Bragg and William Lawrence Bragg, who were already comfort-
able with a more corpuscular picture of x-ray motion, also de-
rived the equation governing coherent reflection from succes-
sive separated crystalline layers. In a prescient letter to Ernest
Rutherford that anticipated the eventual discovery of wave-
particle duality, William Henry noted that “the ray travels from
point to point like a corpuscule [yet] the disposition of the lines
of travel is governed by a wave theory. Seems pretty hard to
explain, but that surely is how it stands at present” (reference
5, page 210; brackets in the original).

Researchers also discovered that scattered x rays displayed
a phenomenon akin to fluorescence. In the classical theory,
electrons accelerated by passing radiation can reradiate only at
the incident frequency, so the observed wavelength increase
was ascribed either to inhomogeneous secondary bremsstrah-
lung emission from electrons liberated by the primary beam or
to a material-specific homogeneous emission. In many pre—-
World War I experiments, the inhomogeneity of primary x-ray
beams made the resolution of secondary emission sources
difficult. But even after switching to use the more homoge-
neous characteristic rays as a source, researchers continued to
detect a mysterious spectrum of scattered rays at lower ener-
gies than the incident beam.

The advent of crystal diffraction delivered even more supe-
rior beams, sourced from Bragg spectrometers, that were bright,
monochromatic, and tunable. But the roaring success of Niels
Bohr’s atomic model, which he presented in 1913, proved to be
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far more attractive for experiments than the muddle of contra-
dictory facts surrounding free radiation. For several years af-
terward, x-ray spectroscopy was almost exclusively applied to
exploring atomic energy levels. With the onset of World War I,
researchers shelved interest in the fundamental nature of x rays.

With hindsight, Einstein’s quantum theory of light would
resolve those difficulties, but for years the idea was radioactive.
Modern textbooks list the photon among the revolutionary
ideas in Einstein’s 1905 annus mirabilis, but at the time virtually
no one aside from Einstein felt the idea had credence. Johannes
Stark argued as early as 1909 that light quanta would scatter
from electrons in a particle-like fashion, and he highlighted
momentum conservation even before Einstein. But Stark’s en-
thusiastic support was not widely shared. In 1907 Wilhelm
Wien employed Planck’s quantum theory to relate the kinetic
energy of an electron to the width of an x-ray impulse, but he
avoided any interpretation in terms of a spatially localized
quantum like Einstein’s Lichtquant.

The idea of a localized quantum of light was not unknown,
but it wasjustaleap too far. Even William Henry Bragg’s theory
that x rays were a corpuscular neutral pair was applied only to
high-energy rays and carried no notion of a connection to vis-
ible light. Although the 1921 Nobel Prize in Physics awarded
to Einstein lauded “his discovery of the law of the photoelectric
effect,” the actual linchpin of his argument—that light is com-
posed of quantized packets—was not widely accepted.

In his own Nobel lecture a year later, Bohr sardonically
punned away the quantum theory as a model of merely “heu-
ristic value” that was “not able to throw light on the nature of

FIGURE 2. THE FIRST PAGE of Compton’s handwritten list
“Problems to be Tackled At Saint Louis,” which he composed while
returning from the UK in 1920 on the RMS Aquitania. (Courtesy of
the Arthur Holly Compton Personal Papers, Washington University
Photographic Services Collection, Julian Edison Department of
Special Collections, Washington University Libraries.)

radiation.” In 1916 Robert Millikan, whose own precision mea-
surements left no doubt as to the total validity of Einstein’s
photoelectric equation, dismissed the quantum theory of light
as “so untenable that Einstein himself, I believe, no longer
holds to it.”!? Even Stark, the quantum theory’s early and out-
spoken supporter, gave up on the Lichtquant following the
discovery of x-ray diffraction. As for Compton, he was firmly
on the side of classical electromagnetism.

An American’s x-ray inifiation

Born in 1892 Compton showed an aptitude for experimental
science from an early age. He built a camera that attached to a
telescope so that he could photograph Halley’s comet in 1910.
He reproduced the Wright brothers’ flight experiments by
building his own triplane glider and flying it an exhilarating
distance of 185 feet. But at the alarmed urging of his parents,
he abandoned further flying and gave his craft a bonfire send-
off. At 21 he published a method for measuring Earth’s rotation
based on the momentum of water flowing in a circular tube.!

Compton and his brother Karl first encountered x rays in the
physics laboratory at the College of Wooster, where their father
was a professor, and continued investigating them during their
graduate studies at Princeton University. After Karl became an
assistant professor at the Ivy League institution, the brothers
collaborated on several projects, such as improving electrom-
eter precision. Their model was the most precise electrometer
of its day: It was able to resolve currents of 10 fA in a minute.'
Those experiences informed Compton’s lifelong preference for
building his own apparatus. An accomplished glassblower, he
fabricated his own x-ray tubes, and he greatly improved the
precision of x-ray spectroscopy by using his own electrometer
in place of a traditional electroscope to measure the x-ray-
induced ionization charge.

After finishing his PhD and teaching at the University of Min-
nesota for a year, Compton worked at the Westinghouse Lamp
Company for two years. Although he was promised resources
for his experimental x-ray research, the needs of the company
quickly took precedence: He was tasked with improving light
bulbs. So he began pursuing theoretical work on x rays in his
spare time, and he started analyzing two discrepancies between
recent experimental work and the classical picture of x-ray
scattering from point-like electrons. The first of those anomalies
had to do with the radiation from electrons excited by transverse
fields. Although Thomson’s classical theory predicted it should
be symmetric along the incident axis, gamma-ray-scattering ex-
periments clearly showed an excess of scattering in the forward
direction. The second discrepancy came from x-ray absorption
coefficients, which Barkla and others had reported to be un-
expectedly low for beams of increasingly shorter wavelength.

Both observations violated Thomson’s scattering theory of
radiation. Compton pursued those issues to surprising ends.
Regarding the first anomaly, he showed complete confidence
in classical electrodynamics by proposing that x rays must not
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only reradiate but also diffract from electrons in materi-
als. Because diffraction occurs for light scattering from
objects whose size is of the order of the wavelength,
Compton sought to determine the shape and size re-
quired to generate the observed scattering distribution.
For nearly three years, he would argue for a ring-shaped
electron with an enormous radius of approximately 2 pm
that reproduced the excess forward scattering.”

To pursue the second issue of anomalously low ab-
sorption, Compton left Westinghouse in 1919 to spend
his National Research Council fellowship with Ruther-
ford at Cambridge University’s Cavendish Laboratory.
In the UK, he absorbed the latest gamma-ray experi-
ments and saw his ring-electron theory publicly re-
buffed by Rutherford. Introducing him before a talk, the
famous physicist once pronounced, “This is Dr. Comp-
ton. ... I hope you will listen to him attentively. But
you don't have to believe him!” (reference 14, page 29).

Replacing Rutherford’s venerable gold-leaf electro-
scope with his own four-quadrant design, Compton proceeded
to study gamma-ray scattering. He soon found that the energy
of secondary rays decreased unexpectedly when scattered to
higher angles. Compton deemed that effect a new type of fluo-
rescence: Guided by a strong classical intuition, he had begun to
delineate the secondary rays into “truly scattered” and fluores-
centradiation. As required by classical electromagnetism, truly
scattered rays had the same wavelength as the primary beam. In
contrast, Compton ascribed the longer-wavelength fluorescent
radiation to Doppler-shifted emission from high-velocity elec-
trons set in motion by the primary beam. Interestingly, Comp-
ton still relied on diffraction to account for the angular distribu-
tion, although his results forced him to abandon the ring-shaped
electron in favor of a solid, spherical model.* But with a 5 pm
radius, his proposed spherical electron was still enormous!

“Problems to be tackled at Saint Louis”

Buoyed by those experiences, Compton returned to the US to
take up a position at Washington University in St Louis. It may
be surprising that he chose a university that at the time, in his
own words, “was a small kind of place,” but Compton was
intentionally seeking to avoid the centers of x-ray science,
where he worried he might be “led away by the thinking of the
time” (reference 14, page 31). En route to his post, he penned
on ocean-liner stationery a plan of attack several pages long that
he labeled “Problems to be Tackled At Saint Louis,” shown in
figure 2. Intriguingly, that plan shows he was aware of the
quantum relation, E = hv, and the implication of such an inter-
action with single electrons. It also contains a sketch of a direct
beam from an x-ray tube, which Compton ultimately aban-
doned. Instead, from the outset he used a Bragg spectrometer
as a wavelength selector to deliver precise monoenergetic
beams (see figure 3). He was soon making rapid progress.
Now Compton was able to show for certain that, contrary to
two other contemporaneous findings,* the longer wavelength
fluorescent radiation he had first seen in gamma rays persisted
in x-ray scattering. Then, in collaboration with Charles Hage-
now, Compton found that the fluorescent radiation was com-
pletely polarized: a result that could be naturally explained as
scattered light. But truly scattered light should not change its
energy. Perhaps, he hypothesized, the polarization could be
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At left is a large lead box, which housed the x-ray source and graphite
block. After exiting the lead box, the beam glanced off the calcite
crystal (visible at center) and was detected by an ionization tube
connected to a four-quadrant electrometer. (Courtesy of the
Washington University Department of Physics.)

maintained if the secondary emission were to occur at the same
instant an electron scattered the primary emission. That was
the first time Compton considered the possibility of simultane-
ous scattering and emission events. Around the same time, he
was tasked with writing a review on the status of secondary
radiation for the National Research Council, which obligated
him to revisit older literature and confront the possibility of a
quantum nature of light. He tacked a note to that effect at the
review’s end that signaled his first willingness to break with
total adherence to classical electromagnetism.

In October 1921 Compton made the crucial choice to explore
the spectrum —rather than just the intensity —of the secondary
radiation. Employing his Bragg spectrometer for its original
purpose, he measured the spectrum of a molybdenum K-alpha
line scattered to 90 degrees from a block of graphite and pro-
duced the data seen in figure 4a. But in his early analyses,
Compton apparently referred only to tables of data rather than
plots and so mistook the small peaks at right as the Doppler-
shifted emission from rapidly recoiling secondary electrons that
absorbed all the energy of the strong peak in the primary beam.

In the ensuing months he realized the error and understood
that the wavelength shift was far smaller. Now believing the
second tall peak —the solid line in figure 4a —to be the Doppler-
shifted K-alpha line, he erred again when determining, by
solely conserving momentum, the velocity of the recoiling
electron. Just weeks later he got it right: Drawing on the same
data, he entirely abandoned the Doppler shift in favor of a pure
scattering picture and drew the diagram reproduced in figure
4b. From that he immediately derived his quantum theory of
scattering by conserving both energy and momentum.

Further measurements of the intensity of scattered radiation
and the absorption coefficient agreed with the quantum theory
and explained the low absorption that had set Compton on that
path. As he noted, there was now “little doubt that the scatter-
ing of X-rays is a quantum phenomenon” (reference 2, page 501).
He presented those results outside his classroom for the first time
at an American Physical Society meeting in Chicago in early
December 1922, a little over a week before Bohr delivered his
Nobel lecture in which he expressed skepticism of Einstein's
Lichtquant. Compton submitted his paper to the Physical Review
on 13 December, just two days after Bohr’s lecture. Interestingly,
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FIGURE 4. TWO DIAGRAMS from Compton'’s 1923 paper in the Physical Review that announced his x-ray scattering results. (a) This plot
shows the wavelength-shifted spectrum of molybdenum x rays scattered to an angle 6 of 90 degrees from a graphite block. As the
“glancing angle” increases, so does the wavelength that the Bragg spectrometer is sensitive to. (b) This diagram illustrates conservation of
momentum and energy for an x ray scattering from an electron. (Reproduced from ref. 2.)

his paper does not cite Einstein. Instead, it begins by discussing
the failure of Thomson’s scattering theory, as Compton bid good-
bye to a purely classical world. By the end of 1923, Charles Wil-
son had observed the recoiling electrons in his cloud chamber,'
as depicted in figure 5.

Waves and particles

Of course, apart from his x-ray tubes, Compton was not work-
ing in a vacuum. The speed at which his discovery was
accepted —indeed, the seeming about-face regarding the real-
ity of photons that was quickly performed by most physicists —
was possible because those ideas had been in the air. With
World War I over, European scientists had returned to their
labs, where old ideas, including the paradoxes of x rays, were
being reconsidered.

Notably, the French noble brothers de Broglie —Maurice, an
accomplished amateur x-ray scientist, and Louis, a budding
theorist—were intrigued by the quantum theory from early on.
Maurice took advantage of the developing field of beta-ray
spectroscopy to explore the transfer of energy during x-ray
absorption in the photoelectric effect. He soon became con-
vinced that electrons were emerging with the entire energy of
the incident x rays and argued that it “must be corpuscular, or,
if it is undulatory, its energy must be concentrated in points”
(reference 5, page xi). Hendrik Kramers, too, had apparently
sketched the basic picture of the quantum scattering result in
1921 but had been harried by Bohr into not publishing it.!®

Motivated by the same issue of low absorption that had
spurred Compton’s investigations, Peter Debye derived a more
general scattering theory than Compton and prodded his col-
league Paul Scherrer to pursue experiments on the secondary
rays. Unfortunately for Debye, Scherrer did not take up that
invitation. Although Debye submitted his article after Comp-
ton, it appeared in print two months earlier. But he always
acknowledged Compton’s priority. In any case, that the same
ideas were being discussed simultaneously on two continents
by established but independent researchers no doubt hastened
their acceptance.

In 1922-23 Sommerfeld was a visiting professor at the Uni-

versity of Wisconsin, and while in the US, he closely followed
Compton’s advances. Upon his return to Europe, Sommerfeld
became a key proselytizer of the new paradigm. Writing to
Compton in October 1923, he reported on how the discovery
“keeps the scientific world in Germany extremely busy” (ref-
erence 4, page 247), and he noted that he was already including
a section on the Comptoneffekt in the next edition of his textbook
Atombau und Spektrallinien (Atomic Structure and Spectral Lines).
With some hyperbole, he claimed it “sounded the death knell”
of the wave theory.

On the contrary, Compton’s discovery forced the physics
community to reckon with the persistence of obvious wavelike
aspects of light. Light was not suddenly and only a particle. It
couldn’t be, given the established observations of polarization
and diffraction. Compton himself made that point in a remark-
able way: A mere four days before submitting his quantum
scattering results, he submitted a separate paper announcing
the discovery of total reflection of x rays,"” a wavelike effect if
ever there was one. There could be no objection on the basis

FIGURE 5. SO-CALLED FISH TRACKS, or spherical clouds with
small tails, photographed by Charles Wilson in his cloud chamber
and published in his 1923 paper. Wilson suggested in that article
that the tracks were left by recoiling electrons from Compton
scattering. (Reproduced from ref. 15.)
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that light was either a particle or a wave; physicists would now
have to contend with the fact that it was both.

Not everyone was on board. For some time Bohr remained
incapable of relinquishing his devotion to a purely wave-based
conception of the nature of light. The depth of his opposition
was sufficient to motivate him to jettison an absolute notion of
the conservation of energy and momenta in favor of a weaker
statistical conservation. Working with Kramers—who himself
was now fighting a rearguard action against a theory he had
previously argued for—Bohr adapted John Slater’s idea of a
virtual radiation field and developed a theory that had dis-
continuous quantum jumps between atomic states in a classical
electromagnetic field.”® But the nature of those novel virtual
oscillators was far from clear.

For a paper with only a single equation, the Bohr-Kramers-
Slater article, as it became known, is notable for proposing a
probabilistic formulation of conservation laws in a manner
robust enough to be disproved. Indeed, Walther Bothe and
Hans Geiger soon demonstrated that the arrival times of recoil-
ing electrons and scattered x rays were sufficiently close to rule
out a statistical interpretation. Compton weighed in with sim-
ilar findings. Thus, as a direct consequence of the quantum
picture of scattering, an experimental basis for the event-wise
conservation of energy and momentum was also found.

Compton’s repeated and sometimes outlandish efforts to
couch the outcomes of x- and gamma-ray-scattering experi-
ments in the language of classical electrodynamics vividly il-
lustrate how he had not initially set out to spark the shift in
viewpoint from a wave—-particle dichotomy to a wave—particle
duality. But once he accepted the new quantum scattering par-

adigm revealed by his experiment, he elegantly argued in the
October 1925 issue of Scientific American that “most physicists
look forward” to a solution that would be found in “some com-
bination of the wave and quantum theories,” just as William
Henry Bragg had anticipated in 1912.
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science. The areas of interest include atomic, molecular and optical physics; precision measurement searches for physics beyond the Standard Model;
and quantum optics and information. This is an open-rank search, and candidates will be considered for appointment both at the assistant professor
level and at higher ranks, as appropriate. The successful candidates will be expected to maintain an active research program and to teach at both the
undergraduate and graduate levels.
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concerning Interfolio, please call (877) 977-8807 or email help@interfolio.com. You may also contact Pam Carmen at (410) 516-7346 or pcarmenl@jhu.
edu. If you have questions about the search please contact the chair of the search committee, David Kaplan (david.kaplan@jhu.edu).

Consideration of applications will begin on December 15, 2022 and will continue until the position is filled. Johns Hopkins University is committed to
the active recruitment of a diverse faculty and student body. The University is an Affirmative Action/Equal Opportunity Employer of women, minorities,
protected veterans, and individuals with disabilities and encourages applications from these and other protected groups. Consistent with the
University's goals of achieving excellence in all areas, we will assess the comprehensive qualifications of each applicant. The Department of Physics
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The world s square

ing historians of science. When re-

searching the history of physicists and
engineers in the “long 1970s” —which
the historian Cyrus C. M. Mody defines
as the era spanning from around 1966
(the peak of military science funding) to
roughly 1983 (the reprise of Cold War
tensions early in Ronald Reagan’s first
term)—the historian’s eye is naturally
drawn to the protesters, commune build-
ers, thermonuclear utopians, and cur-
mudgeons. They leap off the archival
pages and demand that their stories be
told. The catch, as Mody rightly notes,
is that the overwhelming majority of
physical and engineering scientists of
that era were neither Edward Teller fan-
boys nor especially “groovy.” As he puts
it, they were “politically ambivalent or
reticent.” They were squares.

Everybody likes shiny things, includ-

The squares have waited a long time
to be featured as the stars, rather than the
straight men, and they are fortunate that
a person of Mody’s talents has taken
them up. (The gendered language in this
review is deliberate, as essentially ev-
eryone discussed in this book, especially
the major characters, is male, an over-
whelming demographic asymmetry well
reflected in the data on the profession
Mody cites.) The Squares: US Physical and
Engineering Scientists in the Long 1970s
adopts two approaches to its subject.
The first sees Mody in an oracular mode,
as he analyzes sociological trends and
looks for patterns in the social evolution
of the square scientist as a type. Those
revelations cast the 1970s as not simply a
transitional caesura but as an era with its
own character and importance.

The second approach is the historian’s

The Squares

US Physical and . ¥
Engineering Scientists | f,._;,___; ;'_H',k' |
in the Long 1970s LSS

Cyrus C. M. Mody
MIT Press, 2022. Open
access ($65.00 paper)

fondness for case studies. Mody dives
deep into the weeds and sometimes even
the gaps between the weeds. His charac-
ters come to life in those pages: global-
izers at the Silicon Valley stalwart Signet-
ics (“the squarest [case] in this book”),
proponents of automated agriculture,
and the increasingly obsolescent NASA
engineer —whose raison d’étre, reaching
the Moon, was a fabulous success but
catastrophically annihilated the ratio-
nale for governmental budgetary lar-
gesse. But, as with all composites of case
studies, one wonders: Are those exam-
ples cherry-picked?
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Mody’s refreshingly frank answer is
yes and no. Case studies are hard work
and demand access to archives, and
Mody concentrated on those that were
most proximate to his academic career:
Santa Barbara for a nanotechnology
and society working group at the Uni-
versity of California that he collabo-
rated with, Houston because he taught
at Rice University, a smattering of Dutch
sources because of his current position
at the University of Maastricht, and so
on. His choices of scientists and engi-
neers to highlight “are meant to be illu-
minating rather than representative”;
they are illustrative individuals, not Pla-
tonic squares.

Even if his subjects are not statisti-
cally representative, the middle, non-
oracular chapters of the book make for
fascinating reading. My favorite is on Jack
Kilby, widely credited as one of the inven-
tors of the integrated circuit, for which
he was awarded the Nobel Prize in Phys-
ics in 2000. That work was done at Texas
Instruments. Mody starts there and fol-
lows Kilby’s path into a kind of corporate-
subsidized independent scholar.

He zeroes in on one proposal by
Kilby to develop solar power for the
suburban home, which was not a re-
sponse to the groovy vibe for green tech-
nology but an affordable solution to the
energy crisis. Kilby’s system ended up
in limbo, in part because, as Mody per-
suasively argues, he refused to build
alliances with environmentalists and
other longhairs: “In Kilby’s future Amer-
ica, no credit for the country’s energy
transformation would go to leftie envi-
ronmentalists.” When the economic ra-
tionale for his kind of middle-class solar
energy dissipated in the go-go 1980s, so
did Kilby’s Texas Instruments Solar En-
ergy System.

When examining the other cases, one
cannot help but question how “square”
they really are. (Not Kilby: He’s spot on.)
Indeed, the first square Mody follows
closely is David Phillips, an industrial
consultant and part-time physics in-
structor at the University of California,
Santa Barbara, who dedicated his re-
search to ... parapsychology. I am the
last person to argue that research on ex-
trasensory perception should be exiled

from the history of science, but it hardly
seems the best example to introduce us
to the notion of squareness. Mody main-
tains that Phillips was “square relative to
some of [his] peers and flamboyantly
countercultural relative to other col-
leagues.” Even so, there remains a risk of
bending a very useful category out of its
analytical precision.

In the end, the oracular voice pro-
vides the punch of the book for non-
specialists, and that punch is worth the
price of admission. One of Mody’s main
aims in the conclusion is to give an ac-
count of how social responsibility in
science—or what today is often termed
responsible research and innovation—
has come in and out of vogue over time.
Mody’s contextualization of that cyclical
trajectory from the long 1970s to today
offers much food for thought. Even the
squares of that era got on board with
developing science for a sustainable fu-
ture—at least for a time. Will today’s
scientists do the same, and for how long?

Michael D. Gordin
Princeton University
Princeton, New Jersey

USC University of

Southern California

Tenure-track or Tenured

Faculty Positions

The Department of Aerospace and Mechanical Engineering (https:/
ame.usc.edu) in the USC Viterbi School of Engineering invites applica-
tions for tenure-track or tenured faculty positions at all levels in all dis-
ciplines of Aerospace or Mechanical Engineering with particular inter-
ests in Energy and Sustainability and Advanced Manufacturing
including candidates whose research integrates Artificial Intelligence
/ Machine Learning into these disciplines. The USC Viterbi School of
Engineering is committed to increasing the diversity of its faculty and
welcomes applications from women; individuals of African, Hispanic
and Native American descent; veterans; and individuals with disabilities.

Successful candidates are expected to develop a world-class research
program within a stimulating interdisciplinary environment and demon-
strate a strong commitment to teaching at both the graduate and
undergraduate levels. Priority will be given to the overall originality and
promise of the candidate's research work.

Positions are available starting August 16, 2023. Applicants must have
earned a Ph.D., or equivalent, degree in Aerospace or Mechanical
Engineering or a related field by the beginning of the appointment.
Applications must include: a cover letter; curriculum vitae detail-
ing educational background, research accomplishments, and work

experience; a research plan; a teaching and service plan; and contact
information of at least four professional references. Applicants are also
required to include a succinct statement on fostering an environment of
diversity and inclusion. In order to receive full consideration, candidates
should apply on-line at hitps://ame.usc.edu/facultypositions/, and
all materials should be received by January 15, 2023, although ear-
lier application is encouraged; applications received after this deadline
might not be considered.

The USC Viterbi School of Engineering is committed to enabling the
success of dual career families and fosters a family-friendly envi-
ronment, USC is an equal opportunity, affirmative action employer.
All qualified applicants will receive consideration for employment
without regard to race, color, religion, sex, sexual orientation,
gender identity, national origin, protected veteran status, disability,
or any other characteristic protected by law or USC policy. USC
will consider for employment all qualified applicants with criminal
histories in a manner consistent with the requirements of the Los
Angeles Fair Chance Initiative for Hiring ordinance.
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awards ceremony at the APS March

Meeting will include the Mildred
Dresselhaus Prize in Nanoscience or
Nanomaterials. Born in 1930, Dressel-
haus spent 57 years at MIT. After seven
years as a researcher at the university-
operated Lincoln Laboratory and one
year as a visiting professor in an appoint-
ment designated for women, she broke
tradition in 1968 when she became the
first female tenured full professor in the
department of electrical engineering. In
1983 she received a joint appointment
in the MIT physics department.

For the first time, in 2023 the annual

. . o b - -
portrait of Mlldred Dressglhatisﬁ:.“_ . *

Thoroughly modern Mille

Dresselhaus’s research had many prac-
tical applications for semiconductors,
conductors, and superconductors, but
she most enthusiastically studied the
fundamental electrical and thermal
properties of materials. When investi-
gating alkali metals such as potassium
or sodium, for example, she sought to
determine whether they could be in-
serted (or intercalated) between graph-
ite layers of carbon atoms to make a su-
perconducting system. Her evolving
specialties were graphite, carbon fibers,
large carbon clusters such as fullerenes,
and by the 1990s, tubular fullerenes—

Carbon Queen
The Remarkable
Life of Nanoscience
Pioneer Mildred
Dresselhaus

Maia Weinstock
MIT Press, 2022. $24.95

now known as carbon nanotubes.

Two coauthored 1992 papers on nano-
tubes, for example, showed that they
conduct differently depending on their
diameter and the orientation of their
carbon hexagons around the tube or cyl-
inder. By the early 2000s, Dresselhaus
had been nicknamed the “queen of car-
bon science,” as indicated in the title of
this engaging and inspirational new
biography by Maia Weinstock.

A writer and lecturer on the history
of women in science, Weinstock met
Dresselhaus only once, in 2014, a few
days before Dresselhaus received the
Presidential Medal of Freedom from
Barack Obama: one of many awards,
prizes, honorary degrees, and elected
professional offices that she received
before her death in 2017. Weinstock’s
biography nonetheless skillfully makes
use of interviews, oral histories, and
published materials. The fast-moving
chronological narrative offers a clear ac-
count of Dresselhaus’s scientific re-
search and valuable insights into the
building of her successful career as a
woman scientist.

The child of a financially struggling
Polish Jewish immigrant family, Mil-
dred “Millie” Dresselhaus (née Spiewak)
spent her early years in inadequate and
gang-ridden public schools in Brooklyn
and the Bronx. With determination,
hard work, and a keen intellect, Millie
was accepted into Hunter College High
School, which at that time was an all-
girls institution, from which she contin-
ued to Hunter College. A Fulbright Fel-
lowship took her to the University of
Cambridge for a year before she began
graduate studies at Radcliffe College.
She finished her PhD at the University
of Chicago, where she found less preju-
dice against women than in Harvard
Yard.

Teachers helped shape the curious
and unflappable Dresselhaus. Her men-
tor at Hunter College was Rosalyn
Yalow, who would later be awarded a
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share of the 1977 Nobel Prize in Phys-
iology or Medicine. Yalow told Millie
that she was perfectly capable of gradu-
ate work in math and science and did
not have to settle for a “female” trajec-
tory of high school teaching or nursing
school. At Chicago she boarded for a
year with another future Nobel winner,
Maria Goeppert Mayer, and came to
know as teacher and mentor a third No-
belist, Enrico Fermi, whose habits of
hosting student dinners and giving out
handwritten notes before lectures she
later adopted.

Most important was Gene Dressel-
haus, a young theoretical physicist who
made his first mark while in graduate
school at the University of California,
Berkeley, by discovering that electron
spin can affect the range of energies of
an electron in a solid material. Millie
and Gene met at Chicago and married
in 1958. They then moved to Cornell
University, where he had a faculty job
and she took an NSF postdoc. After Cor-
nell’s faculty made it clear that they
would not hire her or even let her teach

without pay, the Dresselhauses left for
MIT’s federally funded Lincoln Labora-
tory. Gene stayed at Lincoln until 1976,
but Millie left after she was told to stop
bringing their young children to the lab.

Because of her experiences, Dressel-
haus saw one of her roles at MIT as
being a voice for the university’s few
women students and faculty. She
worked steadfastly with the food scien-
tist Emily Wick, the aeronautics engi-
neer Sheila Widnall, and others to fur-
ther opportunities for women and to
advocate for their equal treatment at
MIT. Dresselhaus and Widnall also cre-
ated an undergraduate course titled
What Is Engineering to help students,
especially women, learn how to make
progress and to find engineering jobs.
She continued such efforts throughout
her career.

By the time of her death, Dresselhaus
had published some 1700 research arti-
cles and eight books. Most of those were
coauthored with a large array of co-
workers, students, colleagues, and her
husband, whose MIT position was in her

research group. In their research to-
gether, he was the theoretician, she the
experimentalist, she the writer, and he
the editor. They became known as the
materials-science power couple.
Although Carbon Queen: The Remark-
able Life of Nanoscience Pioneer Mildred
Dresselhaus ranges from the 1930s to the
2010s, little attention is given to how the
political and social events of those de-
cades (such as 1960s equal-opportunity
legislation and the 1972 prohibition on
sex-based discrimination in education)
influenced Dresselhaus’s life and career.
Nevertheless, Weinstock’s biography
will appeal to a wide audience in sci-
ence, engineering, gender studies, social
studies of science, and sociology of sci-
ence. Considerable attention, both schol-
arly and popular, has been paid to the
dilemmas faced by women in the sci-
ences. Carbon Queen provides an inspir-
ing story of one very capable woman’s
response.
Mary Jo Nye
Oregon State University
Corvallis
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A Traveler's Guide to the Stars

Les Johnson
Princeton U. Press, 2022. $27.95

Although people have been dreaming of space exploration for decades,
visiting and settling other worlds is still the stuff of science fiction. Never- ey

theless, in A Traveler’s Guide to the Stars, the physicist Les Johnson, a [ ‘_* e
long-time proponent of interstellar travel, discusses what it will take to '

reach for the stars. After first providing a brief history of spaceflight and pondering potential
destinations, Johnson launches into the core of the book: the technology challenges that will
need to be met, which include revolutionary advancements in spacecraft propulsion, commu-
nications, navigation, and life-support systems. Rather than discourage, however, Johnson aims
to encourage readers from all disciplines, not just science and engineering, to “think big." —cc

Einstein
The Man and His Mind

Gary S. Berger and Michael DiRuggiero
Damiani, 2022. $70.00

Nearing 70 years after Albert Einstein’s death, the mystique surrounding the physicist
shows no signs of abating. Probably the first celebrity scientist, his name alone is
synonymous with genius. This new coffee-table book published by the Italian art press Damiani re-
produces over a hundred Einstein-related items—including photographs, letters, and offprints of his
scientific articles—from the private collection of Gary Berger. It distinguishes itself from the realm
of kitschy Einsteiniana in how the documents illustrate the physicist's human side: The letters
and the inscriptions on the photos show how even after decades in the US, Einstein’s social circles
remained dominated by Germanophone émigrés such as the photographer Lotte Jacobi. —rp
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Engines
The Inner
Workings
of Machines
That Move
the World
Theodore Gray;
photographs by
Nick Mann

Black Dog & Leventhal, 2022. $32.00

This new large-format book by Theodore Gray,
an author and chemistry enthusiast, is a tinker-
er's dream. Featuring images, cross sections,
and diagrams of engines and motors of all
varieties, Engines delves into how those ubig-
uitous devices function. A particular highlight
is Gray's deep dive into the diesel-powered
hydraulic motors used by the Amish, who
generally eschew electricity but still need to
produce furniture on an industrial scale: They
retrofit commercial electric devices to use
compressed-air motors. The book mainly fo-
cuses on steam engines, internal-combustion
engines, and electric motors, and a final chap-
ter examines a grab bag of devices such as lin-
ear motors and sewing machines. —RD

Themibare Giray




NEW PRODUCTS

Focus on cryogenics, vacuum equipment,
materials, and semiconductors

The descriptions of the new products listed in this section are based on information supplied to
us by the manufacturers. Prysics Topar can assume no responsibility for their accuracy. For more
information about a particular product, visit the website at the end of its description. Please send
all new product submissions to ptpub@aip.org.

Andreas Mandelis

Software for cryogenic probe stations

Lake Shore Cryotronics now ships its cryogenic probe stations
with a Windows PC workstation preloaded with the compa-
ny’s MeasureLINK software. The versatile, intuitive software
lets users easily control sample temperature—and on certain
models, magnetic field —for on-wafer probing measurements.
By setting up discrete or continuously varying measurements,
users can watch how temperature stabilizes as it approaches
a set control. A process view window in MeasureLINK displays the system’s inter-
nal status at various points, including the temperature at the sample stage and on
the probe arm. The collection of electrical measurements can be controlled as a
function of temperature or magnetic field using Lake Shore’s MeasureReady and
some third-party instruments. That eliminates the need to write custom code so that
different instruments can communicate with one another. Lake Shore Cryotronics Inc,
575 McCorkle Blvd, Westerville, OH 43082, wwuw.lakeshore.com

Durable vacuum
transducers

According to Thy- &
racont, the new
generation of its * s ¢
Smartline vacuum
transducers—the cold-cathode VSI and
Pirani/cold-cathode VSM models—
ensure a longer sensor lifetime by sys-
tematically reducing the high voltage of
their cold cathodes in high-pressure
ranges. Because of the physical charac-
teristics of cold-cathode gauges, at
pressures higher than 1 x 10 mbar, their
inherent sputter effect causes increased
abrasion. Endurance tests at 1 x 10 mbar
demonstrated that the new sensors are
three times as durable as other gauges.
The devices now also feature a readout
of the sensors’ deterioration and an
operating-hours counter for predictive
maintenance. The Smartline vacuum
transducers are used in coating, analyt-
ics, medical engineering, and vacuum-
furnace applications. Thyracont Vacuum
Instruments GmbH, Max-Emanuel-Str 10,
94036 Passau, Germany, hitps://thyracont
-0ACUUNI.COM

—

ELECTRICAL AND
COMPUTER ENGINEERING
COLORADD STATE UNIVERSITY

Now Hiring
Lasers Assistant Professor

The Department of Electrical and Computer
Engineering at Colorado State University, Fort
Collins, invites applications and nominations

MLL

MAD CITY LABS INC.
High Resolution AFM and NSOM

Quantum Sensing. Metrology. Biophysics

for a tenure track faculty position at the
assistant level to start in Fall 2023. Research
areas of particular interest include the field of
high intensity lasers and applications. This is a
nine-month, full-time position.

To apply:
https://jobs.colostate.edu/postings/112849

Atomic Step Resolution
Closed Loop Nanopositioners
Precalibrated Position Sensors
Automated Software Conftrol

Designed for DIY AFM

CSU is an EO/EA/AA employer and conducts

sales@madcitylabs.com

background checks on all final candidates.

www.madcitylabs.com
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NEW PRODUCTS

Vacuum-pump controller

In one place, the EJGO and EJGO MC controllers from Edwards provide the information and
metrics needed to intelligently manage, direct, and regulate the operation of the company’s
vacuum-pump systems. Users can easily pull up relevant data on a touch human-machine in-
terface or a web browser on a laptop, tablet, or mobile phone. They can configure data and
parameters relevant to their process and observe their pump’s performance on the go. The EJGO
can generate trends maps that allow comparison of multiple metrics across pump cycles and at
various times. Available in standard and premium options, the EJGO MC offers advanced central
control over vacuum pumps—up to 20—and processes to ensure the best combination for opti-
mum power consumption. The EJGO and EJGO MC automatically update to the latest cyber-
security protocols so that users’ networks are secure when connected to the internet of things. Edwards Ltd, Innovation Dr, Burgess

Hill, West Sussex, RH15 9TW, UK, www.edwardsvacuum.com

Silicone elastomer

Master Bond MasterSil 323A0-LO, a two-component silicone elastomer
with a self-priming feature, is designed for bonding, sealing, and gap-
filling applications. The electrically insulating and thermally conductive
compound meets NASA’s low-outgassing specifications and can be used
in the aerospace, electronic, optoelectronic, and specialty OEM industries. . — sor]
Ithas a thermal conductivity of 1.15-1.30 W/(m-K). It is highly flexible with =t 44 "'1'_‘!\1“1“":!’T'}-}'Ir!'l‘f:
a low tensile modulus of 500-700 psi, an elongation of 50-60%, and a AR vy
hardness of 70-75 Shore A. Those properties enable it to withstand aggres- :
sive thermal cycling and mechanical shock. MasterSil 323A0-LO bonds
well to various substrates, including metals, composites, glass, ceramics,
plastics, and other silicones, without imparting residual stress when heat
cured. It is serviceable from -54 °C to 204 °C. Its paste-like consistency allows it to be used as a gap-filling material where min-
imum flow after application is desired. Master Bond Inc, 154 Hobart St, Hackensack, NJ 07601-3922, www.masterbond.com

T TENNESSEE ASSISTANT PROFESSOR IN THE FIELD OF

KNOXVILLE EXPERIMENTAL NUCLEAR PHYSICS

The Department of Physics and Astronomy at the University of Tennessee, Knoxville (UT) invites applications for a tenure-
track faculty position at the rank of Assistant Professor in the field of experimental nuclear physics. This appointment will be in
partnership with the Thomas Jefferson National Accelerator Facility (JLab) through the bridge program. Jlab will provide 50%
of the new faculty member’s 9-month salary and benefits for the first 5 years of the tenure-track appointment and in return, the
successful candidate will be expected to devote 50% of their 9-month research effort to projects of interest to Jlab. Thus, we are
seeking an individual with a primary interest in the research program of hadronic and nuclear physics conducted at JLab and
potential interest in the proposed Electron lon Collider. The successful individual will be expected to build a strong research
program that will enhance the current programs at UT and JLab. Work will be performed both at the UT campus in Knoxville,
Tennessee and at JLab in Newport News, Virginia. This position will require occasional travel to attend conferences and meetings.

Required Application Materials include:

e Cover Letter - In addition to the usual information, candidates may also describe how they envision their participation in the
department to work to promote/improve equity & inclusion

e Curriculum Vitae - including research and teaching experience and a list of publications

e Research Statement - articulate a plan for setting up and carrying out a 5-year JLab-focused research program

e Teaching Statement - discuss any relevant prior teaching experience

For full position details & requirements and to submit an application, please go to apply.interfolio.com/115226. Additionally,
applicants should also arrange for three letters of reference to be submitted through Interfolio. Only electronic applications in
PDF format will be considered. Full consideration will be given to applications submitted by December 1, 2022.

The University of Tennessee is an EEO/AA/Title VI/Title IX/Section 504/ADA/ADEA institution in the provision of its education
and employment programs and services. All qualified applicants will receive equal consideration for employment and admission
without regard to race, color, national origin, religion, sex, pregnancy, marital status, sexual orientation, gender identity, age,
physical or mental disability, genetic information, veteran status, and parental status.
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Vacuum and prevacuum pump

With an ultimate vacuum of up to 1.5 mbar absolute at a flow rate of up to 36 L/min, KNF’s N 952 dia-
phragm pump series is a suitable support for advanced analytical instrument applications. Other areas
of application include scanning electron microscopy, mass spectrometry, and gas chromatography and
analysis. The N 952 pump is powerful, chemically resistant, and oil-free. Its ability to retain a high pumping
speed even close to ultimate vacuum makes it appropriate as a prevacuum pump for turbomolecular pumps
in research and industry. Supported by new brushless DC motors developed in-house, speed-controlled vacuum
performance provides the required vacuum profile and low-vibration operation in drying chambers or heating ovens. Particu-
larly vibration-sensitive systems can be provided for by a stand-alone N 952 version with a separate power switch. KNF Neuberger
Inc, 2 Black Forest Rd, Trenton, NJ 08691-1810, https://knf.com

On-wafer device characterization

Rohde & Schwarz (R&S) now offers semiconductor manu-
facturers a test solution for on-wafer characterization of the
RF design of devices under test early in the development
phase and during production. To ensure proper RF capabil-
ities for frequency coverage and output power while opti-
mizing energy efficiency, the test setup combines the com-
pany’s R&S ZNA vector network analyzer with engineering
probe systems from FormFactor. The vector network ana-
lyzer characterizes all RF qualification parameters at coaxial
and waveguide levels, and frequency extenders for applica-
tion ranges above 67 GHz. FormFactor examines the wafer
contact with manual, semiautomated, and fully automated . 2
probe systems including high-frequency probes, probe positioners, and thermal control and calibration tools. FormFactor WinCal
XE software calibrates the complete test system, including the R&S ZNA. Rohde & Schwarz GmbH & Co KG, MiihldorfstraBe 15,
81671 Munich, Germany, www.rohde-schwarz.com

UF [FLORIDA

The Foundation for The Gator Nation

DIAGNOSTIC MEDICAL PHYSICIST

The Medical Physics Division of the Department of Radiology at the University of Floridais
actively recruiting to fill a position at the rank of Clinical Associate Professor of Radiology. The
candidate must have a Ph.D. in medical physics, and be certified in Diagnostic Radiological
Physics by the American Board of Radiology (ABR), with a minimum of 5 years of experience
in academic diagnostic medical physics. A broad experience in all imaging modalities, i.e.,
x-ray, fluoroscopy, interventional radiology, CT and MRI with emphasis in regulatory compli-
o - ance, as well as Joint Commission and American College of Radiology testing for the Advanced
|T’ S A LW AYS ‘__,o""" 1maging modalities is required. A strong ed_ucationalvbackgrou_nd_, including teaching and fii_rect—
SAF E R TO ing graduate student research projects, is highly desirable. This is a non-tenure-track position.
The Diagnostic Medical Physics group at the University of Floridais one the most prominent
in the southeastern United States, with a faculty compliment of six ABR certified diagnostic

and nuclear medicine physicists, providing full physics services to the UF Health hospitals
and clinics in Gainesville and Jacksonville. The group also constitutes the core faculty for

KNF LeakTight gas pumps offer ultra-

low leak rates of 6 x 10° mbar I/s and the Medical Physics graduate program, recently reinvigorated by its move to the College of

include a safety back-up diaphragm to Medicine, with a body of 42 (26 fully funded Ph.D.) students. UF has one of the few combined

prevent leakage even in the event of diagnostic/nuclear medicine 3-year physics residency and the ideal candidate will be heavily

failure. Optional O-rings and seals are involved in the training of residents.

available for added protection against . . . L i R

air intrusion. If you are interested in rewarding position in a friendly, state-of-art environment, please apply
via Careers at UF (http://jobs.ufl.edu). Attach your C.V. and three letters of recommendation

Let KNF back you up with a safer, to your application.

more reliable solution. . . . . ) . ) . .
Final candidate will be required to provide official transcript to the hiring department upon hire.

A transcript will not be considered “official” if a designation of “Issued to Student” is visible.
Degrees earned from an education institution outside of the United States are required to be
evaluated by a professional credentialing service provider approved by National Association
of Credential Evaluation Services (NACES), which can be found at http://www.naces.org/.

knf.com/en/us/no-escape

The University of Florida is an equal opportunity institution dedicated to building a broadly
diverse and inclusive faculty and staff.
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NEW PRODUCTS

Explosion-proof Roots pumps

Pfeiffer Vacuum has expanded its OktaLine ATEX series of Roots pumps, which

are designed for use in potentially explosive environments or for evacuating ex-
plosive gases. ATEX certified for low- and medium-vacuum applications, the
pumps meet the highest explosion-protection requirements. They are appropriate \w 5 —

for chemical, biotechnological, pharmaceutical, and industrial applications, such

as in vacuum furnaces and heat treatment. Pumping speeds now range from

280 m*h to 8100 m*/h. Variable differential pressure and flexible rotational speed

make the pumps suitable for universal use; they can all be employed at ambient

temperatures ranging from 20 °C to 40 °C. Because of their magnetic coupling, OktaLine pumps are hermetically sealed and
achieve the very low leak rates of 10 Pa m*/s. They are resistant to pressure surges of up to 1600 kPa, and there is no risk of
zone entrainment. The integrated temperature sensor protects against thermal overload and monitors the gas temperature in
the outlet area. Pfeiffer Vacuum Inc, 24 Trafalgar Sq, Nashua, NH 03063, wwuw.pfeiffer-vacuum.com

EBSD analysis system

- Edax, a unit of the materials analysis division of Ametek, has added the Clarity Super
ttﬁ toits electron backscatter diffraction (EBSD) product line. According to Edax, the Clarity
; sensors provide single-electron detection sensitivity, a superior signal-to-noise ratio,
L// and high dynamic range. Optimized for high performance across a broad range of volt-

ages with an emphasis on efficient data collection, the sensors are suitable for analysis of

ceramics and semiconductor materials where lower beam currents are needed, or for applications

such as high-resolution EBSD that require superior EBSD pattern quality. The existing Clarity Plus offers electron

collection sensitivity down to approximately 7 kV; the new Clarity Super extends that range to 3 kV. It can therefore be used to
analyze beam-sensitive samples such as perovskite organic-inorganic solar cells and fine-grained materials where improved
spatial resolution is needed. Edax Inc, 91 McKee Dr, Mahwah, N] 07430, www.edax.com

UTA PRECISION

Depariment o Pyscs MEASUREMENT
GRANTS

ASSISTANT OR ASSOCIATE The National Institute of Standards and Technology (NIST)

PROFESSOR POSITION anticipates awarding two new Precision Measurement
Grants that would start on 1 October 2023, contingent on the
availability of funding. Each award would be up t0$50,000
per year with a performance period of up to three years. The
awards will support research in the field of fundamental
measurement or the determination of fundamental physical

The Department of Physics in the College of Science, the University
of Texas at Arlington, invites applications for a full-time tenure-track
position as an Assistant or Associate Professor in Space Physics.

The Space Physics unit in the department plays an important role for the constants. The official Notice of Funding Opportunity, which
NASA Geospace Dynamics Constellation (GDC) satellite mission, which includes the eligibility requirements, will be posted at
focuses on multi-scale spatial and temporal variations of energy inputs WWW.Grants.gov.

and ionosphere-thermosphere coupling. The successful candidate will be

able to contribute substantially; either in modeling or data analysis and Application deadline is tentatively February 2023.

enhance the research ability of the team in the related area. For details/unofficial updates see: physics.nist.gov/pmg.

In accordance with USCIS regulations, successful applicants must be

) ; For further information contact:
legally able to accept work in the United States.

Dr. Joseph N. Tan, Ph.D.

To apply applicants should go to hitps://uta.peopleadmin.com/ NIST Precision Measurement Grants Program
postings/20170 (Posting Code: FO0346P): 100 Bureau Drive, Mail Stop 8422

Review of applications will begin immediately and will continue until Gaithersburg, Maryland 20899, U.S.A.

the position is filled. Questions may be addressed to: Dr. Yue Deng Email address: joseph.tan@nist.gov

(yuedeng@uta.edu)

Mational Institute of
Standords and Technology
www.uta.edu/academics/schools-colleges/science/departments/physics 5. Depariment of Commerce
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LOOKING FOR
A JOB?

Job ads are now located throughout
the magazine, alongside the editorial
content you engage with each month.
Also find hundreds of jobs online at
physicstoday.org/jobs

LOOKING TO HIRE?

Enjoy the power of print plus online
bundles any time as well as impactful
exposure packages & discounts for our
special Careers issue each October.
Post online-only jobs anytime at
physicstoday.org/jobs
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OBITUARIES

Robert Floyd Curl Jr

obert Floyd Curl Jr, a codiscoverer of
Rthe hollow-cage carbon compounds

called fullerenes, passed away on 3 July
2022 in Houston, Texas, at age 88.

Bob was born on 23 August 1933 in
Alice, Texas, a small town that has pro-
duced two Nobel laureates, James Allison
and Bob. His parents gave him a chem-
istry set to spur his childhood interest
in science. Although Bob’s experiments
nearly destroyed his mother’s stove, it
inspired him to be a chemist. The family
moved frequently before settling in San
Antonio, where Bob attended high school.
When his chemistry teacher recognized
Bob’s talent and encouraged him to build
a Cottrell precipitator as a special proj-
ect, it hooked him on science.

Bob attended Rice University (then
Rice Institute), a school known for its
science and engineering focus and free (!)
tuition. At Rice, Bob developed a lifelong
interest in molecular structure by taking
Natural Products, a course taught by
Richard Turner, an innovator in deter-
mining heats of hydrogenation. Turner
emphasized how rotation about single
bonds could interchange conformations
in steroids and produce large physio-
logical effects.

After earning his BA from Rice in 1954
as one of the top two students in his class,
Bob moved to the University of Califor-
nia, Berkeley, for graduate study with
Kenneth Pitzer, a physical chemist and
pioneer in molecular conformational
studies. Pitzer apparently considered con-
formations a solved problem and advised
Bob to extend the law of corresponding
states to predict thermodynamic proper-
ties. The resulting Curl-Pitzer method
gave entropies of vaporization that were
accurate to within about 0.5%, which
proved so useful for chemical-plant de-
sign that the Institution of Mechanical
Engineers in London awarded the two
men a James Clayton Fund Prize for a

TO NOTIFY THE COMMUNITY
about a colleague’s death, visit
https://contact physicstoday.org
and send us a remembrance to post.

Select submissions and, space permitting,
alist of recent postings will appear in print.
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paper they wrote while Bob was still a
graduate student. To satisfy Berkeley’s
expectation that PhD students must con-
duct experiments, Bob measured matrix-
isolation spectra of samples cooled to
20 Kby liquid hydrogen and determined
that the silicon-oxygen-silicon bond of
disiloxane was bent. He gave credit to
Dolphus Milligan for helping to avert
disaster during his hydrogen transfers.

Bob received his PhD in chemistry
from Berkeley in 1957 and moved to
Harvard University for postdoctoral re-
search on molecular conformations with
E. Bright Wilson Jr. His stay at Harvard
was cut short when George Bird, a for-
mer Wilson student, left the Rice faculty
and Bob was recruited to take his place.
He thus returned to Rice as an assistant
professor of chemistry in 1958, just four
years after leaving with his bachelor’s
degree. Bob inherited not only Bird’s
microwave spectrometer but also a bril-
liant graduate student, James Kinsey, who
later became chair of the MIT chemistry
department before returning to Rice as
dean of natural sciences. On the occasion
of Bob’s retirement in 2008, Kinsey said,
“He’s scary smart, but he is also an ex-
traordinarily decent human being, a sweet
person.”

At Rice, Bob published 63 papers on
microwave spectra of various free radi-
cals. As lasers advanced in the 1970s,
he expanded his studies into gas-phase
IR spectroscopy; chemical kinetics, with
Graham Glass; laser development, with
Frank Tittel; and reaction transition states,
with one of us (Brooks). In the mid 1970s,
Bob was instrumental in recruiting a
brilliant young colleague, Richard Smalley,
who accepted largely because of Bob’s
presence. Their first joint publication
was a photoionization study of semi-
conductor clusters produced in Smalley’s
cooled molecular-beam apparatus.

Bob had long been intrigued by the
origin of the diffuse interstellar bands.
Upon learning of Harold Kroto’s studies
on carbon molecules thought to be
formed near red giants, he invited Kroto
to Rice to study carbon clusters and then
convinced Smalley to participate. Their
initial experiments with graduate students
James Heath, Sean O’Brien, and Yuan Liu
showed a mass spectrum peak indicat-
ing 60 carbon atoms. Within days they
deduced that C had a cage structure

I Robert Floyd Curl Jr
1]

resembling a soccer ball. They named it
buckminsterfullerene in reference to the
architect Buckminster Fuller, who popu-
larized the geodesic dome. Their discov-
ery launched the new field of fullerene
chemistry, leading to the publication of
more than 100 000 papers and the award
of the 1996 Nobel Prize in Chemistry to
Bob, Smalley, and Kroto.

Bob contributed enormously to Rice
during his 64 years as an active and emer-
itus professor. He and his wife, Jonel,
were the first magisters (resident super-
visors) of the Lovett residential college,
from 1968 to 1972, and provided guid-
ance, especially during student unrest of
that period. He served as chair of the
chemistry department, lent his wisdom
to countless university and national com-
mittees, and lobbied the Texas legislature
on behalf of science. Bob was famously
humble as well. One former student
commented, “He listened. He really lis-
tened.” After the Nobel award, Rice’s
president asked Bob if the university
could do “anything” to make him happy.
He modestly replied that it would be
nice to have a bicycle rack installed near
his building.

Bob’s many friends, students, and col-
leagues deeply miss this exceptionally
brilliant and decent man.

R. Bruce Weisman
Philip R. Brooks
Rice University
Houston, Texas
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Nick Holonyak Jr

nown as the father of the LED and
K semiconductor visible laser, Nick

Holonyak Jr, the John Bardeen En-
dowed Chair Emeritus in Electrical and
Computer Engineering and Physics at
the University of Illinois at Urbana-
Champaign, died in Urbana on 18 Sep-
tember 2022 at the age of 93.

Holonyak was born on 3 November
1928 in the southern-Illinois coal-mining
town of Zeigler. He attended the Uni-
versity of Illinois and earned his BS in
1950, MS in 1951, and PhD in 1954, all in
electrical engineering. During his PhD,
he worked for John Bardeen —two-time
Nobel laureate in physics—as his first
graduate student and set up germanium
semiconductor research.

After getting his PhD, Holonyak went
to work at Bell Labs in Murray Hill, New
Jersey. Under John Moll, he developed
diffused p—n junction technology for sili-
con transistors. Holonyak was drafted into
the US Army in 1955 and assigned to the
Signal Corps at Fort Monmouth in New
Jersey and then to Yokohama, Japan.
During his duty in Japan, he often partic-
ipated in informal technical seminars on
germanium and silicon device technology
with Japanese scientists and engineers.

After his discharge, Holonyak joined
General Electric in Syracuse, New York,
and began an investigation of the closed-
ampoule vapor-phase transport growth
of GaAs, P alloy semiconductors. He
used his apparatus to make a small single-
crystal sample and produce a diffused
p—n junction for his studies of tunneling
in III-V semiconductors. Many of the
GaAsP alloys covered a region of com-
positions where the energy bandgap
was direct. Holonyak developed the first
visible red LEDs. He also identified the
direct—indirect transition composition in
those alloys.

In October 1962 Holonyak demon-
strated the first alloy semiconductor laser
diode, a GaAs,_ P diffused p—n junction
emitting in the red spectral region at
around 710 nm at 77 K. Those results es-
tablished definitively that semiconductor
alloys were not simple physical mixtures
but had a defined bandgap energy—
the first bandgap engineering. Today,
III-V heterojunction devices with at least
one ternary alloy layer are widely em-

© 2022 UNIVERSITY OF ILLINOIS BOARD OF TRUSTEES
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ployed for several generations of novel
devices that could not otherwise be
realized.

Holonyak was invited by Bardeen in
1963 to join the faculty at the University
of Illinois. He was appointed a full pro-
fessor in the departments of electrical and
computer engineering and physics and
established a small research laboratory
to study III-V compound semiconductor
materials and devices. He set it up in the
Electrical Engineering Annex, one of the
early buildings on campus. His group
developed liquid-phase epitaxy and grew
bulk crystals using the closed-ampoule
approach to study various III-V alloys.
In 1970 Holonyak and his students de-
veloped the first quaternary-alloy semi-
conductor, AlXGalfosHij; such quater-
naries are now widely used in many
devices. Seven years later Holonyak de-
monstrated the first quantum-well laser
diodes, composed of multiple thin layers
about 50 nm thick of In,_Ga P, As_quan-
tum wells. Today every semiconductor
LED and laser diode incorporates similar
quantum wells.

From 1980 to 1990, Holonyak investi-
gated various postgrowth processes that
included impurity-induced layer dis-
ordering and the controlled oxidation of
aluminum-bearing III-V alloys to selec-
tively form stable native-oxide insulating
regions inside a device structure. Today
those innovative methods are used for the
commercial manufacture of advanced laser

diodes, including oxide-defined aperture
for vertical-cavity surface-emitting lasers,
which are used for energy-efficient high-
speed optical data links in mega data
centers, 3D sensing in smartphones, and
new applications in autonomous vehicles
and cryogenic computing.

Holonyak, with one of us (Feng), real-
ized in 2003 that the photon energy from
direct-bandgap transistor-base electron—
hole recombination (spontaneous and
stimulated) could be a new signal optical
output in addition to the transistor col-
lector current output. With quantum wells
embedded in the base of heterojunction
bipolar transistors, they demonstrated
the first laser operation in a transistor
in 2004. The transistor-laser-based inte-
grated photonics technology could open
anew front of inter- and intrachip optical
data links and all-optical logic proces-
sors to alleviate the latency and overhead
associated with massive data movement
by today’s network fabrics.

Holonyak’s many pioneering semi-
conductor materials and device innova-
tions underpin much of the technology
supporting high-efficiency lighting, high-
speed communications and information
processing, and advanced solar-power
systems used in space, laser processing
systems, and lidar systems for autono-
mous vehicles. In his 50-year career at
Illinois, Holonyak published more than
600 refereed technical articles and di-
rected 60 PhD students, many of whom
have made important contributions of
their own to the field. The world is a
brighter and safer place because of Hol-
onyak’s engineering contributions. He is
missed by his students and many of his
colleagues who knew or collaborated
with him.

Russell D. Dupuis
Georgia Institute of Technology
Atlanta

Milton Feng
University of Illinois at
Urbana-Champaign
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David Arthur Shirley
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Joseph W. Motz
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QUICK STUDY

Lydia Méathger is a biologist at the
Marine Biological Laboratory in Woods |-
Hole, Massachusetts.

How the blue-ringed octopus flashes its rings

Lydia Mathger

The animals flex and relax fast-acting muscles to expose light reflectors hidden in specialized

skin pouches.

hown in figure 1, the blue-ringed octopus may be

small —the size of a golf ball, typically —yet equipped

with a highly potent neurotoxin it can be deadly. As

their name suggests, the octopuses feature around 60

highly conspicuous blue rings and (in some species)

lines along their bodies and arms. The blue rings and
lines exhibit iridescence—that is, they change color with the
angle of observation and angle of illumination—an optical
phenomenon caused by the differential refraction and reflec-
tance of light waves on the animal.

Cephalopods, who spend much of their time hidden, are
well known for their instant camouflage. Yet within the blink
of an eye, the animals can change their appearance to be stun-
ningly bright and colorful. Blue-ringed octopuses are no ex-
ception. When threatened, they quickly expose their blue rings
in a series of bright flashes. Those flashes are an example of
aposematism, a warning intended to deter predators. But un-
like other aposematic animals, such as poison dart frogs, which
permanently display their bright colors, blue-ringed octopuses
hide their rings most of the time and only show them when
necessary.

Skin reflectors

Optical physicists and materials scientists, particularly those
working in the field of biomimetics, are interested in those dis-
plays for anumber of reasons. One is that no energy is required
to illuminate the animals’ rings; the process of making the rings
visible is entirely passive. Indeed, all cephalopods reflect parts
of the ambient electromagnetic spectrum from specialized struc-
tures in their skin. That reflectivity spans not only the visible
part of the spectrum, but also near-UV and near-IR light. An-
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other reason is that the displays are not always static. Some
cephalopods have the additional ability to fine-tune the spec-
trum of their skin colors and change the reflected wavelength
in a matter of seconds.

The skin of cephalopods is equipped with thousands—and
in some species millions—of neurally controlled pigmented
chromatophores. They are considered organs, each containing
a sac filled with either dark brown, black, red, or yellow pig-
ments. Attached to the pigment sac are several radial muscle
fibers that are directly innervated by the brain. Contracting those
muscles expands the sac and exposes the pigment. Relaxing
them has the opposite effect: It causes the sac to retract into a
tiny round ball. To appreciate how a chromatophore changes
color, think of a partially inflated party balloon. Flattening the
balloon with a glass plate would be analogous to muscle con-
traction, which exposes the pigment sac by pulling it into a thin
disk; lifting the glass plate would relax the muscle and prompt
the sac to retract and take on its normal round shape.

In addition to chromatophores, cephalopods generally have
two types of structural reflectors. Leucophores are broadband
reflectors responsible for creating white spots and lines in
cuttlefish, octopuses, and some squid. By contrast, iridophores
are cells made up of multilayered stacks of reflector plates con-
sisting of a protein interspersed by spaces of cytoplasm—each
plate differing in refractive index. The scattering of light in
those stacks produces constructive interference.

Constructive interference

The iridophores inside the rings of the blue-ringed octopus
contain a large number—as many as 30 in some cells—of those
densely packed plates. All plates have roughly the same thick-

FIGURE 1. A BLUE-RINGED OCTOPUS, roughly 6 cm in length, is shown (a) camouflaged and (b) flashing its rings. (Courtesy of Roy

Caldwell, University of California, Berkeley.)
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FIGURE 2. BLUE-RING IRIDOPHORES are shown (a) as a parallel
arrangement of plates in this scanning electron micrograph. (b) In a
closed ring, contraction of transverse muscles (m), located above the
iridophores (central round structure), covers iridescence. (c) Relaxation
of those muscles, combined with contraction of muscles around the
perimeter (m’), exposes iridescence. The sketches in panels b and ¢
illustrate the rings’ flashing mechanism. (Adapted from L. M. Mathger
etal., J. Exp. Biol. 215, 3752, 2012.)

ness (around 62 nm, as shown in figure 2a), which allows them
to act as an ideal quarter-wave stack.

The wavelength that they most strongly reflect equals 44,
where 7 is the refractive index of the plate and d is its thick-
ness. Assuming a refractive index of 1.59 and 20% tissue
shrinkage —introduced by the processing required for electron
microscopy —plates would reflect at 499 nm.

Because individual stacks are arranged at multiple angles in
the skin, the iridescence is visible from a wide range of viewing
angles. The arrangement is important because once the animal
is threatened, the flashing rings need to be visible all around it.

How does the blue-ringed octopus show its blue rings when
needed? It turns out that the rings contain physiologically inert
iridophore cells, arranged to reflect blue-green light in a broad
viewing direction. Dark pigmented chromatophores are located
beneath and around each ring to enhance visual contrast. There
are no pigmented chromatophores above the ring. That’s an
unusual feature for cephalopods, which typically use chromato-
phores to cover or spectrally modify iridescence. But their ab-
sence holds the key to how the rings are flashed.

Surrounding the iridescent rings are muscle fibers that, as
shown in figure 2b, hide the reflectors by pulling the overlying
skin together —somewhat like two sliding doors closing over a
pouch of reflector cells. When those muscles relax and the mus-
cles on the outside of the ring contract, as shown in figure 2c,
the iridescence becomes visible. Moreover, because the skin is
so flexible, the iridophores are brought closer to the skin sur-
face for maximum visibility. All those muscles are under direct
neural control, which makes the flashes happen quickly, within
0.3-0.5 seconds.

Lessons from cephalopod color change

Every cephalopod species is different, and not every color
change method is found in every species. All cephalopods have
pigmented chromatophores, and most species have many
thousands in their skin. The structural reflectors, which are
usually located in a layer beneath the chromatophores, can be
tuned in some species—in many squids, for example—via
specialized neurotransmitter receptors. They can also be tuned

by the action of the chromatophores them-
selves, which indirectly block or spectrally
filter the iridescence.

Although tuning the iridescence phys-
iologically takes seconds to minutes, pre-
sumably because of changes to the phys-
ical state required to enable the optical
changes, spectral change via chromato-
phores is much faster because the sur-
rounding muscles are under direct neural
control and muscle contraction is almost
instant.

But cephalopod chromatophore pigments generally reflect
longer-wavelength colors, such as reds, oranges, and yellows,
which alone are insufficient to create high-contrast patterns.
Those longer-wavelength colors are comparatively ineffective
for underwater communication—at least at greater depths—
where long-wavelength photons are quickly absorbed. Add-
ing greens and blues to the signaling repertoire is paramount
to creating a conspicuous visual signal, and using special-
ized reflector cells, cephalopods have mastered the challenge
beautifully.

Of course, camouflage is still the most important survival
strategy for cephalopods, so the brightly iridescent signals
need to be obscured most of the time. While some species
physiologically turn their iridescence off, which takes time, the
blue-ringed octopus has found a way for its conspicuous warn-
ing signal to be available almost instantly, by contracting a
specific set of muscles and moving the skin folds that hide the
rings out of the way. When the danger is gone, those muscles
relax, and another set of muscles contracts, pulling the irides-
cent rings back into their specialized skin pouches.

The color-changing mechanism described here, whereby
highly reflective iridophores are hidden inside specialized skin
folds, has not been found in any other cephalopod —or in any
other animal for that matter. The uniqueness is mysterious, but
it is a reminder that the natural world is highly complex and
there is still much to learn. Octopus skin is extremely elastic
and muscular, lending the animal the ability to give its skin
three-dimensional texture, which is particularly useful for cam-
ouflaging on visually diverse underwater backgrounds. Given
the dense network of muscles and nerves in their skin, it is
perhaps not too difficult to imagine how the conspicuous
flashing may have evolved in blue-ringed octopuses.

Chromatophore
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