Shine Brighter in
Optical Design

with COMSOL Multiphysics®

Multiphysics simulation drives the innovation of new light-based
technologies and products. The power to build complete real-
world models for accurate optical system simulations helps design
engineers understand, predict, and optimize system performance.

» comsol.com/feature/optics-innovation

W\ COMSOL


http://comsol.com/feature/optics-innovation

Levitating
droplets

Quantum
metasurfaces

Reconstructing
degraded paintings



Accelerate Your Innovation
in Quantum Computing

Meet the SHFPPC Parametric Pump Controller, and go with the innovation
leaders in quantum computing control. Designed to help you achieve

the highest levels of qubit readout fidelity, the SHFPPC is the first integrated
solution for controlling parametric amplifiers.

2022 SHFPPC
First parametric amplifier controller

== Pump tone generation up to 12 GHz
== Automatic pump tone cancellation
== [orup to 4 readout channels

First mixer-calibration free 2021
qubit control and readout SHFQC

llllllllllllllllllllllll....>

2018 First commercial quantum
QCCS  computing control system

High-density AWG, 2017 .
lowest latency in the market HDAWG -

Find out more today \ / ZU rlCh
w 7\ Instruments


http://www.zhinst.com

Teetering Near the Event Horizon?

Let APSIT Group 10-Year Level Term Life Insurance shine a light on
protection for your loved ones.

SOCANAN VU TTTNA R XA
S lﬂ.":'{';f’@?ﬁﬁ,ﬂ‘

"
%

AN

%

" DON'TLETLIFE))/ /7
"/ INSURANCE FA W%ﬁ
~ INTOABLACK |~ ~
. HOLE... A
- CALLFORPERSONAL .~ -
——— SERVICE OR APPLY "
(— ONLINE TODAY! ’
> <>
800.272.1637 gﬁrﬂﬂléaAa

Apply for $250K of coverage for
just $8.33 a month*. Rates won't

fluctuate, even if your health
OO APSI i changes. That's 10 years of
protection at a com petitive rate .
INSURANCE FOR SCIENCE PROFESSIONALS

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee -34years of age

Underwritten by New York Life Insurance Company, 51 Madison Avenue, NY, NY 10010 on group policy form GMR, G-29134-0. For more
information on APSIT 10-Year Level Term Life Insurance, including features, costs, eligibility, renewability, limitations, and exclusions,

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA


http://APSITPLANS.COM/LTL-NOW

Excellence in Low Temperature Imaging

LT - NV Centre/Confocal Raman Microscope

High NA LT-APO Objective

(7/48mm Outer Diameter

Scan Area (1 XYZ Nanopositoner / Scanner for sample
1 Z Nanopositoner for Cold objective
Temperature Range (/1 XYZ Nanopositoner for NV/QTF Sensor

Single Layer Graphene Raman map*

] ‘ i: ‘ - b
i o L T —

Single layer MoS2 Raman map*

EEEE "

T
&

]
& &

g
Werrnatized Intarsdy

[

@?/ Can be customised
< to fit in any cryostat

BT B 3 Raman Spactrum
nm
Fa0a
- Ma
w7
| 1503
> i ,
[T} i E i
] 1004
ok =
]
50
2
BE
b £ o F] &
B 1 " ™ ] i b i)

K farnl
* Data courtesy of Furkan Aglarci, Gaglar Samaner, Serkan Ates @ Izmir Institute of Technology, Turkey & Feridun Ay, Nihan Kosku Perkgéz @ Eskisehir Technical University, Turkey

. NANOMAGNETICS +44 7906 159 508
2e%% |INSTRUMENTS

N d
0 o,
Se_ o,

sales@nanomagnetics-inst.com
mun /NMInstruments Suite 290, 266 Banbury Road Oxford OX2 7DL, United Kingdom



mailto:sales@nanomagnetics-inst.com

0

hesidialiGas Analyzers .

o0 Starting at $3 750

B
4

« Long-lasting electron multiplier

» 6 decades of dynamic range



http://www.thinkSRS.com

SUPPORT
SCIENCE

At AIP Foundation, we’re passionate

about the impact of the physical sciences
community, and with your support, we

can strengthen our efforts to preserve the
history of physics, foster future generations
of physicists, and create a more diverse and
equitable scientific enterprise.

AIP Foundation is an independent not-
for-profit corporation launched in 2020
to generate philanthropic support for the
American Institute of Physics, focused on
history and student programs, our library,
and actions to advance diversity.

Show your support of the physical sciences =7 ' 4
community through the following AIP
programs:

* Center for History of Physics
Niels Bohr Library & Archives
Society of Physics Students

Sigma Pi Sigma

Diversity Action Fund

FOUNDATION

To learn more about how you can
support AIP programs visit foundation.aip.org


http://foundation.aip.org

Recently on

PHYSIBS

TODAY
ONLINE

www.physicstoday.org

Iy

FELIXHUFNAGEL

Magic window
Invented a few thousand
years ago, magic mirrors
impart a desired design into
the reflected image via
subtle bumps on their
surfaces. Now researchers
have created a novel variation
using liquid crystals. Their
magic window generates
a customizable image
through refraction and is
completely flat.
physicstoday.org/Aug2022a
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30 Physics....is for girls?

Joanna Behrman

Contrary to modern stereotypes, the laws of the natural world used to be
considered a fundamental part of young women's education.

38 Metasurfaces for quantum technologies

Kai Wang, Maria Chekhova, and Yuri Kivshar

Subwavelength planar structures can generate, reshape, and entangle
photons in a compact and stable device.

46 Einstein would be doubly amazed

Roman Schnabel

Quantum-correlated light embodies all the weirdness of quantum physics.
Now it is being used to aid in the observation of another exotic phenomenon:
gravitational waves.

UN THE BUVER Modern-day educators struggle with the stereotype that
physics is an inherently masculine subject. But a look to the past shows

that not only was science education widely offered to young women in the
19th-century US—producing such figures as Maria Mitchell, shown here—but
natural philosophy, the predecessor subject of physics, was perceived as being
more for girls than for boys. To learn more, turn to the article by Joanna
Behrman on page 30. (Color enhancement of Maria Mitchell portrait, painted
by Herminia Dassel, 1851, from Science History Images/Alamy Stock Photo.)
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Women in astronomy
In 1992 more than 150
astronomers signed a
then-controversial call
for gender equality known
as the Baltimore Charter
for Women in Astronomy.
Three decades later,
participants and other
women in astronomy
reflect on how the
culture of the astronomy
community has changed.
physicstoday.org/Aug2022b
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Photonics and photos
Neural networks aren't
confined to traditional
computer chips.
Researchers recently
developed an on-chip
photonic deep neural
network that, upon being
trained, was able to classify
certain images using light
signals. And it completed
the task faster than an
electronic chip can.
physicstoday.org/Aug2022c
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Commentary

The future (budget) of the academic I|hrary

cademic librarians are stewards of

resources invested for the collective

campus good. Responsible steward-
ship includes serving the institution’s
mission, meeting the needs of research-
ers and learners, and anticipating what
needs will emerge next.

For more than a decade, I've been
exploring the power of futures thinking
for driving library strategic planning
and decision making.! Futures thinking
is a framework for considering multiple
scenarios for what the future might hold
and evaluating those scenarios for likeli-
hood and potential consequences. By
considering which futures are possible,
librarians can then develop strategies
and policies that move toward desirable
futures while also, hopefully, avoiding
undesirable ones. Futures thinking also
offers the opportunity for other library
stakeholders—faculty, students, and
administrators—to see their roles in en-
suring the health of their libraries.

So, what of the current state of aca-
demic libraries? Put bluntly, times are
hard.

For decades, academic librarians have
dealt with the realities of collections bud-
gets that have not grown to match the
expanding volume of journals, books,
media, databases, and other resources that
faculty and students need for research and
learning. Many budgets have not even
kept pace with inflation.

Pandemic disruptions only intensi-
fied the financial pressures that academic
libraries already faced. An Ithaka S+R sur-
vey of US academic library deans and di-
rectors found that by September 2020, 75%
of those libraries that did have a budget
for 2020-21 had experienced a budget cut
compared with what would have other-
wise been expected before the pandemic.?
A notable proportion took cuts greater
than 10%. Even more challenging, 20% of
academic libraries did not yet have a
budget for the 2020-21 fiscal year by
September, and many of those libraries
had been considering substantial cuts.

The survey also documented that the
cuts impacted all aspects of library bud-
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LISA JANICKE HINCHLIFFE, the author of this commentary, uses futures thinking as
a strategy for making decisions and plans for institutional libraries as their budgets
continue to tighten. She is a professor and coordinator for research and teaching
professional development at the University of lllinois at Urbana-Champaign library.

gets. Specifically, “62 percent made cuts
to collections, 59 percent allocated cuts to
staffing, and 53 percent cut funds from
operations.” The collections budget cuts
further exacerbate the challenges librar-
ies face as scholarly output continues to
grow while library budgets shrink.

One of my favorite futures thinking
exercises is the Futures Wheel, which is
a visual method for exploring implica-
tions of a given change by brainstorming
consequences of the change and then con-
sequences of those consequences, conse-
quences of those consequences, and so
on. The goal is to see the full impact of a
particular change from a variety of per-
spectives and to unearth potential unin-
tended consequences, particularly those
that might be negative, so that they can
be managed or mitigated.

Regardless of whether they have

done the Futures Wheel activity specifi-
cally, academic librarians are well versed
in assessing and managing the implica-
tions of contemporary budget cuts and
historically declining buying power.

As a result of library collections bud-
get cuts, researchers might spend more
time seeking out access to articles and
books that they need—for example,
through interlibrary loan —which would
take time away from other work and in-
crease the time needed to complete a
project. Students might need to pay for
course materials that are no longer avail-
able through the library, which would
add to the cost of their college education.
And libraries might cancel scholarly so-
ciety journal subscriptions, which would
diminish support for scholarships, travel
grants, and other programs funded by
publishing revenues.



Given those potential consequences—
and recognizing that a significant rever-
sal of budgetary trends is as implausible
as it would be desirable—academic li-
brarians have been pursuing both short-
term and long-term methods for maxi-
mizing the impact of the budgets that
they do have while also seeking to alter
the financial dynamics of the scholarly
communications system as a whole.

Strategies for making the most of col-
lections budgets have focused on negoti-
ating lower prices, canceling lesser-used
subscriptions, and providing delivery-
on-demand services, particularly for
journal articles. Research libraries have
been canceling “big deal” packages with
the largest publishers and replacing them
with a la carte packages that reflect spe-
cific campus needs.’ In some cases, they
have just been canceling subscription
packages altogether. Unsub, an online
subscription analysis tool, has been nota-
bly useful in those efforts.* Libraries were
assisted during the pandemic by the
publishers that held prices steady rather
than increasing fees or even offered pric-
ing relief. Many of those programs, how-
ever, were temporary and have ceased. In
sum, libraries are spending smarter and
buying less.

Negotiating for discounts and similar
efforts are unlikely to fully address de-
clining purchasing power or the reality
of expanding scholarly output. Librarians
have therefore also been attempting mar-
ket interventions with the aim of shifting
scholarly publishing business models.
Transformative agreements, which seek
to shift library spending from paying for
subscriptions to paying for open-access
publishing, are particularly noteworthy
for the increased value received by insti-
tutions for their library spending.’ But
they have yet to lower the overall costs
to libraries as some have envisioned.

Letters and commentary are
CUNTA[:T encouraged and should be sent
PHYSIBS by email to ptletters@aip.org
(using your surname as the

Subject line), or by standard mail
TUDAY to Letters, PHYsICS TODAY, American
— | Center for Physics, One Physics
Ellipse, College Park, MD 20740-3842. Please include
your name, work affiliation, mailing address, email
address, and daytime phone number on your letter
and attachments. You can also contact us online at
https://contact.physicstoday.org. We reserve the
right to edit submissions.

The University of California’s multi-
payer model, in which its libraries give
financial support to all authors while
requesting that those with grant funding
cover part of the cost of article publica-
tion, is a unique approach to addressing
thatissue, but it s still in its earliest years
of implementation, so it is difficult to
evaluate whether it can be scaled to other
institutions.

Hidden in the discussion of those
realignment strategies is a challenging
reality: The strategies rely on robust
backroom operations and the expansion
of other library services. With cuts to
staffing and operations as a result of the
pandemic, libraries may not be able to
mitigate as they once did the negative
consequences of cuts to the collections
budgets.

That is why I want to return now to
the observation at the start of this
commentary —that futures thinking of-
fers the opportunity for faculty, stu-
dents, and administrators to consider
their roles relative to the future of their
libraries. To be clear, I am not saying that
everyone needs to understand the inner
workings of library management. I am
saying, however, that faculty, students,
and administrators need to understand
the impact of the library on their work—
and also what a library makes possible
collectively.

Academic libraries are inherently a
lever for equity. They ensure that regard-
less of one’s background, personal finan-
cial resources, social network, or other
circumstances, if one is a member of the
campus community, one has equal access
to information resources. It may be easy
for individuals to fall into thinking that
they don’t need the library and that they
have personal options. But the question
to consider is whether the campus com-
munity needs the library.

The current realities of academic li-
brary budgets reflect the challenges of the
past decades. Good stewardship of de-
clining resources is still a story of declin-
ing resources. Librarians need to ensure
that they are creating value for their in-
stitutions and communicating their im-
pact. But librarians alone cannot ensure
that the vision of a library as a collective
good is a campus reality. The message
that investment in the library is invest-
ment in the community is delivered best
by the researchers and learners that li-
braries serve.

—_

. L.J. Hinchliffe, Ser. Libr. 78, 28 (2020).

2. J. K. Frederick, C. Wolff-Eisenberg, Aca-
demic Library Strategy and Budgeting During
the COVID-19 Pandemic: Results from the
Ithaka S+R US Library Survey 2020, Ithaka
S+R (9 December 2020).

3. “Big Deal Cancellation Tracking,” SPARC,
https://sparcopen.org/our-work/big
-deal-cancellation-tracking; L. ]J. Hinch-
lifte, “What do libraries keep when they
cancel the big deal?,” Scholarly Kitchen (14
July 2020).

4. L. ]. Hinchliffe, “Taking a big bite out of
the big deal,” Scholarly Kitchen (19 May
2020).

5. L. J. Hinchliffe, “Transformative agree-

ments: A primer,” Scholarly Kitchen (23

April 2019).

Lisa Janicke Hinchliffe

(ljanicke@illinois.edu)
University of Illinois at Urbana-Champaign

LETTERS

Engineering better
science education

hanks to Stephen Pompea and Pedro

Russo for their comprehensive over-

view of science education activities
(Prysics Topay, September 2021, page 26).
The authors mention in passing that the
evaluation of innovative science educa-
tion projects was included in their studies
of educational transformation. It would
be interesting to learn what was found in
their evaluations and in others that may
have been performed. NSF alone spends
some $1 billion on STEM (science, tech-
nology, engineering, and mathematics)
education, so it is important to assess
what effects those activities have had on
science appreciation and competence.

I constructed a small observatory in
my town and operated it with NSF and
NASA support for over 20 years. The
opportunity to increase the awareness of
astronomy in my community was enjoy-
able.! But the experience raised some
concerns about the current emphasis in
science education. For one, I was sur-
prised to find that while there are many
astronomy projects on the Web focused
on specific topics like building a model
solar system or a rocket, the one resource
that elementary or middle school teach-
ers might most need —a comprehensive
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introduction to astronomy at that level —
seems to have been overlooked. The only
such general introduction that my col-
leagues and I were able to find at that
time was an excellent textbook by Jay
Pasachoff? that wasn't available anymore,
although a revised edition has since ap-
peared. An experienced teacher working
with me commented that the currently
popular emphasis of Web-based resources
for teachers and students on relatively
narrow topics makes it difficult to pres-
ent a subject like astronomy cohesively.

Another concern is the impact of too
many curriculum changes on teachers.
Our daughter teaches third grade, and
one wonders how many enthusiasts of
frequently revamping STEM curricula
understand how much work goes into
handling 25 rambunctious kids and their
sometimes-difficult parents. Attrition of
experienced teachersis a serious problem,
and finding out that they need to master
yet another way to teach math or science
could be the last straw for some.

It would be interesting to hear from
the authors whether such concerns have
been covered in past evaluations or how
they might be addressed in the future.

1. P. Foukal, Eos Trans. AGU 95, 63 (2014).
2. ]. Pasachoff, Science Explorer: Astronomy,
Prentice-Hall (2000).

Peter Foukal
(pvfoukal@comcast.net)
Nahant, Massachusetts

IS

t doesn’t take a rocket engineer to rec-

ognize the widely used and unfortu-

nately misleading technoscience cliché
in the subtitle of the worthy September
2021 article “Improving science educa-
tion: It’s not rocket science—it’s harder!”
(page 26).

In the NASA History Series book Re-
membering the Space Age, Monique Laney;,
a historian at Auburn University, de-
clares the term “rocket scientist” a “mis-
nomer used by the media and in popular
culture.”! She points to the condemna-
tion of the term by former National Air
and Space Museum space history chair
Michael Neufeld, who associates it with
“a deep-rooted failure in the English-
speaking media and popular culture to
grapple with the distinction between sci-
ence and engineering.” Neufeld acknowl-
edges that “the boundaries are fuzzy,”

12 PHYSICS TODAY | AUGUST 2022

but he asserts that “the correct term is
‘rocket engineer.””?

Most who mastermind and shepherd
spaceflight to serve science—and maybe
commerce —are engineers.

1. M. Laney, in Remembering the Space Age,
S. J. Dick, ed., NASA Office of External
Relations, History Division (2008), p. 92.

2. M. ]. Neufeld, Von Braun: Dreamer of Space,
Engineer of War, Vintage Books (2008), p. xv.

Steven T. Corneliussen
Poquoson, Virginia

»Pompea and Russo reply: We agree
with Steven Corneliussen that the term
“rocket science” is a poor overall de-
scriptor of the scope of aerospace engi-
neering. However, the term resonates
with the public in describing endeavors
that it views as difficult and complex or
where failure would be highly visible
(for example, the efforts to bring back
Apollo 13).

When the astronaut, scientist, and
educator George “Pinky” Nelson observes
that education is harder than “rocket
science,” he accurately describes the
complexities and difficulties in advanc-
ing STEM (science, technology, engineer-
ing, and mathematics) education. Just
getting a rocket off the launchpad is
much easier than getting the payload
into the specific orbit desired. STEM
education undertakings also benefit
greatly from well-designed, intentional
efforts from teams that use a systems-
based approach.!

We also agree that effective classroom
science education, especially at the ele-
mentary school level, is difficult for the
reasons outlined by Peter Foukal. Science
teachers are challenged by curriculum
changes, poor textbooks, a paucity of com-
puters and other equipment, and inade-
quate training in pedagogical content
knowledge for the subjects they teach.
From our experience, teaching is one of
the most challenging professions; its dif-
ficulty is significantly underappreciated
by other professionals. It is no wonder
that there is currently a critical shortage
of science teachers in the US (see Prysics
Topay, March 2022, page 25).

Most concerning to us is that public
education in the US has been under at-
tack for decades, a topic well explored by
Diane Ravitch, a former US assistant sec-
retary of education. Public funding for
education is increasingly being diverted

to private and religious schools, which
weakens the public school system. STEM
professionals and their organizations
need to take a more active role as stew-
ards of local public STEM education in
order to preserve the rapidly deteriorat-
ing educational ecosystem.?

1. S. M. Pompea, P. Russo, Annu. Rev. Astron.
Astrophys. 58, 313 (2020).

2. D. Basler, B. Bartel, “Fostering Steward-
ship in Science Education,” 23 May 2022,
in Lab Out Loud, podcast, https://laboutloud
.com/2022/05/episode-267-fostering
-educational-stewardship.

Stephen M. Pompea
(pompea@strw.leidenuniv.nl)

Pedro Russo
(russo@strw.leidenuniv.nl)
Leiden University

Leiden, the Netherlands

Lesson from a lost
radioactive source

appreciated the item “Replacing high-

risk radioactive materials remains a chal-

lenge” in the September 2021 issue of
Prysics Topay (page 23). In 1972 my career
at the University of Rochester started
with periodic source replacements in
the Tandem Van de Graaff accelerator,
which used iridium-192. My colleagues
and I also used the same nuclide in
radiation-therapy breast implants. T had to
assist in the operating room to ensure no
iridium seeds were lost. Over the years we
dealt with blood irradiators and several
cobalt and cesium therapy machines and
with many smaller sealed sources.

The only “lost” source that I can recall
is a cesium-137 capsule used for a three-
day cervical implant. It was removed
from the patient on a weekend, and pro-
cedures were not followed. An inven-
tory on Monday morning revealed that
one source was missing. We found it
under a conveyor belt that workers used
to sort laundry by hand. The source was
not damaged, and none of the workers
received a significant radiation dose.
The incident does, however, support the
challenge referenced in the article—a
challenge that is easily met by following
procedure.

Winborn D. Gregory
(gregorywd@comcast.net)
Paducah, Kentucky
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Revisiting the
electric potential

In the Quick Study by Eve Vavagiakis,
Thomas Bachlechner, and Matthew Kle-
ban (Prysics Topay, August 2021, page 62),
the authors’ claim about the ontology of
the electromagnetic vector fields seems
too simple. As indicated in the figure
above (adapted from the authors’), an
electron taking either of the paths around
the solenoid has an electric field E ex-
tending into the solenoid, where there
is a nonzero magnetic field H. For a
short time, the electron creates a Poynting
vector S carrying momentum. That mo-
mentum has to be taken away from the
initial momenta and thus affects the
phase difference between the paths. That
quantum mechanical phenomenon, called
the magnetic Aharonov-Bohm effect,
depends on only the magnetic flux. The
obtained phase change does not de-
pend on the distance to the solenoid. Its
size is easy to calculate for an infinite
solenoid.

Usually, a properly renormalized elec-
tron can be thought of in quantum me-
chanics without considering the constantly
emitted and absorbed photons building
up the electric field. But for an electron
passing around a solenoid, there is an
exception, as noted by Lev Vaidman.!

The electrostatic version nicely de-
scribed by J. J. Sakurai and Jim Napoli-
tano is more straightforward.? At some
point, the electrostatic potential has to be
switched on, which, independent of the
geometric details, has to involve an elec-
tric field. That electric field crosses the
particle path and takes away or adds
momentum, resulting in the observed
phase difference between both paths.

1. L. Vaidman, Phys. Rev. A 86, 040101(R)
(2012).

2. J.J. Sakurai, J. Napolitano, Modern Quantum
Mechanics, 2nd ed., Addison-Wesley (2011).
Fritz W. Bopp

(bopp@physik.uni-siegen.de)

University of Siegen

Siegen, Germany

»Vavagiakis, Bachlechner, and Kleban
reply: Fritz Bopp correctly points out
that creating a potential difference neces-
sitates a nonzero electric field. He goes
on to assert that the field must cross the
particles’ paths, differentially accelerating
them. If that were the case, the difference
in phase could indeed be explained by
the interaction of the particles with the
electric field. As we describe in our
Quick Study, however, the field could be
switched on for a while and then off again
while the particles are deep inside two
long, tubular Faraday cages. Those cages
shield the particles from contact with the
nonzero field, yet while the field is on,
there is a potential difference between the
interiors of the two cages. That potential
difference is therefore responsible for the
difference in phase.

Eve Vavagiakis
(ev66@cornell.edu)
Cornell University

Ithaca, New York

Thomas Bachlechner
(thomas@meetelise.com)
MeetElise

New York City

Matthew Kleban

(kleban@nyu.edu)
New York University

New York City

Correction

July 2022, page 5—The last sentence of
the “On the cover” description should
read “the world’s largest cryogenic par-
ticle detector.”
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SEARCH & DISCOVERY

A star’s demise is connected to a neutrino

outhurst

The most conclusive
evidence to date
demonstrates that high-
energy neutrinos could be
formed by tidal forces that
rip apart a star near a
supermassive black hole.

n 1 October 2019, the IceCube Neutrino
0 Observatory in Antarctica detected an

exceptionally energetic 0.2 PeV neu-
trino. The Zwicky Transient Facility in
California followed up seven hours later
with wide-field observations of the sky
at optical wavelengths. The facility ob-
served optical emission in the 90% uncer-
tainty region of the incoming neutrino.

After studying the large energy flux
of the optical emission, its location
within the reported uncertainty region of
the sky where the high-energy neutrino
came from, and some modeling results,
researchers concluded that the two obser-
vations could be connected.! The optical
emission was caused by a bright tran-
sient phenomenon known as a tidal dis-
ruption event (TDE) that had first been
observed one year before the neutrino.

TDEs occur when stars get close
enough to supermassive black holes to
experience spaghettification —the stretch-
ing and compressing of an object into a
long, thin strand that is caused by the
black hole’s extreme tidal forces. (See the
article by Suvi Gezari, Puysics Topay,
May 2014, page 37.)

Two theory papers proposed that
neutrinos with energies above 100 TeV,
like the 2019 sighting, could be produced
in relativistic jets of plasma, which are
composed of stellar debris that’s flung
outward after such an event.> Active ga-
lactic nuclei (AGNs) and other possible
emitters of high-energy neutrinos have
been debated in the literature before
IceCube detected the first extragalactic
ones in 2013 (see the article by Peter
Mészaros, Puysics Topay, October 2018,
page 36). But with only the one reported
TDE-neutrino association from 2019, re-
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FIGURE 1. A TIDAL DISRUPTION EVENT occurred when a star much larger than the
Sun traveled too close to the supermassive black hole in the center of a galaxy 4.4 bil-
lion light-years away from Earth. In this illustration, radiation from the tidal disruption
at the center vaporized the dust in its immediate vicinity. The more distant,
red-colored dust half a light-year away heated up and began to glow at IR wave-
lengths. That dust echo was detected months after the event’s initial optical emission.
The blue emissions depict jets of plasma launched by the event. (Courtesy of the Sci-

ence Communication Lab for DESY.)

searchers haven't been able to conclu-
sively establish TDEs as high-energy
neutrino sources.

Now the Zwicky Transient Facility
observed another TDE that was located
within the uncertainty region of a neu-
trino detected by IceCube. With their
colleagues, Simeon Reusch and Marek
Kowalski (German Electron Synchrotron
and Humboldt University of Berlin) esti-
mated that the probability of a second
such pairing happening by chance is
0.034%, lending more credence to TDEs
as sources of high-energy neutrinos.’

Star light, star bright

The newly observed TDE is located in
an AGN —the luminous, compact center
of a galaxy. The galaxy in question is
4.4 billion light-years from Earth and has
at its center a black hole with a mass of
31.5 million Suns. After a star got close

enough to be ripped apart, its remains
likely swirled around the black hole,
accreted, and began shining brightly
across many wavelengths.

That transient flare was first discov-
ered at the Zwicky Transient Facility in
May 2019 and reached peak luminosity
in August 2019. The associated neutrino
was detected by IceCube nine months
later, by which time the flare’s flux had
decreased by about 30%. Such flares
often last several months, although this
one was still detectable as of June 2022.

A TDE isn't the only possible source
of the flare. It could have come directly
from the AGN. Because AGNs are far
more numerous than TDEs, their emis-
sion is more common. And the first data
of the flare suggested that it could have
been a superluminous supernova—a
stellar explosion with a luminosity that’s
at least 10 times as bright as a typical
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FIGURE 2. HIGH-ENERGY NEUTRINOS
could be produced from various
mechanisms associated with a tidal
disruption event—the demise of a star
by a supermassive black hole’s tidal
forces. The energy of one such neutrino
(vertical dotted line), detected by the
IceCube Neutrino Observatory in 2020,
is consistent with all the modeled
possibilities. It may have been
generated from relativistic jets of

plasma expelled from the event (blue dotted-dashed line), the collisional plasma inside
the coronal region of an accretion disk composed of stellar debris (red solid line), or a
subrelativistic wind of ejected material (green dashed line). (Adapted from ref. 3.)

supernova. To better establish whether a
TDE was, in fact, the source of the optical
emission, Reusch, Kowalski, and col-
leagues looked at measurements of the
flare that spanned nearly the entire elec-
tromagnetic spectrum.

Some of the most useful evidence
came from the eROSITA telescope, which
is part of the Russian-German Spektr-
RG satellite. The instrument scanned the
sky location of the putative TDE four
times. On the third scan in March 2021,
after the peak luminosity of the flare had
declined, it detected low-energy, or soft,
x-ray emission, which would be quite un-
common for a superluminous supernova.

Sluggish IR

A second critical piece of evidence in
support of the TDE came from mid-IR
observations collected by the NEOWISE
space telescope—NASA’s reactivated
Wide-Field Infrared Survey Explorer whose
current mission is to identify and charac-
terize near-Earth objects (see Puysics
Topay, March 2015, page 19). The mid-IR
observations showed a peak IR luminos-
ity that curiously lagged the peak of the
optical emission by a year.

“Thetime delay led us to the dust-echo
interpretation,” says Reusch. Figure 1
shows an artistic illustration of the AGN
surrounded by a preexisting dust cloud;
it heated up and started to glow as light
traveled through it. The dust in the im-
mediate vicinity of the disrupted star
was destroyed by the TDE’s radiation,
which left only the far-flung dust sur-
rounding the TDE.

In the dust-echo interpretation, some
of the IR light emitted from the TDE was
absorbed and reemitted by the surround-
ing dust. Light traveling directly along
the line of sight to the TDE arrived at
Earth first. IR light from the heated dust

that was initially emitted perpendicular
to the direct line of sight or from the far
side of the system must travel farther
and thus arrived months later than the
optical emission.

Reusch, Kowalski, and their col-
leagues first modeled the combined IR,
optical, and UV light coming from the
TDE using a single blackbody as the ra-
diation source. But the results were in-
consistent with the spectral shape of the
observations. The best fit, they found,
came from a model composed of two
blackbodies at different temperatures:
one for the TDE emission and the other
for the IR dust-echo emission.

From jets, the disk, or wind?

To better understand how the unusually
long-lasting TDE may have produced
high-energy neutrinos, the research team
simulated three possible mechanisms.
Besides relativistic jets, a TDE could also
generate a disk of gaseous material ac-
creted from the remains of a star. With
sufficiently high accretion, collisional
plasma in the coronal region of the disk
may accelerate particles and produce
neutrinos. Such an accretion disk could
also launch a subrelativistic wind of
ejected material that’s energetic enough
for generating neutrinos.

Figure 2 shows the predicted neu-
trino flux for each of the possible mech-
anisms as a function of energy. Any of
the three mechanisms could reasonably
generate a neutrino with the energy (ver-
tical dotted line) observed by IceCube.

Other details of the TDE-neutrino
association remain murky. For example,
in their statistical analysis, IceCube re-
searchers couldn’t rule out the possibil-
ity that the neutrino may have formed
from atmospheric processes on Earth.
They concluded that the neutrino had a
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59% probability of having an astrophysical
origin.?

Multimessenger astrophysics

Detecting more TDEs and better estab-
lishing their relationship to high-energy
neutrinos should be possible as early as
next year. The Vera C. Rubin Observa-
tory, previously named the Large Synop-
tic Survey Telescope, is currently being
built in Chile. Once it sees first light, its
wide-field Simonyi Survey Telescope
will have the capability of photograph-
ing the entire sky every few nights.

If the TDE-neutrino association is
true, TDEs would have to be extremely
efficient particle accelerators. The ener-
gies of high-energy neutrinos are many
orders of magnitude higher than can be
reached in even the most impressive

terrestrial particle accelerators, and they
reach Earth largely unperturbed.

High-energy neutrinos, therefore,
are a natural part of a multimessenger
astrophysical laboratory. They can’t be
controlled or replicated as in a tradi-
tional lab experiment, but they can be
used to study high-energy processes
and test fundamental ideas about parti-
cle physics.

For example, some of the densest and
most energetic conditions in the universe
are found in supernovae. Because neutri-
nos are very light and only interact by
the weak nuclear force, they can pass
through the dense core of a supernova
and probe the conditions there.

Neutrinos are also theoretically ex-
pected to be produced during neutron
star mergers. None were seen after the

2017 binary neutron star merger in which
gravitational waves and a gamma-ray
burst were observed (see “The era of
multimessenger astronomy begins,”
Puysics Topay online, 16 October 2017).
Nevertheless, the hunt for them contin-
ues. And should any be detected, they
may offer bits of information about the
density of a neutron star merger and
how energy is dissipated from it.

Alex Lopatka
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A triatomic molecule is laser cooled and trapped

Molecules that stretch, bend, and rotate offer many new
avenues for ultracold physics experiments. But they're also

harder to control.

n March 2020, as the world was grap-
I pling with the implications of the

COVID-19 pandemic, John Doyle and
colleagues at Harvard University were
faced with the bleak prospect of shut-
ting down their experiments on ultra-
cold atoms and molecules, perhaps in-
definitely. So they turned their physics
expertise to a rather different but more
timely set of problems: Could N95 masks,
in perilously short supply at the time, be
decontaminated and reused?’ And how
could the risks of airborne disease trans-
mission be most effectively mitigated in
a laboratory or office setting??

Through their work, they helped Har-
vard develop a plan to safely and quickly
reopen its research labs —including their
own, shown in figure 1. “By June 2020
we were working at 70% capacity,” says
Doyle, “and a couple months after that
we were back to essentially 100%. Al-
though we didn’t have any visitors during
the shutdown, we enjoyed the opportu-
nity for quiet and concentration.”

That opportunity has paid off. In one
of a steady stream of papers published
since the start of the pandemic, they’ve
now demonstrated the laser cooling and
magneto-optical trapping of calcium
monohydroxide (CaOH), the first three-
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atom molecule to be so cooled and
trapped.® The extension of ultracold
techniques to larger molecules promises
to make possible new experiments in
quantum information, tests of fundamen-
tal physics, and more.

Will the cycle be unbroken?

Laser cooling and trapping of atoms is a
decades-old technology that garnered
the 1997 Nobel Prize (see Prysics Topay,
December 1997, page 17). In its simplest
form, it works by optical cycling: An
atom repeatedly absorbs and emits pho-
tons as it hops between its ground and
excited electronic states. Each absorbed
photon imparts some momentum, which
counters the atom’s thermal kinetic en-
ergy, thereby slowing and cooling it.
The success of that method hinges on
getting the atom to reliably return to its
ground state. If there’s some other
low-lying state that it can relax into in-
stead, researchers need to add another
laser to repump the atom from that state;
if the atom ever ends up in a so-called
dark state that isn’t repumped, the cool-
ing cycle ends and the atom is lost from
the experiment. The easiest atoms to
laser cool are therefore those with the
simplest energy-level structures, mostly

alkali metals such as potassium and ru-
bidium and alkaline earth metals such as
calcium and strontium.

Extending ultracold methods from
atoms to molecules is useful for a wide
range of experiments. Some of those
experiments are obvious, such as study-
ing chemical reactions in the quantum
regime (see the article by Debbie Jin
and Jun Ye, Prysics Topay, May 2011,
page 27); others are less so, such as search-
ing for hypothetical supersymmetric
particles that might endow the electron
with a permanent electric dipole mo-
ment (see the article by Dave DeMille,
Prysics Topay, December 2015, page 34).

But all the challenges of laser cooling
atoms are compounded in molecules,
which possess not only electronic quan-
tum states but also quantized rotations
and bond vibrations. The veritable con-
tinuum of low-lying states would, in the
general case, require many dozens of
repumping lasers to keep under control.

Because of the difficulty of cooling
molecules directly, most ultracold-
molecule researchers build their mole-
cules from atoms that are already cooled.
Although that approach works well, it
yields exotic, weakly bound molecules
such as KRb (see Puysics Topay, Febru-
ary 2020, page 12) and Sr, (see Prysics
Topay, October 2019, page 18) that are
essentially unknown outside of ultracold
research.



FIGURE 1. A THICKET of optical elements directs the laser beams that cool and trap
the triatomic molecule calcium monohydroxide. Laser cooling and magneto-optical

trapping of atoms is standard practice, and a few groups have succeeded in cooling
and trapping diatomic molecules. But never before has a three-atom molecule

received the same treatment. (Photo by Loic Anderegg.)

But some special molecules can be
cooled directly without too much trou-
ble. The trick is to find a molecule whose
ground and excited electronic states
have nearly the same equilibrium shape.
(For diatomic molecules, the “shape” is
merely the length.) The molecule can be
cycled between those states without
stretching it, and most molecules reliably
relax to the vibrational ground state.
Occasionally they might end up with one
or a few quanta of vibrational energy, but
a small number of repumping lasers can
coax them back to the vibrationless state.

Two molecules that fit the bill are stron-
tium monofluoride and calcium mono-
fluoride. In each case, the alkaline earth
metal atom —Sr or Ca—has an extra elec-
tron that doesn't participate in the metal—-
fluorine bond. Exciting that electron
doesn’t change the bond length much at
all. Both molecules can be laser cooled
withjustahandful of additional repump-
ing lasers. (See Puysics Topay, January
2010, page 9.)

Importantly, there are multiple tiers
of what’s meant by “laser cooling.” Be-
cause of their extra electrons, SrF and
CaF aren't stable enough to be carried
around in bottles; they have to be synthe-
sized from their constituent atoms in a
molecular beam. It’s relatively straight-
forward to apply lasers perpendicular
to the molecular beam to cool the mole-
cules’ transverse motion while they hur-

tle along at some 100 m/s—and for some
applications, that form of cooling is
enough.

For experiments that require lower
temperatures or optical lattices, how-
ever, researchers need to catch the mol-
ecules in a trap, which requires first
slowing the molecular beam to a virtual
stop. To do so with just lasers, they need
to get the molecules to cycle more than
10 000 photons without ever landing in a
dark state. That challenging feat, even for
diatomic molecules, has been achieved
by only a handful of groups in the world
so far.

The hends

Going from two atoms to three intro-
duces another important degree of free-
dom: Not only can triatomic molecules
stretch and rotate, but they can also
bend. The bending mode gives rise to
some potentially interesting new effects.
For example, in strontium monohydrox-
ide, it so happens that three quanta of
bending have almost exactly the same
energy as two quanta of the Sr-O stretch.
That accidental degeneracy makes the
SrOH spectrum potentially sensitive to
some postulated types of dark matter.
For another example, exciting the
bending mode breaks an otherwise lin-
ear molecule’s linear symmetry. A bend-
ing molecule therefore has quantized
rotational motion not just from tumbling
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end over end but also from turning like
a spindle about the molecule’s length.
For complicated quantum mechanical
reasons, molecules that possess angular
momentum about their internuclear
axes are extremely easy to align with an
applied field. That capability comes in
handy in searches for the electron elec-
tric dipole moment, use of the molecules
as qubits, and more.

But the bending mode introduces the
same challenge to laser cooling as a di-
atomic molecule’s stretching mode does:
It creates more vibrational states into
which the molecule might relax and
break the optical-pumping cycle. Fortu-
nately, the same advantage of SrF and
CaF also applies to CaOH (which Doyle
and colleagues chose over SrOH simply
because its transitions lie at more conve-
nient laser frequencies): The Ca atom’s
extra electron doesn’t participate in
bonding, so most molecules relax into
the vibrational ground state. But a few
relax into states excited in the Ca-O
stretch, the bend, or both.

Doyle and colleagues transversely
cooled CaOH in a molecular beam just
before the start of the pandemic. It took
six lasers, one to drive the main transi-
tion and five to repump vibrationally
excited states.* That scheme cycled an
average of about 1000 photons per mol-
ecule. To reach the 10 000-photon thresh-
old required to slow the beam to a stop,
the researchers had to add six more laser
frequencies, for a total of 12, as depicted
in figure 2a.

Fortunately, the molecules don't all
fall into a dark state after the same num-
ber of cycles. The mean number of pho-
tons cycled, plotted in figure 2b, is the
number of photons scattered per mole-
cule before the number of molecules is
reduced by a factor of e = 2.718. So even
though the 12 lasers cycle an average of
just 12000 photons per molecule, only
slightly more than the 10 000 needed to
stop the beam, they still leave more than
Y5 of the molecules available to be caught
in the magneto-optical trap.

Bigger and higger

Bending and Ca-O stretching aren’t the
only vibrational modes available to
CaOH. There’s also stretching of the OH
bond, which the Harvard researchers’
laser scheme doesn’t address at all. But
that’s because it didn’t need to: Optically
cycling CaOH molecules almost never
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FIGURE 2. TWELVE LASERS combine to laser cool calcium monohydroxide. (a) The
626 nm laser cycles the molecule between the ground and electronically excited states,
and 11 more lasers repump molecules that relax into vibrationally excited states.

(b) The blue circles show the cumulative number of photons cycled as each new
repumping laser is added. A six-laser scheme (from “ground state” through “bend 3")
cycles just 1000 photons per molecule. But using all 12 lasers increases that number to
12000—enough to slow and trap the molecular beam. (Adapted from ref. 3.)

end up with any quanta of O-H stretch-
ing motion. It’s intuitively easy to under-
stand why. The cycling excitation is cen-
tered on the Ca atom, which is physically
separated from the OH bond. The two
parts of the molecule simply have little
to do with each other.

That line of reasoning would seem to
imply that laser-coolable molecules can
be made arbitrarily large: Just attach a
Ca (or Sr) atom to an O atom to just
about anything. As with CaOH, one could

optically excite the unpaired electron,
repump a few stretching and bending vi-
brational states, and leave the rest of the
molecule alone.

The reality is almost certainly not so
simple. Larger molecules have greater
mass, so they’d have to cycle more pho-
tons to be slowed to a stop. And the sheer
density of states of large molecules can
introduce complicating effects, such as
the coupling of disparate vibrational
modes of similar energy.



Nevertheless, preliminary research
suggests that the outlook for laser cool-
ing larger molecules is good. Theory
groups led by Anna Krylov, Svetlana
Kotochigova, and Anastassia Alexan-
drova have analyzed the vibrational
structures of many candidate molecules,
and they predict that coolable mole-
cules can incorporate some rather large
organic structures, including benzene
rings.® On the experimental side, Doyle
and colleagues have already done trans-
verse in-beam cooling of calcium mono-
methoxide (CaOCH,), although they still
have a long way to go before they can
catch that molecule in a trap.®

Cooling larger molecules would intro-
duce even morerichness to cold-molecule
experiments. For example, if researchers
could cool a molecule that breaks mirror
symmetry, they could investigate
whether the laws of physics treat such
asymmetric molecules differently from
their mirror-image counterparts. More
broadly, by bringing all the well-known
power of chemistry to bear on the ul-
tracold regime, researchers could design
ultracold molecules with shapes and
properties to suit any purpose. “We don’t
know whether our techniques are as
broadly applicable as that,” says Doyle.
“That’s a frontier scientific question.

We're very interested in seeing what's
possible.”
Johanna Miller
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X-ray imaging shows how a 17th-century pamtmg lost its color

When an arsenic sulfide
pigment chemically
degraded, it stripped the
painting’s yellow rose of
visible details.

s beautiful as they are to look at, art
A masterpieces are not eternal. For ex-

ample, pigments and binders in oil
paintings inexorably degrade. Light, hu-
midity, and temperature fluctuations are
the usual culprits, but exposure to cer-
tain cleaning solvents during conserva-
tion and the mixing of incompatible pig-
ments by the artist can also render paint
unstable over time.

The task of conservation scientists is
to understand the chemical reactions
that cause the degradation in order to
answer three questions: How was the
painting made, how did it originally ap-
pear, and how did it change —either nat-
urally or by intervention? Those ques-
tions are not entirely backward-looking.
By reconstructing how a painting deteri-
orates, conservators may be able to fore-
stall further damage and better preserve it.

Paintings conservator and doctoral stu-
dent Nouchka De Keyser (Rijksmuseum,
University of Amsterdam, and Univer-
sity of Antwerp), her advisers Katrien
Keune and Koen Janssens, and their col-
leagues have scientifically addressed all
three questions in their analysis of a
yellow rose in Abraham Mignon’s mid-
17th-century painting Still Life with Flow-
ers and a Watch,' shown in figure 1. Mi-
gnon painted his yellow roses with the
mineral orpiment (As,S,), used by artists

FIGURE 1. STILL LIFE WITH FLOWERS AND A WATCH (left), by Abraham Mignon, oil
on canvas (c. 1660-79), Rijksmuseum. (a) In its current form, the central yellow rose
appears flat and lifeless. (b) The map of arsenic distribution reveals the element’s
presence throughout the rose and Mignon'’s original painted details. X-ray powder
diffraction identifies the arsenic in the form of transparent lead arsenates rather than
the original yellow-orange mineral orpiment (arsenic sulfide). (Adapted from ref. 1.)

since antiquity to give a bright and vi-
brant appearance. But orpiment can be
problematic. Over time, the mineral can
severely discolor, changing the look of
painted orange draperies, lemons, yel-
low flowers, and golden metal in old
masterworks.

Many artists, possibly including Mi-

gnon, were aware of those and the min-
eral’s other problems—it dries poorly, is
incompatible with other pigments, and is
extremely toxic. Yet it remained widely
used until the 18th century. And orpi-
ment was not the only troublesome pig-
ment. In Vincent van Gogh'’s 1888 paint-
ing The Bedroom, for instance, the fading
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FIGURE 2. X-RAY FLUORESCENCE maps. (a) The distribution of arsenic in the paint reveals detailed features on the petals and
stamens and how the rose would have looked when illuminated from the upper left. (b) The distribution of calcium correlates with
the shadows cast by upper flower petals on a neighboring petal (marked by the yellow arrows). (c) In the iron distribution map,
only the rough shape of the flower is visible. From comparisons with powder-diffraction maps of the area, the iron signal stems
from a more uniformly applied ocher underpainting beneath the flower. (Adapted from ref. 1.)

of red pigments turned its purple walls
blue and its pink floor brown. De Keyser
and her colleagues wanted to under-
stand what happened in the case of Mi-
gnon’s yellow rose. “The most interest-
ing part of my job,” she says, “is to play
detective, look for evidence of specific
chemical reactions, and retrace their
steps to figure out what an artist really
had in mind.”

Chemical analyses

Most of the flowers in Mignon'’s painting
remain brilliant. But the rose stands out
as flat, monochrome, and peppered with
microcracks. De Keyser and her colleagues
first analyzed the rose using x-ray fluo-
rescence imaging. When an x ray shines
on the surface, it can knock out a core
electron from an atom in the paint. That
electron emission, in turn, prompts an
outer valence electron to drop from a
higher to a lower orbital and fluoresce.
The light’s wavelength is characteristic of
chemical elements in the paint layers
that absorbed the x rays. And when the
x-ray beam and photon detector are ras-
ter scanned over the painting, the result-
ing image reveals the spatial distribution
of those elements.

The researchers mapped the locations
of arsenic, calcium, iron, sulfur, lead, and
copper in the area containing the rose.
Surprisingly, the analysis revealed paint-
erly features—light and shadows defining
the petals and stamens—that are optically
invisible in the rose’s now-degraded image
(figure 1a). But because the elements still
reside there, albeit in different molecular
form, the arsenic map of their microscale
distribution (figure 1b) uncovers the rose
in most of its former glory. To compare
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specific element distributions, see figure 2.

X-ray fluorescence cannot, however,
resolve specific chemical compounds,
into which orpiment transformed over
the centuries. So the group turned to
x-ray diffraction. Because pigments were
originally ground into powders to make
the paint mixture, the randomly oriented
grains in Mignon’s canvas allowed the
researchers to avoid alignment difficul-
ties associated with single-crystal dif-
fraction. Indeed, obtaining molecular
specificity from powder diffraction is
becoming an increasingly key technique
to study old paintings.?

To resolve molecular structures at the
painting’s surface, the group used an in-
strument developed in Janssens’s lab at
the University of Antwerp. In reflection
mode, x rays strike the paint surface at a
shallow 10° angle. De Keyser and her col-
leagues raster scanned the instrument
acrosstheareaoftherosein1.5-millimeter
steps with 10-second exposure times per
pixel. Altogether, the scan took 13 hours.

Those powder-diffraction maps pri-
marily identified two lead arsenates—
schultenite (PbHAsO,) and mimetite
[Pb,(AsO,),Cl]. The reactions leading to
them start with the photooxidation of
orpiment into arsenolite (As,O,), a semi-
soluble molecule that can diffuse through-
out the multilayered paint system. When
the oxide comes across lead ions, subse-
quent reactions prompt the precipitation
of schultenite and mimetite. Each of
them has a distinct spatial distribution in
the painting.

The transparent and the visible

Schultenite and mimetite lack the bright
yellow appearance of orpiment; rather,

they're colorless and pale-yellow crystals,
respectively. And when blended with
calcite (CaCQO,), gypsum (CaSO,-2H,0),
and quartz (SiO,)—other minerals that
are identified by powder diffraction and
whose refractive indexes match that of
oil—the yellow paint used to create the
rose becomes virtually transparent.
Crystals of orpiment still exist in the
painting, but only along the border of the
rose. The pigment’s early prevalence is
now gone, chemically transformed into
largely transparent crystals.

The fluorescence map bears out the
result. Iron is pervasive over the surface
of the rose, and the diffraction map iden-
tifies it in the form of goethite, a key in-
gredient in yellow ocher. Like other 17th-
century still-life painters, Mignon is
thought to have adopted a multistep
method. He first blocked out the posi-
tion of the flowers with a monochrome,
ocher-based underpainting and then
built up the details by applying glazes
for shadows and orpiment for sunlit parts.

In that approach, he marked the loca-
tion of the rose using the inexpensive
ocher. Indeed, because the original orpi-
ment has faded into transparency, the
ocher underpaint is now the only opti-
cally visible remnant. The modern rose
looks dull, flat, and monochrome—the
opposite of what Mignon would have
intended.

R. Mark Wilson

References

1. N. De Keyser et al., Sci. Adv. 8, eabn6344
(2022).

2. V. Gonzalez et al., Chem. Eur. ]. 26, 1703
(2020).



PHYSICS TODAY

Physics Today
Webinars

Encounter A Wide Variety of Engaging Topics
on Leading Research

Watch Now at
physicstoday.org/webinars



http://physicstoday.org/webinars

ISSUES & EVENTS

Clean hydrogen edges toward competitiveness

States and regions around
the US are readying their bids
to host centers for hydrogen
production, distribution, and
end uses.

he Biden administration’s vision for
T wider adoption of hydrogen acceler-

ated in June with the announcement
of a $504 million loan to finance construc-
tion of an innovative carbon-emission-free
hydrogen production and storage facil-
ity in Utah. Also in June, the Department
of Energy detailed plans for spending
$8 billion in public funding to create up
to 10 regional hydrogen “hubs,” which
were called for in last year’s bipartisan
Infrastructure Investment and Jobs Act.

The loan to the Advanced Clean En-
ergy Storage (ACES) projectin Delta, Utah,
will finance construction of what project
officials say will be the world’s largest
green-hydrogen production and storage
installation when completed in 2025.
Green hydrogen is produced with no car-
bon dioxide emissions by water electrol-
ysis powered with renewable sources. The
Utah project’s storage capacity of 5500
tons will be equivalent to that of all the
nation’s grid-scale battery-storage capac-
ity projected for 2030, says Jigar Shah,
director of DOE’s Loan Programs Office.

The hydrogen will be stored at 69 bar
or greater in caverns to be carved out
in underground salt formations. It will be
burned in combination with natural gas
during periods of peak electricity de-
mand in a new natural-gas-fired plant to
be built by the electric utility Intermoun-
tain Power Agency. That power plant will
generate electricity from turbines driven
both by combustion of gases and with
steam produced from the exhaust heat.
To be fueled with a 30:70 mix of hydro-
gen and natural gas initially, the plant
will be converted to all-hydrogen opera-
tion by 2045.

“Hydrogen has enormous potential for
energy storage, as a transportation fuel,
asource for 24/7 clean dispatchable power,
and as a means for decarbonizing heavy
industry,” Energy secretary Jennifer
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GREEN HYDROGEN will be produced and stored in salt caverns at the Advanced
Clean Energy Storage site in Delta, Utah. The Department of Energy in June finalized
a $504 million loan to the project, which will generate hydrogen from water using
surplus renewable energy. The hydrogen will be stored in underground salt caverns
and burned in combination with natural gas in an adjacent power plant to be built by
2025. In this rendering, the salt caverns are shown at the end of the injection pipes.
The large gray-and-white-shaded areas depict salt formations.

Granholm told reporters on 8 June. “This
loan will help reduce market risk and
scale the hydrogen economy.”

Michael Ducker, the chief operating
officer of ACES Delta and a senior vice
president at Mitsubishi Power, one of the
project partners, says the Utah plant’s
220 MW of electrolyzers will nearly dou-
ble the world’s total installed capacity of
250 MW. Electrolyzers will be supplied
by Norway’s HydrogenPro.

Today the world’s largest green-
hydrogen production facility, located in
Fukushima, Japan, produces 2.4 tons a day
from 10 MW of electrolyzers that are pow-
ered by on-site solar panels. It opened in
2020. InJune, BP and partners announced
plans to build a green-hydrogen facility
in remote Western Australia. Known as
the Asian Renewable Energy Hub, the
project will be powered with 26 GW of
wind and solar energy —enough to pro-
duce one-third of all electricity gener-

ated in Australia in 2020. When com-
pleted in 2027, it will have an annual
capacity of 1.6 million tons of hydrogen
or 9 million tons of green ammonia.
Much of its output is intended to be
shipped to markets in Asia.

Electrolysis must be powered with
renewable energy to earn a green label.
If powered with electricity from fossil-
fuel-intensive power grids, electrolysis
can be more than twice as carbon inten-
sive as gray hydrogen—produced from
natural gas without CO, capture and
storage. That process is currently the
source of nearly all the hydrogen pro-
duced globally.

In concert with the growth of renew-
able energy in the western US, especially
in California, the amount of surplus solar
and wind energy that can’t be used during
peak generation periods is growing. That
is particularly the case during the late
winter and early spring, when power



THE WORLD’S LARGEST green-hydrogen plant, the Fukushima Hydrogen Energy Research Field, opened in 2020 and produces

2.4 tons per day. It is powered by on-site solar panels.

demand is low relative to other times of
the year (see the figure on page 24). The
surplus renewable electricity will be trans-
mitted to Utah via Intermountain Power’s
dedicated transmission lines.

The DOE loan is the first made to a
renewable-energy project since 2011. The
agency has loan and loan-guarantee au-
thorizations totaling $40 billion, but Shah
says clean-hydrogen-related projects are
eligible for only $11 billion of that. DOE
has already received loan applications
that exceed that amount, he adds.

Mitsubishi and its partner, Magnum
Development, are hoping to attract
carbon-intensive industries to the Utah
location. The water to be electrolyzed
and that needed for power-plant opera-
tions will total about one-third of the
water used by the existing coal power
plant, Ducker says.

Hubs ahead

Meanwhile, states, cities, and regional
entities across the US are lining up for a
share of the $8 billion that DOE will dole
out for a yet-to-be determined number of
hydrogen hubs. The hubs were conceived
by lawmakers as centers of clean hydro-
gen production, storage, distribution, and
consumption.

On 6 June DOE published a notice
of intent to issue a funding opportunity
announcement, in which the department
said it plans to award $6-7 billion of that
$8 billion to 6-10 hubs. The Infrastructure
Investment and Jobs Act requires that
DOE award at least four hubs within one
year of receiving proposals.

Each grant will range from $400-
500 million to $1-1.25 billion, according

to the announcement. The remaining
$1-2 billion will be reserved for subse-
quent solicitations for future hubs, new
technologies, or other purposes. Bidders
are required to provide matching funds.
The entire process, from planning to com-
pletion of hub construction, is expected
to take 8-12 years. The hubs must be able
to produce a minimum of 50-100 tons of
clean hydrogen per day; DOE will give
greater preference, and provide more
funding, to bidders who show they can
produce greater amounts. Bidders must
have a plan for continuing financial via-
bility once the federal funding runs out.

Congress set multiple requirements for
choosing hubs. Atleast one must demon-
strate so-called blue hydrogen, in which
the CO, emissions in the production of
hydrogen from methane are captured and
permanently stored in geological forma-
tions. Nuclear energy and renewables are
to power at least one hub each. Lawmak-
ers further stipulated that at least one
center demonstrate clean hydrogen use
for electricity production, one for heavy
industrial operations, one for residential
and commercial heating, and another for
transportation.

Congress also required DOE to en-
sure that the hubs be geographically dis-
persed and use energy resources that are
abundant to their regions. The law in-
structs DOE to give priority to hub pro-
posals that are expected to create oppor-
tunities for job training and long-term
employment for the greatest number of
residents in the area. The agency says
it will require proposers to show “sub-
stantial engagement with key local and
regional stakeholders to ensure these

projects generate local, regional, and na-
tional benefits while mitigating signifi-
cant environmental or community im-
pacts.” Additionally, 40% of the overall
hub benefits should flow to disadvan-
taged communities, without exacerbating
their already disproportionate exposure
to pollution.

Although DOE hasn’t committed to a
date, some bidders say they expect the
agency will formally open the competition
for hubs in September or October. Bid-
ders are then to submit concept papers
within two months. The agency will no-
tify bidders within a month regarding
whether it encourages or discourages the
bidders’ plans. Full proposals will be due
four months later, and the agency may
take “several months” to review them
before making awards.

Loads of interest

The Gulf Coast is a likely location for at
least one hub. Most of the nation’s exist-
ing hydrogen-pipeline network is located
in Texas and Louisiana. Houston alone is
home to one-third of US hydrogen pro-
duction, according to the nonprofit Cen-
ter for Houston’s Future. Brett Perlman,
the center’s CEO, says the center has or-
ganized a wide-ranging coalition of com-
panies, universities, and nongovernmen-
tal organizations to “help catalyze the
Houston region, and Texas, into a clean
energy hub.” With an abundance of nat-
ural gas and wind-energy resources,
Houston, and Texas generally, could qual-
ify as both a blue- and green-hydrogen
production hub.

Other regional partnerships have
formed in anticipation of the hub
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competition. In March, New York Gover-
nor Kathy Hochul announced a collabo-
ration with Massachusetts, Connecticut,
and New Jersey that also includes doz-
ens of corporations and universities. The
governors of Louisiana, Arkansas, and
Oklahoma have agreed to collaborate on
aregional hub, and Colorado, Utah, New
Mexico, and Wyoming have joined forces.
Other states that are preparing solo bids
or have pending legislation to do so in-
clude Arizona, California, Illinois, Ken-
tucky, Nebraska, Pennsylvania, and West
Virginia.

The Delta site may become the anchor
for one hub, Shah says. There is room at
the location for at least 70 more caverns
of the same size as those to be excavated
for the ACES Delta project, says Ducker.
That amount of hydrogen-storage capac-
ity “provides opportunities to help bal-
ance [electricity] load across the entire
West,” he says.

Some states have multiple proposals.
The University of Toledo is convening an
Ohio-focused hub proposal. Frank Cal-
zonetti, the university’s vice president for
research, says the hub will power elec-
trolysis with both nuclear and solar en-
ergy. The collaboration is to include the
Davis-Besse nuclear plant near Toledo,
which is already operating a 2 MW elec-
trolyzer in a hydrogen demonstration that
DOE is supporting with a $9.2 million
grant. (See Pruysics Topay, August 2020,
page 20.)

The infrastructure act requires that
hubs arrange purchase agreements with
consumers of hydrogen. Northern Ohio
ishome to alot of heavy industry, includ-
ing the largest flat-rolled steel plant in
the nation and glass manufacturing. In-
dustry partners that have signed on to
the Toledo collaboration include General
Electric Aviation, which in February an-
nounced a collaboration with Airbus to
develop hydrogen-fueled aircraft engines.
Others include the glassmaker Owens-
Illinois, solar-panel manufacturer First
Solar, and sustainable-aviation-fuel pro-
ducer LanzaTech.

With an abundance of natural-gas
resources in the region, the Columbus-
based Ohio Clean Hydrogen Hub Alli-
ance will focus on blue hydrogen. That
process is in place at a handful of plants
around the world. Most of those con-
sume the hydrogen for their own in-
dustrial needs, such as fertilizer and
synthetic-fuel production. In the US, a
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SURPLUSES of renewable electricity generation have grown as more wind and solar
power is added to California’s grid. The excess energy, which can’t be stored, can be
used to produce hydrogen to fuel electricity generation during times of peak demand.
(Data from the California Independent System Operator.)

DOE-funded blue-hydrogen facility in
Texas operated by the industrial-gas pro-
ducer Air Products has been in operation
since 2013. Its output is used in petro-
leum refining, while the CO, is piped to
the state’s oil fields for enhanced oil re-
covery. Air Products said in October 2021
that it will build a $4.5 billion blue-
hydrogen plant in Louisiana, with com-
pletion expected in 2026.

HyDeal Los Angeles, organized in
Southern California by the Green Hy-
drogen Coalition, is projecting a green-
hydrogen cost below $2/kg. Achieving
that target will require pipelines to trans-
port the hydrogen to salt-dome storage,
the coalition says. The nonprofit has
identified demand for 1-3 million tons of
the light gas in heavy-duty transport,
industry, and power generation in the
Los Angeles basin. The largest prospective
consumer for HyDeal LA is the Los An-
geles Department of Water and Power,
which operates four natural-gas-fired
power plants in the area, with a com-
bined capacity of 1600 MW. Los Angeles
also has significant cement and oil refin-
ing activities, and it is home to more hy-
drogen fueling stations than anywhere
else in the US.

A European model

HyDeal LA is patterned after Europe’s
HyDeal Ambition, a coalition of produc-
ers and consumers who have committed
to making and using 3.6 million tons of
green hydrogen annually at €1.50/kg by

2030, equivalent to the price of delivered
natural gas in Europe. The coalition was
formed after the European Commission
announced in July 2020 a goal for 10 mil-
lion tons of green hydrogen a year by
2030. HyDeal Ambition’s first compo-
nent, HyDeal Espafia, will pipe green
hydrogen produced at renewable-energy
facilities in northern Spain to an indus-
trial complex in the region beginning in
2025. That project aims for an electro-
lyzer capacity of 7.4 GW by 2030. Partners
in the venture include the steelmaker
ArcelorMittal, which last year announced
it will spend $1 billion to halve CO,
emissions from its Spanish operations
within five years through the use of green
hydrogen.

Jonathan Lewis, director of transpor-
tation decarbonization at the nonprofit
Clean Air Task Force and an adviser to
HyDeal LA, says that project is estimated
to cost $25 billion. Although he notes that
DOE has received some “pushback” from
prospective hub proposers on the 50%
cost-share requirement, he applauds the
hub program. “The most compelling part
of the policy is that it lifts both the de-
mand side and supply side. Neither side
has to make a leap of faith,” he says. “As
producers are building out capacity, they
know there is also investment being made
on the demand side.”

State-government funding is likely to
be needed for the cost sharing. Calzonetti
says he is hoping to attract support from
other states and institutions. He says that



DOE may try to foster interstate collabo-
rations, perhaps by marrying the Toledo-
led collaboration with Illinois, the state
with the most commercial nuclear plants.
Illinois’s own proposal includes the Uni-
versity of Illinois at Urbana-Champaign
and Argonne National Laboratory.
Although there is “tremendous de-
mand” for hydrogen in industrial appli-

cations, he says, much will depend on
the price. DOE’s Hydrogen Shot pro-
gram, launched a year ago, established a
target cost for green hydrogen of $1/kg
in 10 years. That’s an 80% reduction from
its current cost of around $5/kg, the
agency says.

Ultimately, a hydrogen economy will
require spokes as well as hubs. “We

shouldn’t be looking at this as a compe-
tition between regions,” Houston’s Perl-
man told a panel discussion organized
by the nonprofit Energy Futures Initia-
tive. “Creating a real network is where
the real power is going to come from,
working together across the US to create
a national market for hydrogen.”

David Kramer

College instructors adapt their teaching to

prevent cheating

Pressures, isolation, and the
temptation of easy online
answers are changing why
and how students cheat.

variables in test solutions? Have they

followed bizarre chains of logic?
Have multiple students submitted iden-
tical wrong answers on homework or
tests? If so, chances are they turned for
answers to Chegg or some other online
education company.

Chegg offers libraries of searchable
solutions and the option to post new prob-
lems with requests for solutions. Other
companies, such as Quizlet, Bartleby, and
Course Hero, provide similar services.
Quizlet profits through advertising; the
others charge monthly fees ranging from
$9.95 to $39.99.

The companies bill themselves as tu-
torial services for many subjects, includ-
ing physics. “Everything we do is de-
signed to put students first and let them
achieve greater success with less stress
and less cost,” Chegg president and CEO
Dan Rosensweig says in a promotional
video. But students can—and do—use
the services to cheat.

Cheating isn’t new, but university in-
structors say its incidence has grown sig-
nificantly with the easy access afforded
by the internet and with changes in so-
cial and study habits brought on by the
COVID-19 pandemic. Teaching “in the
time of Chegg” is challenging, says a
physics and astronomy professor at a
medium-sized university in the South-
east who requested anonymity because
of departmental politics surrounding the
issue of how to handle students’ cheat-

H ave your students used unfamiliar
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ANGELA SPECK, chair of physics and astronomy at the University of Texas at San Antonio,
teaches astronomy in a flipped classroom, in which students watch prerecorded
lectures on their own time and solve problems together in class. When students work

on problems in class, they have less incentive and opportunity to cheat, and instructors
get a sense of students’ grasp of concepts.

ing. “Students think I want to see the right
answer. That’s not true. I want to see that
they have learned the material.”

College instructors across the US and
beyond are grappling with how to deter
cheating and reassessing how they as-
sess their students. “The educational sys-
tem will break down if cheating is wide-
spread,” says the anonymous professor.
“I regard it as a public health problem
rather than a crime.”

Detecting foul play

Before the pandemic lockdowns, Mark
Messier, a neutrino physicist at Indiana

University Bloomington, was grading
exams for the introductory mechanics
course he was teaching. It was obvious
that some students had cheated, he says.
“I saw idiosyncratic features repeated in
the solutions that multiple students
turned in.” A quick Google search turned
up five of the six problems from the take-
home exam on Chegg. “I could see they
were scanned versions of my exam prob-
lems,” he says.

Samantha Kelly graduated this past
spring from the University of California,
Berkeley, with a double major in math
and physics. After she finished an online
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midterm exam for a junior-level quan-
tum mechanics class in summer 2020,
she “poked around online and found
it had been uploaded to Chegg” while
the exam was still in progress. She has
also seen group chats online where stu-
dents discussed how they would work
together on an upcoming exam.

“The distributions of grades on
exams have started to reflect cheat-
ing—whether by Chegg, group chats,
or other means,” Kelly says. “Instead
of a nice Gaussian distribution, you
see a normal curve but with a smaller
peak, plus a significant peak at the 95
to 100 mark.”

Chegg—whose name comes from
combining the words “chicken” and
“egg” —has been around since 2005.
But the use of it and other virtual aids
spiked with the wholesale switch to
online classes early in the pandemic.
For example, Berkeley’s Center for Stu-
dent Conduct received some 202 reports
of academic misconduct in fall 2019;
that jumped to 858 in fall 2020 and then
dropped to 217 in fall 2021, when instruc-
tion was again in person. “The threshold
for copying and cheating [in online set-
tings] is severely lowered,” says Austin
Hedeman, an instructor and academic
coordinator for the university’s physics
department. “Temptation and pressure
are both high.”

Another consequence of going online
and living under lockdown is that stu-
dents largely lost access to easy inter-
actions and group study situations. In-
structors say students have become more
hesitant to come in for help. “Working to-
gether fosters teamwork,” notes Dominik
Elséasser, a senior scientist at the Techni-
cal University of Dortmund in Germany
whose research and teaching focus is in
astroparticle physics and radio astronomy.
“That got lost in the pandemic, and com-
panies like Chegg jumped in.”

Juan Gutiérrez, chair of mathematics
at the University of Texas (UT) at San
Antonio, says that for online exams, he
has “witnessed answers being posted on
Chegg within five minutes of a test going
live.” Companies like Chegg, he says,
disproportionately attract students who
enter college with less preparation —often
from less affluent school districts, which
tend to produce more Hispanic and Af-
rican American students. “Every city has
sections that are under-resourced, and
often students from those areas have a
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DURING A TAKE-HOME TEST in an
upper-level physics class, students broke
the rules to consult with each other.
(Courtesy of a regretful cheater.)

harder time and feel more pressure to
turn to companies like Chegg.”

When Hedeman discovers his own
work on Chegg, he requests that the com-
pany take it down. “If they don't, they
become liable for copyright violation,”
he says. “This is one of our most effective
tools.” Berkeley has made scores of such
requests, he says, and the problems are
usually removed within a few hours. “It’s
quick, but not quick enough to prevent
cheating on an exam.”

Even with the return to in-person
classes, many instructors continue to offer
a choice of taking exams in person or
virtually. “Students pick the environment
most suited to their success,” says Jona-
than Perry, a physics instructor at UT
Austin. Some students may feel more
comfortable at home listening to music,
while others find that the higher-stress
in-class environment enhances their per-
formance. And, adds Perry, “COVID is
still a thing.” This past spring, about a
quarter of his students chose to take their
finals asynchronously from home.

Michael Marder, a UT Austin physics
professor, says he has more questions
than answers about how to prevent and
deal with cheating. Still, he says, “a lot of
the flexibility and trust of students was
overdue. I'm talking about the ability to
continue to participate if you have a
personal crisis that knocks you out for a

week.” The tools to handle such situ-
ations are a positive outcome of the
pandemic, he adds, although it can be
difficult to distinguish between “stu-
dents who need the extra support and
those who are taking advantage of the
system.”

Service or disservice?

Ramon Barthelemy is an assistant pro-
fessor of physics at the University of
Utah. “Chegg was around when I was
an undergraduate,” he says. “Students
also traded solution manuals to text-
books.” Given his experience, he sees
such resources as neutral. “What mat-
ters is how you use them.”

Barthelemy emphasizes that cheat-
ing will catch up to students eventu-
ally. “I tell them they will be the future
builders of bridges, makers of new
chemical compounds, designers of bio-
medical devices.... I try to infuse in
them good ethics, and I try to assume
good intent. That’s what makes me want
to be a teacher.” Still, he says, he does his
best to “Chegg-proof” quizzes.

Tracy Hodge, an associate professor of
physics at Berea College, a small liberal
arts school in Kentucky, points to the
availability of more reliable resources for
physics help—often offered by academic
institutions. “The biggest problem is the
ethics these [for-profit] services teach
students,” she says. “They teach that the
goal is to get the right answer and get
points rather than to master the mate-
rial. They teach that it’s okay to cheat.
Chegg gives students a shortcut that
doesn’t help them. The company is out to
make money.”

For its part, Chegg is “committed to
academic integrity, which we believe is
fundamental to the learning process and
core to our mission of providing students
with the support they need to navigate
their own academic journeys and suc-
ceed,” according to a spokesperson. For
example, in its Honor Shield program,
the company blocks a test’s questions
from appearing in search results for a set
period if an instructor has uploaded the
test at least 48 hours in advance. But
Chegg’s program doesn’t solve the cheat-
ing problem, say instructors. “What about
the other similar sites?” says Messier.
“There is no way to keep up with this
arms race.”

Chegg also invites instructors to pro-
vide content. In a November 2021 letter



to one physics instructor, the company
offered $375 per practice exam, $75 per
practice quiz, $120 for lecture notes, and
so on. “The goal is to provide reliable
study materials to college students au-
thored by dedicated educators like you,
while compensating you for your previ-
ous hard work,” the letter says.

Slippery slope

The first intervention for cheating is
often a conversation along the lines of “If
you cheated, you will be found out. If you
come forward on your own, the conse-
quences will be less radical than if you
don’t.” The penalty may be harsher for
cheating on exams than on homework
and for students who post problems re-
questing they be solved than for those
who copy from archived solutions.

Depending on the instructor and
school, misconduct cases may be han-
dled by the individual instructor or be
sent to a campus office. On a first offense,
students who admit to having cheated
may be asked to write a statement about
why they cheated and why they shouldn’t
doitagain. Some, but not all, instructors
assign a “0” on the homework or test a
student cheated on. Subsequent offenses
may lead to increasingly severe conse-
quences, including academic probation
and dismissal.

Even students who have signed
pledges of academic honesty are often
perplexed that their actions are construed
as cheating. Karen Daniels, a condensed-
matter physicist at North Carolina State
University, says her students “don’t see
using Chegg as cheating.”

UC Berkeley graduate Kelly says that
the attitude among her peers about get-
ting exam help from classmates during
an exam seems to be “the professors know
everyone does this,” and toward online
services, it’s “I just use it as a backup to
check my answers.”

Learning and assessing

The uptick in cheating has triggered deep
discussions among faculty about how to
encourage learning, says Gutiérrez. “We
have to plan our assessments knowing
we have this pollution [of Google-able
and on-demand solutions]. The technol-
ogy is not going to go away, so we have
to adapt and to create problems that
cannot be solved like that. It makes in-
structors’ lives much more difficult.”
Some instructors link each exam copy
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THIS TEST PROBLEM is one of several that an instructor discovered had been posted
to Chegg during a remote physics exam in May 2021. Solutions are sometimes supplied
in time for students to copy them—which, the instructor says, they sometimes do
wholesale and sometimes more cleverly, making cheating harder to detect. (Courtesy
of the problem’s author, who requested anonymity.)

to a particular student. Perry, for exam-
ple, individualizes tests by customizing
the values of variables. Hedeman embeds
aunique watermark in each exam, which
allows him to identify who uploaded any
problem he finds on Chegg. Some instruc-
tors create new problem sets each semes-
ter so they won't already be in the com-
panies’ archives.

Another approach is to devote in-class
time to solving problems tutorial style.
“I can give tougher problems, and I can
get a sense of how well they understand
them,” says Barthelemy. For smaller
classes, Daniels asks students to explain
their work in detail. “It’s a ton of work
for them,” she says, “and even if they get
an answer from a friend or from Chegg,
they are still responsible for explaining
the steps. That mitigates the problem.”
Other instructors pose essay questions or
give oral exams.

Those approaches can work for as-
signments that are individually graded.
But in introductory classes at large insti-
tutions, classes can have hundreds of stu-
dents, and tests are typically multiple
choice. For those classes, Perry has taken
to shortening test times and increasing
the number of possible answers.

Many instructors have lowered the

weight they give homework. “It should
count, but not be so valuable that they care
enough about getting 100% to cheat,”
says Hodge. She now weights homework
about 15% of the grade, down from 35%.
Dealing with cheating has changed her
philosophy about homework. “I don't be-
lieve it’s about a grade anymore. I see it
as developmental for students. If they
are cheating on homework, they will do
poorly on the exams. They are mostly
hurting themselves.”

Similarly, Messier has adjusted his at-
titude toward both homework and tests.
He devotes more class time to working
on problem-solving skills, and he admin-
isters two-hour tests rather than take-
home ones. Whereas before he viewed
exams as teaching tools and an opportu-
nity for students to be creative, “now
they are purely for assessment,” he says.
“The complexity and real-world applica-
bility of problems is diminished.”

“What annoys me most is that the
cheating puts teachers and students into
an antagonistic relationship,” says Hede-
man. “I dont want to have to view stu-
dents with suspicion. I work hard to
maintain a cooperative and collaborative
environment.”

Toni Feder
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FINDING THE RIGHT PROGRAM FOR YOU

Samantha Pedek, graduate student,
University of lowa; co-chair, Physics
Congress 2022 Planning Committee

Find Your People and Grad Program
at the 2022 Physics Congress

Join hundreds of physics undergrads, grad

school reps, and physics luminaries

Samantha Pedek, 2022 Program Co-chair

with making the initial contact that can lead to lasting connections.

In 2016 I attended the Physics Congress (PhysCon), the
largest gathering of undergraduate physics students in the
United States. Every few years, PhysCon brings together stu-
dents, alumni, and faculty members for three days of frontier
physics, interactive professional development workshops, and
networking. It is hosted by Sigma Pi Sigma, the physics honor
society, and anyone interested in physics can attend.

Networking at PhysCon was unlike any other professional
development experience I had as an undergraduate physics stu-
dent. The sheer number of like-minded people was daunting —
hundreds of physics and astronomy undergraduates, represen-
tatives from graduate schools and summer research programs,
employers from all over the country, and well-established pro-

The Physics Congress is a high-energy, hands-on weekend
designed explicitly for undergraduate physics students.
Photo courtesy of SPS National.

28 PHYSICS TODAY | AUGUST 2022

etworking is one of the most important aspects
of being a young professional. We've all heard the
spiel about how networking can have positive
impacts on future educational and career-
related opportunities, but many of us struggle

Samantha Pedek

fessionals at the height of their careers were

all under one roof for three days.

PhysCon has continued growing in attendance, scope, and
opportunities, and you won't want to miss the next one! In cel-
ebration of the 100th anniversary of Sigma Pi Sigma, an extra-
special PhysCon is planned for October 6-8, 2022 in Washing-
ton, DC. With a little preparation, you’ll have the chance to
narrow down your graduate school search, meet potential em-
ployers, and make lasting connections with people heading
down similar career paths.

The most direct opportunity to meet with representatives
from physics and astronomy grad programs and potential em-
ployers occurs during the Expo, which encompasses both a
grad school fair and a career fair. During the Expo, attendees
can visit booths to learn more about a program, company, or
undergraduate research experience as well as get tips and ad-
vice on applying. When I attended, seeing the wide variety of
vendors enabled me to start thinking about my life after col-

NETWORKING TIPS

Before you attend a networking event, craft and practice
your elevator pitch—a 30-second narration of who you are
professionally, what you've accomplished, and where you
hope to go in the future.

If you're attending an in-person event as a prospective
student or employee, business cards (or contact cards) show
that you're serious about your future and make it easy for
new contacts to connect with you.




BE AN SPS INTERN

The Society of Physics Students summer internship program
offers 10-week, paid positions for undergraduate physics stu-
dents in science research, education, communication, and
policy with various organizations in the Washington, DC, area.

www.spsnational.org/programs/internships.

lege, and I was blown away by the versatility that a degree in
physics can provide.

A more subtle opportunity to build your network as a
young professional is to engage with attendees you don't al-
ready know, between events or at meals. Shuffling between
workshops, plenaries, and banquets will be hundreds of peo-
ple with lived experiences similar to yours. Be adventurous
and sit at a meal or workshop table with strangers! You might
find yourself next to a professor from a graduate school you're
interested in, or even from a school you didn't realize you
should be interested in. A quick conversation can leave a last-
ing impression.

A straightforward way to meet students and professionals
is to go to the poster sessions, as a presenter or an attendee.
These are excellent opportunities to have one-on-one interac-
tions with others and to learn about new topics. Seeking out
posters in subfields you're doing research in or interested in
studying in grad school is a great way to form connections and
learn about current research in the field. My favorite question
to ask a presenter is “Can you tell me more about your re-

AlP

American Institute
of Physics

2019 Physics Congress attendees visit one of the many graduate
school booths in the exhibit hall to learn about the program and
check out physics demonstrations. Photo courtesy of SPS National.

search?” They likely have an answer prepared, which can be a
bridge to more natural conversation.

The physics and astronomy community is quite small, so if
you meet people at PhysCon, you're likely to run into them again.
Almost a year after I attended PhysCon 2016, I was a Society
of Physics Students intern. Of the 14 of us, over half had met
previously, largely at PhysCon. Having that shared experience
helped me connect with the other interns right from the start.
We even looked back at old PhysCon photos and tried to spot
one another in the background, which was wildly entertaining.

Attending PhysCon is the networking gift that keeps giving.
I have met others who attended in different years and we're
still able to bond over our shared experiences. You are bound to
find someone with similar interests and goals in a sea of over a
thousand physics students, mentors, and advisers. Preparation
is the key to successful networking, so practice your elevator
pitch, make business cards, and I'll see you in 2022!

©
P

2022 Physics Congress

REGISTRATION IS OPEN

October 6-8, 2022
Washington, D.C.
sigmapisigma.org/congress/2022
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A mother cuts an orange in half to demonstrate the concept of hemispheres to
her children. (From M. A. Swift, First Lessons on Natural Philosophy, for Children. In
Two Parts. Part First, new ed., Brown & Gross, 1884, p. 11. Courtesy of the Niels
Bohr Library and Archives.)
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Joanna Behrman is a public historian at the Center for History
of Physics of the American Institute of Physics in College Park,
Maryland.

Joanna Behrman

Contrary to modern stereotypes, the laws of the natural
world used to be considered a fundamental part of young

women'’s education.

ometimes history can be quite unexpected. A look to the

past can quickly overturn an idea we might think of as
having always been true. For instance, although the physics
community now struggles with the perception that physics
is a discipline for boys, not girls, that stereotype is only
about a hundred years old. Once upon a time, physics—or natural
philosophy, as it was called until the second half of the 19th century —was

a girls’ subject.

The US has a long history of science edu-
cation for women through female academies,
seminaries, and colleges. Although science
education in the 19th century was most read-
ily accessible to the white middle and upper
classes, it was available to Catholics and Prot-
estants alike and even to some elite Black and
Indigenous women.! The historians Kim
Tolley, Margaret Nash, and Jessica Linker,
among others, have shown that an important
part of education for young girls and women
was natural philosophy: the scientific study of
physical things, including their composition,
behavior, and context. In fact, as Tolley has
shown, natural philosophy was considered a
more important part of a girl’s education than
aboy’s. More girls than boys took it in schools,
and many influential popular science and ed-
ucational texts were written by women. (See

the article by James Secord, Puysics Topay,
January 2018, page 46.)

By the early 20th century, however, the
present-day notion of physics as a boys’ sub-
ject had taken hold. So why were things dif-
ferent—and what changed?

Science and God

In the early 19th century, female secondary
schools, known somewhat interchangeably as
academies and seminaries, enrolled students
from their early teens to their early twenties.
Around 1800 they generally advertised courses
in English, arithmetic, and geography. But
geography encompassed far more than the
names of countries and their capitals. A course
on the subject might include a discussion of
minerals, air pressure, the solar system, and
other aspects of the physical sciences.
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PHYSICS...IS FOR GIRLS?

THE Alk-rUMNE

FIGURE 1. A FATHER demonstrates an air pump to his family in the parlor.
Other natural philosophical apparatus sit arrayed on shelves in the background.
Parlors were often sites of scientific demonstrations, discussions, and early
childhood education. (From R. G. Parker, First Lessons in Natural Philosophy.
Designed to Teach the Elements of the Science. Abridged from the Compendium
of School Philosophy, A. S. Barnes & Co, 1848, frontispiece. From the author’s

collection.)

| examinations at 19 Boston schools in 1845 revealed, not
only were female students taking the natural philosophy
examinations in greater numbers than male students,
but they were also outscoring the boys.

Natural philosophy, at its heart, was the study of the
laws of nature on Earth and in the universe. A course on
the subject would have included lessons on mechanics,
machines (as shown in figure 1), light, heat, rudimentary
astronomy, and more. But the natural philosophy edu-
cation of the early 1800s differed in many ways from the
physics education of today. For instance, although in-
structors might perform scientific demonstrations—
despite their smaller budgets, many women’s academies
invested in experimental equipment—students would
not have participated in laboratory work themselves.*
Laboratory education did not develop in the US until the
late 19th century.® In addition, natural philosophy edu-
cation at the primary and secondary school levels was
largely conceptual. Although the diagrams in figure 2
might look familiar to a modern-day physics student,
the numerical calculations would have been absent. The
interweaving of mathematics into physics education
developed over the 19th century and, as with laboratory
education, took hold initially and most quickly at the
collegiate level.

But perhaps the biggest difference is in the role of
religion: Natural philosophy presented the physical
world as evidence of the wonder and extent of God’s
creation. The link between natural philosophy and reli-
gion was part of a larger movement of natural theology,
which gained popularity in the UK in the early 1700s
and whose proponents argued that the mechanisms or
design of nature attested to the presence of a creator.
Natural theology was popular in the American colonies
and in the US throughout the 18th century; for example,
the noted theologian Jonathan Edwards supplemented
his biblical study and prayer with study of the natural
world. And during the Second Great Awakening, from
1795 to 1837, which saw a revival of many Protestant
denominations in the US and a general increased fervor

By the 1820s and 1830s, science curricula were expanding
even further. Hartford Female Seminary in Connecticut, at its
opening in 1823, offered geography, natural philosophy, chem-
istry, arithmetic, algebra, and geometry.? As Nash discovered
in a study of 91 academies, the number offering courses in al-
gebra increased from just 19% in the 1820s to 67% in the 1830s.
Moreover, by the 1830s, 72% of academies offered botany, 77%
offered chemistry, and 68% offered astronomy.® Science was
well integrated into female education at the primary and sec-
ondary levels.

No science was more widely studied in schools for girls,
however, than natural philosophy. Nash’s survey showed that
in both the 1820s and 1830s, 84% of academies offered natural
philosophy. In addition, Tolley surveyed schools in North Car-
olina, Virginia, and some northern states, and she found that
natural philosophy was the most widely offered scientific sub-
ject in girls” schools —more commonly taught than astronomy,
chemistry, botany, minerology, or natural history. And girls
were learning it well: As Tolley’s comparison of competitive
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for religion, adherents also encouraged the study of the
natural world.? Linker has argued that natural philosophy was
perceived to boost intellectual and moral fortitude and stand
as a bulwark against irreligion and superstition.®

It was in part through the moral and religious dimension
that natural philosophy came to be closely associated with
girls” education. For instance, in 1834 John Ludlow, a clergy-
man and theologian, declared at the opening of a new female
academy in Albany, “The analysis of science and revealed reli-
gion will ultimately terminate in the same point. That point, if
point it may be called, is the invisible God. He is at the foun-
dation of both. Hence, whether you study science or revelation,
it is only perusing different pages in the same great Book,
which the Creator has spread out before his intelligent
creatures.””

A useiul education

A look at some of the educational material of the time shows
how natural philosophy was taught and why it was such a
prevalent subject in girls’ schooling. Some commonly used



books include Conversations on Natural Philosophy, in Which the
Elements of That Science Are Familiarly Explained by Jane Marcet
(1826), Richard Parker’s First Lessons in Natural Philosophy, De-
signed to Teach the Elements of the Science (1848) and Juvenile
Philosophy: or, Philosophy in Familiar Conversations; Designed to
Teach Young Children to Think (1851), and Mary Swift’s First Les-
sons on Natural Philosophy, for Children (3rd edition, 1839). Swift,
who served as the second principal of the Litchfield Female
Seminary in Connecticut, wrote two primers on natural philos-
ophy constructed as question-and-answer dialogs between
children and their parents. Box 1 shows how Swift embedded
moral and religious lessons into the scientific discussion: A
discourse on prisms, the nature of light, and rainbows turns
seamlessly to the biblical story of Noah.

Although Swift’s and Parker’s books were written for
younger children, Swift would certainly have embedded the
same moral valences into her lessons for secondary-school-age
students. The structure of books for younger children could
also mimic the styles of religious education by using a cate-
chism format: a question-and-answer oral dialog in which the
student memorized the answers. For older students, Marcet’s
books took the form of a conversation between the sophisti-
cated and knowledgeable Mrs. B. and two young women
named Emily and Caroline. Although Marcet intended her
books for a general audience, they were frequently used as
textbooks in secondary schools, and their conversational style
was later imitated by such textbook authors as Mary Townsend
and Elizabeth Cary Agassiz.?

Natural philosophy lessons were not only for female stu-
dents—Swift’s, Marcet’s, and Parker’s books were all directed
at both boys and girls. But their social implications differed
according to the student’s gender, as figure 3 illustrates. At
men’s colleges, in which a classical curriculum was a marker of
higher-class education, science was perceived as having a vo-
cational or lower-class nature. At women'’s academies, in con-
trast, science education was more commonly the mark of an
upper-class education.? Even the same material taught in the
same institution would be put to different purposes by male
and female students. For example, according to an instructor
at the Litchfield Academy, which at that time was coeduca-
tional, astronomy was taught to male students for the practical
skill of navigation. For female students, the same content was
used to display “the wonders of God’s universe.”®

To truly understand the time period, however, we must
reject the modern bias that assumes that the male students
received a useful science education and the female students an
ephemeral one. As Linker has argued, ideas of what made an
education “useful” were not the same in the 18th and 19th cen-
turies as they are today.® Lessons might be considered useful
not just for their applications to practical or vocational labor—
or to daily life, as shown in box 2—but also for reasons of cul-
ture or ideology. Textbook authors such as Marcet and Almira
Hart Lincoln Phelps justified women and girls” education in
chemistry, for instance, because it had both domestic and reli-
gious uses: cooking, cleaning, and appreciating God’s creation.
Such reasoning supported a scientific education that far exceeded
the minimum necessary for domestic or religious needs alone.’

Even so-called ornamental subjects, such as sewing, danc-
ing, and drawing, were often closely intertwined with aca-
demic subjects.’® Consider the importance of illustration in

. "
FIGURE 2. ALTHOUGH INSTRUCTION was largely qualitative,
Jane Marcet’s book on natural philosophy contained many diagrams
recognizable to physics students and teachers today. The figures
here come from the chapter on compound motion and
determining an object’s center of mass. (From J. H. Marcet,
Conversations on Natural Philosophy in Which the Elements of That
Science Are Familiarly Explained, Lippincott, Grambo & Co, 1852,
plate 3. Courtesy of the Niels Bohr Library and Archives.)

botany, especially in the days before photography. In another
example, geography was often taught through embroidery of
maps. Geography was touted as encouraging the mental disci-
pline of women and girls, and it was also a convenient way to
instill nationalism by depicting the successful expansion of the
young country.'’ Natural philosophy education was justified
through all the knowledge it taught about the universe: the
religious and ethical dimensions as well as the practical.

Wives, mothers, teachers

Women had a special role in upholding and transmitting val-
ues because they were responsible for early childhood educa-
tion. Before children even attended a primary school, they
often received their first schooling at home from their mother
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Box 1. Rainbow connection

A father points out a rainbow to his assembled chil-
dren.The rainbow, like many other natural phenom-
ena, was used to make a direct connection to faith
in the divine. The accompanying text reads in part:

Do you ever see a rainbow when it rains, unless
the Sun shines bright?

I do not.

Then what two things are necessary to make a
rainbow?

A bright sunshine and a shower.

Why is the rainbow so beautiful?

It has beautiful bright colors, a splendid
arch, and when we see it we remember the
promise which God made to Noah, that he
would not drown the world again.

Why does the RAINBOW make you think of that
promise?

Because God said that the bow in the cloud
should be a sign that he would never drown
the world again.

Then when we see the rainbow, is it not as if God L__ wh

was speaking that promise to us?

It is; and it should make us very happy, and
grateful to our heavenly Father for such kindness to us,
whenever we look at the rainbow in the cloud.

'L"

(Image from M. A. Swift, First Lessons on Natural Philosophy, for
Children. In Two Parts. Part First, new ed., Brown & Gross, 1884,
p. 43. Courtesy of the Niels Bohr Library and Archives.)

or a female relative. For many poor students, that might be all
the education they got, especially prior to the haphazard de-
velopment of “common” —what we would now call public—
schools.”?

After 1820 dramatic socioeconomic changes in the US
reinforced the need for moral education. Westward expansion,
increased suffrage, and migration to cities all called into ques-
tion the strength of traditional systems of social order.”® Edu-
cation, through both the family and the rapidly expanding
system of formal schools, helped inculcate social norms and
prepare children for the increasingly likely prospect of moving
away from the community of their birth. As more male heads
of households worked away from home, mothers took on an
even greater role as intellectual and moral educators. A grow-
ing preference for female schoolteachers reflected the idea of
the mother as the greatest moral example and influence.

The historian Linda Kerber coined the term “Republican
Motherhood” to explain the sentiments of the day. The ideal
Republican Mother was a woman who integrated political and
domestic values for the purpose of upholding the fledgling
republic. She instilled values in her children, kept her husband
on the straight and narrow path, and thereby had her role in
directing the young country’s growth. In fact, the figure of the
Republican Mother was used by reformers to justify the expan-
sion of education for women in the decades after US indepen-
dence. Enlightenment beliefs and the practical necessity of
certain kinds of knowledge also contributed significantly to the
growth of women’s educational opportunities in the 18th and
19th centuries.™

But the notion of Republican Motherhood applied specifi-
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cally to white women, and it argued only for white women’s
education. Not surprisingly then, white female seminaries, in-
cluding those in the northern states, largely barred Black women
from attending despite decades of activism by Black male and
female advocates. One exception was the Young Ladies Do-
mestic Seminary in Clinton, New York, a majority-white female
seminary run by a white abolitionist and one of the first racially
integrated female seminaries in the North. Black women who
attended private seminaries usually went to coeducational in-
stitutions run by white abolitionists, such as the Oberlin Col-
legiate Institute (later Oberlin College) in Ohio.”

Only a few Black female seminaries existed; most African
American-run schools were coeducational because of a belief
in joined education or pragmatism about cost. One of the rare
seminaries geared towards Black women and girls was Sarah
Mapps Douglass’s school in Philadelphia, which placed a
strong emphasis on science education. Douglass’s seminary
was eventually absorbed into the Institute for Colored Youth
in the 1850s, where Edward Bouchet, the first African American
to earn a PhD in physics, would also go on to teach.®®

Even though the ideal of Republican Motherhood doesn’t
fit exactly with African American women and children, the
historian Kabria Baumgartner has shown that character edu-
cation for citizenship was also an important part of African Amer-
ican education in the early 19th century. In particular, many
African American women advocated an ideology of Christian
domesticity, in which women were considered uniquely qual-
ified to provide a moral and educational authority from their
domestic domain. Although white female education advocates
such as Catherine Beecher supported the same ideology, among




African American women, Christian domesticity could be
an empowering tool of community uplift.’®

Changing times

Women'’s role as the first teachers of children continued
to justify the teaching of physics to girls well into the late
19th century. In an 1887 address to the American Associ-
ation for the Advancement of Science, the physicist Wil-
liam Anthony said:

Not only boys but girls should receive [physical
science] training in order that the great truths of
nature may become the heritage of future genera-
tions and be taught to the child from his earliest
infancy. . . . T have in mind now a little boy of five
years whom I have met this summer, whose father
has a mill and machinery in operation, and whose
mother is one of those rare women, gifted with a
natural insight into physical laws. Partly by being
about the mill, but mainly by his mother’s teach-
ing, this boy has learned. . . ."”

But change was afoot. At the dawn of the 20th century,
more than half of secondary-school physics students
were female, but by 1950 only 20-30% were. As part of a

FIGURE 3. A NATURAL PHILOSOPHY education had different meanings
for boys and girls. Rollo, the fictional main character in a series of popular
educational books for children, is helped in his natural philosophy
investigations by his knowledgeable mother and sister. But Rollo applies
his learning, such as the use of wedges and other simple machines, in
industrial applications as modeled by his father and male workmen. (From
J. Abbott, Rollo’s Experiments, Hogan & Thompson, 1841, p. 61. Courtesy of
the Niels Bohr Library and Archives.)

shifting landscape in industry and higher education,

many schools stopped requiring physics classes for grad-
uation, and physics began to be perceived increasingly as a
masculinized subject.’®

Many reasons underlie that shift, including changes in
wider cultural norms and the professionalization of science—
but some have direct roots in secondary schools and colleges.
First, over the 19th century, more and more colleges opened
their doors to women, and more women pursued postsecond-
ary education. The hallmark of a prestigious college education
was a curriculum in the classics, so colleges for women increas-
ingly adopted classics requirements to boost their status, and
secondary schools added classes in the classics to stay with the
trend. Some schools even encouraged girls to drop science
classes in favor of studying Latin or Greek. Thus, even as sci-
ence classes came to be dominated by boys, the humanities

were experiencing the opposite trend. The primacy of classical
study in college education has since waned, but the effect of its
earlier importance is still felt.?

Second, as state governments passed education mandates
in the early 20th century, more working-class children attended
secondary school than ever before. Many states and schools
then restructured their curricula to be more relevant to the
working-class students who would presumably never attend
college or need to know anything esoterically intellectual. Fe-
male students were directed toward classes in typing and
home economics—and away from subjects less immediately
useful, like physics.

The process of tailoring education to the needs of students
was also shaped by the larger and ever-prevalent discussion of

Box 2. Sweet and salty

A girl sprinkles salt in the background as a boy slips on an
icy walk. The accompanying question-and-answer dialog
touched on the practical connections of natural philo-
sophical knowledge to daily life:

What would happen to us if there were no friction?

We could not walk a step before we should begin
to slip along very fast, and could not easily stop
ourselves.

How do people increase the friction when the walks
are covered with ice?

They throw sand, or ashes, or something rough,
upon them.

(Image from M. A. Swift, First Lessons on Natural Philoso-
phy, for Children. In Two Parts. Part Second, new ed., William
J. Hamersley, 1867, p. 83. From the author’s collection.)
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gender differences. Educators and school administrators feared
that female students might be masculinized by scientific
study —which by then was fully divorced from religion and
sentiment; physics was now physics, not natural philosophy. If
girls were to get a scientific education, they thought, better that
it be in the domestic science of home economics. Some female
scientists even used domestic science as a career strategy. At
the collegiate level and above, home economics was often a
way for women to work in the sciences on appropriately fem-
inine topics of study (see the article by Joanna Behrman, Prys-
1cs Topay, May 2018, page 50). At the secondary school level,
however, home economics classes were largely aimed at pre-
paring girls —particularly working-class and African American
girls—for their presumed future careers as domestic laborers,
wives, and mothers, not scientists.

How can the present be so different from the past? We're no
strangers to rapid cultural change in other areas—fashions in
clothing, for instance, change extremely quickly. But ideas
about who is good at or interested in science feel much more
permanent. Even deliberate efforts to make physics classrooms
more inclusive struggle against the stereotype that girls don’t
really belong or want to be there. How instructive it is, then, to
think about a time when gendered expectations in science ed-
ucation were the opposite of what they are today. It goes to
show how impermanent culture really is, and how much it
depends on the context of time and place.

And if culture can change over time, let us undertake the
effort to change it for the better.
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for quantum technologies
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Subwavelength planar structures can

generate, reshape, and entangle photons

in a compact and stable device.

n the past decade, optical metasurfaces have become
increasingly popular tools for bending, focusing, and other-
wise transforming light. They precisely control light-matter
interactions with subwavelength structures. The planar
surfaces comprise metallic or dielectric optical resonators
that manipulate electromagnetic waves in specialized and novel ways."?
The idea of pairing light scattering with planar optical structures isn’t
new: For more than 50 years, researchers have designed diffractive
optical elements that serve as beam shapers, beamsplitters, and diffusers.’
But metasurfaces are more efficient and adaptable than diffractive
components and can provide flexible control of light-matter interactions.

Conventional optical components guide
electromagnetic wavefronts as light prop-
agates in a bulk medium along optical paths
of different lengths. Metasurfaces, on the
other hand, control the phase, amplitude,
and polarization of light waves within a
distance much less than the wavelength.>*
The resulting optical elements and devices
are effectively two-dimensional, offer new
functionalities, and outperform their tradi-
tional bulk counterparts.**

Metasurfaces consist of carefully ar-
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ranged subwavelength unit cells, often
called meta-atoms. The optical response of
a meta-atom depends on its height, width,
material, and other properties. To achieve
the desired functionality in an optical
component, researchers fabricate an array
of meta-atoms whose parameters vary
across the device based on their specific
contribution. Meta-atoms can operate as
subwavelength resonators®” (see box 1), or
they can contribute to effective averaged
parameters.*




of Lannon Harley, the Australian National University.
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FIGURE 1. METASURFACES use subwave-
length structures to manipulate light’s
wavefront. They can (a) rotate light's
polarization, (b) focus light, (c) generate
three-dimensional images, (d) change
light’s orbital angular momentum,

(e) separate light based on polarization,
and more. The ultrathin devices can
replace bulky traditional classical-optics
components.

Optical metasurfaces have demonstrated many functional-
ities, such as those depicted in figure 1, and sometimes even
several at once. Many of those applications constitute promis-
ing alternatives to conventional bulky optical elements and
devices. The metasurfaces are ultrathin, lightweight, and ultra-
compact and may overcome some limitations of their tradi-
tional counterparts. Metasurfaces may soon replace bulky
traditional wave plates, vortex converters, lenses, and holo-
grams operating at many frequencies. After successfully using
them in classical-optics applications in the past decade, scien-
tists have recently expanded the use of metasurfaces to the
quantum realm.?

From classical to quantum

In quantum information science and technology, photons are
ideal information carriers. But encoding and transforming in-
formation in them requires new types of optical devices be-
yond classical ones. The flexibility, compactness, and high effi-
ciency of metasurfaces are factors that make them promising
quantum optics candidates.

The quantum states of light needed for quantum technolo-
gies include single photons and entangled photon pairs, among

others. All those states have properties that cannot be de-
scribed by classical theories of light. Free-space quantum optics
components are essential tools to control those states, because
they can readily access multiple intrinsic degrees of freedom,
such as polarization, orbital angular momentum (OAM), and
frequency. So far, most free-space applications rely on bulk op-
tical elements, including beamsplitters, wave plates, and mir-
rors, many of which are designed to be dynamically reconfig-
urable to tune device behavior. Although those platforms have
enabled the demonstration of quantum computation with lin-
ear optics,’ they are challenging to align, bulky, prone to losing
photons, and mechanically unstable, which introduces errors.

Metasurfaces can replace many of those bulky optical ele-
ments in quantum light applications in free space and at the
interface between free space and photonic devices. As a con-
ceptual illustration, figure 2 depicts how a metasurface could
simultaneously transform photons from M input ports and
send them to M transmission outputs. One could encode
quantum information in multiple degrees of freedom: two
degrees of freedom from the polarization, M, degrees of free-
dom from the frequency, M, from the OAM, and M from the
different spatial paths. For an input N-photon quantum state,

Resonances substantially enhance the
electric and magnetic fields, which is an
important requirement for many func-
tionalities. Several physical mechanisms
are responsible for the field enhance-
ment and mode engineering in meta-
surfaces, including local resonances, such
as surface plasmon resonances; Mie res-
onances of individual nanoparticles; and
collective resonances, such as guided-
mode resonances and bound states in
the continuum (BICs). For quantum ap-
plications, Mie resonances and BICs are
particularly important.

Mie resonances are associated tra-
ditionally with the exact solutions to
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Maxwell’'s equations for the scattering
of electromagnetic plane waves by
spherical particles. In a broader con-
text, they explain how high-index di-
electric nanoparticles control light be-
low the free-space diffraction limit,
and recently, they have attracted at-
tention because they can support opti-
cally induced electric and magnetic
resonances of comparable strengths,
which underpin the emerging field of
Mie-tronics.

BICs are light states that remain lo-
calized despite their energy residing in
the continuous radiation spectrum of
the surrounding propagating modes.

They have attracted considerable inter-
est because they provide a mechanism
for long-term trapping of electromag-
netic energy in open resonators. A true
BIC is a mathematical object with an in-
finite quality factor Q, which is defined
as the ratio of the resonance frequency
to its spectral width. In practice, a BIC can
be realized as a quasi-BIC—produced
by what's known as a supercavity
mode—where both the Q factor and
the resonance width are finite. High-Q
quasi-BIC modes enable light localiza-
tion in conventional photonic struc-
tures, such as nanoantennas, coupled
optical waveguides, and metasurfaces.
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FIGURE 2. IN QUANTUM OPTICS, information can be encoded in light’s polarization (horizontal H or vertical V), frequency w, orbital angular
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the total number of degrees of freedom scales exponentially
with N as (2 x M, x M, x M)N. The metasurface transforms an
input state into a wide range of output states. Although the
simplest metasurface designs offer static transformations, ap-
plying electric fields and many other emerging methods can
dynamically tune the metasurface to make the transformations
reconfigurable.

The metasurface’s outputs can be used for quantum imag-
ing, for example, which aims to improve imaging resolution,
signal-to-noise ratio, and spectral range through clever appli-
cations of quantum entanglement. Cameras with single-photon
sensitivity, such as single-photon avalanche photodiode image
sensors, or arrays of single-photon detectors, such as super-
conducting nanowires, would then precisely measure the pho-
tons. Alternatively, the output could lead to other optical ele-
ments, such as additional metasurfaces or photonic circuits or
fibers.

Many experimental efforts have demonstrated the use of
metasurfaces for quantum state manipulation. One of the early
explorations generated entanglement using the polarization
and OAM of single photons.”’ In that 2018 work, Mordechai
Segev and Erez Hasman of the Technion-Israel Institute of
Technology and their colleagues directed a beam of linearly
polarized single photons toward a metasurface that converted
them to a superposition of states with OAM quantum number
I = 1 and left-handed circular polarization and with [ =-1 and
right-handed circular polarization.

In another work, two of us (Wang and Kivshar) and our col-
leagues designed a metasurface that reconstructs the polariza-
tion states of N photons.! The design used one of M potential
spatial input ports and sent the N photons that entered the port
to the M possible output ports. Each output port projected the

photon’s polarization state to a judiciously designed polariza-
tion basis, and a detector was placed at each port. The detectors
collectively measured the probability of N photons arriving at
N ports simultaneously, known as N-photon nonlocal correla-
tions. By repeatedly measuring the correlations between the
measurements at the output ports, we reconstructed the den-
sity matrix of the N-photon polarization state —in our case, up
to N =2—which contains information about amplitude, phase,
quantum entanglement, and coherence. The metasurface-based
approach is scalable because the required number of output
ports scales linearly with the photon number. What’s more,
fabrication imperfections can be accounted for with a one-time
calibration measurement.

Metasurfaces are also particularly suitable for achieving
nonunitary transformations—that is, state evolution that doesn’t
conserve energy. Such transformations can provide novel re-
gimes for photon-state manipulation. For example, Xiang Zhang
of the University of California, Berkeley, and his colleagues
demonstrated that a nonunitary metasurface can tune the in-
terference behavior between two photons.’? The metasurface
served as a beamsplitter with two spatial input ports and two
spatial output ports, but it had an anisotropic phase response,
a phenomenon that is responsible for the nontrivial losses be-
hind the nonunitary response. By rotating the metasurface,
Zhang and his team continuously tuned the photon interfer-
ence between bosonic behavior, where the photons coalesced,
and fermionic behavior, where they remained separate.

Andrey Sukhorukov’s group at the Australian National
University designed and realized a metasurface that performed
nonunitary transformations to change the polarization states
and degree of entanglement of two photons.” The nonunitary
metasurface was made of silicon patterned with alternating
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Single photons and photon pairs are
the simplest quantum light states
available in the lab. Single photons
(see panel a) are emitted by atoms
or their solid-state analogues—
quantum dots, organic molecules
embedded in crystals, or color cen-
ters in diamond—as they sponta-
neously transition from an excited
state (e) to a ground state (g). They
typically get into that excited state
through a stimulated transition: a
pump photon of energy hv (blue ar-
row) followed by a relaxation to level
e (black arrow). Then they sponta-
neously transition down (green ar-
row). Classical optics cannot explain
such spontaneous transitions; their de-
scription requires a quantized field. A
simple explanation is that the transitions
are stimulated by the vacuum field. Al-
though normally the vacuum field popu-
lates all radiation modes uniformly, it can
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be enhanced for certain modes—here,
at the frequency v,.—because of an opti-
cal cavity or a resonance. That enhanced
vacuum field, in turn, enhances the
spontaneous emission.

Photon pairs are most easily ob-

,-"'. Idler

tained through nonlinear optical
processes, the simplest one being
spontaneous parametric down-
conversion, shown in panel b. In
SPDC, a pump photon splits into
two daughter photons, called a
signal and an idler. The process is
similar to the spontaneous emis-
sion of single photons: A pump
photon (blue arrow) excites the
nonlinear material to a temporary
virtual state, and then the sponta-
neous transition returns the system
to the ground state. That transition,
which is mediated by the materi-
al’s second-order susceptibility, pro-
duces a pair of photons (red and or-
ange arrows). Similar to a single-photon
transition, an enhanced vacuum field
caused by a resonance—in this case, at
one or both of the frequencies v, or v,—
increases the probability of a two-photon
transition.

rectangular cuboids such that the diffractive loss depended on
the input polarization state. Such a nonunitary metasurface
can transform the polarization of a pair of photons in the same
path from any arbitrary initial states to any desired final
states.

Generating quantum light

Replacing bulk linear optical elements with metasurfaces is not
enough to implement quantum technologies on ultrathin plat-
forms. Those platforms must also generate quantum states of
light. The resonances in metasurfaces, explained in box 1, are
essential for that task.

Resonances act not only on incident light; they can also en-
hance the efficiency of spontaneous light emission. The enhance-
ment is best understood in terms of vacuum fluctuations—the
tiny and transient electromagnetic fields that inevitably fill
space even at zero temperature. In a meta-atom, resonances
increase the vacuum fluctuations at certain frequencies and
decrease them in the rest of the spectrum, similar to the Purcell
effect in optical cavities. The resonances boost the spontaneous
emission of single photons and photon pairs, as explained in
box 2. Moreover, they shape the spectrum and direction of the
emitted light.

That enhanced spontaneous emission is, for a few reasons,
particularly useful in conjunction with quantum dots and other
sources of single photons. First, most single-photon sources
have insufficient photon-emission rates for many practical ap-
plications. Second, they typically emit photons in a broad range
of directions, which makes the radiation hard to collect. Finally,
in most cases, the sources emit a broad spectrum of light, in
which individual photons remain distinguishable and thus not
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suitable for quantum technologies. All those problems can be
solved by embedding single-photon emitters into resonant
metasurfaces.

Figure 3a shows the effect of a gallium arsenide metasurface
on embedded indium arsenide epitaxial quantum dots.” The
metasurface consists of nanoresonators with broken symme-
try: Instead of perfect cubes, each resonator has a corner re-
moved. That broken symmetry leads to a quasi-bound state in
the continuum (BIC) resonance, which is a trapped light state
with a sharp frequency (see box 1). The BIC is at a wavelength
close to 1200 nm with a quality factor Q of about 100—as a
result, within a bandwidth of about 12 nm, the spectral density
of vacuum fluctuations is amplified 100-fold. Accordingly, the
emission of a quantum dot, otherwise broad and not too bright
(the black curve in figure 3a), is enhanced about two orders of
magnitude within a narrow spectral range (blue curve). The
resonance also makes the quantum dot emit preferentially in
the direction normal to the metasurface.

Today, only four years after that original study, more ad-
vanced designs yield quasi-BIC resonances with Q factors as
high as 10*. Those resonances promise further enhancement of
spontaneous emission and further shaping of the emission’s
spectrum and directivity. Metasurfaces can also shape the po-
larization by, for example, making a quantum dot emit differ-
ently polarized photons in different directions—an example of
multifunctional operation.

Photon pairs

Last year one of us (Chekhova), Frank Setzpfandt at the Uni-
versity of Jena, and our research groups used metasurfaces as
sources of entangled photons through a mechanism called
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FIGURE 3. RESONANCES in metasurfaces enhance and shape the emission of quantum light. (a) In a gallium arsenide metasurface,
resonances known as quasi-bound states in the continuum (BICs) sharpen and enhance the emission from an embedded indium arsenide
quantum dot (blue) compared with the quantum-dot emission in a nonstructured GaAs layer (black). (Adapted from ref. 14.) (b) In a lithium
niobate metasurface, the emission of photon pairs by a process known as spontaneous parametric down-conversion is also dramatically
enhanced within a narrow spectral range (red) compared with the emission from a nonstructured lithium niobate layer (gray). (Adapted

from ref. 15.)

spontaneous parametric down-conversion (SPDC), in which a
material is excited by one photon and then emits two photons
to return to the ground state'® (see box 2). In that experiment,
we fabricated a lithium niobate crystal with trapezoid-shaped
single meta-atoms that each had what’s known as a Mie-type
resonance (see box 1). As shown in figure 3b, that resonance at
1591 nm led to an increase in the pair generation rate (solid red
line) by two orders of magnitude within a 15 nm band, com-
pared with the emission from the unstructured layer of the
same material.

As in any nonlinear effect, SPDC in bulk crystals requires
phase matching. In terms of photons, phase matching is
equivalent to momentum conservation: The momentum of the
pump photon is fully passed to the two daughter photons,
called the signal and the idler. Similarly, energy conservation
dictates that the frequency of
the pump photon is equal to the a2
sum of the daughter-photon
frequencies. In thin materials,
such as metasurfaces, energy
conservation is still valid, but
momentum conservation in the
direction normal to the surface
is relaxed. That relaxation fol-
lows from the uncertainty re-
lation; restricting the source
of photon pairs in space al-
lows any value of their total
momentum.

The result is that thin
sources of SPDC can emit
photons in any direction and
at any wavelength. The gray
profile in figure 3b, for a non-
structured ultrathin layer of
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how broad the SPDC spectrum can be. Structuring the lithium
niobate such that it has a Mie resonance concentrates the vac-
uum fluctuations in a narrow band, so photon pairs are effi-
ciently emitted only when the signal or idler photon is reso-
nant. The strongest enhancement occurs when both signal and
idler photons are at resonance: The red curve shows an en-
hancement of two orders of magnitude in the two-photon emis-
sion rate in a narrow band near the resonance.

The relaxed momentum conservation for SPDC in meta-
surfaces also introduces flexibility in the choice of pump pho-
ton frequency. If the pump photon frequency is not double that
of the resonance, the total energy is split unequally between
the two daughter photons. The signal photon takes the reso-
nance wavelength, and the idler takes the wavelength needed
to conserve energy. Chekhova, Igal Brener of Sandia National
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FIGURE 4. A METALENS ARRAY creates a multipath quantum source. (a) The nonlinear crystal device

produces photon pairs (red) from each circular lens embedded in the beta-barium borate (BBO) crystal.
(b) A pair of neighboring lenses produces four indistinguishable photons, which interfere and therefore
cause a dip in the number of detected photon quadrupoles. (Adapted from ref. 18.)

lithium niobate, illustrates just
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Laboratories, and their research groups recently implemented
such two-color SPDC in a BIC metasurface consisting of broken-
symmetry GaAs resonators, similar to the metasurface that
enhanced quantum-dot emission (shown in figure 3a). In that
work," the signal and idler wavelengths differed by about 50 nm.
They can be separated even more by choosing other pump
photon wavelengths.

A metasurface can offer multiple channels for SPDC photon-
pair generation and higher-dimensional entanglement. For ex-
ample, Din Ping Tsai of National Taiwan University and his
colleagues implemented a multipath photon-pair source in a
metasurface lens array integrated in a beta-barium borate crys-
tal' (see figure 4a). The 10-by-10 metalens array forms a mul-
tichannel pump that, in turn, generates photon pairs in 100
channels. The researchers demonstrated four-photon and six-
photon generation in which the photons from different lenses
were highly indistinguishable. The dip in the measured four-
photon coincidences at zero delay in photon arrival times
(figure 4b), and similarly for six-photon coincidences, indicates
that the photons have coalesced because of their indistin-
guishability. That metasurface-based quantum photon source
can easily switch between various high-dimensional entangled
quantum states.

Metasurfaces produce, route, and manipulate quantum states
of light, which will be useful for free-space quantum com-
munication, quantum information, quantum computation, and
quantum imaging. Their key strength is the simultaneous con-
trol over many parameters of the quantum states. One prom-
ising application is integrating metasurfaces with single-

photon-sensitive cameras as a sort of quantum camera lens.
The metasurface could then transform the light as needed for
fast imaging-based measurements of quantum states. On their
own, metasurfaces may provide a path to numerous applica-
tions, including unbreakable encryption and quantum infor-
mation on a chip.

We thank our many colleagues and students for their collaboration
and discussions. We also acknowledge the support of the US Army
International Office (grant no. FA520921P0034).
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Roman Schnabel

Quantum-correlated light embodies all the
weirdness of quantum physics. Now it is being
used to aid in the observation of another exotic
phenomenon: gravitational waves.
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results of quantum measurements. The exis-
tence of hidden variables would make quan-
tum theory incomplete,® and quantum ran-
domness would never be real, only apparent.
Einstein spent the rest of his life searching
for a complete theory, albeit unsuccessfully.

By the 1980s the experimental violation
of so-called Bell inequalities finally made it
clear that quantum theory is complete, that
it has no hidden variables, and that wave-
packet-resolving measurements must lead
to truly random results.* The experiments
also confirmed that quantum correlations
within quantum uncertainties exist—a find-
ing that seemingly contradicts the random-
ness of quantum measurements. That weird-
ness still has not been resolved. Famous
quantum-correlated states include EPR en-
tangled states, Schrodinger-cat states, and
squeezed states.

Squeeze resonator

SHE

Frequency-doubling
resonator

Sai )

Crylstal
Resonator mirror A

To observatory

Beam splitter

Laser

FIGURE 1. GENERATING SQUEEZED LIGHT. (a) The semimonolithic squeeze resonator

shown here uses a periodically poled potassium titanyl phosphate crystal with a

Exploiting correlations with randomness

Squeezed light is produced by pumping a
crystal inside a laser resonator (see figure 1),
similar to how a conventional laser works.
What's different is that the crystal is pumped
with laser light, rather than light from a hot
lamp, and that light must have exactly twice
the frequency of the desired squeezed light.
And the crystal needs to have a high second-
order nonlinearity; that is, it needs to be
suitable for frequency doubling of laser light.

Squeezed-light generation is based on degenerate optical
parametric down-conversion, which is the reverse of the pro-
cess used for frequency doubling of conventional laser light.
A nonlinear crystal converts the pumping field, with optical
frequency 2f, into two indistinguishable fields with frequency
f- The amplitude of any optical field must have a quantum un-
certainty, and the same is true for the individual down-
converted fields, which leads to an interesting situation: The
amplitudes of the fields are uncertain, but they are nevertheless
always identical. The result is the abovementioned quantum
correlation—the correlation within a random measurement
results from quantum uncertainty.

Squeezed light has its strongest quantum correlations when
the laser producing it operates slightly below its oscillation
threshold.®> As a result, its beam is dim. To make a bright
amplitude-squeezed laser beam, it must overlap with a con-
ventional laser beam of the same wavelength with the optimal
phase difference. Measurements on such a beam produce
squeezed photon-counting noise like that in figures 2b and 2d.

LIGO and two other gravitational-wave observatories,
GEO600 and Virgo, are now using squeezed states of light
to reduce the noise in light’s quantum uncertainty and thereby
improve the observatories” sensitivities.>” Figure 3 shows a
schematic of the underlying optical layout. In addition to a
conventional laser, the setup requires a laser that produces
squeezed light whose optical field exhibits quantum correla-
tions in time. When light from the two lasers is superimposed
in an interferometer, the light fields in its arms become EPR
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mirrored back and a separate resonator mirror to generate squeezed light. The crystal is
pumped with green laser light with a wavelength of 532 nm. The squeezed light is
created at the invisible wavelength of 1064 nm. (b) To produce a measurable squeezing
effect, a squeeze resonator must be housed in a temperature-stabilized device like this
one to maintain a specific temperature, typically 40 °C, at which both wavelengths have
the same propagation speed over the entire crystal. (c) To generate squeezed light for
gravitational-wave detectors, laser light (red) with the same frequency f as the light in
the interferometer undergoes frequency doubling in a resonator. That light, with frequency
2f and shown in green, goes through a beam splitter that'’s highly reflective at fand highly
transmissive at 2f. It is then used to pump the squeeze resonator. (Adapted from ref. 5.)

entangled. And, more importantly, the output field at the
photodiode—which would contain any gravitational-wave
signal —exhibits squeezed quantum noise. Figure 2 illustrates
the improvement in photon-number statistics caused by using
squeezed light. The reduction in standard deviation between
figures 2a and 2b, which is caused by squeezing, improves the
visibility of the gravitational-wave signal shown in figures 2c
and 2d.

By itself, the best conventional laser produces a distribution
of photon counts that is truly randomly distributed around a
mean value (N). Consider, for example, a quasi-monochromatic
laser beam whose residual spectral energy distribution is
Gaussian with a half width Af. The mathematics of the Fourier
transformation enforces that the energy in the laser beam must
be homogeneously smeared over a Gaussian wave packet with
half width Af=1/(4nAf), where At corresponds to half the
wave’s coherence time.

Now imagine that photodiode measurements determine
the beam’s energy in a short time window AT < 2At. It's well
known that the energy values are integer multiples of the pho-
ton energy. But it is impossible for the detected photons to be
in the short time window AT before the measurement because
the Fourier transform forces their energy to be homogeneously
smeared over 2At. Consequently, the photon events recorded
must have occurred only during the measurement and in a
truly random manner.

In the absence of any quantum correlations, the photon
statistics would reflect mutually independent random parti-
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FIGURE 2. QUANTUM STATISTICS of photon counts. (a) The photon numbers measured in
short time intervals AT < At, where At is the coherence time of the light, are uncorrelated;
they correspond to random, mutually independent photon events. If the mean number of
photons per time window is large, (N),; > 1, the quantum uncertainty in the photon number is
described by a Gaussian distribution (red curve) with standard deviation AN, = v(N),;. (b) For
a beam that has the same coherence time but is in an amplitude-squeezed state, the photon
counts are random but correlated with each other, which produces a narrower distribution;
here it's squeezed by a factor of v10. (c) Adding a sinusoidal gravitational-wave (GW) signal to the
photon-count noise illustrates the difficulty presented by conventional quantum noise. (d) Using
a squeezed light improves the signal-to-noise ratio for the same GW signal. (Adapted from ref. 10.)

cles, as shown in figure 2a, and the light measured during the
interval AT would be in a so-called coherent state. In that case,
the properties of the Poisson distribution apply: If ({N) photons
are found on average over AT, the standard deviation is V(ND.

With squeezed light, the spectral width Af of the detected
light is constant, so the photons still cannot be localized in the
short time window AT—the mathematics of the Fourier trans-
form cannot be avoided! And the photons must occur ran-
domly, as with a conventional laser. Curiously, though, the
photon numbers for squeezed light measured over AT vary less
than \(N). The distribution’s unexpectedly sharp peak is a man-
ifestation of the quantum weirdness that is observed in all
gravitational-wave observatories.”” Since the Fourier-transform
constraint still holds, the photon numbers measured in each
time window must still result from a truly random process. At
the same time, such processes must be correlated. Both of those
facts must be reflected in the yet-to-be-found solution to the
apparent weirdness.

Observatory incorporation

Since April 2019, all gravitational-wave observatories world-
wide have been using lasers that produce squeezed light as
additional light sources. The squeezed light is spatially over-
lapped with the conventional, more powerful beams in the
interferometer arms to produce squeezed-photon statistics—
and therefore less noise—at the photodiode detector (see fig-

in Germany in 2009. It was the first such
laser that was designed for indefinite
use and started completely at the push
of a button. The device has since been
an integral part of GEO600’s search for
gravitational waves and is still in oper-
ation.® Many physicists had previ-
ously argued that quantum-correlated
light would be too error prone for
gravitational-wave observatories, given
that their goal is to record data 24 hours
a day and, if possible, 365 days a year.
But the GEO600 detector’s squeezed-light source was so reli-
able that scientists at LIGO and Virgo decided to start using
squeezed light as well.

Why wasn't squeezed light built into gravitational-wave
observatories much earlier? One reason is that the technology
had yet to be developed. Reference 6 provides a review of the
challenges. The main reason, however, was that squeezed light
was unnecessary as long as the light power in the interferom-
eter’s arms could be increased without major difficulties. At 10
times the light power, the gravitational-wave signal’s power
also increases tenfold, but the quantum noise only increases by
V10, thereby providing greater sensitivity. From the beginning,
gravitational-wave observatories were designed for high light
powers. Building up the power in the arm resonators and in-
corporating minimally absorbing mirror materials and coat-
ings significantly improved the observatories’ sensitivities.

Squeezed light was not planned for Advanced LIGO, Ad-
vanced Virgo, or GEO600 at the start of construction. In the
early 2000s, however, it became clear that the residual absorp-
tion of the light in the mirrors and beam splitters of all three
observatories would make achieving the design sensitivities
difficult, costly, and perhaps impossible on the targeted time
scales. The major technological breakthroughs in the produc-
tion of squeezed light for gravitational-wave detection® oc-
curred in the groups of David McClelland and Ping Koy Lam
at the Australian National University in Canberra and in my
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FIGURE 3. GRAVITATIONAL-WAVE DETECTION. A gravitational
wave with amplitude AL/L dynamically expands and compresses
spacetime perpendicular to its direction of propagation. Laser light
propagating along an expanding spacetime axis is redshifted,
whereas light moving along a shrinking spacetime axis is blueshifted.
The effect is observed with Michelson interferometers that translate
those frequency shifts into changes in the power output. All mirrors
are suspended as pendulums and are decoupled to the greatest
possible extent from environmental forces. The squeezed light
reduces photon shot noise at the photodiode such that the sinusoidal
signal in the noisy blue data becomes visible. (Adapted from ref. 10.)

group at Leibniz University Hannover between 2004 and 2009.
Implementing squeezed-light production in GEO600 im-
proved the detector’s sensitivity without increasing the light
output.

Pushing performance

The use of quantum correlations in gravitational-wave obser-
vatories has been more than just a demonstration. Squeezed
light has established itself as a technology that can improve
performance at lower cost than potential alternatives. The cost
of constructing a suitable laser that produces squeezed light
can be estimated at a few hundred thousand euros. On the
other hand, increasing the arm length of an observatory is a
significantly more expensive proposition. The fact that GEO600,
LIGO, and Virgo are still operating with optical powers in the
arms below the design specifications reflects how valuable
squeezed light is for improving photon statistics.

So far, the highest squeeze factor achieved in the signal out-
put of a gravitational-wave observatory was at GEO600 with
the laser shown in figure 4. The corresponding sensitivity im-
provement is equivalent to what would be achieved by a
factor-of-four increase in light power in the arms.™* Although
lasers can deliver squeezed light with larger squeeze
factors—well over 10 in the case of Virgo’s laser —optical losses
from decoherence limit the final value. If, for example, only
60% of the squeezed light is registered by the photodiode after
passing through the interferometer, the squeeze factor drops®
from 10 to approximately 2.2. Currently, an optical loss of 40%
is typical, given absorption, scattering losses, imperfect beam
superposition when the squeezed-light beam couples to the
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conventional beam, and the imperfect quantum efficiency of
the photodiode. But keep in mind that today’s observatories
were not designed to use squeezed light. Future observatories
could achieve losses of less than 10%, in which case a squeeze
factor of 10 could become realistic.

Loss caused by decoherence is a fundamental problem
with the use of quantum-correlated states. If energy is lost to
the environment, the strength of the quantum correlation
decreases. Fortunately, squeezed states are still relatively
insensitive to decoherence. And, to put the problem in per-
spective, reducing optical loss is indicated as the way to in-
crease sensitivity at gravitational-wave observatories regard-
less of whether they use quantum correlations. Incorporating
squeezed light just increases the benefit of reducing losses.

Optical loss is also the reason why no quantum-correlated
states are being planned for the Laser Interferometer Space
Antenna, or LISA, a future space-based gravitational-wave
observatory. The huge arm lengths of 2.5 million kilometers
will cause so much divergence of the laser radiation that only
a small fraction of the photons will be registered. The gain
from squeezed light would be minimal. Still, squeezed light
has become an indispensable part of gravitational-wave
astronomy. It will be an important factor in achieving the
significantly increased measurement sensitivities targeted by
the next generation of proposed ground-based gravitational-
wave observatories, such as the Einstein Telescope and Cos-
mic Explorer.

More uses for squeezing

Light with squeezed quantum uncertainty has a clear benefit
when increasing light output is no longer straightforward. But
it's also useful if mirror masses can no longer be easily in-
creased. The four mirrors that form the arm resonators in the
LIGO observatories each have a mass of 40 kg. They each con-
sist of a piece of fused silica with low optical absorption and
high mechanical quality, and they are shaped like cylinders
and polished on all sides. Future gravitational-wave observa-
tories should have mirror masses of 200 kg or more. The main
reason for heavy mirror masses is that uncertainty in the laser
light’s properties results in uncertain radiation pressure on the
mirrors—and, therefore, uncertain mirror momenta and ran-
dom position changes. The result is what’s called quantum
radiation-pressure noise. A larger mirror mass reduces the
disturbing effect.

It has been known only since the 1990s that the photon sta-
tistics on the photodiode (see figure 2) can be squeezed at the
same time as the radiation-pressure uncertainty on the mirrors.
It was previously thought that because of the Heisenberg un-
certainty principle, reducing one type of quantum noise would
lead to an increase in the other. Because of breakthroughs in
understanding the nature of quantum correlations, we now
know that simultaneously reducing both quantum-noise pro-
cesses leads to a quantum correlation between the light field
and the movement of the reflecting mirror. Those correlations
were recently observed in one of the LIGO observatories using
squeezed light.!516

In the targeted Einstein Telescope, quantum correlations
between mirror movement and reflected laser light should help
the device achieve its desired sensitivity in the 2030s, thereby
making the cosmic gravitational-wave background observable



FIGURE 4. GEO600 SQUEEZED-LIGHT LASER. The device’s base-plate dimensions are 135 cm x 113 cm. In keeping with the laser

wavelength of today’s gravitational-wave observatories, this laser produces squeezed light at 1064 nm. The white arrow indicates the
squeeze resonator. Also included are three commercial lasers, a frequency-doubling resonator, lenses and mirrors to couple the light into
the resonator, and other components that enable long-term stable phase control of all laser beams in the device. This laser increased the
GEO600 detector’s signal-to-noise ratio by up to 3.5 dB when it was first implemented’ in 2011. That improvement has since increased' to

as much as 6 dB. (Courtesy of Henning Vahlbruch.)

for the first time. Astronomy based on electromagnetic radia-
tion can look back a maximum of around 380 000 years after
the Big Bang, but in earlier times, the universe was opaque to
electromagnetic radiation. Observations of the gravitational-
wave background offer the unique possibility to gain informa-
tion about the first tiny fraction of a second after the Big Bang.

Quantum-correlation technology

Advances in optical measurement technology for gravitational-
wave astronomy can also be applied to similar technology for
industry and medicine. If light output can no longer be easily
increased to improve a device’s sensitivity, using quantum-
correlated light is an alternative as long as the measuring
method allows enough quantum-correlated light to be cap-
tured. Light output may be difficult to increase for many rea-
sons. If it is above the eye-safe range, for example, costs for
laser protection arise. Light sensitivity is also often a problem
in the use of lasers to probe medical and biological samples.
With squeezed light one could achieve higher measuring sen-
sitivities with lower light output to avoid cell damage.

Many scientists and governments are expecting a so-called
second quantum revolution. The first quantum revolution was
driven by, among other things, the development of the laser,
which is now a part of many everyday devices. The second
quantum revolution could be broader. The best-known devel-
opment would be the quantum computer, which is based on
quantum-correlated building blocks. (See, for example, the
article by Lieven Vandersypen and Mark Eriksson, Prysics
Topay, August 2019, page 38.) Another example is secure com-
munication and quantum cryptography. Approaches with
quantum correlations make it possible to secure not only the

communication channel but also the laser devices and measur-
ing equipment. (See the article by Marcos Curty, Koji Azuma,
and Hoi-Kwong Lo, Puysics Topay, March 2021, page 36.)

Quantum technologies can rely on quantum physics with
or without quantum correlations. But those that do use cor-
related systems are now enabling advances that could be ap-
propriately dubbed quantum-correlation technologies. Al-
though squeezed light has so far been developed into an
end-user product in gravitational-wave observatories, its po-
tential uses in industry and medicine could lead to one of the
first commercial quantum-correlation devices.
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" The Hubble eXtreme Deep Field, an image of a region of space in the constellation
Fornax, reveals galaxies that existed about 13.2 billion years ago.

hen asked to name a book for a gen-
w eral readership that would answer

questions about the understanding
of matter, time, the Big Bang, and more,
the celebrated theoretical physicist Mi-
chael Dine couldn’t recommend one. So
he decided to write his own, and This
Way to the Universe: A Theoretical Physi-
cist’s Journey to the Edge of Reality is the
culmination of that effort.

Dine has made important contributions
to the fields of supersymmetry, string
theory, and baryogenesis—an explana-
tion for the imbalance of matter over
antimatter in the early universe (see the
article by Helen Quinn, Praysics Topay,
February 2003, page 30). After complet-
ing a PhD at Yale University in 1978 and
postdoctoral work at SLAC at Stanford
University and the Institute for Advanced

Study in Princeton, New Jersey, he be-
came a professor, first at the City College
of New York and since 1990 at the Uni-
versity of California, Santa Cruz.

Taking the work of Isaac Newton as
the start of modern physics, Dine takes
the reader on a journey through the most
eminent breakthroughs in theoretical
physics. The story is built up in four
parts, which Dine terms steps: The first
two describe the well-established science
of classical mechanics, quantum me-
chanics, and relativity. In the third part,
titted “The Next Steps,” he addresses
currently open problems and proposed
solutions; the fourth, “And Stepping into
the Unstable,” is about modern develop-
ments, mostly focused on string theory.

The book indeed covers a substantial
amount of ground compared with most

H_UNIVERSITY OF CALIFORNIA, SANTA CRUZ/R. BOUWENS, LEIDEN UNIVERSITY/HUDF09 TEAM

This Way to the

Universe
ATheoretical Physi-
cist's Journey to the
Edge of Reality

Michael Dine
Dutton, 2022. $28.00

other popular-science books. It is play-
fully written and reads as if the author is
telling a story around a campfire. Al-
though Dine’s knowledgeable account of
the history of science is mostly chrono-
logical, he does get sidetracked here and
there. Given the density of information,
it is impressive that the tone of the story
remains light.

In steps 1 and 2, Dine describes the
history of physics through a series of re-
markable paradigm shifts. Newton pro-
posed that nature was ruled by laws —the
absolute and unchanging truths we seek
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as theoretical physicists. Michael Faraday
and James Clerk Maxwell introduced us
to fields, a concept that formed the bed-
rock for Albert Einstein’s theory of rela-
tivity and thereby the version of relativ-
istic quantum mechanics that physicists
use today.

In the later chapters, Dine switches to
discussing developments in theoretical
physics from his own vantage point. Mem-
orable conversations, seminars he attended,
and his own scientific collaborations form
the common thread as the journey pro-
ceeds through two superstring revolu-
tions to the current state of the field. Dine
gives modest descriptions of theorems
that bear his name, such as Affleck-Dine
baryogenesis and the Dine-Seiberg prob-
lem in string theory, as well as anecdotes
about colleagues. Notably absent, how-

ever, is Dine’s seminal work with Ann
Nelson, for which they shared the pres-
tigious J. J. Sakurai Prize for Theoretical
Particle Physics in 2018.

Woven through the book is a so-called
journey through powers of 10, from the
tiny scales at which the quantum nature
of matter cannot be ignored to the vast
scales ruled by Einstein’s gravity. Even
though the author provides examples to
help readers imagine the enormous dif-
ferences in scale, it might have been
helpful if Dine had included illustrations
in those sections.

The book occasionally touches on the
sociology of science and the unfair exclu-
sion of women and minorities from the
academy. When Richard Feynman is first
introduced, for example, a brief descrip-
tion of his career is accompanied by a

footnote that refers to the current un-
derstanding of his misogyny. Although
descriptions of early woman pioneers
mention the hardships they faced, those
remarks remain largely parenthetical. In
short, the question of who gets to do
science and at what cost is not a central
theme in the book.

This Way to the Universe is an accessi-
ble and impressively complete account of
the history and current state of research
in theoretical physics. Dine’s infectious
enthusiasm about the quest for nature’s
underlying truths is obvious on every
page. Fellow science enthusiasts will
enjoy this book and its unusual peek into
the journey of a theoretical physicist.

Djuna Croon
Durham University
Durham, UK

Starlings flock in the sky above the Otmoor wetlands in Oxfordshire, England.

Quantifying and mimicking life

hen does matter become alive? Can
Wthe laws of physics describe living

systems? To answer those vexing
questions, early natural philosophers in-
voked notions of vitalism. But now we
know better. Describing the living state
is as much a physical problem as a bio-
logical one, and the modern tools of
condensed-matter and nonequilibrium
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physics are two of the microscopes of
choice for attacking it.

At the end of the 20th century, the
field of active matter emerged as scien-
tists increasingly and successfully treated
living systems as materials. Broadly put,
active matter refers to a large class of
self-driven systems, each composed of
many interacting entities that can inde-

pendently and locally convert ambient
free energy into sustained work or mo-
tion. In his latest book, Active Matter
Within and Around Us: From Self-Propelled
Particles to Flocks and Living Forms, the
well-knownauthorand complex-systems
scientist Len Pismen provides a bird’s-
eye view of the young but rapidly grow-
ing field.

As the book’s title suggests, active
matter is pervasive throughout the natu-
ral world. It ranges in scale from the
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thermally buffeted motions of motor
proteins in a cell to the mesmerizing
swirls formed by large flocks of birds. In
the past decade and a half, researchers
have developed synthetic and artificial
active systems that use such inanimate
components as colloids, grains, or robots
to ingeniously mimic lifelike behavior.

The science underlying active matter
spans physics, biology, and materials
science, and covering it all in a 200-page
book is a difficult task. But it’s one that
Pismen takes up admirably. Active Matter
Within and Around Us presents a curated
display of recent developments in the
field of active matter from the vantage
point of an experienced surveyor.

The book’s eight chapters can be
roughly grouped into three parts. The
first is devoted to large-scale and contin-
uum models of active fluids that display
polar and nematic orientational order.
Well-known models of flocking physics
and active liquid crystals are described
alongside their basic phenomenology
and some experimental realizations. Phase
separation caused by crowding makes a
brief appearance, and the dynamic role
played by topological defects that are
often present in active fluids is appropri-
ately emphasized.

Although some open theoretical is-
sues are highlighted, they are often quite
technical and at times inaccurate or mis-
leading. For instance, the book claims
that the Toner-Tu equations—which are
used to describe flocks as a continuum
fluid —rely on momentum conservation,
Galilean invariance, and an equation of
state for pressure. But those assumptions
were explicitly broken in the model’s
formulation.

The focus shifts in the second part to
microscopic active agents, both synthetic
and biological. Mechanisms for propel-
ling colloids and drops through viscous
fluids are discussed, as are the particles’
interactions and collective effects in sus-
pensions. Chapter 4 dives straight into
the movements of microorganisms and
their mechanisms, including swarming,
biofilm formation, and flagellar and cili-
ary motility. It also covers how the syn-
chronization of flagella and cilia affects
bacterial swimming.

Eukaryotes are covered next in a
lightning-fast review of the cytoskeletal
components and architecture, the dy-
namics and patterns present within a cell,
and the role those factors play in cellular

Active Matter
Within and
Around Us

From Self-
Propelled Particles
to Flocks and
Living Forms

Len Pismen
Springer, 2021. $89.99

locomotion. That background motivates
coarse-grained active-gel models that
permit theoretical descriptions of me-
chanics and dynamics at both the
single-cell and tissue levels. A brief ex-
cursion into how shape change emerges
from growth and plasticity seems a bit
tangential, but it perhaps portends the
final two chapters.

The third part delves deeper into bi-
ology by covering such topics as tumor
invasion; the dynamics of collective cell
migration; and the spreading, jamming,
folding, and shaping of tissues. Funda-
mental ideas of morphogenesis are
highlighted —including positional infor-
mation, symmetry breaking, morphogen
gradients, and mechanical feedback —but
the discussion remains brief. I appreciate
the inclusion of sections on plant tissues.
The book concludes, perhaps a bit
abruptly, with a short digression into
biomimetic systems and soft robotics.

Overall, Active Matter Within and Around
Us manages to fulfill its promise of em-
phasizing the physical, biological, and
technological aspects of active matter—
at least to the extent that can be expected
in 200 pages. Nonetheless, it is not a ca-
sual read, nor is it a pedagogical intro-
duction to active matter. For the latter,
the many extensive review articles that
have been written on the subject remain
the best option.

Because of the book’s brisk pace, its
heavy bias toward theory, and its often-
impressionistic descriptions of phenom-
ena without equations, it is unlikely to be
useful to beginners except perhaps to
whet their appetites for further study.
But for attentive and motivated readers
who are willing to dive into the litera-
ture, Active Matter Within and Around Us
hints at many open questions and prob-
lems that are waiting to be solved.

Suraj Shankar
Harvard University
Cambridge, Massachusetts
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NEW BOOKS & MEDIA

The Scientist's Guide to Writing

How to Write More Easily and Effectively Throughout Your Scientific
Career

Stephen B. Heard
Princeton U. Press, 2022 (2nd ed.). $110.00

Although scientific knowledge is primarily communicated through the written word, students rarely focus on
building writing skills. The Scientist’s Guide to Writing, now in its second edition, aims to address that gap.
Authored by the biologist Stephen Heard, the roughly 300-page book covers the ins and outs of writing, in-
cluding strategies for overcoming procrastination, constructing a scientific paper, and dealing with peer re-
viewers. Each chapter comes with a concise, bullet-pointed summary and helpful writing exercises for students.
Although he emphasizes that clarity should always be the primary goal in scientific writing, Heard encourages
young scientists to include “touches of whimsy, humor, and beauty” in their writing, even if curmudgeonly
reviewers eventually insist on their removal. —RD
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Elusive
How Peter Higgs Solved the Mystery of Mass

Frank Close
Basic Books, 2022. $30.00

What's it like to be the namesake of the legendary Higgs boson? As Frank Close demonstrates in his new book, Elusive,
scientific fame was a disorienting experience for the theoretical physicist Peter Higgs, who was unaccustomed to the
spotlight. Making matters even more bizarre was the fact that, as Higgs himself admits, he has had almost no involvement
in the development of particle physics since the mid 1960s. Nevertheless, as the public became increasingly interested in
the quest for the so-called God particle in the 1990s and 2000s, the reclusive physicist became the poster child for the
search for the boson. Elusive demonstrates that in the scientific world, too, fame is both a blessing and a curse. ~ —RD

Weirdness!

What Fake Science and the Paranormal Tell Us About the Nature of
Science

Taner Edis
Pitchstone, 2021. $16.95 (paper)

Paranormal claims, fringe science beliefs, and conspiracy theories are the focus of Weirdness! by Taner Edis, a professor
of physics. Fascinated by the odd and the controversial, Edis puts such notions to use as teaching tools for exploring
the nature of science and the scientific method. Touching on topics like spiritualism, superstition, and psychic phe-
nomena, Edis discusses the checklists and diagnostic criteria that can help people distinguish fake science from real
science. Moreover, he points out that even proposals based on science can be wrong. In a time when anti-vaxxers,
climate change deniers, and creationists appear to be running rampant, Weirdness! serves as a timely reminder to
carefully weigh all arguments and exercise caution when deciding what to believe and whom to trust. —CC
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A Little Book About the Big Bang

Tony Rothman
Belknap Press, 2022. $24.95
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Aimed at readers with minimal knowledge of science or math, A Little Book About the Big Bang discusses the structure
and evolution of the universe with as few equations and graphs as possible. Tony Rothman, a physicist who specializes
in general relativity and cosmology, has written several science books and articles for the general public. Using analogies
rather than equations, he addresses fundamental questions asked by laypeople who are curious about science: How does
relativity describe the entire universe? What has been left out of special relativity? What is so important about the cosmic
microwave background radiation? True to its title, the book packs a lot of information into a small package. —CC



NEW PRODUCTS

Focus on software, data acquisition,
and instrumentation

The descriptions of the new products listed in this section are based on information supplied to

us by the manufacturers. Prysics Topay 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

Magnetic test and measurement
instrument

Lake Shore Cryotronics has added a live plotting feature
and other enhancements to its F41 (single-axis) and F71
(multiaxis) teslameters. They are easy to operate and pro-
vide fast, highly accurate field measurements. Live plotting of the magnetic field
makes it easier to see fields changing over time; it can also be used to capture field
measurement sweeps and save the data to a USB flash drive. Other improvements
include the addition of maximum peak holding for high-speed pulse detection; fully
configurable digital low-, high-, and band-pass filters that can be applied to an rms
reading when the teslameters are operating in high-frequency mode; and a qualifier
feature for pass-fail classifications of field values. Improvements have been made to
the onboard TruZero technology’s algorithm to further reduce residual offsets. Tru-
Zero, a time-saving feature, eliminates the need to re-zero the probe. Lake Shore
Cryotronics Inc, 575 McCorkle Blvd, Westerville, OH 43082, www.lakeshore.com

Photon-counting system

The AuraTek-PCS frgomyPhotek, an all-in-one

multichannel photon-counting system, enables

parallel readout with precise timing and high

event-rate capabilities. Its 256 independent chan-
nels, each with 60 ps timing resolution, can simulta-
neously register single-photon events with count rates of
up to 480 keps. Customizable features include detector gating.
A range of photocathodes are available, including versions with high UV sensitivity
and very low dark counts. A gigabit Ethernet connection and specially designed
software allow for fast, easy data acquisition. According to the company, the PCS
may potentially unlock new possibilities in wide-field fluorescence-lifetime measure-
ments, lidar, quantum information systems, and other applications. Photek Ltd,
26 Castleham Rd, St Leonards-on-Sea, East Sussex TN38 INS, UK, www.photek.com

;
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Mathematical programming
software

MathWorks now offers Release 2022a
(R2022a) of its MATLAB and Simulink
software. New capabilities in MATLAB
include new apps and App Designer
functions, graphics enhancements, and
customizable Live Editor tasks. Simulink
updates let users streamline masking
workflows with a new mask editor and
accelerate simulation using a model-
reference local solver. New products in
R2022a include the Bluetooth Toolbox,
which provides standard-based tools to
design, simulate, and verify Bluetooth
communications systems; the DSP HDL
Toolbox, which offers Simulink blocks
and subsystems for developing wireless,
radar, audio, sensor, and other signal-
processing applications; and the Road-
Runner Scenario interactive editor,
which can simulate and test automated
driving systems. R2022a includes major
updates to MATLAB Compiler SDK and
Production Server, Simulink Real-Time,
and other products in the areas of signal
processing, computational finance, and
verification, validation, and testing. The
MathWorks Inc, 1 Apple Hill Dr, Natick,
MA 01760-2098, www.mathworks.com

Data analysis and graphing software

Version 2022b of Origin and OriginPro, OriginLab’s data analysis and graphing
software, adds new features, apps, and improvements. Graphs and layouts can
now be exported in SVG (Scalable Vector Graphics) format, which allows for easy
editing of the exported file in applications such as Adobe Illustrator. New work-
book window buttons allow users to add sheets or toggle the organizer panel on
and off. A new dialog box for arranging, tiling, and sorting windows makes it
easier to manage large projects. Users can now define multiple regions of interest

on GeoTIFF images and extract them for further analysis or create graphs such as a 3D surface plot. New graph types include a
bar map for placing bar or column plots on a map base, a spiral bar chart (with Colormap for customizing the bar colors), and
right- and equilateral-triangle ternary plots. Among the new apps are GeoTIFF Export, Color Spectrum Plot, and Matrix Analysis.
OriginLab Corporation, One Roundhouse Plaza, Ste 303, Northampton, MA 01060, www.originlab.com
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NEW PRODUCTS

Highly precise nanopositioning stages

Aerotech has launched the second generation of its ANT nanopositioning stages, which are designed
for single-axis and multiaxis applications that require high-throughput motion performance and
nanometer-level precision. Those include photonics assembly and inspection; fiber alignment and op-
timization; optics manufacturing, testing, and inspection; sensor testing and qualification; semiconduc-
tor processing and inspection; and research and laboratory applications. The enhanced and new ANT
nanopositioning stages can achieve subnanometer position stability and minimum incremental motion.
For example, the ANT95L and ANT130L single-axis linear nanopositioning stages combine
resolution, accuracy, repeatability, size, and reliability; the ANT130L is now available

in travel lengths up to 210 mm. The ANT130LZS and the new ANT95LZS stages ’ ‘.
deliver vertical-motion performance with a low profile and very low frictional char-

Turbomolecular pumps for

high-energy physics

acteristics. Aerotech Inc, 101 Zeta Dr, Pittsburgh, PA 15238-2811, www.aerotech.com

With its Turbovac iR variants, Leybold
introduces a new turbomolecular pump
series derived from the existing Turbo-
vacifamily and covering the same range,
with pumping speeds from 90L/s to
950 L/s. Developed to meet the require-
ments of the high-energy physics mar-
ket, the robust, flexible iR models are
suitable for applications such as syn-
chrotrons (particle accelerators), cyclo-
trons (circular accelerators), linear accel-

The Ultimate Software for Graphing & Analysis erators, and free-electron lasers. To
facilitate remote operation from 3 m to
Over 500,000 registered users worldwide in: 200 m, Leybold offers special cable

lengths and the option for users to em-
ploy their own cables. Materials con-
tained in the iR models have radiation
3,000+ Government Agencies & Research Labs tolerances of up to 10° Gy. Absolute pu-
rity, an elementary condition in high-end
research, is ensured by the oil-free oper-
ation of the pumps’ bearing. The com-
www.originlab.com pany offers the Turbovac iR pumps com-
bined with its ion and nonevaporable
years serving the scientific and engineering community. getter pumps, which it says other suppli-
ers cannot offer as a package. Leybold
For a 60-day FREE TRIAL, go to OriginLab.Com/demo and enter code: 2876 GmbH, Bonner Str 498, 50968 Cologne,

Germany, www.leybold.com
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OBITUARIES

Eugene Newman Parker

ugene Newman Parker, the leading
E figure in heliospheric physics for the

past half century, died of complica-
tions of Parkinson’s disease on 15 March
2022 in Chicago. Among other distinc-
tions, he was the first individual to be
honored by having a NASA mission—
the Parker Solar Probe—named after him
while he was still living.

Parker was born on 10 June 1927 in
Houghton, Michigan, in the Upper Pen-
insula. By the time he was seven, he
and his family were living in suburban
Detroit. As a teen, Parker bought a tax-
delinquent property in the woods of
Cheboygan County, 300 miles north of
Detroit. For three summers he and his
younger brother commuted by bicycle
and camped out while they built a log
cabin, which the family still uses. That
captures the spirit of the man who was
our colleague for so many decades.

Parker earned his undergraduate de-
gree in physics from Michigan State Uni-
versity in 1948 and his PhD in physics in
1951 from Caltech. In the abstract of his
thesis, done under the supervision of
Howard Robertson and Leverett Davis,
Parker wrote, “From the inadequacies of
this non-magnetic theory, one concludes
that magnetic fields must play a very
significant role in the dynamics of the
interstellar medium.” That prescient sen-
tence foreshadowed a career devoted to
studying magnetic phenomena through-
out the universe. His thesis was one of
the very few of his papers we could find
that did not have Maxwell’s equations
in it.

From Caltech, Parker moved to the
University of Utah, where he was an in-
structor and then an assistant professor.
Walter Elsasser, a trailblazer of dynamo
theory for Earth’s magnetic field, had
brought Parker to Utah, but with his many
connections, he also brought Parker to the
attention of John Simpson, a pioneer of
space cosmic-ray physics, who recruited
Parker to the University of Chicago in
1955.

By 1962 Parker was a full professor
at Chicago, where he spent the rest of
his career, retiring in 1995 as the Chan-
drasekhar Distinguished Service Pro-
fessor. Along the way he chaired the
physics department (1970-72) and the

department of astronomy and astro-
physics (1972-78), the latter during a re-
building phase when he mentored David
Schramm, who followed him as chair.
Parker also provided both of us with
wise counsel when we were chairs of that
same department. We best remember his
admonition to spend as little time as
possible in the chair’s office.

Most of the more than 400 papers
Parker wrote were single authored. His
most famous was a 1958 Astrophysical
Journal paper that predicted the solar
wind and the spiral nature of the inter-
planetary magnetic field. The paper was
revolutionary, and it was greeted that
way. The first reviewer said, “Well I
would suggest that Parker go to the li-
brary and read up on the subject before
he tries to write a paper about it, because
this is utter nonsense.” The second re-
viewer wasn’t any more positive.

Although the journal’s editor and
Parker’s lifelong colleague Subrah-
manyan Chandrasekhar was also un-
convinced by the idea, he couldn’t find a
flaw with Parker’s math, so he overrode
the reviewers and published the paper.
A year later the Soviet Union’s Luna 1
detected solar-wind particles, and that
detection was confirmed by NASA’s Mar-
iner 2 in 1962. The evidence for Parker’s
basic picture was completed in 2012
when Voyager 1 left the bubble created by
the Sun’s wind —the heliosphere.

That experience likely led to the ad-
vice Parker often gave young research-
ers: “If you do something new or inno-
vative, expect trouble. But think critically
about it because if youre wrong, you
want to be the first one to know that.”
Parker never coauthored a paper with
his students, instead urging them to be
independent.

Parker’s seminal ideas on the origin of
cosmical —his favorite term—magnetic
fields and of fast plasma outflows, the
rapid dissipation of magnetic field en-
ergy, the structure of magnetized shock
waves, and diffusion of high-energy
charged particles known as cosmic rays
have permeated our understanding of
astrophysical magnetism for more than
60 years.

Parker was humble, straightforward,
and wise. His humility was illustrated by
our email exchange with his son Eric,
who said, “My sister Joyce and I didn’t

COURTESY OF ERIC PARKER

get areal feel for what a ‘big dog’ our dad
was in the field.” They got an even better
sense when a month after Parker’s death,
they traveled to Lund, Sweden, to accept
on his behalf the Crafoord Prize in As-
tronomy awarded in 2020. Other major
honors included the National Medal of
Science in 1989, the Gold Medal of the
Royal Astronomical Society in 1992, and
the Kyoto Prize in 2003.
It is fitting that the Parker Solar Probe,
a mission “to touch the Sun” and to bet-
ter understand the million-degree solar
corona, was named in his honor. In the
words of Thomas Zurbuchen, NASA’s
associate administrator for the Science
Mission Directorate, “The field of helio-
physics exists in large part because of
Dr. Eugene Parker.” He and his family
attended the launch on 12 August 2018
from Cape Canaveral, Florida, and
shortly before he died, NASA scientists
shared some of the early results with
him.
Robert Rosner
University of Chicago
Chicago, Illinois
Michael S. Turner
The Kavli Foundation
Los Angeles, California
University of Chicago
Chicago, Illinois
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OBITUARIES

William Frank Vinen

illiam Frank “Joe” Vinen, a pioneer
w in low-temperature physics, died in
Birmingham, UK, on 8 June 2022.
He was born on 15 February 1930 in
Watford, an English town some 15 miles
northwest of London. Vinen earned his
undergraduate and graduate degrees
from Cambridge University in 1953 and
1956, respectively. Superfluid helium, to
which he was introduced by his PhD su-
pervisor, Donald Osborne, became a life-
long passion. When Osborne left Cam-
bridge, Vinen’s new supervisor, David
Schoenberg, let him continue his work
independently. After receiving his doctor-
ate, Vinen remained at Cambridge until
the University of Birmingham offered him
a chair in 1962. There he set up a strong
low-temperature-physics group, held the
prestigious Poynting Chair from 1973,
led the School of Physics and Astronomy
from 1973 until 1981, and retired in 1997.
In the years following his retire-
ment, Vinen was a frequent and warmly
welcomed traveler to the main low-
temperature-physics laboratories in
Prague, Czech Republic; Osaka, Japan;
Manchester, Lancaster, and Newcastle,
UK; and Gainesville and Tallahassee,
Florida. He motivated scientists at each
of those places to investigate aspects of
quantum turbulence, such as visualization
via excimer helium molecules; genera-
tion, dissipation, and decay in the zero-
temperature limit and two-fluid states;
and Kelvin wave cascades. No retirement
was more productive scientifically!
Osborne had shown that rotating he-
lium acquires a parabolic surface, like an
ordinary liquid, in apparent disagree-
ment with the two-fluid theory of Lev
Landau and Laszlo Tisza. To solve that
puzzle, Lars Onsager and then Richard
Feynman had proposed that the circula-
tion of the superfluid velocity is quan-
tized in units of h/m, where h is Planck’s
constant and m is the mass of one helium
atom. That constrains the superfluid vor-
ticity to vortex lines of quantized strength.
Henry Hall and Vinen’s second-sound
experiments in rotating helium and Vi-
nen’s experiments on helium heat currents
in the 1950s provided the first indirect
evidence for the quantization. They also
revealed a mutual friction between su-
perfluid and normal-fluid components.
Vinen demonstrated its importance for
helium flows and modeled its effects with
great care and physical intuition.
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William Frank Vinen

In 1961 Vinen directly measured the
quantum of circulation, confirming the
Onsager—-Feynman conjecture and vindi-
cating Fritz London’s 1938 intuition that
the superfluid is governed by a macro-
scopic wavefunction. The measurement,
in which Vinen observed the change of
the precessional frequency of a vibrating
wire as one or more vortex lines encom-
passed it, was brilliant in its simplicity.
That observation of the quantum charac-
ter of a macroscopic body predates the
related observations of flux quantization
in superconductors. The vibrating-wire
technique has been applied to many ex-
periments since.

At Birmingham, Vinen led an intense
program on type Il superconductors with
former students Colin Gough and Edward
Forgan; they pursued the analogy between
magnetic field in superconductors and
rotation in superfluids both theoretically
(with Philippe Nozieres) and experimen-
tally. But Vinen’s interest in helium did not
wane—he was attracted by the extraor-
dinary purity achievable in helium com-
pared with other materials.

Vinen performed light-scattering mea-
surements near the lambda transition
with Michael Vaughan and worked on the
nucleation of a vortex ring by a moving
ion. Ions allow studies of the nucleation
process free of complications from rema-
nent vortices produced in crossing the
lambda transition. Vinen was aware that
vortex nucleation requires an energy bar-
rier to be overcome, and, with Chris Muir-
head and Russell Donnelly, he calculated
the barrier as a function of the geometry

of the nascent vortex. Their finding, that
the vortex ring starts as a “handle” at-
tached to the spherical ion, was confirmed
experimentally at Lancaster University.

That success led Vinen to further nu-
cleation experiments on oscillating ions
trapped below the helium surface by
electrostatic potentials. The trapped ions
form an ideal two-dimensional system,
and Vinen showed that they can form
a Coulomb crystal. He did more studies
of magnetoplasma resonances and rip-
plons while also working on cuprate
superconductors.

It was Vinen’s early experiments that
suggested that a superflow breaks into
turbulent vortex lines, as proposed by
Feynman in 1955. Vinen’s end-of-career
work answered the natural question of
how that “superfluid” or “quantum” tur-
bulence is related to ordinary (classical)
turbulence. In 1993, with Donnelly, he
found that turbulence created by towing
a grid in helium at rest displays classical
scaling behavior over an unprecedented
range of length scales. The experiment
stimulated work that revealed surprising
similarities between quantum and classi-
cal turbulence, described in his and Jo-
seph Niemela’s widely cited review in the
Journal of Low Temperature Physics.

In the superfluid literature, Vinen’s
name is attached to three concepts: the
Vinen equation, describing the evolution
of the vortex-line density; the Hall-
Vinen-Bekharevich-Khalatnikov equation,
which generalizes the two-fluid equations
by incorporating vortex lines; and Vinen
turbulence, which is a state of turbulence
that is devoid of the energy cascade
found in classical turbulence. In recogni-
tion of his work, Vinen was awarded the
Simon Memorial Prize (with Hall) in 1963,
the Fernand Holweck Medal and Prize in
1978, the Rumford Medal in 1980, and
the Guthrie Medal and Prize in 2005. He
will be missed by his many friends across
several generations.

Carlo Barenghi

Newcastle University
Newcastle, UK

Peter McClintock
Lancaster University
Lancaster, UK

Ladislav Skrbek
Charles University
Prague, Czech Republic
Katepalli Sreenivasan

New York University
New York City
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QUICK STUDY

Philippe Bourrianne is an associate research
scholar in the department of mechanical and
aerospace engineering at Princeton University
in New Jersey. Gareth McKinley is a professor
in the department of mechanical engineering
at MIT in Cambridge, Massachusetts.

When fizzy water levitates

Philippe Bourrianne and Gareth H. McKinley

Carbonated droplets deposited on a superhydrophobic surface float on a self-generated

cushion of gas.

iquids are defined by their ability to flow. In a river,

water moves freely under the influence of even a tiny

incline. At smaller scales, however, droplets can resist

gravity and remain attached to a solid substrate—for

example, when raindrops cling to window glass. That

common observation emphasizes the important role
that surface tension and three-phase contact lines at a liquid—
solid interface (see the Quick Study by Laurent Courbin and
Howard A. Stone, Prysics Topay, February 2007, page 84) play
in overcoming the weight of a millimeter-scale droplet.

The main strategy for reducing liquid-solid adhesion is
minimizing the contact area between a droplet and its sub-
strate.In 1944 A. B. D. Cassie and S. Baxter, working at the Wool
Industries Research Association in the UK, predicted a regime
in which a water drop would sit above a textured and suffi-
ciently hydrophobic solid. With its surface contact limited to a
tiny fraction of the total basal area, a liquid in the so-called
Cassie-Baxter regime adopts a quasi-spherical shape that is
just slightly perturbed by the effects of gravity and appears to
be predominantly surrounded by air, as displayed in figure 1a.

A droplet in the Cassie-Baxter state doesn't quite sit entirely
above the surface. It still has small, localized contact points that
lead to residual adhesion. More importantly, the surface repel-
lency is fragile. An external perturbation can force the liquid to
invade the textured surface’s hydrophobic pores, thereby caus-
ing a dramatic increase in the contact area and, correspondingly,
the adhesion. Ideal nonadhesion thus requires a droplet to lev-
itate over a substrate, thereby avoiding any liquid-solid contact.

Leidenfrost droplets

The first levitating droplets were reported in 1756 by Johann
Gottlob Leidenfrost, a German physician who described the
rounded shape and extreme mobility of water drops deposited
on a glowing-hot iron spoon. The volatile liquid was levitating
on a thin cushion of its own vapor—the so-called Leidenfrost
phenomenon observable in your own kitchen when liquid water
droplets skitter across a sufficiently hot pan.

Adropletin the Leidenfrost regime experiences near-perfect
insulation from the hot substrate below it. The insulation pre-
vents boiling and enables zero adhesion and high mobility, and
a droplet’s motion can then be directed by, for example, sur-
faces with millimeter-scale textures (see PHysics Topay, June
2006, page 17). Still, the properties and applications of the
levitating drops are limited by the high energetic cost of super-
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FIGURE 1. LEVITATION on a textured superhydrophobic solid.
(@) A 30 uL drop of still water sits flush against the surface. (b) A thin
ray of light passing between a 30 L drop of carbonated water and
its reflection on the solid indicates that the drop is levitating on a
micrometer-scale gas cushion.

heating the solid far above the liquid’s boiling point. For water,
the so-called Leidenfrost temperature above which droplets
levitate is around 200 °C on common smooth solids, and it can
be even higher for rough hydrophilic solids.

Recent studies have tried to lower the critical temperature
above which droplets levitate. In 2012 Ivan Vakarelski and col-
laborators demonstrated that the use of a microtextured hydro-
phobic solid could extend the Leidenfrost regime all the way
down to the boiling point of the liquid. The water-repellent
solid stabilizes the vapor cushion, even as the temperature dif-
ference between the droplet and the solid shrinks and makes
the cushion thinner. But that extension of the Leidenfrost domain
still requires a substantial temperature difference between the
liquid and the solid to maintain evaporation-driven levitation.

Fizzy droplets

Levitating a droplet at a temperature below its boiling point
requires another strategy. A liquid that releases gas through a
mechanism other than evaporation—for example, through a
chemical reaction —can sustain its own cushion at ambient tem-
perature in the absence of any external field. Here we illustrate
the strategy using carbonated water made by pressurizing a
bottle of deionized water with carbon dioxide gas.

The water-repellent solid in figure 1 features a so-called
Glaco coating that consists of microscopic hydrophobic silica
particles. It therefore combines hydrophobicity with submi-
crometrical roughness. Although similar hydrophobic sur-
faces can be readily made in the lab, the commercial Glaco
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FIGURE 2. LIFE AND DEATH of a levitating fizzy water drop. In the experiment, a drop of sparkling water is placed on a transparent
superhydrophobic substrate, and its basal area is imaged using interferometric microscopy with monochromatic light. Two seconds after
deposition, the drop’s base exhibits circular interference fringes, indicating the drop is entirely levitating over a thin gap of carbon dioxide
gas. After 50 seconds, the first contacts between the solid and the liquid appear at the drop’s edge. A central air bubble remains in the
center. One minute into the experiment, the liquid-solid contacts spread inward as the central CO, bubble shrinks because gas is escaping
through the porous solid. After three minutes, the remaining CO, concentration is too low to maintain levitation. The drop returns to a
Cassie—Baxter regime, in which the liquid sits on the peaks of the surface’s microtexture. (Note that the sketches in the upper row are not

drawn to scale.)

coating developed by the Japanese company Soft99 has the
added benefits of being mechanically robust and optically
transparent.

After depositing a drop of carbonated water on the textured
superhydrophobic surface, we indeed observed a subtle differ-
ence between it and a drop of still water. Although the drops’
quasi-spherical shapes are roughly the same, a thin gap ap-
pears between the carbonated drop and the superhydrophobic
substrate (figure 1b), thus indicating that the drop levitates at
ambient temperature because of the continuous release of CO,
gas under the drop and into the porous solid. A pressure dif-
ference builds up under the drop as the emitted gas is forced
radially outward from under the drop’s base.

Figure 2 shows interferometric microscopy images of a
sparkling droplet’s levitation. We imaged the drop’s base from
below through the transparent superhydrophobic solid. The
monochromatic light used for imaging produced fringes as it
interfered with the reflected light coming from the base of the
liquid, and those fringes allowed us to reconstruct the topog-
raphy of the liquid interface at the base of the drop.

When a drop of sparkling water is first deposited on the
water-repellent solid, it produces axisymmetric fringes charac-
teristic of a levitating liquid droplet. The dimpled liquid-air
interface hovers a few microns above the solid. As the initially
dissolved gasis progressively released, however, the gas-release
rate decreases. After about 50 seconds, the gas-release rate
is insufficient to generate enough of a pressure difference to
sustain the drop’s total levitation. Some liquid-solid contacts
appear at the perimeter of the drop base. The drop enters a
regime of partial levitation with a central bubble, or blister,
trapped underneath. The contact patches spread progressively
inward. Eventually, the liquid comes to rest on the random
local peaks, or asperities, of the porous hydrophobic surface.
The myriad dark and bright spots in the last image serve to
emphasize the heterogeneous local nature of the Cassie-Baxter
wetting regime.

The time between when the droplet is deposited and when
it no longer retains sufficient CO, for levitation is just a few

minutes. Despite that loss of levitation, carbonated water drops
enjoy a better fate than their thermal equivalent: Leidenfrost
drops eventually vanish because of their complete evaporation,
whereas decarbonated fizzy water drops remain in the super-
hydrophobic regime. Similar levitation at ambient temperature
can also be achieved with other liquids. For example, the same
principle applies to a droplet of two mixed liquid chemicals
whose reaction generates a gas. The procedure also paves the
way for the levitation of nonvolatile liquids such as oils.

Fizzy levitating drops demonstrate that all the desired
transport properties of Leidenfrost drops, including their high
mobility, are now accessible at ambient temperature. They
exhibit a reduced friction when sliding on a superhydrophobic
solid and can be propelled by millimeter-scale textures. (See
the online version of this article for videos of those behaviors.)
Larger volumes of fizzy liquids also retain similar dynamic
features: When poured into a superhydrophobic-coated glass,
the bubbles in fizzy beverages can’t cling to the inside of the
glass and produce their usual sparkle. Instead, the liquid
becomes encased in a thin continuous gas film that could cause
bewilderment, and maybe disappointment, to an admirer of
bubbly drinks.

We would like to acknowledge important contributions to this work by
our collaborators Divya Panchanathan, Philippe Nicollier, Abhijatmedhi
Chottratanapituk, and Kripa K. Varanasi.
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Over the past decade, board games have become increasingly popular
as a method to marry educational content with play. To teach complex
scientific concepts and to highlight the many careers in STEM (science,
technology, engineering, and mathematics) that students can pursue,
Claire Murray (left), Mark Basham (center), Matthew Dunstan (right),
and their colleagues designed an educational board game, primarily for
secondary school students. The board is based on the floor plan at the
Diamond Light Source, the UK's national synchrotron facility, where
Murray and Basham work as research scientists. Dunstan is a chemistry
postdoc at the University of Cambridge and designs board games in his
spare time.

To win, players—in the role of scientists—must complete projects,

Role-playing the life of a scientist

which they do by moving from one beamline to another and conducting
experiments. The various cards that players draw affect the success of
experiments, and players who work together can gain advantages over
their competitors. The initial play testing of the board game by 222
students revealed a change in many of the participants’ perceptions of
what it means to be a scientist. Before playing, many students described
scientists as being “smart” and “successful.” Afterward, however, many
of them also associated “collaboration” and “failure” as features of
scientists’ careers. And of the 82 students who said that they would not
like to be a scientist or engineer, 22 changed their minds after playing
the game. (C. Murray et al,, Res. All, 2022, doi:10.14324/RFA.06.1.14;
image courtesy of the Diamond Light Source.) —AL
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