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reputation for producing quality vacuum instrumentation 
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resolution and better linearity than competitive models, 
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Yumeng Yang, Spin InfoTech Lab, ShanghaiTech University

We congratulate the Spin InfoTech Lab led by 

Prof. Yumeng Yang at ShanghaiTech University for 

realizing fast and energy-efficient magnetization 

switching. Through charge-spin conversion based 

on the anomalous Hall effect in ferromagnetic 

materials, this result can be used in a magnetic 

random access memory (MRAM) bit to improve 

reliability, memory density, and speed. This work 

will greatly benefit the commercialization 

of next-generation MRAM technology, which is 

one of the most promising candidates for 

high-performance neuromorphic computing. 

We are excited to continue our collaboration and 

look forward to further spectacular results.

Faster and 
more reliable
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Loop-the-loop
Despite its status as a
 classic demonstration of
energy conservation, balls
that travel around a loop-
the-loop track lose energy.
That loss is usually
 dismissed as arising from
non conservative forces.
PHYSICS TODAY’s Madison
Brewer reports on a recent
study of the motion's
complicated physics.
physicstoday.org/Aug2021c
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Physics of baseball
Major League Baseball 
recently started cracking
down on pitchers’ alleged
use of tacky materials to give
the ball extra spin. But how
much of an advantage does
an enhanced grip confer?
PHYSICS TODAY’s Andrew
Grant investigates what we
know about the relationship
between pitch mechanics
and ball trajectory.
physicstoday.org/Aug2021a
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 ON THE COVER: This artist’s impression depicts a protoplanetary disk 
surrounding a star. Material from the disk flows along the star’s magnetic
field lines to strike the star’s surface. The ensuing flares can be observed
both directly and as echoes once the light reaches and illuminates the inner
disk. Timing the echoes yields the radius of the inner disk. Turn to the article
by Sean Andrews on page 36 to learn how new observations are enriching
our understanding of the disks of gas, dust, and ice that nurture planets.
(Image courtesy of NASA/JPL-Caltech.)
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36

F E A T U R E S

28 Intuitive or rational? Students and experts need 
to be both

       Mila Kryjevskaia, Paula R. L. Heron, and Andrew F. Heckler
        Research into dual-process theories of reasoning from cognitive psychology

suggests ways to improve classroom instruction in physics.

36  The structures of protoplanetary disks
       Sean M. Andrews
        Astronomical observations of gas, dust, and rocky material in the disks from

which planets emerge help refine theoretical ideas about how they form.

42 Microchip accelerators
       R. Joel England, Peter Hommelhoff, and Robert L. Byer
        An international collaboration aims to couple ultrafast lasers with integrated

photonics to create chip-scale devices.

Deaf scientists
Hard of hearing and deaf
people are still under -
represented in STEM fields,
but the availability of tech-
nology and interpreters has
lowered traditional barriers.
Deaf scientists at NASA 
and CERN discuss their
experiences getting access
to necessary services and
the needs of the deaf 
community in STEM.
physicstoday.org/Aug2021b
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FROM THE EDITOR

Symposia and webinars
Charles Day

This past January I attended a virtual symposium hosted by the
Rice Center for Quantum Materials (RCQM). The topic was
iron-based superconductivity, whose discovery in 2008 ignited

an explosion of experimental and theoretical activity (see PhySICS
TodAy, May 2008, page 11). The symposium focused on four hot 
research areas: electron correlations and orbital selectivity, quantum
criticality, nematicity, and electronic topology.

The 17 invited experts gave their talks by sharing Power-
Point slides from their laptops or desktops via Zoom. If the
symposium had been held at Rice University in real life, the
talks would have been pretty much the same. Indeed, my first
impression of the virtual symposium was how similar it was
to the live ones I attended in the Before Times.

But scrutinizing the agenda revealed some positive differ-
ences. The speakers came from seven different countries:
Canada, China, Germany, Japan, the Netherlands, the UK, and
the US. Such an intercontinental cast is not unusual for a big,
week-long conference, such as the March meeting of the Amer-
ican Physical Society. For a three-day symposium without a
deep-pocketed benefactor, it’s rare. What’s more, the four speak-
ers who are based in China (and any attendees who are based
in a country that does not fall under the US’s Visa Waiver Pro-
gram) were spared the time-consuming, costly, and uncertain
chore of applying for a US visa in person at a US consulate or
embassy.

Another positive difference had to do with the scheduling.
RCQM divided the symposium into two daily sessions: a
morning one from 10:00am to 11:30am US CST (convenient
for most people in Europe and the Americas) and a night one
from 8:30pm to 10:00pm (convenient for most people in
South and East Asia). If all the attendees were in person, the
wide gap between sessions would be unnecessary. But in a
likely future of hybrid meeting, such a gap is thoughtfully
accommodating.

Some of the properties of  the RCQM symposium are shared
by PhySICS TodAy’s webinar series, which launched in August
2019 with “Vacuum Chamber Modeling for Accelerators” from
science software company CoMSoL. The
first webinars aimed to help companies
tell potential customers about their prod-
ucts. Then, in december 2020, nine months
into the CoVId-19 pandemic, PhySICS
TodAy’s director of sales and marketing,
Christina Unger Ramos, came up with the
idea to host an additional type of webi-
nars: webinars by physicists for physicists.

The first editorial webinar aired this

past February. The speaker, Marc Miskin of the University of
Pennsylvania, expounded the micron-scale robots that he and
his team make. If the topic sounds familiar, it is. Miskin wrote
a Quick Study for PhySICS TodAy’s december 2020 issue. In
the 40 minutes of his presentation, he could show far more
graphic content—figures, movies, animations—than he could
in his original two printed pages. of the 715 people who reg-
istered, 324 watched it live.

My role in the webinars is to introduce the speaker, run
through some housekeeping instructions, and moderate the
questions that attendees submit in writing via the webinar
platform, which is provided by oN24, a San Francisco–based
webcasting and virtual-event company.

The questions I field are consistently interesting. Northeast-
ern University’s Gregory Fiete gave a webinar on 1 July on the
physics and applications of rare-earth elements. Attendees
asked technical questions about oxidation states and chemical
analogs; they also asked about recycling old devices that con-
tain rare earths and about the prospects for extracting rare
earths from the seafloor.

What are the implications of the success of RCQM’s sympo-
sium and PhySICS TodAy’s webinars for the future of meetings?
When I ask physicists about what they miss about in-person
conferences, they always mention seeing their colleagues. Until
I set out to write this editorial, I didn’t realize the literal import
of their answers. It wasn’t necessarily the sessions, plenary talks,
posters, and so on they missed. Rather, they wanted to talk
physics again in person.

Thanks to virtual technologies, one aspect of traditional con-
ferences—the transmission of results through talks at sessions—

could readily go online. And if it does,
there’s no reason for physicists to convene
at big downtown conference centers.
What might happen is a return to the
modus vivendi that Alexei Kojevnikov de-
scribes in his recent book, The Copenhagen
Network: The Birth of Quantum Mechanics
from a Postdoctoral Perspective (2020). In
Europe in the 1920s and ’30s, physicists
visited each other’s institutions. PT
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Lower noise levels
Enhanced stability of tip and sample
Reduction in piezo hysteresis/creep
Probably the most obvious, the fact that
many physical effects are restricted to low temperature

KPFM image of CaFe2As2

4 μm

     “The LT-AFM/MFM system allows us to perform studies on functional materials to investigate magnetic, 
piezoelectric and morphological characteristics with nanoscale spatial resolution.  The versatility of the system 
to switch between different measuring modes, and the possibility of working under applied magnetic fields, 
offers us the possibility to stablish structure-property relationships, fundamental to the understanding, design 
and use of materials. We are currently applying this technique to the study of vortices dynamics in layered 
superconductors, and the investigation of ferroelectric/ferromagnetic heterojunctions for spintronic 
applications.”

Dr. Carmen Munuera, 2D Foundry, Material Science Institute of Madrid (ICMM-CSIC)
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READERS’ FORUM

The article “Exploring cultural heritage
through acoustic digital reconstruc-
tions” by Brian Katz, Damian Mur-

phy, and Angelo Farina (Physics ToDAy,
December 2020, page 32) gives an excel-
lent review of the state of the art in com-
puter simulation of room acoustics.
however, the authors seem unfamiliar
with the revolution in  concert-hall, the-
ater, and  worship-space design that
started with Peter Parkin and J. h. Tay-
lor’s work in London’s st Paul’s cathe-
dral1 in 1952. Beginning with that pio-
neering effort, room- acoustics designers
have found that the ratio of  early- arriving
sound energy to reverberant sound en-
ergy at the listener’s ears is at least as im-
portant as reverberation for speech and
music acoustics.2,3 The usual division be-
tween early and reverberant sound is 
50 ms for speech and 80 ms for music.
“Usual” is an important word.

At one extreme, an acoustically
“dry”—that is,  nonreverberant—thrust-
stage or in-the-round theater needs spe-
cial electroacoustic or sound- reflecting
surfaces to ensure enough early sound en-
ergy reaches a listener who is seeing the
back of someone speaking rather than
his or her face. otherwise, with no real
departure from previous practice, echoes
usually reduce intelligibility.4

A more relevant and frequent appli-
cation is the reconciliation of speech and
music in the same space. A multiuse au-
ditorium can, of course, have variable
acoustics, but moving drapes, curtains,
and sound- absorbing panels in the mid-
dle of worship services is hardly practi-
cal. Thus the greatest value of the  early-
to- reverberant  energy- ratio concept has
been for houses of worship, particularly
large christian churches and cathedrals,
and for places where sound- absorbing
treatments are not suited architecturally.4

Perhaps the best demonstration of the
concept is the sultan salahuddin Abdul
Aziz shah Mosque, known as the Blue
Mosque, in shah Alam, Malaysia. it has
the largest dome—more than 51 m in di-
ameter, rising 75 m above the prayer

hall— of any religious building. it also
has the largest and most complex sound-
 reinforcement system. Designed by Larry
Philbrick, the system uses the directional
properties of loudspeakers rather than
sound- absorbing treatments to control
echo and reverberation and to increase
clarity. Two large, central loudspeaker
 clusters—one for close worshippers, one
for middle and far  worshippers— cover
the main prayer area under the dome.
Additional line-source loudspeakers are
built into the interior and courtyard
columns. The mosque can accommodate
24000 worshippers at one time.

References
1. P. h. Parkin, J. h. Taylor, Wireless World, Feb-

ruary 1952, p. 54, and March 1952, p. 109,
reprinted in J. Audio Eng. Soc. 54, 67 (2006).

2. see, for example, M. Long, Architectural
Acoustics, 2nd ed., Academic Press (2013),
p. 748; M. D. Egan, Architectural Acoustics,
 McGraw- hill (1988), p. 98.

3. D. L. Klepper, “An autobiographical as-
sessment of the importance of the  early-
to- reverberant sound- energy ratio, ‘clar-
ity,’ in speech acoustics,” Pro Audio
Encyclopedia (1 september 2016), www.
proaudioencyclopedia.com/?p=363; L. G.
Marshall, J. Acoust. Soc. Amer. 96, 2251 (1994).

4. see, for example, D. L. Klepper, J. Audio
Eng. Soc. 43, 599 (1995), reprinted in An

Anthology of Articles on Sound Reinforce-
ment . . . , Audio Engineering society
(1996), p. 392; clayton Acoustics Group,
“st. Paul’s Episcopal church, Rock creek
Parish, Washington, Dc” (2005), www.
claytonacoustics.com/pages/portfolio
/houses%20of%20worship/project%20pro
files/st.%20Paul’s.html.

David L. Klepper
(daveklepper@yahoo.com)

Yeshivat Beit Orot
Jerusalem, Israel

‣ Katz, Murphy, and Farina reply:
Please note that our article was an
overview of research in virtual heritage
acoustics, not a presentation of modern
acoustical design methods. The letter by
David Klepper focuses on  electroacoustic
solutions to difficult acoustic situations.

contrary to assumptions by the letter
writer, we are very familiar with  energy-
 ratio metrics in room acoustics,1 includ-
ing their limitations.2 Although not rele-
vant for our introductory article, we have
used energy  ratios— together with other
 measures— not only for characterizing
acoustic spaces but also for calibrating
and validating acoustic simulations and
auralizations.3 in particular, characteri-
zations of Venice’s La Fenice theater4 and
Paris’s Notre Dame cathedral5 before

Acoustics of
multiuse spaces

THE SULTAN SALAHUDDIN ABDUL AZIZ SHAH MOSQUE in Shah Alam, Malaysia,
has the largest dome of any religious building. Behind the two sets of tan tiles in the
central section of the sloped ceiling seen here are large clusters of loudspeakers that
together cover the main prayer area under the dome.
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each burned (in 1996 and 2019, respec-
tively) inspired the name of the Past Has
Ears (PHE, for the constellation Phoenix)
project.

These days, other measurable quanti-
ties are often preferable to  energy- ratio
metrics and more reliable as refined de-
sign criteria, especially regarding natural
room acoustics. For example, temporal
and spatial  energy- repartition measures,
such as interaural cross correlation and
lateral energy fraction, and the sound
strength, or gain, are of growing impor-
tance in representing the quality of expe-
rience and preference among audience
members, musicians, and actors alike.

References
1. A. Cocchi et al., Proceedings of the 6th Inter-

national FASE Congress of the Federation of
Acoustical Societies of Europe (1992), p. 25;
A. Farina et al., Proceedings of the 14th In-
ternational Congress on Acoustics, L. Piezi,
ed. (1992), paper F5-7.
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(2004).
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19, 161 (2015); J. Acoust. Soc. Am. 140, 4326
(2016).

4. L. Tronchin, A. Farina, J. Audio Eng. Soc.
45, 1051 (1997).

5. B. N. J. Postma, B. F. G. Katz, in Proceedings
of the 22th International Congress on
Acoustics, F. Miyara et al., eds., Argentin-
ian Acousticians Association (2016),
paper ICA2016-269.
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Life and signs of the
Casimir effect
We would like to offer a few com-

ments in connection with the article
“Science and technology of the

Casimir effect” by Alex Stange, David
Campbell, and David Bishop (PHySICS
ToDAy, January 2021, page 42). First, as
Steve Lamoreaux mentioned in another
excellent article on the Casimir effect
(PHySICS ToDAy, February 2007, page 40),
Niels Bohr played a brief but seminal
role in Hendrik Casimir’s thinking. With
Dirk Polder, Casimir calculated the  large-
 distance van der Waals interaction with-
out reference to  zero- point energy.

In a 1992 letter to one of us (Milonni),
Casimir recalled mentioning his results
to Bohr during a walk sometime around
1947. When Casimir said that he was
“puzzled by the extremely simple form of
the expressions for the interaction at very
large distance,” Bohr mumbled something
about  zero- point energy. “That was all,”
Casimir wrote, “but it put me on a new
track.” That track led Casimir to use the
 zero- point electromagnetic energy of the
modes of a resonant cavity to calculate the
force between conducting plates. In his
letter, Casimir said that he was “some-
what familiar with the theory of modes
of resonant cavities and their perturba-
tions” because of his position at the Philips
Research Laboratories in the Netherlands.

Casimir remarked in a 1948 paper
that the force between the plates “may be
interpreted as a zero point pressure of
electromagnetic waves,”1 an interpretation
fully supported by a calculation of the
vacuum stress tensor.2 That perspective
might suggest, as do Stange and his coau-
thors, that the net inward pressure results
from a “higher density of modes outside
the plates” than inside. But such an argu-
ment is superficial in that the calculated
inward and outward forces on the plates
both diverge. In fact, the spectral mode
density of the field between the plates
can be greater at some frequencies than
it is outside the plates. And it depends,
of course, on the boundary conditions for
the electric and magnetic fields.3

Stange and his coauthors highlight
the major role Casimir forces play in 
microelectromechanical systems (MEMS)
today. Interestingly, when one of us
(Maclay) and two coauthors tried in 1994

to publish the first paper on the potential
role of quantum forces in MEMS,4 the 
reviewers initially rejected it on the
grounds that the dimensions of MEMS,
typically in the tens or hundreds of mi-
crons, made the discussion irrelevant.

Stange and his coauthors describe how
repulsive Casimir forces can result from
different dielectric properties of the inter-
acting objects. Repulsive Casimir forces
can also arise from combinations of di-
electric and permeable materials, as shown
in 1974 by Timothy Boyer. When one of
two parallel plates is a perfect conductor
and the other is infinitely permeable, for
example, the force between them is re-
pulsive. And whether the Casimir force
is attractive or repulsive generally de-
pends on the geometrical configuration
of the interacting bodies. The Casimir
force on a perfectly conducting sphere,
for example, is repulsive, in contrast to
Casimir’s assumption that it should be at-
tractive. More recently, researchers have
focused on the possibility of realizing re-
pulsive Casimir forces with metamateri-
als and chiral media.  Qing- Dong Jiang
and Frank Wilczek, for instance, have
shown that chirality can be employed to
obtain Casimir forces that are “repulsive,”
“enhanced,” and “tunable.”5
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physics courses, according to a study by
the American Institute of Physics pre-
sented at the 2018 summer meeting of
the American Association of Physics
Teachers. In most US public high schools,
only the upper 35% of the student body
is allowed or encouraged to enroll in
 algebra- based physics classes. Such re-
strictions often exclude many otherwise
bright and capable  youngsters— of all
races and  ethnicities— from that for -
mative first step toward a future in
physics.

At one time, weakness in elementary
mathematics, including fractions, deci-
mals, and long division, and in basic 
algebra prevented even  higher- level stu-
dents from being successful in  algebra-
and  trigonometry- based high school
physics courses. Those mathematics de-
ficiencies also have prompted a number
of public high schools to discontinue en-
tire physics programs. As a certified high
school physics and chemistry teacher
who taught mostly in Chicago  inner- city
high schools, where a majority of stu-
dents were Black or Hispanic, from 1975
to 2001, I initially found a severe defi-
ciency in elementary arithmetic skills.

However, inexpensive electronic hand
calculators have made it possible for
many students to properly solve basic 
algebra problems that are common in
physics and chemistry.

Drills and practice with standard
physics formulas helped my physics stu-
dents remember their  first- year algebra,
if not learn those algebra skills in the first
place. Many high school  algebra- based
physics texts have only a few problems
of the same type, which often does not
provide good learning experiences for
students of any level. To enhance their
learning, I would have students do about
10 physics problems per formula; I would
go around the room and show the stu-
dents how to do the first problem and
then allow them to solve three more of
the same type using the same formula.
By solving for all the formula’s variables
in the same manner, students learn or re-
inforce their algebra skills as they master
their scientific problem-solving. After I
retired I learned that Black students I had
taught at Carver Area High School and
Paul Robeson High School who entered
nearby Chicago State University passed
their university chemistry courses, and

some even graduated with degrees in
chemistry.

I believe that  inner- city Black and
Hispanic students have great potential
for majoring in physics and chemistry in
higher education. About  two- thirds of
US high schools do not have a teacher
who majored in physics or physics edu-
cation.1 Also, collegiate physics programs
are being eliminated because of low en-
rollments. If high schools open  algebra-
 based physics to all students and provide
extra physics  help— including mathe-
matics remediation, which is done every-
where in the world except in the  US— not
only will many student lives be en-
hanced, but more students will major in
physics, thereby helping rescue  higher-
 education programs at risk of discontin-
uation, and there will be many more
competent, certified high school physics
and chemistry teachers.
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When a molecule reaches a point in its
configuration space where the en-
ergies of two quantum states cross,

it has a choice to make: It can continue
along in the state it was in, or it can cross
over to the other one. Understanding what
happens at those crossroads—known as
conical intersections—has been a long-
standing challenge in chemical physics.
In some molecular systems, most mole-
cules make the switch; in others, most
don’t. And there’s no reliable means of
predicting which systems are which.

The problem is that everything hap-
pens so fast. Electrons and nuclei alike
rearrange rapidly at a conical intersec-
tion. Their motions become strongly cou-
pled, and the Born–Oppenheimer ap-
proximation—the principle that nuclear
and electronic degrees of freedom can be
treated separately—breaks down. Be-
cause the Born–Oppenheimer approxi-
mation is the foundation of nearly all
conventional quantum chemical calcula-
tions, theorists are left with few tools for
describing dynamics at conical intersec-
tions. And experimental studies on such
rapid time scales aren’t much easier.

Now, Kristina Chang of the Univer-
sity of California, Berkeley, her advisers
Daniel Neumark and Stephen Leone,
and their colleagues have developed a
system of ultrafast lasers that can directly
observe molecules passing through a
conical intersection.1 In an experiment
on the widely studied prototype mole-
cule methyl iodide (CH3I), they mea -
sured the time scale of the molecule’s
choice. Their results agree well with what
theorists predicted for the system two
years ago2—a promising sign that theo-
rists and experimenters alike are well on
their way to understanding molecular
decisions.

Life choices
Conical intersections are thought to be
critical to many of the ways in which mol-
ecules convert or make use of energy, es-
pecially in living things. Examples include

photosynthesis, human vision, and DNA’s
mechanism for resisting UV damage.

Nature has evolved a genetic code
consisting of just four DNA bases: ade-
nine, cytosine, guanine, and thymine.
Plenty of other molecules exist that could
fit just as easily inside DNA’s double helix.
For example, 2-aminopurine is struc-
turally identical to adenine except for the
placement of an NH2 group, and it pairs
with thymine just as well as adenine
does. Nature’s choice of adenine over 2-
aminopurine seems to have come down
to how the molecules respond to UV light.

When adenine absorbs a UV pho-
ton—a frequent occurrence in our sunlit
world—it returns to its ground state
within a picosecond; 2-aminopurine, on
the other hand, takes tens of thousands
of times as long.3 The longer a molecule
remains in an excited state, the more op-
portunity the excitation energy has to
initiate a reaction that can lead to a ge-
netic mutation. In fact, biologists some-
times use 2-aminopurine as a substitute
for adenine in experiments when they
want to induce mutations deliberately.

Adenine’s short excited-state lifetime
is attributable to a conical intersection
that efficiently funnels molecules from
the excited state to the ground state. It’s

not much of an exaggeration, therefore,
to say that life on Earth as we know it
owes its existence to conical intersections.

But just because a conical intersection
can funnel molecules between states
doesn’t mean it always does. After all, a
molecule can pass through a conical in-
tersection and remain in the same state
where it started. A more complete under-
standing of conical intersections is needed
to explain why biomolecules behave the
way they do. But because biomolecules
themselves have many cumbersome de-
grees of freedom, researchers studying
conical intersections often focus on CH3I,
one of the simplest organic molecules
with a mere four chemical bonds, one of
them different from the rest.

Speedy spectroscopy
The basic dynamics of CH3I are well
known. When the molecule is excited
with UV light at around 277 nm, the 
carbon–iodine bond invariably breaks.
Of the newly freed I atoms, about one-
fourth are formed in their ground state,
and the remaining three-fourths are in an
excited state I*. (Any excess energy goes
into either CH3 vibrations and rotations
or the kinetic energy of the two frag-
ments as they fly apart.)

Speedier laser measurements
are unlocking long-sought
secrets of chemical 
dynamics.

SEARCH & DISCOVERY

When does a molecule make up its mind?
1Q1

3Q0

CH3I

CH3 + I*

CH3 + I

Carbon–iodine 
separation

Energy

FIGURE 1. METHYL IODIDE (CH3I), when excited from its ground state (gray) into the
3Q0 state (blue), quickly encounters a choice. One-quarter of the molecules cross into
the 1Q1 state (pink), which dissociates into a methyl radical (CH3) plus a ground-state
 iodine atom; the rest stay in the 3Q0 state, which yields CH3 plus excited-state I*.
 Although the outcome is well known, experiments on the ultrafast time scale of the
molecular decision are needed to uncover the details of the dynamics. (Courtesy of
Kristina Chang.)
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Figure 1 depicts what’s going on. The
excitation takes the molecules into the
3Q0 state, right on the brink of a conical
intersection with the 1Q1 state. Molecules
that remain in 3Q0 yield I* atoms; those
that cross into 1Q1 yield ground-state I.

Neumark’s and Leone’s labs specialize
in ultrafast chemistry, the study of the 
rearrangements of atomic nuclei on time
scales of femtoseconds (see PhysIcs
Today, december 1999, page 19) and mo-
tions of electrons on time scales of atto -
seconds (see PhysIcs Today, april 2003,
page 27). In 2014 they and then-student
annelise Beck developed the technique
of attosecond transient absorption spec-
troscopy for probing rapid molecular
movements.4

Many other attosecond techniques
can be complicated to interpret (see, for
example, PhysIcs Today, January 2018,
page 18). In contrast, transient absorp-
tion spectroscopy is much like any other
form of absorption spectroscopy: By de-
tecting which energies of incident light a
sample absorbs, researchers infer what
molecular states it contains. Because the
incident light is a pulse that lasts just 
attoseconds, the measurement can be
made with exquisite temporal precision.

a study of the ch3I conical intersec-
tion proceeds as follows. an initial UV
pulse excites a population of molecules
into the 3Q0 state to start them on their
journey to carbon–iodine dissociation.
after a tunable time delay of tens to hun-
dreds of femtoseconds, the dissociating
molecules are blasted with a broadband
attosecond pulse that probes their states.
If all the molecules are still in the same
state, they haven’t yet passed through

the conical intersection.
But if they’re split into two
subpopulations of differ-
ent energies, then they
have.

That experiment has
been performed before,5 but
it didn’t observe the mole-
cules passing through the
conical intersection. The
sticking point was the initial
UV pump pulse. Because of
the combination of power
and wavelength needed to
excite the ch3I molecules,
it wasn’t possible to make
the pulses any shorter than
100 fs, far longer than the
time scale the researchers

were hoping to measure. an experi-
ment’s time resolution isn’t strictly lim-
ited by its pulse duration—it’s possible to
use 100 fs pulses to measure times some-
what shorter than 100 fs—but the pas-
sage through the conical intersection was
still too fast to be meaningfully detected.

Time to split
“short, intense UV pulses are difficult to
generate,” explains chang, “because we
have to make them via the up-conversion
of longer wavelengths. The conversion
process is often inefficient, so we get UV
pulses that are too low in energy to do
any kind of useful measurement.”

chang and her colleagues addressed
the challenge head-on by developing a
new optical setup that made the fre-
quency conversion more efficient. With a
free-standing crystal of the nonlinear op-
tical material beta barium borate, they
frequency-tripled an ultrashort near-IR
pulse. The result: a UV pulse with suffi-
cient power to excite a ch3I population,
but with a duration of just 20 fs.

The resulting attosecond transient ab-
sorption spectroscopy data are shown in
figure 2. The attosecond pulse excites two
distinct transitions in the dissociating
molecules, one in the range of 45–46 eV,
the other around 47–48 eV. By the time
the dissociation is complete—that is,
when the pulse is exciting the unbound
I atoms—the lower-energy transition 
on the I* state is quantum mechanically
forbidden. 

But prior to about 50 fs, a weak blue
streak veering off to the left, from mole-
cules remaining in the 3Q0 state, is visible,
as is the much stronger yellow streak

from those crossing into the 1Q1 state. By
fitting the data, the researchers pinpoint
the onset of the splitting to 15 ± 4 fs, in
good agreement with the theorists’ pre-
diction2 of 13 fs.

“Fifteen femtoseconds is less than a
fifth of the carbon–iodine dissociation time
of 80–100 fs,” says chang. “That means
the molecule makes its ‘decision’ early on
in the reaction of whether to switch
states at the conical intersection or not.”
That conclusion might seem obvious from
the way figure 1 is drawn—if the mole-
cules are excited so close to the conical
intersection, they should have no choice
but to pass through it immediately—but
that detail of the system had never before
been confirmed experimentally.

The next step is to repeat the experi-
ment with other molecules to see how
conical-intersection passage times vary
with chemical structure. When iodine is
part of a bulkier organic molecule, for ex-
ample, it dissociates in a similar way and
passes through a similar conical intersec-
tion, but the outcome varies significantly.
only one-fourth of ch3I molecules switch
states at the conical intersection and pro-
duce ground-state I atoms. But in iso-
propyl iodide (which contains three car-
bon atoms), two-thirds of molecules make
the switch, and in tert-butyl iodide (with
four carbon atoms), more than 90% do.6

could that trend be connected to an
observable difference in the dynamics of
how the molecules pass through the con-
ical intersection? Ultimately, after all,
chemical physicists are interested not
just in when molecules make up their
minds but in what they decide and why.
By systematically studying the relation-
ships between structure, dynamics, and
outcome, chang and colleagues hope to
work toward an understanding of how
molecular choices influence both chem-
istry and biology.

Johanna Miller
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FIGURE 2. ATTOSECOND TRANSIENT absorption
 spectroscopy shows two distinct excitations of dissociating
methyl iodide molecules. Although the 45–46 eV excitation
quickly becomes quantum mechanically forbidden for
molecules remaining in the 3Q0 state, the split with the
1Q1 state is still visible. (Adapted from ref. 1.)
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I f you’ve ever wielded a glue gun, you
likely dealt with the wisps of glue that
trailed after it. The same issue plagues

additive manufacturing: Instead of a tidy
reproduction of the desired shape, a  three-
 dimensional printer constructs an object
marred by plastic strings, as shown in
figure 1. Those strings are difficult to pre-
vent when dispensing plastics, polymers,
and other viscoelastic fluids, which be-
have as viscous fluids at low speeds and
as elastic solids at high speeds.

When an ordinary Newtonian fluid
such as water is dispensed from above, it
bridges the gap between the target sub-
strate and the nozzle. If the gap is kept
below a critical value, the connection 
is stable. At or above that value, gravity
gradually drains the liquid until the
bridge breaks. To speed up the severance,
one can simply lift the nozzle to thin the
bridge until it splits.

Retraction also expedites the breakup 
of viscoelastic liquid bridges. But as the
bridge is elongated, the liquid becomes
more elastic and harder to break. Once the
connection snaps, elongated strands and
droplets, shown in figure 2a, can fall in un-
predictable and potentially troublesome
ways. For example, in the process of gluing
electronic components on printed circuit
boards, a stray string of glue can ruin the
device. In short, there’s a tradeoff between
dispensing quickly and dispensing cleanly.

Now Amy Shen and Simon Haward,
of Okinawa Institute of Science and Tech-
nology Graduate University in Japan,
and their colleagues have developed a
new  rotation- based method to dispense
viscoelastic fluids. Their  high- speed video
analysis and  viscoelastic- flow simula-
tions show that twisting the fluid bridge,
rather than stretching it, quickly breaks
the connection without producing strings.1

A new twist
The problem of how to efficiently dis-
pense viscoelastic fluids first came to the
attention of Hammad Faizi, a  co- lead au-
thor on the study, in 2015. An undergrad-
uate at the University of Hong Kong at

the time, he learned about the issue in a
summer internship with ASM Pacific
Technology, a company that specializes
in designing and manufacturing semi-
conductor technology. When Faizi re-
turned to school, he and fellow under-
graduate San To Chan delved into the
problem under the supervision of An-
derson Shum. They found that rotating
the dispensing nozzle yielded cleaner and
faster application, a discovery that led 
to a patent application and their under-
graduate dissertations. But they couldn’t
explain the underlying physics.

To pursue his PhD, Chan joined Shen’s
group, which specializes in the rheology
of viscoelastic fluids. And in 2019 Shen,
Chan, and their colleagues resumed in-
vestigating the effects of rotation on flu-
ids. Chan built a simple experimental
setup composed of two plates: an upper
plate that can rotate and a lower plate
that can move vertically to set the distance
separating them. The researchers sand-
wiched 40 µL of liquid between the plates,
separated by 2 to 4 mm, to form the ex-

pected liquid bridge with a radius on the
order of a millimeter. They tested four
viscoelastic silicone oils with different
viscosities and, for comparison, a New-
tonian fluid called Infineum S1054.

At various plate separations and rota-
tion speeds, Shen and her group mem-
bers filmed the fluid to track the bridge’s
radius as a function of time and ana-
lyzed the data with a program written by
Faizi. They found that as both silicone
and Infineum are twisted, the top half of
the fluid rotates like a solid object, and
the lower half is nearly stationary. So the
twisting localizes at the neck where the
top and bottom halves meet, similar to
that of a washcloth being wrung out, and
pinches off the liquid bridge. When the
plate rotates at 35.3 Hz, Infineum takes
about 9 s to break, compared with about
60 s with no rotation. The silicone bridge
also breaks faster under  rotation— in fact,
even an otherwise stable bridge snaps
apart in around 1 s. But instead of the
broad concave form of the Infineum
bridge, the thinning silicone bridge has a

Dispensing a fluid is quick
and clean when the nozzle 
is rotated. The fluid’s elastic
properties are the reason why.

Viscoelastic fluids with no strings attached

FIGURE 1. PLASTIC STRINGS mar the 3D- printed gazebo shown here. The strings 
appear when the printer nozzle lifts to detach from the deposited viscoelastic fluid.
That retraction elongates the connecting fluid bridge, and after detachment, the
strand sticks out. (Photo by Vicky Somma, CC  BY- NC- SA 2.0.)
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peculiar narrow indentation on its sides.
The dynamics of viscoelastic bridges

depends on a balance of inertial, elastic,
capillary, and gravitational stresses and a
host of parameters that includes density,
surface tension, viscosity, elasticity, plate
separation, and rotation rate. But surpris-
ingly, the results are straightforward: The
silicone bridge radius decreases with time
t according to the power law R ∝ t−β, where
β depends on a single dimensionless pa-
rameter, the Tanner number, which char-
acterizes the relative importance of the
 torsion- induced elastic stresses compared
with capillary stresses. The Tanner num-
ber is similar to the Reynolds number,
which characterizes the relative impor-
tance of viscous and inertial forces.

As the viscoelastic bridge is twisted,
the shear stresses at the neck generate
stresses perpendicular to the fluid’s sur-
face, which doesn’t happen in ordinary
Newtonian fluids. Those  shear- induced
normal stresses overcome surface tension
to form an indentation in the side of the
bridge that’s tenths of a millimeter wide.
The indentation further localizes the
shear stress and thus further increases
the normal forces, which draw the inden-
tation toward the middle of the bridge.
That feedback loop results in the inden-
tation propagating inward until the upper
and lower halves of the liquid are sepa-
rated, without any stray strands, as shown
in figure 2b.

Because the indentation splits an oth-
erwise stable liquid bridge, gravity can’t
be the source of the behavior. And given
that the Newtonian fluid doesn’t form an
indentation, the behavior must be related
to an elastic effect. So Shen and her col-
leagues hunted for an elastic instability
that could explain their observations.

On the edge
Chan noticed that the indentation behav-
ior resembles a flow instability first re-
ported in 1963: edge fracture.2 In that
 phenomenon— which emerges in various
viscoelastic fluids, including  toothpaste—
 shearing above a critical rate induces a
sudden indentation, which localizes the
shear stress and invades the fluid.

Edge fracture looks similar to what
Shen and her group observed, but the
phenomenon was previously investi-
gated in a regime where the radius of the
fluid was an order of magnitude larger
than the height. Could the same behav-
ior occur in their liquid bridge, with its

roughly equal radius and height? To ver-
ify the connection, the group teamed up
with Patrick Anderson and his graduate
student Frank van Berlo of Eindhoven
University of Technology in the Nether-
lands to perform calculations comple-
menting the experiment.

In his simulations, van Berlo had to
verify that the liquid bridge system pos-
sessed properties characteristic of edge
fracture. For example, the indentation
should have a normal stress tugging its
tip toward the center and normal stresses
squeezing its upper and lower surfaces,
as shown in the inset of figure 2a. Tweak-
ing the right set of inputs to test the rela-
tionship between the normal and shear
forces and the formation of indentations,
van Berlo confirmed edge fracture as the
origin of his colleagues’ observations.
Their study thus expanded the parame-
ter space of such research.

Edge fracture is typically viewed as a
problem in rheological measurements
because it makes results harder to inter-
pret. But for clean dispensing, edge frac-
ture is advantageous. “Instead of avoid-
ing the elastic property of the viscoelastic

liquid bridge, we amplify it to the ex-
treme where fracture occurs,” says Shen.

The simplicity of the researchers’
twisting technique means it’s feasible in
industrial settings. One potential applica-
tion is food engineering: The rotating noz-
zle could neatly apply jam to sugar cook-
ies on a conveyer belt, for example.

But some fundamental questions re-
main. Although researchers now know
the mechanism behind the breakup, it
isn’t clear why the radius decays accord-
ing to a power law when rotated. Shen
and her collaborators plan to partner with
a theorist to further explore the issue and
to derive an analytical equation for the
decay. Such an equation may provide a
route to novel methods for measuring
rheological properties of viscoelastic flu-
ids, such as  shear- induced normal
stresses, that have been difficult to probe
by traditional methods.

Heather M. Hill
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FIGURE 2. VISCOELASTIC FLUIDS between two surfaces. (a) Below a critical nozzle
height (left), a fluid (pink) forms a stable connection between the target substrate and
the nozzle. When the nozzle is above a critical height (center), the fluid breaks and
forms undesirable satellite droplets and strands known as capillary tails. If, instead, the
nozzle rotates (right), an indentation formed by the normal stresses (red arrows), shown
in the inset, cleanly severs the fluid bridge. (b) Experimental photos of silicone oil 
rotated at 35.3 Hz (left half of each image) and simulated azimuthal velocity vθ (right
halves) show how the indentation forms in the side of the bridge and propagates to
the center. (Adapted from ref. 1.)
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B y mass, the giant gaseous planets
Jupiter and Saturn consist of about
75–85% hydrogen and helium.

(Uranus and Neptune, by contrast, are
ice giants and contain far greater propor-
tions of ammonia, methane, and water.)
Researchers have hypothesized that the
remaining composition of Jupiter and
Saturn could be a few other gases, ice,
and rock. Determining what those exact
fractions are and how the planetary struc-
tures evolved over time depends criti-
cally on the  H– He equation of state.

On the surface of gas giants, hydro-
gen and helium form a homogeneously
mixed layer. In the 1970s, physicists pre-
dicted that at the high temperatures and
pressures inside gas giants, the two light-
est elements may separate and form a re-
gion of demixing, or immiscibility.1 Today
scientists know that at some depth in the
planet’s interior, molecular hydrogen
dissociates and ionizes to form metallic
fluid hydrogen. The helium is expelled
from the mixture and is predicted to rain
down from the immiscibility region to
another layer, in which the conditions
allow hydrogen and helium to mix again.
Jupiter’s central core is suspected to be
solid.

Since that first prediction, many sci-
entists have sought to better describe
where in the planet’s interior the  H– He
phase separation occurs and how gas gi-
ants are structured.  Condensed- matter
models based on density functional the-
ory, for example, begin from the basic
principles of quantum mechanics to ap-
proximate the system’s electron density
(see the article by Andrew Zangwill,
PHySICS TODAy, July 2015, page 34).

Despite such efforts, uncertainties re-
main. Models of  H– He mixing in plane-
tary interiors are highly dependent on the
particular functional form a researcher
chooses, and no model reliably describes
the range of experimental results. An-

other challenge is accounting for the 
entropy within a mixed system of hydro-
gen and helium, which makes the calcu-
lations difficult.

Laboratory measurements are also
challenging. Researchers studying  H– He
mixing with standard static compression
methods using a diamond anvil cell
must contend with the hydrogen’s reac-
tivity with the diamonds. On the other
hand, dynamic compression with a  laser-
 induced shock wave demands an ini-
tially homogeneous  H– He mixture with
a density three times that of cryo-liquid
hydrogen to span the pressure conditions
of a planetary interior.

Fifteen years ago, Stephanie Brygoo
and Paul Loubeyre of the French Alter-
native Energies and Atomic Energy Com-
mission; Raymond Jeanloz of the Univer-
sity of California, Berkeley; and their
colleagues began blending the two types
of  high- pressure experiments. Their re-
cent results not only support the exis-
tence of an immiscibility region in Jupiter
but also provide experimental evidence

for a  four- layered planetary structure
that’s consistent with indirect spacecraft
observations.2

Shining hydrogen
Jupiter’s interior temperatures span thou-
sands of kelvin, and its pressures span
hundreds of gigapascals, about 1 million to
40 million times that of Earth’s atmosphere.
To reach such high pressures and temper-
atures in the lab, Brygoo and colleagues
subjected samples of homogeneously
mixed hydrogen and helium to static com-
pression followed by dynamic compres-
sion. The researchers modified the appara-
tus so that one diamond window was only
300 μm thick, far thinner than the typi-
cally  millimeters- thick walls of the anvil.

In the experiment, a diamond anvil
cell first squeezed the samples to 4 GPa.
The modifications allowed a  laser-
 induced shock wave to propagate through
the diamond window without deterio-
rating. Using the OMEGA laser at the
University of Rochester’s Laboratory for
Laser Energetics, the researchers com-

The results of a  high-
 pressure experiment that
 re- creates the temperatures
and pressures inside Jupiter
and Saturn reconcile 
disparate  space- based 
observations.

Squeezed hydrogen and helium don’t mix

FIGURE 1. COMPRESSION EXPERIMENTS. At the University of Rochester’s Laboratory
for Laser Energetics, researchers uncovered new phase behavior in a mixture of hydrogen
and helium gas. The cylindrical diamond anvil cell in the center of the photo compressed
the gas sample statically before a  laser- induced shock wave propagated through the
sample and squeezed it dynamically to the pressure and temperature range of Jupiter’s
interior. (Photo courtesy of OMEGA Laser Facility.)
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pressed the samples further, to pressures
up to about 200 GPa.

Figure 1 shows the experimental ap-
paratus at the moment that the laser
shock wave propagated through the hy-
drogen and helium sample, which was
squeezed first by the diamond anvil cell.
Sébastien Hamel of Lawrence Livermore
National Laboratory says that “compress-
ing hydrogen to such a degree without
cracking the diamonds used to apply
pressure, combining the static compres-
sion with  laser- based shock waves to
reach the required conditions, and build-
ing the diagnostic tools necessary to make
the observations were incredible chal-
lenges that this team overcame.”

During the experiment, Brygoo and
her colleagues observed a sudden change
in reflectivity of the laser light bouncing
off the  H– He mixture as the shock front
passed through the sample. Ab initio cal-
culations and theory predict that as the 
 H– He mixture becomes conductive, in-
sulating helium separates from metallic
hydrogen. The effect increases reflectiv-
ity, a measurable signature of the phase
separation. Loubeyre says that he and
his colleagues “were not expecting such
a clear discontinuity. It was expected to
be smaller than what we observed.”

Figure 2a shows the  H– He mixture’s
phase diagram with the predicted
demixed region colored in pink. The data,
which are similar to previously published

theoretical predictions,3 indicate that 
the samples reached the  temperature–
 pressure conditions of Jupiter’s interior
as the shock wave propagated through
the system. “Phase separation has started
rather recently in Jupiter, so the distribu-
tion of helium is not completely per-
turbed,” says Loubeyre. Therefore, if the
helium distribution is constant, the re-
searchers estimate that about 15% of
Jupiter’s  radius— the pink shaded region in
figure 2b—forms an immiscibility region.

Reconciling observations and theory
The new laboratory results help tie to-
gether different spacecraft observations
of Jupiter. In 1995, NASA’s Galileo probe
collected measurements of the helium
abundance in Jupiter’s atmosphere and
found it smaller than the presolar  value—
 the abundance thought to be present at
the formation of the solar system.4

NASA’s Juno probe, however, recorded
measurements of a high gravitational mo-
ment in 2016 that indicated a model dis-
crepancy.5 The observations suggest that
the planet’s interior density should cor-
respond to a high helium abundance in
the outer layer. To reconcile the Galileo
observations with the Juno measurements,
modelers had to make modifications to
the  H– He equation of state.

The results reported by Brygoo and
her colleagues appear to resolve the
issue by providing experimental support

for a Jupiter with four distinct layers. The
immiscibility region lies between the ho-
mogeneously mixed  H– He outer layer
observed by Galileo and the deeper,  well-
 mixed metallic  H– He layer compatible
with the Juno measurements. A fourth
 layer— a dense core of mostly heavy
 elements— lies at the center of the planet.

According to planetary scientist
Christopher Mankovich of Caltech, ob-
serving the separation of hydrogen and
helum “is a pretty big deal. The existence
of this immiscibility region is an approx-
imately 40- year- old idea that has shaped
much of our thinking about the struc-
tures of Jupiter and Saturn. Finally there
is a modicum of compelling experimen-
tal evidence.”

Alex Lopatka
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In 2013 the European Union (EU) em-
barked on one of its three largest-ever
targeted technology R&D programs, a

10-year, €1 billion ($1.18 billion) program
called the Graphene Flagship, with the
aim of creating applications and markets
for the two- dimensional material and es-
tablishing Europe at the forefront of the
technology. Ultimately, its impact and
whether it has been worth the public
spending and effort won’t be known for
years to come.

“Over the past seven years, the
Graphene Flagship has successfully
brought graphene out of the lab, creating
a fruitful European industrial ecosystem
that develops applications of graphene
and layered materials,” says the flagship’s
2020 annual report. “Today, our indus-
trial family includes over 100 companies
working together with the Graphene
Flagship’s academic partners in fields
ranging from the automotive and aviation
industries to electronics, energy, compos-
ites and biomedicine.”

The EU launched another flagship,
focused on the human brain, in 2013 (see
Physics TODay, December 2013, page 20).
a third flagship, covering quantum tech-
nologies, got underway in 2018. Both are
also 10-year, €1 billion efforts.

With two and a half years remaining,
the Graphene Flagship claims to have
spawned roughly 90 products that incor-
porate graphene in some way, with ap-
plications as disparate as hall effect sen-
sors that have 10 times as much sensitivity
as their  silicon- based counterparts and
earphones with enhanced treble and
bass. Other niche products include a 
bicycle tire with improved traction, a
tennis racket with superior flexibility
and durability, a motorcycle helmet with

high- impact dispersion, and a high-
 performance air conditioner. Graphene
chemical vapor deposition systems that
are used in semiconductor applications
originated from flagship R&D.

Measured by the number of patents
and papers published per euro spent,
“we do extremely well,” relative to the
outputs of academic research, says Jari
Kinaret of chalmers University of Tech-
nology in Gothenburg, sweden. The
 condensed- matter physicist has directed
the Graphene Flagship from its outset.
But few, if any,  technology- specific col-
laborations on similar scales exist, so
evaluations of the flagship’s perfor mance
are largely subjective. “i have had a
standing offer for many years that if
someone could come up with a measur-
able, meaningful key performance indi-
cator, i will buy them a nice dinner,”
Kinaret says.

Kari hjelt, the flagship’s head of in-
novation, says a peer- reviewed assess-
ment of its economic impacts will be per-
formed once the program is finished. But
he cautions that the scorecard will 
be incomplete because the time from re-
search to commercialization typically is
15 years or longer. What is clear so far, he

notes, is that the flagship has encouraged
greater risk -taking on the part of Euro-
pean industry to venture into new prod-
uct commercialization.

Unlike in the Us, where industry is
typically expected to put up some of 
its own funds for cooperative research
involving government agencies, the
Graphene Flagship reimburses its com-
mercial partners for their direct R&D ex-
penses. But the European commission,
which oversees the flagship, covers only
a portion of the indirect or overhead
costs that the industry partners incur,
Kinaret notes.

The approximately 170 current flag-
ship partners are about evenly divided
between universities and industry. in the
beginning, membership was roughly 75%
academia. “But in all honesty, some of
the industry partners were perhaps more
spectators than players,” says Kinaret.
The evolution to greater industry partic-
ipation was anticipated in the road map
that the flagship had drawn for itself at
its outset, he says.

The flagship has €150 million left to
spend through 2023. about 45% of that
will fund applied research, and 15% will
be devoted to basic research. Research is

ISSUES & EVENTS

The outputs of the European
Union’s eight-year-old
Graphene Flagship include
products, spinoffs, and
“Spearheads.”

A GRAPHENE LAYER is deposited onto a silicon wafer for microelectronics and 
computing applications developed at Imec, the nonprofit Belgian nanoelectronics 
and digital technologies research institute.

IMEC

Europe’s experiment in funding graphene research
is paying off
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performed in four broad topical areas:
enabling science and materials; health,
medicine, and sensors; electronics and
photonics integration; and energy, com-
posites, and production.

Industry-led,  multiple- institution pro-
grams designed to commercialize specific
graphene products—Spearhead Proj-
ects—get another 30% of the flagship
budget. The remainder goes to adminis-
trative support services, which include
standards development, product per-
formance testing, and governance.

Technology push
The 11 current Spearhead Projects were
initiated last year and are due to wrap up
by September 2023. By design, the proj-
ects can progress only to the prototype
stage, Kinaret says. A special dispensation
from the European Commission is re-
quired to proceed further. Full commer-
cialization of products occurs outside the
flagship program.

Letizia Bocchi, laboratory manager of
filters and medical applications at Medica
SpA in Italy, directs the Graphil Spear-
head Project, which is developing water
filters for  drinking- water taps. The filters
are made of graphene oxide embedded
in hollow fibers that are spun from poly-
mers. Graphene absorbs organic contam-
inants, such as antibiotics and perfluori-
nated compounds, that would otherwise
escape the mechanical filtration provided

by the fibers. Among other advantages,
Graphil’s process doesn’t produce the
wastewater that reverse osmosis does.

Two other companies, France’s Poly-
mem and the UK’s Icon LifeSaver, are also
Graphil partners, as are Italy’s national
research institute, Chalmers, and the
University of Manchester. A single com-
pany couldn’t have afforded the required
R&D, Bocchi says, and government sup-
port was essential. “We are building up
a plant dedicated to production of the
fiber, which is a big investment.” The
flagship’s high visibility throughout the
EU has led to many contacts and expres-
sions of interest from other companies,
she adds.

The Circuitbreakers Spearhead Project
is exploiting graphene’s self- lubricating
properties to develop improved circuit
breakers for protecting suppliers and
consumers of electricity, such as wind
farms, hospitals, and data centers. Grease,
the existing century-old standard for
ensuring the mechanical functioning of
breakers, decomposes over time and
must be replaced periodically. Anna An-
dersson, a principal scientist at Sweden’s
ABB, leads the project. She says the re-
searchers are evaluating the application 
of graphene coatings to metal substrates
by using electroplating or sintering. The
other industry members are materials
producers Graphmatech of Sweden and
Nanesa of Italy. Chalmers, Manchester,

GRAPHENE POWDER is produced for the manufacturing and energy industries by
Graphene Flagship spinoff BeDimensional, an Italian company.
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Greece’s Foundation for Research and
Technology–Hellas, and the University
of Rome Tor Vergata are the academic
partners.

Another Spearhead, Autovision, aims
to produce sensors for self- driving cars
to detect objects and road curvature in
dark or foggy conditions. Qurv Tech-
nologies, which leads the project, was
spun out from the Spanish photonics re-
search institution ICFO. Qurv’s graphene–
quantum dot  image- sensor technology
features wide- spectrum computer vision
technology that is compatible with the
CMOS manufacturing process. Veoneer,
a spinoff of Autoliv, the Swedish–US
company that is the world’s largest sup-
plier of automotive safety equipment, is
an Autovision partner, as are the Belgian
nonprofit Imec and German technology
company Aixtron. If successful, the new
sensors would provide an alternative 
to gallium arsenide and indium arsenide
technologies, which require scarce metals
and toxic arsenic.

A Spearhead Project, led by Airbus,
seeks to develop a  graphene- based
thermoelectric ice- protection system 
for aircraft. Fiat Chrysler Automobiles
(now known as Stellantis) is leading a
Spearhead to produce a  metal-free
graphene automobile dashboard that
could reduce manufacturing costs and
lower fuel consumption. Another Spear-
head, led by Varta Microinnovation, plans
to advance a graphene–silicon anode 
for  lithium-ion automotive batteries. Its 
goal is improving the lifetime of a com-
posite that was developed in an earlier
flagship phase to 1000 charge–discharge
cycles.

The Graphene Flagship has already
spun off a dozen companies. InBrain
Neuroelectronics, formed by two  flagship-
 partner research institutes funded by
the Catalan government, is developing
 graphene- based implants for treatment
of Parkinson’s, epilepsy, and other brain
disorders. In March the company an-
nounced it had raised a total of €15 mil-

lion from venture capital firms and the
Spanish government. BeDimensional, an
Italian spinoff, develops and produces
graphene for the manufacturing and en-
ergy industries.

Shoes and concrete
Many low-tech applications for graphene,
such as composite materials, have
moved forward without flagship sup-
port. When mixed with rubber, graphene
improves the grip and durability of tires.
Shoes manufactured by the UK company
 Inov-8 improve trail runners’ purchase
on slick rocks while also providing good
cushioning. Researchers have found that
concrete mixed with small amounts—
typically 0.1%—of graphene flakes can
improve the material’s structural strength
by 30% and thereby reduce the need for
structural steel reinforcement. Adding
graphene also lowers the amount of con-
crete required for a job and reduces the
substantial carbon footprint of cement
and concrete.

AIXTRON MACHINES perform chemical vapor deposition of graphene for compound semiconductor applications. The technology
was developed by the German company through the Graphene Flagship.

AIXTRO
N
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James Baker, who leads the University
of Manchester’s Graphene Engineering
Innovation Centre, says the university
teamed with a construction company in
May to pour a local gym floor made
with so- called Concretene. “Builders who
have been in the business for 40 years say
it’s the best concrete floor they’ve ever
seen,” he says.

Despite Brexit, UK members will 
remain in the flagship through its con-
clusion. Manchester, where Andre Geim
and Kostantin Novoselov discovered
how to make graphene in 2004 (see
PhysICs ToDAy, December 2010, page 14),
participates in several of the spearhead
Projects. The university also hosts the
UK’s National Graphene Institute. sim-
ilar  national- level graphene research
organizations are located in various EU
countries.

Baker says the Graphene Flagship has
brought together a much larger range 

of universities and industry participants
than Manchester could have done on its
own. “With €1 billion, the flagship has
got critical mass, and other activities, like
toxicology, health and safety, and stan-
dards, things that are best to do collec-
tively. It’s been a key part in accelerating
the whole language and supply chain
around graphene, and that’s critical if
you’re commercializing.”

Terrance Barkan, executive director 
of the Graphene Council, a trade associ-
ation based in North Carolina but with
an international membership, credits the
flagship for elevating awareness of the
material in Europe and providing sus-
tained support for academic R&D. “The
strength of the Graphene Flagship has
been providing the EU and Europe with
a unified strategy in developing an in-
dustry around these advanced materials.
Whereas in the Us, everybody is left to
their own devices,” he says. But while
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A rctic scientists and the US Navy are
breathing new life into a 27-year-old
partnership, the Submarine Arctic

Science Program (SCICEX). Its heyday
was in the 1990s, when the navy hosted
dedicated science cruises. Since then it
has continued in a more hands-off and
less scientifically productive mode: Al-
though scientists receive submarine data
from the navy, they are no longer able 
to embark, install their own specialized
instruments, or determine expedition
routes. 

Those limitations will remain under a
new memorandum of agreement that’s
in the works, says the University of Alaska
Fairbanks’s Jackie  Richter- Menge, chair
of the SCICEX science advisory com-
mittee. Still, she and other scientists 
anticipate new opportunities; in particu-
lar, they hope for quicker declassifica-
tion of data collected by the navy’s nu-
clear submarines. 

Security and science
SCICEX was the brainchild in the early
1980s of George Newton, a former navy
captain who was a member, and later
chair, of the US Arctic Research Commis-
sion, a government advisory body. (See
the interview with current chair David
Kennedy at PHySICS ToDAy online, 7 May
2021.) When the Cold War ended, says
Newton, “we had built a submarine force
that was in excess of the military’s need
in a peacetime environment.” 

Arctic submarine expeditions would
both advance science and allow the navy
to train sailors and maintain military ca-
pability in the harsh environment, New-
ton reasoned. “I started pushing the idea
of the navy and scientists collaborating.”
The former Soviet Union also had an ex-
cess of submarines, he says. “They began
offering submarines for lease to scien-
tists. That served as a bit of a motivator
for SCICEX.” 

By 2000, following a handful of col-
laborative expeditions, the partnership

morphed. The navy had decommissioned
most of its submarines that were suitable
for Arctic missions, Newton says, and
there were no longer enough of them for
dedicated science cruises. 

For the past two decades, the navy
has tied collection of Arctic submarine
data for scientists to the partly classified
ice exercises (ICEX) it has set up at ice
camps every year or two since the 1960s.
It invites mainly navy scientists to do re-
search at those ice camps. 

“I want to reinvigorate the partner-
ship,” says Howard Reese, director of the
navy’s Arctic Submarine Laboratory in

THE USS HAWKBILL surfaced at the
North Pole in 1999, during the Submarine
Arctic Science Program’s last dedicated
science expedition. The Sturgeon-class 
attack submarine sailed from Honolulu,
Hawaii, to Portsmouth, UK, in 67 days.

Submarines afford a view from 
below the Arctic
Civilian–military cooperation builds understanding of 
the ocean, Earth, and climate change and benefits 
national security.

the flagship has performed well on sup-
porting innovation, “the commercial con-
version hasn’t been as big a success as
one would expect.” And dependence on
the subsidies the flagship has provided
to industry could result in products that
don’t sell, he says.

A tipping point
Regardless of how its performance is
judged, the Graphene Flagship isn’t ex-
pected to be extended beyond its 10-year
term. “What happens after the flagship
ends is that many of our activities will
continue with the support of Horizon
Europe,” says Chalmers’s Kinaret, refer-
ring to the EU’s €95.5 billion wide-
 ranging R&D program that runs through
2027. “And some will have reached the
level of maturity that they no longer re-
quire support of the European taxpayer.”

Rather than duplicating the flagship,
Barkan says, the US should drive demand
by easing regulatory requirements that
currently need approval from the Envi-
ronmental Protection Agency for each
new application of graphene. The US
could also boost the growth of such
products as  graphene- embedded concrete
by establishing low- carbon- emission re-
quirements for road- building materials.

Forecasts for graphene demand vary
widely, but there is little doubt that 
the market will rapidly expand. Still,
graphene is being held back by a lack 
of application- oriented standards and
uniform quality metrics. Part of the flag-
ship program has been devoted to de-
veloping such standards, but adoption
requires approval from multiple na-
tional and international standards bod-
ies, a process that can take years. “The
problem is, industry doesn’t have years
to wait,” says Barkan, whose organiza-
tion also works to accelerate the adoption
of standards.

“Graphene is approaching a tipping
point,” says Baker, who expects growth
to occur in “fast and slow lane” applica-
tions. The fast category comprises such
uses as rubber, plastics, and carbon
fiber, where alterations to the manu -
facturing process aren’t necessary and
government approval isn’t required.
 Water- purification membranes and bio-
medical applications will move more
slowly, he explains, because of the need
for regulatory approval and certification
processes.

David Kramer

BERNARD COAKLEY
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San Diego, California, and the liaison to
both ICEX science and SCICEX. “To re-
ally understand what’s going on in the
Arctic, scientists need to look from above
and below.” 

Global warming has made surface
passage across the Arctic easier, and for
security purposes, the navy monitors ac-
tivity in the area. It also has a long his-
tory of funding and running basic re-
search in the Arctic. Submarine data help
determine what’s going on in terms of
ice melt and climate change, says Reese.
(See the articles by Peter Worcester and
Megan Ballard, PhySICS ToDAy, Decem-
ber 2020, page 44, and by Martin Jeffries,
James overland, and Don Perovich, oc-
tober 2013, page 35.)

Identifying patterns of freshwater
runoff, temperatures, and sound velocity
aid with national security, Reese says.
For example, understanding physical fea-
tures and the acoustic environment helps
the navy to hide its submarines from 
potential adversaries and to listen for
others’ ships and submarines. And the
navy needs to know where the ice is thin
enough to surface a submarine. “We
need to understand the environment to
be able to operate effectively in the Arc-
tic. Working with scientists is mutually
beneficial,” he says. 

From seafloor to surface ice
Among the main quantities that scien-
tists measure in the Arctic ocean are
seafloor topography; extent, thickness,
and roughness of sea ice; and temperature,
depth, conductivity, and nutrients. Some
quantities can be measured via satellites,
icebreaking ships, autonomous under-
water vehicles, or instruments on the ice
or in the water. But others are better—or
only—accessible from a submarine. 

Long-term changes in the thickness
and roughness of sea ice are best stud-
ied from data collected with  upward-
 looking sonar on submarines, says
 Richter- Menge. Satellites have done a
good job of measuring sea-ice area since
the 1980s, she says, but only recently
have technological advances made it
possible for them to infer thickness.
Satellite estimates rely on models that
take into account the properties of the
sea ice and snow, she notes. “Contempo-
raneous submarine measurements offer
the best tool for validating this new tech-
nology.” Without submarine data, she
says, “we wouldn’t have appreciated the

extensive thinning of the ice over the past
few decades.”

Geophysicist Margo Edwards, direc-
tor of the University of hawaii’s Applied
Research Laboratory, was the first woman
to deploy on an operational navy sub-
marine under ice. She remembers her
second day out with SCICEX in 1999:
“We were doing a survey of the Chukchi
seafloor and we saw evidence of scour-
ing—a sheet of ice had pushed around
the terrain many thousands of years ago.
It was exciting.” 

At that time, the SCICEX submarine
was outfitted with an interferometric
sonar device that provided topographi-
cal data of the seafloor in unprecedented
extent and detail—at least an order of
magnitude better resolution and more
precise positioning than from standard
surface  single-beam echo sounders. The
terrain data provide clues about the
history of the planet and climate cycles,
says Martin Jakobsson, a geophysicist 
at Stockholm University. he incorpo-
rates data from SCICEX into the Seabed
2030 Project, which aims to map Earth’s
entire ocean floor by the end of this
decade. Many people use the project’s
data to model ocean circulation, study
the seafloor, and more, he says.

Knowing the seafloor topography is
necessary for navigating safely and lay-
ing pipes and cables, says Larry Mayer,
director of the Center for Coastal and
ocean Mapping at the University of New
hampshire and a member of the SCICEX
science advisory committee. It is impor-
tant for defining countries’ rights to 
resources, studying plate tectonics, pre-
dicting tsunamis, and locating ship-
wrecks to study maritime heritage, he
continues. And the seabed topography
influences ocean circulation. For climate
models, “seafloor roughness is impor-
tant in terms of generating turbulence
that impacts the distribution of heat.” 

So far only about 20% of the global
seafloor has been mapped to current
standards. “Literally more of the Moon
and Mars have been mapped, and at bet-
ter resolution,” says Mayer. 

Bernard Coakley, a geophysicist at the
University of Alaska Fairbanks, sailed on
a pre- SCICEX test cruise in 1993 and then
on later SCICEX expeditions. he and col-
leagues measured gravity anomalies in
the Gakkel Ridge that “were difficult to
explain unless it had a very thin crust.”
In 2001, subsequent dredging of the
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ridge, located between Greenland and
Siberia, confirmed their gravity findings,
he says.

Because of a history of irregular sam-
pling and poor navigation, says Coakley,
many Arctic geologic features “were
mispositioned by 100 kilometers later-
ally and they might be 1500 meters shal-
lower than had been thought.” With sub-
marines, he says, features of the water
and seafloor can be sampled more sys-
tematically. Now that more is known
about the Arctic, he says, “we can ask sig-
nificant questions, like How did this fea-
ture form? and How do sets of faults on
a ridge relate to each other?”

Ice camps 
In the reconfigured SCICEX of the past
two decades, scientists obtain some of
the submarine data that are collected in
conjunction with an ICEX ice camp. They
also conduct experiments from the ice.
The camps typically take place over six
or seven weeks in late winter.

MIT emeritus professor Arthur Bag-
geroer and colleagues have studied a layer
of warm water about 70 meters deep that
enters the Arctic from the Pacific Ocean
through the Bering Strait. Known as the
Beaufort Lens, the warm water creates a
barrier to sound penetration. The speed
of sound is higher in the layer than in the
surrounding, colder layers, so the layer
acts as a refractive waveguide. 

Discovered by Russian scientists, the
layer “ensures the transarctic propaga-
tion of low- frequency sound,” as de-
scribed by Aleksandr Grigor’evich Lit-
vak in Herald of the Russian Academy of
Sciences (volume 85, page 239, 2015). Says
Baggeroer, who spearheaded classified
research on the water layer at ICEX, “I
recognized the significance of the Beau-
fort Lens in the western Arctic for anti-
submarine warfare.”

Henrik Schmidt is director of MIT’s
Laboratory for Autonomous Marine Sens-
ing Systems. At the 2016 ICEX camp he
studied how the acoustic environment
had changed. “We were lucky to study
the same location that had been looked
at in 1994. We compared directly the char-
acteristics of ambient noise. There was 
a dramatic change.” In 1994 the ice was
4 meters thick. Large ice floes would grind
when blown by the wind, he says. In 2016,
the ice buildup was 1 meter thick, and
there was no more grinding. “If the wind
blew, the noise was from ice cracking.”

The biggest obstacle in working with
ICEX, Schmidt says, is that “science is
not the highest priority.” Jon Collis, an
underwater acoustician at MIT’s Lincoln
Laboratory, has taken part in the three
most recent ICEX events. The navy plans
to do tactical exercises during the 2022
ICEX, he says, “but they can’t do that all
the time, so it leaves a lot of time for sci-
ence.” Even so, competition is stiff for ac-
cess to an ice hole, he says. “We negoti-
ated and will work nights.” His team
plans to deploy sensors at various depths
to measure salinity, temperature, and
sound velocity and to use hydrophones
to listen to the ice sheet breaking.

As for the current mode of SCICEX,
without scientists on board the sub-
marines, says Mayer, of the Center for
Coastal and Ocean Mapping, “we have
very little control of when instruments
are on or off. We would, of course, rather
use our own dedicated systems.” Still, he
says, the data that scientists obtain “are

a lot better than nothing. Every sounding
is useful.” Scientists often can’t afford
submarines or Arctic camps on their own,
so they’re dependent on the navy for
much of their Arctic access. 

“The general perspective of the navy
is that [hosting scientists] is a nice thing
to do,” says Val Schmidt, who was a ju -
nior naval officer aboard the 1998 and
1999 SCICEX cruises. “It’s not the navy’s
primary mission, and they see it as a bit
of a hassle having to accommodate the
scientists.” For his part, though, he says
he had an “insatiable curiosity” and con-
stantly “pestered” the scientists. After he
left the navy he got a master’s degree in
ocean engineering and now leads the ma-
rine robotics program at the Center for
Coastal and Ocean Mapping.

Partnering with the military
 Military– civilian scientific partnerships
to explore the oceans with submarines
go back at least to the 1920s, says Sam

JOAN GARDNER (left) and Rick Hagen of the US Naval Research Laboratory analyze
ice-core samples at the navy ice camp in March 2016. (Courtesy of the Arctic Submarine
Laboratory.) 
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Robinson, a historian of ocean science at
the University of Cambridge. At that
time, Dutch geodesist and geophysicist
Felix Andries Vening Meinesz took his
instruments aboard Royal Netherlands
Navy submarines in order to measure
gravity anomalies. His goal was to estab-
lish the shape of Earth and the geoid, the
shape Earth would take if winds and
tides were absent. 

For more than three decades starting
in 1971, Peter Wadhams of the Univer-
sity of Cambridge sailed with UK Royal
Navy submarines to study sea-ice thick-
ness. Large ice blocks pile up to form
deep ridges that protrude to depths of
40 meters or more. “That’s important for
navigation and for drilling rigs,” says
Wadhams. The distribution and size of
the ridges follow a simple exponential
law, he says. “You get fantastic insight
into the role of ice and ice mechanics in
climate.” 

Wadhams’s in situ explorations came
to an abrupt halt in 2007 after a canister
containing potassium chlorate that was
part of the backup oxygen system ex-
ploded and killed two sailors. He now
works with unmanned underwater vehi-
cles. They are not as good as submarines,
he says. “They are short range, and you

can’t collect data from across the entire
Arctic basin.” 

A sticking point in all the  military–
 civilian collaborations is that the data are
classified. Even scientists who have secu-
rity clearance and can access the data
can’t easily publish them in the open lit-
erature. The US Navy wants to keep the
location and speed of its submarines
under wraps: That’s to prevent potential
adversaries from identifying the acoustic
signal of a given submarine by sifting
through past recordings. 

To that end, data released by the navy
is “fuzzied up,” says SCICEX science ad-
visory committee chair  Richter- Menge.
More problematic is that, because the data
are manually reviewed, it can take months
or even years for the navy to release them
to scientists. “The value of these data can
depend on who’s in charge,” she says.

The navy has been “sporadic” about
releasing data, says Reese, the Arctic Sub-
marine Laboratory director. Algorithms
are being developed to extract data that
can safely be handed to civilian scientists.
“If we get these data released, more sci-
entists will be enthused and get involved,”
he says. “I hope we have a new agree-
ment in a matter of months, not years.” 

Toni Feder PT

SCIENTISTS FROM MIT lower a sound array through a hole in the ice at the navy ice
camp in March 2018. (Courtesy of the Arctic Submarine Laboratory.)
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Mila Kryjevskaia is an associate professor of physics at
North Dakota State University in Fargo. Paula Heron is a
professor of physics at the University of Washington in
Seattle. Andrew Heckler is a professor of physics at the
Ohio State University in Columbus.

As an instructor, you might be tempted to cele-
brate that little instructional victory. But then you
ask your students a  follow- up question about two
identical boxes on surfaces with differing rough-
nesses, as shown in figure 1b. Both boxes remain at
rest when pulled by horizontal forces of equal mag-
nitude. You notice that many students seem to aban-

don the correct reasoning they formerly applied. In-
stead, they argue based on their intuition that the
rougher surface under box C means that it must be
subject to a greater frictional force.

The inconsistency in reasoning highlighted in
that vignette may be familiar. Students who demon-
strate desired knowledge and reasoning on one

Mila Kryjevskaia, Paula R. L. Heron, and Andrew F. Heckler

Suppose you are teaching an  introductory- physics course. You ask your 
students to consider a box on a rough, level surface that remains at rest
while a horizontal 30 N force is applied to it (see figure 1a). Your students
seem to recognize that because the box is at rest, the frictional force must 
be equal in magnitude to the applied force. Using that realization, they

correctly deduce that neither the mass of the box nor the coefficient of static friction
is relevant for determining the magnitude of the frictional force.

Research into  dual- process theories of reasoning

from cognitive psychology suggests ways to improve

classroom instruction in physics.

Students and experts
need to be both
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question often abandon that approach on closely related
 problems— even when those  follow- up questions are posed
just minutes or seconds later. That tendency can persist even
after extensive instruction devoted to conceptual understand-
ing and qualitative reasoning. As an instructor, you may won-
der why students apply concepts, principles, and intuition in
such a selective manner. More importantly, if students do pos-
sess the knowledge necessary to reason productively, why
don’t they catch their mistakes?

Reasoning inconsistencies can be puzzling and frustrating
to both instructors and students. Yet research in cognitive psy-
chology suggests that they are a result of general human
processes of thinking and decision  making— and are thus nor-
mal, expected, and inevitable. In fact, studies show that experts
use those same thinking processes to their advantage. Thus in-
structors should be able to anticipate and address inconsisten-
cies in student thinking in a manner that encourages further
learning and reduces frustration.

Our research on the teaching and learning of physics
demonstrates that  dual- process theories (DPTs) of reasoning,
popularized by psychologist Daniel Kahneman, provide a use-
ful lens for understanding how both novices and experts rea-
son in physics.1 DPTs model thinking in terms of both a fast,
automatic process and a slow, effortful process. The theories
allow us to pinpoint mechanisms contributing not only to in-
correct answers and reasoning difficulties but also to produc-
tive  expert- like reasoning pathways. In this article we describe
how DPTs model human cognition and then apply them to the
friction problem from the introductory vignette. We also pre -
sent an analogy for DPTs that suggests some implications for
physics instruction.

 Dual- process theories
Since the early days of scientific inquiry into the human mind,
researchers have worked toward developing general models of
cognition that explain reasoning and decision making in all
contexts. That work has led to DPTs, an influential family of
models that are strongly supported by both neural imaging
and laboratory studies that have examined participants’ per-
formance on various cognitive tasks.2,3

Most DPTs share the same key features. They model human
cognition in terms of interactions between two processes: a fast,
automatic, and subconscious process and a slow, effortful, and
deliberate process. Following other researchers, we will refer
to the former as process 1, or the “intuitive” process, and the
latter as process 2, or the “analytic” process.

The differences between the two can be illustrated by the fol-
lowing question: “A bat and a ball cost $1.10 in total. The bat costs
$1.00 more than the ball. How much does the ball cost?”4 For
most people, the answer 10¢ springs to mind from process 1.
In fact, many immediately and subconsciously embrace that an-
swer as correct without giving it any further consideration. Once
it is revealed that it is incorrect, however, most can determine
through process 2 that the correct answer is 5¢. Thus process 1
provides an immediate response; process 2 is needed to exam-
ine the situation more carefully and determine the correct one.

The interplay between a quick, automatic response and
more deliberate processing can also be observed in student per-
formance on physics problems, as illustrated in the opening vi-
gnette and other examples from our studies.5–7 Specifically,

when one is confronted with a new task, process 1 quickly makes
associations between contextual cues and past experiences
and produces a provisional mental model. In the case of our
vignette, a student may associate more roughness with a
greater frictional force and base their response on that model.
The model cued by process 1 might be applicable in other
 contexts— that is why it is a learned  association— but not nec-
essarily to the situation at hand.

Incorporating intuition
DPT models also help researchers build a more formal charac-
terization of intuition. Physicists value intuition and rely on it
when practicing physics. Often, physics instructors stress that
they want their students to develop physical intuition without
carefully defining what that means. How can educators im-
prove instruction toward a goal that is so vaguely defined? Al-
though a precise definition of physical intuition remains elu-
sive, DPTs offer some clues. Social scientist Herbert Simon once
provided a parsimonious and pragmatic definition of intuition
as “nothing more and nothing less than recognition.”8 In other
words, intuition is the outcome of process 1: It is a quick and
unconscious model or impression arising from associations
based on past experiences. When a person says, “my intuition
is that . . . ,” they mean, “process 1 is telling me . . .”

Although physicists claim to value intuition, sometimes it
is viewed negatively. For example, when a student’s intuition
leads to an erroneous response, their thinking is often de-
scribed as everyday or informal and contrasted unfavorably
with supposedly more sophisticated formal and analytical
thinking. Yet intuition is also an indispensable component of
expertise.9,10 Experts possess an extensive repertoire of prior ex-
periences, including recovery from errors, and learn to recog-
nize appropriate cues and associate proper models. In fact, ex-
perts often automate formal processes so that they become
effortless and intuitive. For instance, physicists may use intu-
ition from their experience with conservation laws to constrain
possible outcomes of a physical situation.

In the case of our introductory vignette, an expert will intu-
itively know that Newton’s second law is the relevant concept
and rapidly recognize that the question is about balanced
forces. Their experience will lead them to correctly ignore
seemingly alluring yet extraneous information, such as the dif-
fering coefficients of static friction. For the expert, intuition
thus provides a quick, effortless solution and conserves cogni-
tive resources for more challenging situations.

µs = 0.5

µs = 0.4

µs = 0.6

T = 30 N

T = 30 N

T = 30 N

Box A

Box B

Box C

a b

FIGURE 1. TWO PROBLEMS given to students in an introductory-
physics class. (a) The initial problem involves a single box at rest on
a rough, level surface while a horizontal 30 N force is applied to it.
(b) The  follow- up question involves two boxes at rest on surfaces of
differing roughnesses; both boxes remain at rest when pulled by
horizontal forces of equal magnitude.
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Importantly, according to DPTs, the quick, subconscious
process 1 cannot be turned off; we all perceive the world
around us through its lens. It is overwhelmingly prevalent in
everyday life, in which it is highly efficient and quite accurate
in guiding judgments most of the time. As such, the output of
process 1 serves as the entry point in most reasoning paths. The
slow and deliberate process 2 may intervene to evaluate the
output of process 1, but if a reasoner is confident in their first
 impression— for example, “the ball costs 10¢”—process 2 is cir-
cumvented and the first available mental model yields the final
response. In physics, that can lead to reasoning pitfalls.

Reasoning pathways
To illustrate DPT models in greater detail, consider the opening
vignette. In figure 2 we illustrate pathways to a solution to the
problem, as predicted by DPTs of reasoning, along with four
possible hazards,  A– D.

The first step is recognition, which is led by process 1. After
reading the question, the student subconsciously recognizes a
provisional mental model based on prior experiences, expec-

tations, and contextual cues. In the case of the vignette, the
problem contains two main features that compete for attention.
The salience of an irrelevant  feature— namely, the differing co-
efficients of static friction μs—will distract many students from
the relevant feature, which is that the boxes remain at rest. As
a result, process 1 prompts many students to erroneously in-
terpret the problem as being about frictional forces and surface
roughness.

That intuitively appealing but incorrect model, illustrated
by hazard A in figure 2, presents the first potential setback on
the path to a correct conclusion. Other  students— and presum-
ably  experts— recognize that the situation concerns an object at
rest and requires an application of Newton’s second law. That
more accurate provisional model puts them on a path to a cor-
rect final response that avoids hazard A.

The second step involves a bifurcation: reflection versus
final decision. After the initial mental model is formed, it can
be scrutinized by the slow, logical, deliberate, and analytic
process 2. However, if a reasoner feels confident in the accuracy
of their first intuitive response, the analytic process may be cir-
cumvented, which results in a final decision based only on in-
tuition. Such a direct path from the first intuitive mental model

Path of cognitive frugality

Analysis (processes 1 & 2) 

Recognition 
(process 1)

Reflection

Path of sustained effort

A

A

D

D

Model accepted a�er analysis
or reflection

Provisional
model

B

B

Task initiated

Conclusion

C

C

Knowledge,
experiences,
expectations

Possible hazards

Recognition, or intuition, provides an incorrect 
provisional model.

Reflection is cursory or nonexistent, so the provisional 
model is accepted without scrutiny.

Analysis is biased, flawed, or ineffective, so errors are 
not caught.

Knowledge is missing, weak, or misleading, so errors 
are not caught.

FIGURE 2. A SCHEMATIC MODEL of  pathways— predicted by
 dual- process theories of  reasoning— that students might take when
attempting to answer a problem in physics. When a task or problem
is initiated, students unconsciously recognize a provisional mental
model based on their prior knowledge, experiences, and expectations.
If they accept the provisional model, they proceed down the path 
of cognitive frugality and arrive at a quick conclusion that will likely
be incorrect. If they instead choose to reflect on and analyze that
provisional model, they take the path of sustained effort, which 
can be iterative. Eventually, students accept a model after analysis 
or  reflection and arrive at a conclusion. There are four major 
points,  indicated by the possible hazards  A– D, at which errors in 
reasoning can occur.
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to a conclusion is said to stem from “cognitive miserliness,” a
universal human tendency to spend the least amount of effort
on a cognitive task. We believe that student responses that con-
tain nothing but a statement such as “friction is greater because
μs is greater” are likely a product of that reasoning shortcut.

Direct paths from an intuitive mental model to a final re-
sponse can sometimes be desirable. An expert whose provi-
sional mental model is consistent with a normative response
does not need to engage the analytic process 2 to answer cor-
rectly. For that reason, we prefer the term “cognitive frugality”
to cognitive miserliness. Frugality on some tasks is necessary
if more computationally demanding tasks are to be tackled.
Knowing when it is safe to proceed with the output of process 1
and when it is important to scrutinize that output is essential.
Reasoners with more highly developed cognitive reflection
skills will navigate that juncture more effectively and engage
the analytic process when appropriate.4,11 Failure at that point
is represented by hazard B in figure 2.

Analyzing mental models
If the reasoner avoids hazard B, the third step is explicit analy-
sis. Here, again, there are several ways such an analysis can
fail. For example, reasoners tend to struggle with searching for
alternative solutions or generating counterarguments.12 As
such, the analytic process may be influenced by a process 1
form of confirmation bias in which cognitive resources are de-
voted to rationalization rather than error detection.

For example, a student who thinks that the coefficient of
static friction μs is relevant to the problem posed in the opening
vignette will find quick confirmation for that approach in a
mathematical expression, Ffr = μsN, where Ffr is the frictional
force and N is the normal force that the surface exerts on the
box. That expression is not applicable to the vignette, but it is
often cited by students to validate a response they already be-
lieve to be correct. Such biased or flawed reasoning presents
another significant obstacle on the path to a valid conclusion,
and it is depicted by hazard C in figure 2.

Another threat to the validity of the analytic process is a lack
of a sufficiently robust conceptual framework to evaluate the
output of process 1. For example, some students who are suc-
cessful at applying physics knowledge in straightforward sit-
uations, such as an object at rest, may not know how to use that
knowledge to evaluate an intuitively appealing response in a
more complex situation that involves significant distractions.
They may rely on criteria other than consistency with Newton’s
laws to establish the validity of their argument. For instance,
they might argue that “different coefficients of friction are
given, so they must be relevant to the solution” or that “the for-
mula Ffr = μsN has worked successfully in solving many other
physics problems and therefore is likely to work here as well.”

In fact, some tend to dismiss the outcome of qualitative rea-
soning if it appears to disagree with a mathematical formula
because they perceive formulas to be higher in the hierarchy of
reasoning tactics in physics. One student, for example,
 admitted to us that “people would probably think that the
friction is the same in both cases because neither box moves,
but after applying the formula for static friction, you can see
the force of friction is different.” In other words, an incorrect
 intuition- based mental model can often persist and lead stu-
dents to an erroneous final response.

If correct and relevant formal knowledge is absent or is
not developed to the degree needed to support detecting and
overriding errors, students who engage the analytic process 2
will likely be unsuccessful. That is indicated by hazard D in
figure 2. One student described their failed attempt as fol-
lows: “I tried to formally think it through by trying to remem-
ber the magnitude equations and by thinking of the different
forces or anything that may be relevant to the problem. I was
uncertain with my formal thinking attempt, so I went with my
intuitive reasoning.”

Students who avoid hazard  B— accepting the provisional
mental model without  scrutiny— are following a line of reason-
ing that we term the path of sustained effort, which is also
shown in figure 2. That path can be iterative. If the first loop is
completed without detecting red flags in reasoning, a response
based on the provisional model is accepted and a conclusion is
reached. However, if a reasoner identifies a need to consider
alternatives, their process 1 may suggest a different provisional
model cued by either the same or a different set of ideas, expe-
riences, or expectations. In that case, the reasoning process per-
sists and may undergo multiple iterations. As a result of that
iterative reasoning process, the student may be able to success-
fully override the incorrect provisional model or models and
reach a correct final response.

The more reasoning hazards a person must overcome dur-
ing the analytic process, the more likely they will yield to the
intuitive appeal of their initial model. The reasoning path that

Initial position
(question posed)

Target response

Intuitive response

Direct 
effortful path 

Easy path 

Effortful
path a�er

initial setback 

FIGURE 3. REASONING CHALLENGES in physics can be likened to
a journey through treacherous terrain. The destination, or the target
response, is the lowest point in the terrain. Students are likely to
take the easy path to the intuitive response, represented by a
 depression that is easily mistaken for the destination. On the other
hand, experts are likely to take the direct effortful path and scale 
the ridge with confidence. But even if experts are led astray to the
 intuitive response, their cognitive reflection skills may enable them
to detect a navigation error and proceed to scale the ridge via the
effortful path after initial setback.
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involves detecting and overriding errors is often cognitively
expensive and emotionally unsettling. It is not surprising, then,
that it is also frequently avoided. Adam, an  introductory-
 physics student, provided a nearly perfect response to the
question posed in the vignette: “[The] forces of friction are
equal. . . . Since the boxes have equal force applied while re-
maining stationary, the friction will also be equal. The μs value
is used more for maximum friction before being overcome.”
Adam not only compared the frictional forces correctly but also
articulated why the coefficients of static friction are irrelevant
to the question. Yet even he admitted some uncertainty upon
finishing the friction task: “I applied the formal reasoning to
the best of my ability, unless I thought myself into a wrong an-
swer, which would look idiotic.”13

The terrain analogy
Human reasoning’s dual nature suggests that formal knowl-
edge alone may not be sufficient for productive reasoning. Sit-
uations that tend to elicit intuitively appealing but incorrect re-
sponses are plentiful in physics. Because people cannot turn off
the intuitive process 1, error detection mechanisms must be
highly effective if they are to identify and override an initial
mistake. Moreover, individuals must be motivated to tolerate
the demands of the analytic process 2. We therefore argue that
instructors should take the dual nature of reasoning into ac-
count and help students develop strategies for navigating rea-
soning challenges that can be likened to negotiating treacher-
ous terrain.

The terrain analogy is useful for understanding instruc-
tional implications. Imagine that the task you set for your stu-
dents lands them at an initial position in a hilly region (see fig-
ure 3). They don’t have a map, but they expect their destination
to be the lowest point in the terrain. Although they may not
recognize it, the journey to the actual destination requires them
to traverse a  hill— or, in the problem, to expend some cognitive
effort. However, process 1 provides them with an initial direc-
tion along an easy path. Arriving at a local minimum (the po-
sition marked as the intuitive response in figure 3), students
may not recognize that it is not the actual desired destination.

Our opening vignette can be applied to the terrain analogy.
The destination (realizing that the frictional forces are the
same) is located on the other side of a steep hill that requires
effort to traverse (overriding the appeal of the intuitive re-
sponse and applying Newton’s second law). The information
about coefficients of static friction, however, suggests an easy
stroll to an attractive depression in the terrain (larger μs means
larger frictional force).

That location satisfies several criteria associated with the de-
sired destination: an unambiguous answer supported both by
prior experience with problems in which friction is linked to
surface roughness and by mathematical authority in the form
of a familiar equation. Because of those criteria, it is easily mis-
taken for the  sought- after destination. Climbing out of the de-
pression and exploring more terrain is rejected by many stu-
dents as an unnecessary expenditure of effort (cognitive
frugality).

Although some stay contentedly in that local minimum, ex-
pert reasoners quickly recognize that the easy path, although
attractive, is not the way to their destination. Equipped with
endurance, techniques, and superior travel  gear— that is, moti-

vation, reasoning skills, and formal  knowledge— such experts
are able to scale the ridge with confidence by using the direct
effortful path to the target response, illustrated in figure 3. Even
if experts are briefly led astray, their tendency to explore, using
their cognitive reflection skills, may enable them to detect a
navigation error, emerge from the alluring depression, and pro-
ceed to scale the ridge (indicated in figure 3 by the effortful
path taken after the initial setback).

Experts also have another potential scenario. Their path to
the target may be so well traveled that it has altered the topog-
raphy of the terrain itself, as shown in figure 4. Because those
experts have worn down the path by years of extensive prac-
tice, they no longer require much effort to traverse it. For them,
the automatic and effortless path suggested by process 1 and
the desired path are now one and the same.

Instructional implications
The terrain analogy suggests two strategies for helping stu-
dents. Both have benefits and drawbacks.

The first approach is to primarily focus on flattening the ter-
rain and automating the direct path to the  solution— that is, al-
tering the likely outcome of process 1. If students repeatedly
practice short sample problems, they will begin to recognize
the path to the correct destination on similar problems. Such
an approach will eventually wear down a direct path through
the mountain range and allow students to determine the solu-
tion with little cognitive load. That means that process 1 is now
likely to lead to a rapid, low effort and accurate outcome with-
out engaging process 2.

One significant disadvantage to that approach is that it is
unlikely to help students develop the skills necessary to navi-
gate unfamiliar terrain and solve other kinds of problems. If
they only receive instruction aimed at flattening the terrain,

Terrain worn down
by practice

Initial position
(question posed)

Target response

FIGURE 4. ANOTHER POTENTIAL PATH that experts may take
through the treacherous terrain. Some of them have worn down a
direct path through the mountain through years of extensive prac-
tice on similar problems.
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minor deviations from a  well- traversed path or relatively small
changes in the destination may leave students feeling lost, frus-
trated, and unprepared.

The second approach is to improve students’ endurance,
technique, and “hiking gear”—that is, to boost the likelihood
that process 2 will be engaged successfully. It focuses on using
deliberate reasoning, planning solution paths, analyzing alter-
natives, and evaluating results. To teach those  higher- level
skills, instructors should give students varied and challenging
problems and help them thoughtfully and deliberately practice
general reasoning and  problem- solving strategies.

Part of that approach is aimed at helping students develop
robust strategies for recognizing when they are on the right
path or have reached the right  destination— that is, detecting
errors and overriding them. Research shows that quick fixes,
such as using a single example to address novices’ common in-
tuitive responses, are unlikely to lead to a  long- lasting effect.5
But that does not mean that cognitive reflection cannot be
taught. One effective way to help students develop general rea-
soning strategies is to elicit their intuitive process 1 responses
to various problems and then provide guidance on how they
can evaluate those responses.

Such an approach can help students recognize that some
types of formal knowledge, such as Newton’s second law, can
be used both as a tool for solving a problem (for example, for
an object at rest, forces must balance) and as a criterion for
checking the validity and physical consistency of a provi-
sional response (for example, if the static frictional force in-
creases because μs increases, is Newton’s second law still sat-
isfied?).6 In particular, we argue that instructors should help
students cultivate the habit of questioning their intuitions.
For example, students should be asking themselves such
questions as the following: Is my model valid? What criteria
must it satisfy to be valid? Is it consistent with other relevant
physics principles? Returning to the terrain analogy, that ap-
proach should help students wander, get lost in a ravine, 
reflect, find a way out, and navigate through difficult terrain 
to the solution.

Training processes 1 and 2
There are  trade- offs to the approaches described above. Al-
though automating the solution path can optimize speed and
reduce cognitive load, one cannot practically train on all pos-
sible problem paths. On the other hand, each task that arises
should not require careful and effortful analytical thinking. In-
deed, one hallmark of an expert is how they automate a sig-
nificant number of tasks. Think, for example, about how effort-
lessly a physics instructor builds an integral.

We argue that some processes need to be automated for in-
troductory physics, such as crucial math skills like trigonomet-
ric, algebraic, and vector operations. Improving students’ flu-
ency with essential skills enables their cognitive frugality on
the basic steps needed for more complex reasoning. That, in
turn, frees up their cognitive resources so they can engage in
more computationally expensive analytic processes, such as re-
flection, the search for alternatives, and error detection. Those
are particularly relevant for tasks for which an increased mas-
tery of basic skills alone does not help students flatten the ter-
rain sufficiently.

Overall, we propose that instruction should include both

approaches. Focusing on process 1 is probably best for short,  
one- or  two- step skills and knowledge. To improve such skills,
teachers should use carefully designed, repeated, and spaced
practice problems and give immediate feedback to build and
retain fluency and reduce cognitive load.14 In that way, students
build one aspect of intuition by automating those skills. Initial
studies on that type of approach are promising, although it re-
mains an open question which skills lend themselves well to
automation.

To help students develop approaches to productively en-
gage process 2, instructors may need to provide repeated op-
portunities in multiple contexts. Such instruction will likely re-
quire making the interaction between the two processes visible
to students. Instructors could present them with various sce-
narios, as seen in figure 2, in which hazard A is likely to be en-
countered. Those scenarios are likely to elicit misleading
process 1 responses. Careful guidance could then be provided
for navigating hazards  B– D. As a result, students might learn
how to reflect on an intuitively appealing response, use formal
physics knowledge to check its validity, consider alternatives
if a mistake is detected, and override a mistaken response.

Finally, and perhaps most importantly, we speculate that a
style of physics instruction that makes the dual nature of think-
ing explicit and visible to students may affect teaching in ways
that extend beyond improvements in student performance. It
may help establish an instructional environment that empha-
sizes that careful examination and possible rejection of an in-
tuitive response is a natural part of reasoning and not an indi-
cation of a lack of knowledge or any other deficiency on the
part of the student.

Rather than learn to reflexively discount their intuitions,
students should be taught that intuition and formal knowledge
are both important and  can— and often  do— interact fruitfully.
Such a reframing may also help address a common concern
that incorrect intuitive responses may lead to feelings of in-
adequacy, such as a student saying, “I am always wrong when
it comes to physics, so I am not good enough to stay in the
major.” Classroom discussions emphasizing that initial incor-
rect responses often stem from the dual nature of human think-
ing may help alleviate such concerns and help bolster students’
sense of  self- worth and belonging in physics.
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Giant planet orbits
in the solar system
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 Millimeter- wavelength continuum emission from protoplanetary disks, captured by the
Atacama Large Millimeter/Submillimeter Array. (Data adapted from refs. 6, 7, 14, and 15.)
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Planetary systems are assembled in the disks of gas and solid
particles that orbit young stars. Those disks are byproducts of
 angular- momentum conservation during star formation, and
they are created when a rotating condensation in a giant cloud
collapses under its own gravity. The properties and evolution
of the disk material determine where planets form, how they
grow, what they are made of, and how their orbital configura-
tions can change. In turn, feedback from that early development
of a planetary system influences the behavior of the disk. The
epoch of planet formation is brief: Observational signatures of
disks disappear in less than 10 million years. But even the rel-
atively short burst of mutual interactions with their disk birth
sites profoundly influences the properties of the exoplanets
and solar-system bodies measured today, billions of years later.

It is difficult to learn more about
how those processes work when as-
trophysicists use only direct measure-
ments of young planets. The common
techniques for finding planets are less
effective when the planets are in their
youth, primarily because the enhanced
magnetic activity of their stellar hosts
can hide planetary signals. Instead,
much of the effort and progress relies
on astronomical observations of disks
and in situ measurements of planets
and other bodies in the solar system.
The central goal of that work is to
quantify the spatial distributions of
the physical and chemical conditions
in disks, particularly to hunt for the
telltale signatures of dynamical inter-
actions between the planets and disk
material. Measurements of the disk

properties for different evolutionary states and environments
are essential for refining the theoretical ideas that link young
planets in their formation epoch with their  descendants— the
populations of mature exoplanets and the planets in the solar
system.

A  planet- formation primer
Even early observers of the solar system had an implicit under-
standing that planet formation occurs in a rotating disk, be-
cause they recognized that the planets orbit the Sun in the same
direction and confined to a narrow ecliptic plane. The devel-
opment of a modern planet formation theory began in the
1960s and advanced along parallel tracks in the planetary sci-
ence and astronomy communities. By the 1990s, those efforts

Sean M. Andrews

It is striking to recognize that we have been aware of planets 
orbiting other stars for only the past quarter century. More than
4300 of those exoplanets have been cataloged by astronomers in
that time. Statistical extrapolations from that population suggest
that more than one planet orbits each star, on average.1 The big

questions in astrophysics research have always been concerned with
origins. The abundance of new worlds allows us to establish the
context for our solar system and to refine ideas about the creation,
evolution, and biological potential of planets. Of the many exciting
discoveries made about exoplanets, perhaps the most profound is
their diversity. No one knows how common a planetary configuration
like our solar system may be, but it’s clear that a much broader range
of planetary properties exists than we can find among our immediate
neighbors. Much of that variety is thought to be imprinted at the
epoch of planet formation.

Astronomical observations of gas, dust, and rocky material in

the disks from which planets emerge help refine theoretical

ideas about how they form. 

The structures of 
protoplanetary disks
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had converged into the “ core- accretion” paradigm. That model
considers the evolution of a trace (approximately 1% by mass)
population of  planetesimals— solid building blocks, roughly
comparable to large  asteroids— embedded in a massive gas disk. 

In the original theory, the swarm of planetesimals grows
slowly, over roughly a million years, by constructive collisions
into a population of rocky planetary cores. If the growth is effi-
cient enough to reach a critical mass (a few times Earth’s mass),
then each core can rapidly acquire an atmosphere with tens to
hundreds of times Earth’s mass and form a giant planet like
Saturn or Jupiter. The masses, initial orbits, compositions, and
subsequent evolution of such planets are primarily controlled
by the spatial distributions of density and temperature in their
progenitor material: the disk.

One of the major challenges for the core-accretion model is
associated with initial conditions: How does a disk produce
planetesimals in the first place? The solids that a disk inherits
from the interstellar medium are  small— perhaps a few mi-
crons across. The model’s viability hinges on the ability of those
small particles to grow in size by at least 10 orders of magni-
tude within a million years. Numerical simulations of the par-
ticle growth, grounded in results from microgravity collision
experiments, indicate that millimeter- to  centimeter- sized peb-
bles are produced easily.2 Subsequent growth is problematic,
though. Classical models assume a smooth disk structure, in
which gas densities and temperatures decrease monotonically
with distance from the host star. That would be expected from
 gravitational- collapse models, in which the primary heating
mechanism is stellar irradiation. 

In that case, the dynamical contribution of pressure support
means the gas orbits slightly below the Keplerian velocity. As
solids in a particular size range decouple from the gas, the  sub-
 Keplerian flow imparts a drag force that saps the solids’ angu-
lar momentum and sends them spiraling in toward the global
pressure maximum near the star. That process is especially ef-

fective for pebbles: They migrate faster than they can collide
and grow in the  planet- forming zones of most disks.3

One family of possible solutions to the planetesimal growth
problem invokes two modifications to the simple picture of
growth by binary collisions. First, and most importantly, the
solutions assume that the gas distributions in disks must not
be smooth. Local pressure maxima perturb the gas flow, and
thereby the aerodynamics of the solids. Even relatively  low-
 amplitude pressure deviations can slow or stop migrating peb-
bles.4 Second, the solutions presume that the concentrations of
solids near such pressure traps can become high enough to
trigger a growth instability or direct gravitational collapse that
rapidly converts pebbles into much larger solids.5 The key uni-
fying hypothesis is that the production of  planetesimals— and
therefore the viability of the  core- accretion model of planet
 formation— requires that localized perturbations, known as
substructures, in the physical conditions are robust and funda-
mental aspects of protoplanetary disks.

Astrophysicists have proposed many different physical ori-
gins for the hypothesized disk substructures. Most fall into two
broad categories. In one class, perturbations are associated
with various  fluid- dynamics processes in the gas  disk— from
turbulence, to hydrodynamic instabilities, to coherent magne-
tohydrodynamical structures, and beyond. The basic idea is that
the gas disk naturally generates its own substructures, which
then act as pressure traps to concentrate migrating solids and fa-
cilitate planetesimal formation. Another class of proposals con-
siders that disk substructures are generated by interactions
with  already- forming young planets. Once a planet is suffi-
ciently massive, it can clear a gap in the material around its
orbit, drive spiral arms that shock the gas well away from its
location, seed hydrodynamic instabilities (vortices, for in-
stance), and potentially perturb more of the disk through its
own migration. The important distinction between the two cat-
egories is that the first is a cause of planet formation, whereas

FIGURE 1. ALMA. Shown here are a few of the 66 antennas
that make up the Atacama Large Millimeter/Submillimeter
Array interferometer, located on the Chajnantor Plateau in
the Atacama Desert in Chile. Over the past few years, ALMA’s
exquisite sensitivity and resolution have revealed that the
disks around young stars are riddled with substructures. The
details are revolutionizing our understanding of the planet
formation process. (Image by D. Korden/ESO.)
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the second is an effect of it. They are not mutually exclusive,
but the latter implicitly presumes that an earlier generation
of disk substructures was created by the former.

The ALMA revolution
Measurements of the prevalence, locations, morphologies,
sizes, and amplitudes of disk substructures are essential for
assessing the roles of those mechanisms. Put simply, a deeper
understanding of planet formation requires observations that
find and characterize substructures. Pebbles are the optimal
probes. They should show the  highest- amplitude perturbations
in their spatial distributions, given their concentrations near gas
pressure maxima. Pebbles absorb and  re- emit starlight as ther-
mal continuum radiation, with a peak efficiency at the mil-
limeter wavelengths detectable by radio telescopes. Although
contrast is highest for the  millimeter- wavelength intensity
variations from substructures, resolution is a challenge. Sta-
ble perturbations to the gas disk have a characteristic size com-
parable to the  pressure- scale height H (the ratio of the local
sound speed and the Keplerian angular velocity). For typical
disk properties, H is  5– 10% of the roughly  10– 100 AU sepa-
ration from the host star. That size implies that most sub-
structures span only a few astronomical units. (An AU, the
mean  Earth– Sun distance, spans roughly 1.5 × 1011 m.)

Given the distances to the nearest disks, those expected
sizes suggest an  angular- resolution requirement of 0.03 arcsec.
That’s equivalent to resolving an airplane on the Moon. At a
wavelength of 1 mm, that resolution corresponds to the dif-
fraction limit for a telescope with a diameter of 10 km. Because
a single aperture that size is an engineering impossibility, the
solution is to link together many smaller apertures and form
an interferometer. The necessary combination of sensitivity
and resolution only recently came together with the commis-
sioning of the revolutionary Atacama Large Millimeter/
Submillimeter Array (ALMA), shown in figure 1. Constructed
by an international partnership of 22 countries, ALMA is the
largest  ground- based astronomical observatory in the world.
Located in the Atacama Desert in Chile, it is designed to mea -
sure continuum and spectral line emission at wavelengths of
0. 3– 7 mm with exquisite sensitivity. The 66 antennas can be
arranged to probe spatial scales comparable to a telescope with
a 16 km diameter.

Even before the  highest- resolution configurations of the
ALMA antennas were commissioned, hints of disk substruc-
tures were emerging in images that probed scales down to  10–
 20 AU. They included observations of “transition” disks, a  sub-
 group representing about 10% of the population of all disks
and defined by the depletion of continuum emission in a large
inner zone, tens of astronomical units from the host star. But
notably, annular variations of the continuum emission were
being serendipitously uncovered in a few disks that did not fall
into that category. 

In the fall of 2014, the ALMA staff first experimented with
the most extended antenna configurations to achieve very high
resolution. One of their targets was the disk around the very
young star HL Tauri, previously argued to have a smooth emis-
sion distribution on 15 AU scales. The new ALMA measure-
ments at 4 AU resolution showed a stunning morphology rid-
dled with  substructures— narrow, concentric, dark gaps and
bright rings distributed to about 100 AU from the star (see the

first disk6 above the one in the bottom left in the gallery on
page 36). In the next available observing season that year, I
worked with a team that used a similar ALMA antenna config-
uration to measure another ring and gap morphology in the
disk around TW Hydrae (see the bottom left image7 on page 36).
As a few more cases followed, it became clear that the goals of
finding and characterizing disk substructures were readily
achievable with ALMA. 

Over the past few years,  high- resolution ALMA observa-
tions have continued to uncover examples.8 Substructures are
 ubiquitous— they are found in all disks that have been ex-
plored with sufficient resolution to identify features at sizes
comparable to the local scale height. The most common mor-
phology is a set of narrow, concentric, and symmetric rings and
gaps; a subset of cases shows more complex spirals or arc fea-
tures. In the arc morphologies, rings and gaps are often also
present. Substructures do not appear to have any preferential
locations: They are found at any separation from the host star,
from the inner resolution limit of a few astronomical units to
the outer reaches where the millimeter continuum can be de-
tected, more than 200 AU in some cases. 

Complementary insights
Although researchers have learned much about disk substruc-
tures in a short time, the samples available to study are still rel-
atively few and biased. The focus so far has been on the
brighter, larger disks that are preferentially found around stars
with masses comparable to the Sun or larger. Although the
samples of millimeter continuum measurements help probe
systems more representative of the general disk population,
the immediate focus in the field has shifted to  more- detailed
explorations of substructure properties in individual case stud-
ies. An important aspect of that work involves a joint analysis
with complementary tracers of disk material, particularly those
that are more directly sensitive to substructures in the gas phase.

One such tracer relies on the optical and IR starlight re-
flected by  micron- sized dust particles suspended in the disk

Shadows

30 AU30 AU
VLT 1.2 µmALMA 2 mm

a b

FIGURE 2. THE DISK around the young star SAO 206462, viewed in 
(a) the thermal continuum emission at a wavelength of 2 mm, from 
the Atacama Large Millimeter/Submillimeter Array (ALMA), and (b) the
scattered starlight at a wavelength of 1.2 μm, from the 8. 2- m- diameter
Very Large Telescope (VLT). The strikingly different morphologies
 indicate the decoupled behaviors of the large particle in the midplane
(panel a) and small solid particles in the atmosphere layers (panel b) 
of the disk. The narrow shadows (marked by arrows) in the  scattered-
 light image suggest vertical perturbations at smaller separations from
the central host star, not seen here. (Panel a adapted from ref. 16; panel
b adapted from ref. 17.)

pt_Andrews0821__article  7/14/2021  1:18 PM  Page 39



40 PHYSICS TODAY | AUGUST 2021

PROTOPLANETARY DISKS

­atmosphere—­the­gas­ that­extends­vertically­above­ the­dense
disk­ midplane.9 With­ the­ Hubble Space Telescope or­ large
­ground-­based­observatories­with­ adaptive­optics­ systems­ to
correct­for­the­blurring­effects­of­Earth’s­atmosphere,­the­scat-
tered­ light­ can­ be­ measured­ at­ a­ resolution­ comparable­ to
ALMA’s.­In­many­cases,­the­observed­morphology­is­quite­dif-
ferent­from­the­millimeter­continuum­emission.­Figure­2­shows
a­striking­example.­Various­factors­contribute­to­those­contrast-
ing­appearances­but­the­key­insights­are­that­each­tracer­probes
a­different­vertical­location­in­the­disk­and­a­different­phase­of
the­disk­material­(either­the­small­dust­grains­that­are­coupled
with­the­gas­or­the­pebbles­that­are­not).­A­combined­analysis
of­those­complementary­tracers­can­be­used­to­study­the­­three-
­dimensional­behavior­of­substructures­and­the­associated­­gas–
­solid­interactions,­both­of­which­are­crucial­for­discriminating
between­models­of­substructure­origins.

Another­interesting­aspect­of­scattered-light­images­is­their
sensitivity­to­vertical­substructures­in­the­inner­disk,­even­well
below­the­resolution­limit.­Vertical­perturbations­at­small­disk
radii­can­block­starlight­from­illuminating­the­material­at­much
larger­ distances.­ The­ intensity­ variations­ induced­ by­ those
shadows­are­common,­and­sometimes­their­motions­can­even
be­ tracked­ over­ time.­That­ behavior­ is­ often­ attributed­ to­ a
warped­geometry,­an­orbiting­perturber,­or­stochastic­upwelling
of­material­near­the­inner­disk­edge.­In­any­case,­the­shadows
suggest­again­ that­ substructures­are­3D­and­persist­even­on
very­small­scales.­

A­complementary­option­for­tracing­substructures­is­to­di-
rectly­probe­the­gas­reservoir.­Most­of­the­disk­mass­is­cool­mo-
lecular­hydrogen­gas,­but­because­of­its­lack­of­a­permanent­di-
pole­ moment­ and­ typical­ disk­ conditions,­ that­ reservoir­ of
material­is­effectively­dark.­ALMA,­however,­can­observe­the
spectral­line­emission­from­pure­rotational­transitions­of­other
simple­molecules,­such­as­carbon­monoxide,­to­probe­the­gas
distribution.10 Those­measurements­ can­ be­made­ simultane-
ously­with­ the­ millimeter­ continuum­ and­ therefore­ achieve
comparable­ resolution.­The­ emission­ from­different­ spectral
lines­ probes­ the­ gas­ in­ different­ vertical­ layers.­ Combined

measurements­of­the­lines­allow­researchers­to­reconstruct­the
3D­behavior­of­substructures­based­on­the­variations­in­their
line­intensities­and­ratios.­Moreover,­comparing­the­behavior
of­various­gas­species­can­help­disentangle­any­compositional
changes­associated­with­those­substructures.­That­mapping­of
­spectral-­line-­intensity­ variations­ to­ reveal­ more­ about­ sub-
structures­ is­really­ just­getting­started.­Even­so,­early­results
are­promising.­

Alternatively,­ the­ same­ spectral­ line­data­ can­ be­used­ to
probe­substructures­through­their­kinematic­perturbations­of
the­gas­velocities.11 ALMA­observations­provide­spatially­re-
solved­maps­of­the­spectral­line­emission­at­resolutions­of­100­m/s
or­better­in­projected­velocity.­That’s­sufficient­to­measure­de-
viations­as­ small­as­a­ few­percent­ from­a­ smooth­Keplerian
flow.­The­ ­larger-­amplitude­deviations­can­be­seen­directly­in
spectral­line­images,­as­demonstrated­in­figure­3.­Observations
of­those­deviations­in­multiple­spectral­lines­could­be­used­to
reconstruct­the­3D­behavior­of­the­gas­flows­near­substructures
and­ thereby­ determine­ the­ associated­ pressure­ gradients
around­ the­ local­maximum.­Linking­ the­dynamical­ informa-
tion­with­the­complementary,­­intensity-­based­constraints­from
spectral­ lines,­ the­millimeter­ continuum,­ and­ scattered­ light
promises­ to­provide­detailed­quantitative­ constraints­on­ the
substructure­properties.­That­ information,­ coupled­with­hy-
drodynamics­simulations,­will­be­essential­for­determining­the
mechanisms­responsible­for­generating­the­foundational­per-
turbations­in­disks.

Current landscape, new directions
Planet­formation­research­has­experienced­a­profound­shift­in
the­past­few­years,­as­observations­have­forced­astronomers­to
appreciate­ that­ ­small-­scale­ substructures are­an­essential­as-
pect­of­the­disks­around­young­stars.­As­I’ve­mentioned,­those
perturbations­to­the­conditions­of­a­disk­appear­to­be­ubiqui-
tous­and­are­usually­symmetric­and­small,­with­sizes­compa-
rable­to­the­local­­pressure-­scale­height.­The­available­samples
show­that­they­do­not­seem­to­have­a­preferential­location­in
the­disk­or­ any­ association­with­ their­host­ stars.­Concentric

a b c

100 AU 100 AU 100 AU

Position of star

Smooth model ALMA dataPerturbed model

FIGURE 3. KINEMATIC SUBSTRUCTURES reveal themselves in subtle deviations from a smooth, Keplerian rotation model in spatially and
spectrally resolved maps of molecular spectral line emission. These panels show the carbon monoxide emission maps for (a) a smooth model,
(b) the same model perturbed by a planet twice as massive as Jupiter orbiting at 260 AU, and (c) real Atacama Large Millimeter/Submillimeter
Array (ALMA) observations of the disk around a young star. The kinks in the white boxes of panels b and c are indicative of a kinematic
 perturbation to the gas flow. Note that the panels plot only a portion of the spectral line and don’t resemble the usual morphology of a disk.
(Models in panels a and b courtesy of Jaehan Bae; data in panel c adapted from ref. 14.)
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rings and gaps seem to be the most common morphology. Al-
though researchers have learned much about substructures,
they are still in the early stages of interpreting  high- resolution
data to determine the substructures’ properties.

In general, the mechanisms that form those substructures re-
main unclear. Researchers do not yet know whether they are
sites of planetesimal formation or signs that planetary systems
already exist and are interacting with material in their birth
sites. For some of the most striking examples, support is growing
for the latter possibility. Much of the confidence in that hypoth-
esis comes from hydrodynamic simulations of  planet– disk in-
teractions, which predict the gaps and rings observed in the mil-
limeter continuum emission, and from the few cases that show
pronounced and spatially localized perturbations in the spec-
tral line emission.12 Moreover, at least one case  exists— the re-
markable PDS 70  system— in which young giant planets still ac-
creting their own circumplanetary material have been directly
imaged and are clearly associated with disk substructures.13

If support for that possibility firms up and can be generalized,
the simulations suggest that giant planet formation is well un-
derway at  10– 100 AU separations at ages less than a million years
old. That’s much faster than would naively be expected in the
classical  core- accretion model. Figure 4 shows the best estimates
of young planet masses and orbits inferred from disk substruc-
tures, relative to the known planet population. The efficiency im-
plied by those inferred planetary properties suggests that the
epochs of planet and star formation overlap. Planetesimal and
planetary core formation are therefore more robust than one

would traditionally expect. An important test of that idea is
to search for substructures in even younger disks, still em-
bedded in their  star- forming envelopes.

Ultimately, the final assessment of the viability of the
 planet– disk interactions hypothesis will come through di-
rect imaging searches for young planets in the gaps in
those disks. Some of that work is already underway and
takes advantage of the fact that those systems shine sub-
stantially brighter than just their photospheres, because of
their own compact circumplanetary dust disks and asso-
ciated accretion flows. But the near future promises a con-
siderable improvement in the sensitivity to  lower- mass
planets at smaller separations from their host stars. That
improvement will come from the James Webb Space Tele-
scope, planned to launch this autumn, and a new suite of
large,  30- m- diameter  ground- based observatories planned
to be constructed over the next decade. Eventually, statis-
tical comparisons of the distributions in mass and orbital
semimajor axes for the young planets and the older exo-
planet populations will provide a definitive constraint on
planetary migration histories.

Studying disk substructures in increasing detail is also
exciting. Astronomers are looking forward to improve-
ments in existing facilities, such as ALMA, and to the devel-
opment of new observatories that will push the resolution
frontier. For example, the proposed next-generation Very
Large Array, a radio interferometer that will specialize in
longer,  centimeter- scale wavelengths, will be able to resolve
substructures at  sub- astronomical- unit scales in the inner-
most parts of nearby protoplanetary disks. The combined
access to such features from new and existing facilities
promises that protoplanetary disk observations will con-

tinue to help refine our understanding of planet formation in
the years to come.

I thank David Wilner and Rich Teague for their comments and sug-
gestions, and Jaehan Bae, Myriam Benisty, and John Carpenter for
kindly sharing their results to help with the figures.
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FIGURE 4. ESTIMATED MASSES and orbital locations for hypothesized
planets (blue) that would clear the gaps in young disks observed with the
Atacama Large Millimeter/Submillimeter Array,12,18 compared with the
known population of exoplanets (squares) and planets (diamonds) in our
solar system. The exoplanet data are colored according to how they were
detected: light blue for transits across a star, orange for radial velocity
variations, red for gravitational microlensing, and green for  direct imaging.
(Data collated from the NASA Exoplanet Archive.) The masses and orbital
locations inferred from disk substructures mostly  occupy a swath of 
parameter space that has not yet been well searched for mature exoplanets.
New facilities, however, will provide access to the older exoplanets with
those masses and orbital locations and thereby  enable tests of planetary
systems’ evolutionary pathways.
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Microchip

An international collaboration aims to couple ultrafast lasers
with integrated photonics to create  chip- scale devices.
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Joel England is a lead scientist and head of accelerator operations for the Ultrafast Electron
Diffraction Group at SLAC National Accelerator Laboratory in Menlo Park, California.
Peter Hommelhoff holds the chair of laser physics and is a professor of physics at  Friedrich–
 Alexander University  Erlangen– Nuremberg in Germany. Robert L. Byer is the William R.
Kenan Jr Professor of the School of Humanities and Sciences, a professor of applied physics
at Stanford University, and member of the SLAC photon science department.

Efforts are consequently underway to develop more com-
pact, less expensive accelerator technologies. One approach, a
dielectric laser accelerator (DLA), uses an ultrafast IR laser to
deliver energy to electrons inside a  microchip- scale device. 
Efficient, ultrafast  solid- state lasers and semiconductor fabri-
cation methods developed over the past two decades have en-
abled a new breed of photonic devices that can sustain accel-
erating fields one to two orders of magnitude larger than
conventional  microwave- cavity accelerators.

The approach has the potential to dramatically shrink par-
ticle accelerators, thereby enabling ultrafast tabletop electron
diffraction and microscopy experiments and tunable  x- ray
sources. An international effort is now underway to develop
a  laser- driven accelerator integrated on a silicon photonics
platform: an “accelerator on a chip.”

Technological evolution
A conventional particle accelerator uses a series of metallic cav-
ities powered by microwave energy to continuously accelerate
bunches of charged particles traveling through it. Similar to a
surfer riding on an ocean wave, particles in the accelerator ride
an electromagnetic wave and either gain or lose energy depend-
ing on whether they are located at a peak or trough along the
radiation’s wavelength, which is on the order of 10 cm in con-
ventional accelerators.

Shortly after the first laser was demonstrated at Hughes Re-

search Laboratories in 1960, scientists
began envisioning ways to harness the
newly realized power for particle ac-
celeration. The idea was appealing 
because the corresponding reduction
in wavelength by four orders of
 magnitude— from the RF regime of
conventional microwave accelerators
to the optical regime of  lasers—
 implied shrinking accelerator struc-
tures down to the micron scale.

But the required technology for
 laser- driven accelerators did not exist
in the 1960s. It took several decades
for  solid- state lasers, optical materi-
als, and nanofabrication to reach the
point where researchers could pursue

the idea in earnest. Also, metals were the prime candidates 
for shaping the accelerating fields, but they can’t withstand 
the necessary large optical power levels because they absorb
too much. Then, in the 1990s, researchers had the idea to 
use optically transparent dielectrics. That idea enabled the 
creation of the Laser Electron Acceleration Program (LEAP),
which was based at Stanford University and SLAC in the 
early 2000s and aimed to realize a fully  laser- driven particle 
accelerator.

LEAP led to one of the first demonstrations of  laser- driven
acceleration. The scheme used the  so- called inverse transition
radiation effect, in which a laser was shone onto a material
 boundary— a thin gold  foil— that sat in the path of a  high-
 energy electron beam.1 The laser’s electric field terminated at
the boundary on a half cycle, so the truncated laser field gave
the particles an accelerating “kick.” The interaction distance in
the  proof- of- principle experiment, however, was limited to one
half of an optical cycle, or less than 1 µm.

A key realization from those early experiments was that to
make an efficient  laser- driven structure, one should take ad-
vantage of the high damage threshold and low losses of dielec-
tric and semiconductor materials. The laser in the LEAP exper-
iments had to operate above the damage threshold of the metal
surface to produce a measurable electron energy gain, so the gold
film was mounted on a reel that refreshed the surface between
each laser shot. Transparent dielectrics and semiconductors, on

P article accelerators are among the most important 
scientific tools of the modern age. Major accelerator 
facilities, such as the 27- km- circumference Large
Hadron Collider in Switzerland, where the Higgs boson
was recently discovered, allow scientists to uncover

fundamental properties of matter and energy. But the particle energies
needed to explore new regimes of physics have increased to the TeV
scale and beyond, and accelerator facilities based on conventional
technologies are becoming prohibitively large and costly. Even  lower-
 energy,  smaller- scale accelerators used in medicine and industry are
often cumbersome devices; they can weigh several tons and cost
millions of dollars.

pt_England0821__article  7/15/2021  9:57 AM  Page 43



44 PHYSICS TODAY | AUGUST 2021

MICROCHIP ACCELERATORS

the other hand, can sustain accelerating field strengths that
greatly exceed those of conventional particle accelerators. Var-
ious  all- dielectric  high- gradient accelerator designs have since
been proposed. (For a review of DLA designs, see reference 2.)

In 2011 the authors of this article forged a collaboration
with Purdue University and  Tech- X, a commercial accelera-
tor code developer in Boulder, Colorado. The program, AXiS 
(Advanced X Ray Integrated Sources), was a successor of LEAP
and was sponsored by the US Defense Advanced Research
Projects Agency. It was aimed at developing ultracompact 
accelerator technologies for portable medical imaging appli-
cations. Under the newly formed collaboration, the first  high-
 gradient demonstrations of laser acceleration in nanostructured
devices were conducted in parallel experiments at SLAC and
at  Friedrich– Alexander University (FAU)
 Erlangen– Nuremberg in Germany in col-
laboration with the Max Planck Institute of
Quantum Optics (MPQ).

A tale of two experiments
Both the SLAC and FAU/MPQ experi-
ments were conducted with fused silica de-
vices. To make the tiny chips work as par-
ticle accelerators, periodic features were
precisely fabricated along a vacuum chan-
nel through which the electrons would
propagate. The periodic ridges spatially
modulated the incoming laser phase fronts
to match the accelerated electrons. Because
the wavelength of the  near- IR light that
generated the force on the electrons was
close to 1 µm, the dimensions of the inter-
nal structure’s features and electron chan-
nel had to be around the same size.

A good first step for demonstrating a
new acceleration mechanism is to send a
test beam of particles through the device

and observe the particles’ energy distribution, or spectrum, fol-
lowing the interaction. The SLAC experiment used the 60 MeV
electron beam provided by a conventional RF accelerator, the
Next Linear Collider Test Accelerator, that had been converted
into a test bed for developing new concepts. In a  David- and-
 Goliath juxtaposition of size scales, the first DLA trial used a
50- m- long conventional accelerator facility to test some of the
smallest particle accelerators ever built (see figure 1).

In late February 2013, two years of preparation finally paid
off. As an automated shutter turned a laser on and off, the en-
ergy spectrum of the electron beam passing through the device
shifted dramatically and unmistakably, thereby indicating the
presence of large accelerating fields. Stanford graduate stu-
dents Edgar Peralta and Ken Soong volunteered to run the 

a b

FIGURE 1. THE SIZE CONTRAST between conventional accelerator facilities and  chip- based accelerators is dramatic. (a) The Next Linear
Collider Test Accelerator facility at SLAC was used for early  laser- acceleration experiments in 2012–15. (Image courtesy of the Archives and 
History Office/SLAC National Accelerator Laboratory.) (b) The first dielectric laser accelerator chips demonstrated at SLAC were made of
fused silica and were each the size of a grain of rice. (Image courtesy of Christopher Smith/SLAC National Accelerator Laboratory.)

FIGURE 2. THE CONTROL ROOM at SLAC’s Next Linear Collider Test Accelerator facility
was the setting for an overnight experimental run led by Stanford students Edgar 
Peralta (right) and Ken Soong. Their successful experiment was one of a pair that would
change the trajectory of research in dielectric laser acceleration and set the stage for 
an international effort to develop miniaturized particle accelerators. (Image courtesy 
of Ken Soong.)
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experiment overnight to collect as much
data as possible before the experiment shut
down. At 4:05am they took the photograph
shown in figure 2. Both were smiling because
they knew they had reached an important
 milestone— and had likely secured enough
data to complete their PhDs.

Subsequent analysis of the data showed
that the measured variation in the final elec-
tron energy corresponded to an accelerating
gradient, or energy gain per unit length, in
excess of 300 MeV/m, which is about 10 times
as high as typical operating gradients in
conventional microwave accelerators. A scan-
ning electron micrograph image of the DLA
structure and corresponding field pattern are
shown in figure 3a.

Around the same time that the experi-
ment at SLAC was taking place, graduate
student John Breuer, working with one of us
(Hommelhoff) at MPQ, performed a similar
experiment. It used a smaller and  lower- energy (28 keV) elec-
tron source based on a modified electron microscope column.
The column came from an old, malfunctioning electron micro-
scope at MPQ and required three years of refurbishment to be-
come an electron source for DLA experiments.

The accelerator structure consisted of an optical grating that
was open on one side, as shown in figure 3b. In general, enclosed
structures offer better field uniformity and improved coupling
of the external laser to the accelerating mode. But the open struc-
ture allowed for easier alignment and avoided the difficulties
involved in transporting electrons through a narrow channel.

One consequence of using slower electrons was that for a
similar laser wavelength, the accelerator’s  small- scale  features—
 the grating  teeth— would have needed to be  one- third the size
to match the speed of the accelerating wave to the particle ve-
locity. But that challenge was surmountable. The MPQ team ac-
quired  custom- made  single- sided gratings and used their laser
to excite a harmonic mode with triple the frequency to accel-
erate the particles. Breuer observed a signal of accelerated elec-
trons with 25 MeV/m accelerating gradient, which was compa-
rable to that in conventional accelerators. But the new setup had
the potential to significantly improve either by incorporating
alternate structure choices or by operating at the fundamental
harmonic, where the coupling between the laser field and the
structure is stronger.

The SLAC/Stanford and FAU/MPQ demonstrations were
both experimental firsts and demonstrated several interrelated
concepts: that  microstructure- based laser acceleration could be
used for both subrelativistic and relativistic particles, that ac-
celeration could be performed using harmonics of the laser wave-
length, and that accelerating gradients meeting or exceeding
those of conventional accelerators were possible in DLAs. It
took about six months to analyze and write up the results, which
appeared online in separate journals on the same day.3,4

Collaboration fosters innovation
The initial experiments garnered some attention in the press,
and that coverage caused the phrase “accelerator on a chip” to
gain traction. Building on the strong collaborations formed

under LEAP and AXiS, in 2015 we assembled an international
team of scientists and accelerator engineers with an array of ex-
pertise spanning accelerator science, photonics, laser technol-
ogy, materials science, computer simulation, and nanofabrica-
tion. The team included six universities (Stanford, FAU, Purdue,
UCLA, the Technical University of Darmstadt, and the Univer-
sity of Hamburg), three government labs (SLAC in the US; the
German Electron Synchrotron, or DESY, in Hamburg, Germany;
and the Paul Scherrer Institute in Switzerland), and one indus-
trial partner ( Tech- X). At the invitation of the Gordon and Betty
Moore Foundation, the team submitted a proposal to bring laser
acceleration from a demonstration of principle to a fully func-
tional  feedback- controlled particle acceleration device by the end
of 2022. The proposal was reviewed and funded in 2015 for a
 five- year period.

We named the collaboration Accelerator on a Chip Inter -
national Program, or ACHIP. The newly formed program was
tasked with generating and controlling electron beams with a
conceptually new technology and with much stricter tolerances
than are required for more conventional approaches. We were
proposing a radical change in the entire paradigm of future ac-
celerators. The concrete goals of ACHIP are a 1 MeV particle
accelerator on a chip and optical control of  so- called transverse
effects, which include  extreme- UV (XUV) and  x- ray photon gen-
eration from the wiggled electron beam and optical focusing.
The vacuum chamber containing the electron source, electron
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FIGURE 3.  CHIP- SCALE ACCELERATORS made from fused silica
were employed in two seminal  laser- acceleration experiments in
2013. (a) The SLAC/Stanford University experiment used a  dual-
 sided structure (top) with a 400- nm- wide channel for uniform field
excitation (bottom). (Adapted from ref. 3.) (b) The experiment at
 Friedrich– Alexander University  Erlangen– Nuremberg used an  
open- grating geometry (top) driven at the third harmonic, as 
illustrated by the contour plot (bottom). The grating’s periodicity
(purple) corresponds to three periodic repetitions of the longitudinal
electric field. (Adapted from ref. 4.) In both experiments, periodic
nanofabricated features match the velocity of the accelerating 
wave to that of the particles.
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optics, DLA chip, and detector should be able to fit in a shoe-
box. Parts of each goal have already been demonstrated, and
the collaboration is on track to have a completed device in 2022.

The accelerator components fall into four major categories:
the electron source, an injector and buncher that accelerate
particles from subrelativistic to relativistic (MeV) energies,  on-
 chip waveguides for controlled laser delivery, and relativistic
 speed- of- light acceleration. All the elements need to operate to-
gether in a final integrated device, which means reinventing
them to be compatible with integrated Si photonics and litho-
graphic fabrication. Five years ago that task appeared to be
nearly  impossible— a prerequisite for any project worth under-
taking according to the motto of Edwin Land, inventor of the
Polaroid camera.

The electron source must be compact and well suited for
coupling to  micron- sized devices. Progress there has largely
exploited nanotip field-emission  sources— tiny metallic or Si
needles with tip radii on the order of tens of nanometers, from
which electrons are emitted by photoemission excited by an ul-
trafast laser pulse. Nanotip emission sources have led to the
development of  centimeter- scale electron guns, which are now
being integrated into compact tabletop demonstration acceler-

ators, such as the “glass box” at Stan-
ford,5 shown in figure 4a.

An important aspect of the elec-
tron sources is that because of their
tiny size, they have exceptionally high
beam  brightness— a measure of how
small and  well- collimated an electron
beam can be made. The Si tips em-
ployed are quite robust and can last
for days or weeks of continuous op-
eration. As a tradeoff for their intense

beam brightness, however, nanotip emission sources produce
on the order of a few thousand electrons per incident laser
pulse, compared with millions or billions of electrons for more
conventional sources.

The accelerator naturally divides the electron bunches from
the nanotip into smaller, optically spaced microbunches with
durations that are less than 1 fs, a fraction of a laser cycle. The
particles that successfully transition into a microbunch are
“captured.” The microbunch spacing is determined by the pe-
riod of the  accelerator— the spacing between grating  teeth—
 and is therefore intrinsic to the design.

The particles naturally form microbunches as they get cap-
tured in the potential wells in the electromagnetic wave. The
efficiency of the capture process can be enhanced by prebunch-
ing the particles. Recently, bunches with durations from 270 to
700 attoseconds have been measured and injected into a sub-
sequent acceleration stage to perform fully  on- chip bunching
and net acceleration demonstrations.6,7

Successfully directing an electron beam through tiny accel-
erating devices is a major experimental challenge. For a sense
of scale, the hollow acceleration channel inside the chip shown
in figure 1 is just 400 nm wide and 1 mm long. Electrostatic
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FIGURE 4. SILICON NANOFABRICATION
allows for sophisticated structure designs
that can be monolithically integrated on 
a chip. (a) A  dual- pillar accelerator was 
incorporated into a 10- cm- long “glass box”
test stand that is designed to achieve 
energy gains of 0.1–1 MeV. The device 
includes an integrated miniaturized 
electron gun (lower left) and silicon 
nanotip emitters (upper left). Such devices
could enable ultracompact sources for
electron diffraction studies, as illustrated
by the diffraction pattern (upper right) 
obtained with a graphene target and a 
57 keV beam. (Schematic adapted from 
ref. 5; silicon nanotip image courtesy of 
Andrew Ceballos; glass box and diffraction
pattern images courtesy of Kenneth 
Leedle.) (b) The  dual- pillar design consists
of a colonnade of vertically standing silicon
pillars. When driven in phase, two incident
laser pulses excite a uniform accelerating
mode between the pillars, shown here 
by simulated contour plots of the axial 
electric field Ez. (Adapted from ref. 18.)
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lenses are incorporated into the gun to inject the electron beam
into an accelerator channel. The lenses can focus the beam
down to a submicron spot suitable for coupling into the narrow
channel. The electrons are then transported over thousands of
optical periods to reach substantial energy gains, from about
100 keV to 1 MeV.

Researchers have explored new innovative designs for ac-
celerator structures, including replacing the  grating- like struc-
tures used in the earlier experiments with  free- standing rows
of Si pillars separated by a narrow  sub micron channel, as shown
in figure 4b. The  dual- pillar design eliminates unnecessary
material that could distort the incident laser pulse. It allows
for highly symmetrical fields that can deflect, compress, or ac-
celerate electrons in the channel by adjustment of the incident
laser phases.8

The structures can focus and confine electrons inside the 
accelerating channel. They use the inherent  laser- driven fields
to enable a technique called alternating phase focusing, which
was originally used in conventional RF proton accelerators and
was reworked for use in photonic devices by researchers at 
the Technical University of Darmstadt.9 Simulations of  long-
 distance transport of the electron beam over multiple centi -
meters have been carried out using that scheme, and it serves
as the basis for newly fabricated designs aimed at achieving
 MeV- scale acceleration in a single  on- chip device with minimal
particle loss.

Bringing a microaccelerator to light
Any accelerator design based on pulsed particle beams and
pulsed electromagnetic energy must rely on a series of sequen-
tial acceleration stages. For a  laser- driven accelerator, the length
of each stage is determined by the interaction time of a particle
bunch with a laser pulse. That time is set by their respective
durations, typically on the order of 0.1–1 ps.

To maintain the  phase- velocity match of the laser wave
and the particle beam over many stages, the laser must be re-
coupled at each stage and its phase and amplitude carefully
controlled. A compact and elegant solution is to couple the
laser beam into  on- chip photonic waveguides so the laser light
can be split and precisely delivered to each successive segment
of the accelerator. Photonic waveguides based on Si and silicon
nitride materials are well developed and have been shown to
support  broad- bandwidth  femtosecond- class laser pulses with
up to 20 nJ per pulse, which are suitable for driving the indi-
vidual stages of a  chip- based accelerator.10

Researchers have carried out extensive optimization studies
to evaluate the requirements for a complete multistage system
based on laser delivery by waveguide.11 The first integrated 
accelerator, which was recently demonstrated, coupled an ex-
ternal laser to an  on- chip waveguide that fed into a  custom-
 designed accelerator channel.12  Inverse- design codes were used
to optimize the photonic structure’s design. The codes pro-
duced highly nonintuitive, almost  organic- looking geometries
(see figure 5) that were tailored to specific optimization param-
eters such as bandwidth and accelerating field.

Another consequence of accelerating subrelativistic electrons
in an  optical- scale device is that the particle energy changes
along the length of the accelerator. The design velocity of the
structure must therefore be varied along its length to accom-
modate the anticipated particle speed at each point along 
the accelerator. Two parallel methods can address that require-
ment. One is to vary, or chirp, the periodicity of the accelerator
structure itself to match the local wave velocity to the electron
speed.13 The other is to imprint a custom phase profile onto the
laser pulse.

By simultaneously chirping the laser pulse and tilting the
wavefronts using dispersive optics, both phase and group ve-
locities can be matched to achieve  high- gradient acceleration

a b
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FIGURE 5. INVERSE DESIGN provides a powerful tool for producing highly optimized designs, such as this first demonstration of a  single-
 stage integrated  waveguide- coupled accelerator. (a) Shown here is a schematic layout of the experiment. (b) This electron micrograph
image presents the  as- built structure. The concept provides a key  stepping- stone to future devices with multiple such stages driven by 
a network of  phase- controlled waveguides. (Adapted from ref. 12.)
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and  laser- driven focusing
over a  centimeter- scale inter-
action length. That result il-
lustrates a key aspect of the
DLA approach, which is that
beam dynamics can be con-
trolled through careful manip-
ulation of the laser phase.14

With tabletop integrated
accelerator setups in opera-
tion, researchers are testing a
new generation of structures
that incorporate microbunch-
ing and  laser- driven focus-
ing. Over the next year, a se-
ries of planned experiments
are expected to incrementally
increase the total beam en-
ergy up to 1 MeV or higher.
Once  multi- MeV energies are
reached, the particle veloci-
ties will become essentially
constant at close to the speed
of light.

A new set of  relativistic-
 energy experiments are un-
derway at facilities that have
access to relativistic test beams.
At the UCLA Pegasus Labo-
ratory, moderately relativistic
(4–8 MeV) electron beams are probing the limits of accelerating
gradients and energy gains in DLA technology. Researchers
there have demonstrated axial  accelerating- field intensities up
to 1.8 GV/m and an energy gain of 0.3 MeV.14,15

New facilities are near completion at DESY in Germany
and at the SwissFEL in Switzerland to test concepts relevant
for beams with larger currents that will carry millions to bil-
lions of electrons per pulse and higher particle energies of 
100 MeV and 3 GeV, respectively. Through a combination of 
innovative approaches that leverage the  multi- institutional
and interdisciplinary capabilities of the research teams, the
promising results obtained over the past five years provide a
toolbox of technologies to realize fully integrated  on- chip ac-
celerators that can be used for scientific, industrial, and medical
applications.

Revolutionary devices
One of the most promising applications for DLA devices is
compact electron sources for ultrafast science and electron
diffraction studies. Trains of ultrafast and ultrabright electron
bunches with subfemtosecond intrinsic bunch structure could
allow resolution of electronic processes in both spatial and
temporal domains, thereby enabling new tools for imaging
 light– matter interactions and for experiments in quantum
electrodynamics.

Compact accelerators with target energies in the  few- MeV
range are attractive  near- term candidates for use in medical
dosimetry. Electron sources based on  laser- driven  on- chip ac-
celerators could potentially fit on the end of an optical fiber, be
placed on a scanning platform at the surface of a sample, or

even get inserted into living tissue. A  self- contained  multi- MeV
electron source based on integrated photonic particle acceler-
ators could enable minimally invasive cancer treatments and
 adjustable- dose  real- time deposition with improved dose con-
trol. One could envision an encapsulated  micro- accelerator,
built onto the end of an optical fiber, being placed at a tumor
site using standard endoscopic methods. That could allow a
doctor to deliver the same or higher radiation dose compared
with what is provided by existing  external- beam technologies,
but with less damage to surrounding tissue.

The difference in bunch charge and duration for DLA elec-
tron beams compared with traditional RF accelerators points
to the potential for future  DLA- based light sources to generate
attosecond pulses of XUV or  x- ray radiation. Those pulses
could probe matter on even shorter time scales than are possi-
ble today. Coherent attosecond radiation could also be pro-
duced using the same  accelerator- on- a- chip operating princi-
ples. Proposed  laser- driven dielectric undulators that wiggle
the electron beam and produce radiation could be fabricated
using photolithographic methods similar to those used to pro-
duce current DLA devices.16

Although a  high- energy particle collider based on DLA tech-
nology is admittedly decades away, considerations for physics
at the TeV scale indicate that DLAs have the potential to achieve
the required luminosities with reasonable power consumption.
The highest priority challenges for such future applications

MICROCHIP ACCELERATORS

FIGURE 6. THE ACHIP COLLABORATION met at the German 
Electron Synchrotron (DESY) in Hamburg, Germany, on 19 September
2018. (Photo courtesy of Jann Wilken/DESY.)
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largely pertain to the transport of high average beam currents
in the  micron- scale apertures of DLA devices. But recent stud-
ies of extended structures with  laser- driven focusing show
promise for improved charge transport, capture efficiency, and
preservation of beam quality.9 They also support the prospect
of parallel accelerating channels.17

Accelerating toward the future
The idea of  laser- driven accelerators was first proposed shortly
after the demonstration of the laser. Now ACHIP is a world-
wide collaboration (see figure 6) aimed at realizing an inte-
grated  laser- driven accelerator on a chip. The program melds
the capabilities of universities and government laboratories
and therefore has access to the facilities and talent needed to
address key challenges in the endeavor. That collaboration en-
ables projects to be handed off to national laboratories in a
timely way so that they can handle the more costly engineering
of a laser accelerator system. The emerging field of laser accel-
erators has engaged and trained scientists who can lead the de-
velopment of new tools that will enable discoveries in areas of
physics ranging from atomic and molecular to chemical, bio-
logical, and medical.

Fifty years ago the laser was a solution looking for a prob-
lem. Today it is a critical “stealth utility” that enables the tech-
nology of the modern world. The development of  laser- driven
attosecond electron sources may bring new capabilities in
search of their own problems to solve. Fifty years from now,
the DLA may be an essential tool in our  lives— and perhaps
even a stealth utility itself.

The authors thank current and past members of the ACHIP Advi-
sory  Board— Chan Joshi, Reinhard Brinkmann, Lia Merminga, and
Tor  Raubenheimer— for their guidance, and all members and stu-
dents of the ACHIP collaboration for their many contributions. 
We thank Gary Greenburg for his early assistance and ongoing 
support. We also thank the Gordon and Betty Moore Foundation,
NSF, the US Defense Advanced Research Projects Agency, the US
Department of Energy, the German Federal Ministry of Education
and Research, and the European Research Council for their current
and past support.
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The speed of light is one of the few uni-
versal constants in the universe, and
the effort to measure it was one of 

the most enduring scientific problems in
physics. In Lightspeed: The Ghostly Aether
and the Race to Measure the Speed of Light,
physicist John C. H. Spence travels
through more than 2500 years of human
history to reveal the lengths to which
people have gone for an answer, from
building a system of mirrors on the
rooftops of Paris to spending eight years
in India waiting to measure the transit of
Venus. (Spoiler: It was cloudy that day.)

The subtitle bills the book as “the race
to measure the speed of light,” and al-
though the term “race” may oversell the
urgency of the enterprise, Spence does
his best to keep things lively. Obtaining
the measurement itself was fairly straight-
forward: 17th- century attempts using
Jupiter’s moons were surprisingly good,
and 19th- century efforts with rotating
mirrors got even closer to the value ac-
cepted today.

But that is just the starting point for

what Spence calls an “adventure” that
seeks to place the effort in the context 
of a bigger set of questions about the na-
ture of light and its ability to move
through space. Spence gleefully follows
 digressions— almost all of which are
 interesting— through topics as varied as
stellar aberration, Foucault’s pendulum,
and Saturn’s rings. He draws effectively
on the work of prominent historians
such as Olivier Darrigol and Bruce Hunt,
albeit with an occasional misstep like re-
ferring to the French physicist Alfred
Cornu by his first given name, Marie,
which Cornu never went by.

About halfway through the book,

Spence shifts his focus from the experi-
mental measurement of light speed to a
different, more theoretical set of questions
about the nature of how light moves. That
portion centers on Albert Michelson, who
began his career with efforts to measure
the speed of light. But Spence admits that
those early experiments by Michelson are
not terribly interesting and mostly re-
fined the techniques used by Hippolyte
Fizeau and Léon Foucault, so he moves
instead to Michelson’s next project:
measuring the “ether wind” caused by
Earth’s motion.

It’s a  well- worn myth that the
 Michelson– Morley experiment, which
was unable to detect any motion of Earth
relative to the ether, inspired Albert Ein-
stein to reject the existence of the ether
entirely and propose instead the special
theory of relativity. Spence does not
quite fall into that trap, as he acknowl-
edges that Einstein saw his own work 
as addressing the theoretical problem of
reconciling Maxwell’s equations of elec-
trodynamics with the physics of motion.

But he does place the  Michelson–
 Morley experiment at the center of the
action and frames his narrative around
it. Spence quotes a 1931 speech by Ein-
stein, in which he credited Michelson for
having “paved the way for the theory of
relativity,” although one may imagine

BOOKS

The history of a universal 
constant

Lightspeed
The Ghostly Aether
and the Race to
Measure the Speed
of Light

John C. H. Spence
Oxford U. Press, 2020.
$32.95

This copy of the provisional version of the first standard meter, affixed to a building in Paris, was made in 1796 or 1797. Previously
defined by a platinum rod, the meter was redefined in 1983 in terms of the speed of light. 
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B iology is often taught with diagrams.
But you can also teach it with equa-
tions, the language of physics. In his

new book, The Molecular Switch: Signaling
and Allostery, biophysicist Rob Phillips
does just that, explaining  allostery— a bi-
ological  enigma— using the formalism of
statistical physics.

Phillips is a professor of biophysics,
biology, and physics at Caltech. He has
authored or coauthored several books
that creatively combine concepts from bi-
ology, physics, and materials science, in-
cluding Crystals, Defects and Microstruc-
tures: Modeling Across Scales (2001);
Physical Biology of the Cell (2nd edition,
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Einstein was being polite to Michelson,
as Michelson had invited him to give
that speech. Spence also claims that Ein-
stein referred to Michelson’s experiment
in his 1905 paper “On the electrodynam-
ics of moving bodies,” but that is not the
case. Although Einstein did allude to
“unsuccessful attempts to discover any
motion of the earth relatively to the ‘light
medium,’” historians like Gerald Holton
have shown that he was not specifically
referring to Michelson.

Spence points out that we now live in
a moment where the concept of measur-
ing the speed of light has been turned on
its head. Einstein’s work elevated c to a
fundamental constant of nature, and in
1983 the General Conference on Weights
and Measures gave it an exact value. Pre-
viously, the speed of anything had been

measured by the  distance— traditionally
defined by the length of a platinum bar
preserved in a vault in  Paris— that it trav-
eled over time, traditionally defined as a
fraction of the day. But the conference
has scrapped the platinum bar and ef-
fectively defined the speed of light as 
exactly 299 792 458 meters per second,
meaning that the speed of light now de-
termines the length of a meter.

Spence ends the book by asking
whether there is any possibility of infor-
mation moving faster than the speed 
of light. He then presents a lengthy dis-
cussion of Bell’s theorem and spooky
action at a distance, but notes that the
question remains unresolved. He also
mentions that the process of writing the
book changed his own position on the
matter.

Lightspeed has the tone of an exuber-
ant physics lecture, complete with a lab
exercise at the end that involves mea -
suring the speed of light with pizza
dough. The book’s strength is its clear
and thorough explanation of the under-
lying physics, which does not necessar-
ily assume any prior knowledge of the
subject but quickly accelerates to a high
level. For that reason, it is hard to imag-
ine someone sticking with Spence if they
haven’t already decided that they like
physics. But for those of us who do,
Lightspeed is an animated account that
vividly evokes the numerous and often
outsized personalities who contributed to
figuring out just how fast light travels.

Theresa Levitt
University of Mississippi

Oxford
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Many proteins can be analogized to simple switches with on and off states, like the ones
present on the US Capitol’s switchboard, pictured here in 1959.
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2012); and Cell Biology by the Numbers
(2016). The Molecular Switch is another
fantastic book in that vein. It is an elegant
demonstration of how physics can be used
to explain a biological concept and unify
a wide range of biological phenomena.
The book is a great introduction to bio-
physics for both physicists and biologists
and a versatile reference for advanced
undergraduate and graduate biophysics
courses.

Proteins are the building blocks and
functional molecular units of living cells.
For cells to operate properly, proteins
must function in a controlled manner.
But how do they do that? Richard Feyn-
man acknowledged in his 1963 lectures
on physics that “everything that living
things do can be understood in terms of
the jigglings and wigglings of atoms.” His
maxim also holds true for proteins. They
fold into elaborate  three- dimensional
structures and can interact with other
molecules. Those  intra- and intermolecu-
lar changes are dynamic and affect a pro-
tein’s function over time.

If its activity changes on the binding
of a small molecule, a protein is said to
be allosteric, a term originally coined 
by Jacques Monod and François Jacob in
1961. Many, if not all, proteins are ex-
pected to be allosteric. Because its conse-
quences are so profound, allostery has
been called the second secret of life after
the genetic code.

Despite its broad impact in the field,
allostery is explained rather briefly in
most biology textbooks, with just one
 example— namely, the cooperative bind-
ing of oxygen in hemoglobin, the protein
that carries the molecule in our blood.
The primary achievement of Phillips’s
new book is twofold: It expands the dis-
cussion of allostery to almost everything
in nature and suggests a new paradigm
for studying it.

As illustrated on the book’s cover, that
new paradigm is based on switches. Be-
cause many proteins can be likened to
switches with on and off or active and 
inactive states, cellular functions can be
viewed as  input– output responses of
those molecular switches. The switch
analogy allows biophysicists to ignore
the microscopic details of different al-
losteric molecules and analyze protein
functions in terms of discrete states
through the formalisms of equilibrium
statistical physics.

Using that paradigm, Phillips aims to

communicate with audiences from both
biology and physics. He tactfully achieves
that goal through his straightforward
and logical organization. In chapters 1
and 2, Phillips explains allostery from
the perspectives of biology and physics
so that all readers are on the same page.
He lays out basic  statistical- physics con-
cepts so that his model can be easily de-
rived. In chapter 3, he uses the simple ex-
ample of ion channels to demonstrate how
statistical physics can be used to describe
a molecular switch and experimentally
measurable behaviors such as leakiness
and dynamic range.

Phillips then applies that formalism
with depth, breadth, and clarity to var-
ious biological topics, including the
swimming of bacteria in response to a
chemoattractant, cell signaling in such
processes as photon detection in the eye,
and gene regulation by transcription fac-
tors or nucleosomes. Those examples are
presented not as information to be mem-
orized but as a series of applications of
the mathematical framework presented
in the earlier chapters. Phillips also takes
readers over multiple scales of biology,
from animals to cells and molecules, and
thus highlights the significance and uni-
versality of allostery in nature.

Teaching a biophysics course can be
challenging because students have mixed
backgrounds and expectations. Students
from physics may be overwhelmed by
biological details, which can prevent
them from seeing biophysics’ bigger pic-
ture. On the other hand, students from
biology might feel frustrated by physics
equations. The Molecular Switch serves
students from both fields, who will be
happy to see that a simple physical model
can explain so many different and seem-
ingly disparate phenomena. Another ed-
ucational benefit of the book is that it
teaches students how to develop effec-
tive theories to describe biological phe-
nomena, which will be crucial for future
collaborations between physicists and
biologists.

The concept of allostery has been
around for several decades. But who
would have thought it could be used to
create a physical law that unifies biology?
Phillips does just that in The Molecular
Switch. Anyone who likes the beauty of
unification will appreciate his ingenious
approach.

Sangjin Kim
University of Illinois at Urbana-Champaign
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BOOKS

Lady Ranelagh
The Incomparable Life of  
Robert Boyle’s Sister

Michelle DiMeo
U. Chicago Press, 2021. $45.00

One of the most respected and influential women of her time,
Irish-born Lady Ranelagh was a 17th-century natural philosopher,
intellectual, and member of London’s Hartlib circle, a precursor to
the Royal Society. Ranelagh’s works were never published nor
were her manuscripts preserved, so she is much less well known
than her brother, the distinguished scientist Robert Boyle. To ad-
dress this, historian Michelle DiMeo has written the first full-length biography of Ranelagh by
gleaning details of her life from her correspondence and the archives and writings of her relatives
and contemporaries. The result is a detailed account of this notable woman, her work, and her
close, collaborative relationship with her brother Robert—set against the backdrop of the turbu-
lent politics of the times, including the Irish and English civil wars. –CC

The Nation of Plants
Stefano Mancuso, trans. by Gregory Conti
Other Press, 2021. $21.99

In this imaginative call to action, Italian botanist Stefano Mancuso ad-
dresses current environmental crises like climate change and de-
creasing biodiversity from the perspective of the “oldest and most
populous” nation on the planet—plants. Acting as their representative,
Mancuso presents a constitution that spells out eight fundamental pil-
lars on which rest the lives not only of plants but of all living beings.
That constitution launches a discussion that juxtaposes plants’ impor-

tance as a carbon dioxide sink and a source of food, energy, building materials, and other re-
sources against humans’ wastefulness and anthropocentrism. –CC

Simply
Quantum
Physics
DK, 2021. $16.99

An illustrated refer-
ence book aimed at
the general reader,

Simply Quantum Physics is an introductory
overview of the quantum world. Diagrams and
schematics appear on almost every page, and
the accompanying text is brief and nontechni-
cal. In addition to discussing the structure of
the atom and of subatomic particles and the
fundamental forces holding them together,
the book covers some quirky quantum-level
properties of matter, such as wave–particle
duality. It also describes electron microscopes,
LEDs, and unusual phenomena like quantum
teleportation. Particle physicist Ben Still served
as consultant editor; he is the author of several
popular science books, including an illustrated
reference book based on LEGO building blocks,
Particle Physics Brick by Brick (see PHYSICS TODAY,
May 2018, page 62). –CC

NEW BOOKS & MEDIA

A Student’s Guide to Python
for Physical Modeling
Jesse M. Kinder and Philip Nelson
Princeton U. Press, 2021 (2nd ed.). $75.00

Long gone are the days when experimentalists’ sole tools
were laboratory setups, telescopes, and particle accelera-
tors. Today, computer modeling is crucial to experimenta-
tion in fields from biophysics to astronomy. In A Student’s
Guide to Python for Physical Modeling, two physicists who
use computing heavily in their daily workflow, Jesse Kinder
and Philip Nelson, present students with the basics of
Python programming for physics applications. The book

takes a conversational tone and assumes no prior knowledge of programming, meaning that it
can be used as a textbook for a physics programming course or for self-study. Students go from
learning how to import libraries of functions into their Python environments to coding complex
programs that can execute random walk simulations and create data visualizations. The book
even includes appendices that walk students through the process of installing Python on various
operating systems. –RD

Chasing the Ghost
Nobelist Fred Reines and 
the Neutrino

Leonard A. Cole
World Scientific,
2021. $68.00

Physicist Frederick
Reines, who won
the 1995 Nobel
Prize in Physics for
his work with Clyde
Cowan to experi-
mentally detect the
neutrino, is the subject of Chasing the Ghost,
the first book-length study of his life. Authored
by Reines’s cousin Leonard A. Cole, the book
is a unique mix of memoir and biography. Al-
though Cole’s connection to Reines allows
him to add context and flavor to sections de-
tailing Reines’s childhood, it also leads read-
ers into Reines’s teenage diaries, digressions
more appropriate for a family history. Never-
theless, the book will be valuable to scholars
interested in the life of a 20th-century exper-
imental pioneer. –RD PT
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Focus on photonics, spectroscopy, 
and spectrometry

NEW PRODUCTS

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

us by the manufacturers. PHYSICS TODAY 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

Large-array cameras for astronomy
Teledyne Princeton Instruments, a business unit of Teledyne Digital Imaging,
has brought to market its Cosmos large- format, backside- illuminated CMOS
cameras optimized for astronomy. Specific applications include time- domain
astrophysics, orbital- object tracking, and exoplanet research. The cameras in-
corporate Teledyne’s proprietary LACera image- sensor technology, which
delivers greater than 90% quantum efficiency for high sensitivity and propri-
etary low-noise architecture with up to 18-bit readout. According to the com-
pany, that level of performance was not previously available in wafer-scale
sensors. Cosmos is offered in three sensor sizes: 3000 × 3000 pixels, 6000 × 6000 pixels, and 8000 × 8000 pixels. It provides more
than 50 frames/s for capturing dynamic events, global shutter, glow- reduction technology, 0.7 e− read noise for detection of faint
objects, and deep cooling to ensure low dark current. Teledyne Princeton Instruments, 3660 Quakerbridge Rd, Trenton, NJ 08619,
www.princetoninstruments.com

Chromatographic analysis of
metal-sensitive compounds
Waters has introduced its Arc Premier
System, the first liquid chromatography
system optimized for chromatographic
separations on 2.5–3.5 μm columns to
also feature Waters’s new MaxPeak High
Performance Surfaces (HPS) technology.
The hybrid organic– inorganic surface
technology, exclusive to the company’s
MaxPeak Premier Systems and Columns,
forms a barrier between the sample and
metal surfaces. Without compromising
performance, it mitigates or eliminates
nonspecific adsorption and maximizes
reproducibility and efficiency of separa-
tions. The new system complements the
company’s MaxPeak Premier Columns
to eliminate time- consuming and costly
passivation and deliver high- quality, ac-
curate sample data. The removal of ana-
lyte-to- metal interactions can result in
up to a fivefold improvement in detector
sensitivity, depending on the degree of
metal sensitivity, and a tenfold improve-
ment in assay-to- assay precision. Waters
Corporation, 34 Maple St, Milford, MA
01757, www.waters.com

Tunable laser for Raman 
spectroscopy
Hübner Photonics has announced that its C-Wave
laser series has qualified for use with the TriVista
spectrometer system from S&I Spectroscopy &

Imaging. The companies expect that the combination of
Hübner’s widely tunable CW single- frequency lasers, which cover wavelengths from
450 nm to 3.5 μm, with S&I’s triple- grating TriVista will lead to advances in resonance
Raman spectroscopy and microscopy, especially for the challenging low- frequency
Raman range of less than 10 cm−1. Most tunable lasers require elaborate filtering to
suppress unwanted amplified spontaneous emission (ASE) that can cover the weak
Raman signals. During qualification, the C-Wave revealed no detectable ASE. The 
C-Wave’s narrow linewidth, stable emission frequency, and high spectral purity allow
for recording low- frequency Raman bands at or below 5 cm−1 from the excitation
wavelength even without filtering the excitation beam. Hübner Photonics Inc, 2635
N 1st St, Ste 202, San Jose, CA 95134, https://hubner-photonics.com

Laser source for nonlinear microscopy
Light Conversion developed its Cronus-3P laser source
specifically for advanced nonlinear microscopy. Based
on optical parametric amplifier technology, the Cronus-
3P provides μJ-level sub-85 fs pulses at repetition rates
of up to 2 MHz. It is tunable from 1.25 μm to 1.8 μm, which covers the biological
transparency windows at 1.3 μm and 1.7 μm for three- photon microscopy. The source
features integrated group- delay- dispersion control to ensure optimal pulse duration
at the sample, automated beam resizing and collimation, and optional automated
beam steering for laser- pointing stability. Light Conversion, Keramiku St 2B, LT-10233
Vilnius, Lithuania, https://lightcon.com
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Raman system with remote
probes
The latest version of Renishaw’s Virsa Raman
system includes features designed to expand
the use of Raman spectroscopy to new sam-
ples, applications, and environments. Remote
fiber- optic probes let users analyze samples
away from the laboratory microscope. LiveTrack focus- tracking technology and the
new Monitor software module allow for easy real-time analysis on large samples that
have irregular surfaces, change shape as they undergo phase changes, or move. Win-
dows-based Raman Environment (WiRE) software, version 5.5, adds two features
that, used with the Monitor module, complement the Virsa system: Live reaction
monitoring allows users to process and analyze a constant flow of Raman data in
order to observe changing chemical concentrations or other sample properties; the
partial least squares (PLS) analysis module allows users to generate and test PLS
models and predict values in real time for materials that exhibit a spectral change,
such as in concentration or crystallinity. Renishaw plc, 1001 Wesemann Dr, West Dundee,
IL 60118, www.renishaw.com

Updated electronics for 
spectrometers
Ibsen Photonics has presented new electronics
for its Freedom 305 and 315 OEM spectrome-
ters. The electronics convert the analog video
signal from the diode- array detector to a robust
digital signal that can be read out over a stan-

dard interface such as USB or serial peripheral interface (SPI). The digital image sen-
sor board DISB-315 offers a frame rate that is six times as fast as the previous versions.
It supports the low-noise S10420 BT-CCD detector arrays from Hamamatsu, features
programmable lamp and shutter control, and comes with the same SPI as the com-
pany’s other DISBs, which makes it easy to integrate into instruments. If the spec-
trometer requires the use of a standard FTDI FT4222H chip, a compact DISB–USB
bridge can be added and stacked on top of the DISB-315. Ibsen Photonics A/S, Rytter-
marken 17, DK-3520 Farum, Denmark, https://ibsen.com

High-power visible
Raman fiber amplifiers
MPB Communications now of-
fers single- frequency (SF) visible
Raman fiber amplifiers (VRFAs)
that achieve output powers of up
to 4 W in the 525–650 nm spectral

range. The VRFAs provide a diffraction- limited beam with excellent pointing stabil-
ity, low-phase and low- intensity noise, and minimal spectral broadening. The system
consists of a polarization- maintaining Raman fiber amplifier (RFA) pumped by an
ytterbium fiber laser. They are housed in a compact, air-cooled platform. High- power
SF emission from the RFA is frequency- doubled by a single-pass, second- harmonic
generator (SHG). To eliminate vibration transfer and simplify experimental setup,
the SHG and RFA can be mounted away from the pump laser. The SHG output can
be either fiber coupled or free space. The higher- power VRFA systems address the
evolving needs of quantum physicists studying quantum degeneracy, atomic clocks,
ultracold atomic clouds, and trapped Rydberg ions. They also have applications 
in spectroscopy, atomic interferometry, optics, lithography, and gravitational mea -
surements. MPB Communications Inc, 147 Hymus Blvd, Pointe-Claire, QC H9R 1E9,
Canada, www.mpbc.ca

pt_new_products0821_New Products  7/19/2021  12:22 PM  Page 56

http://www.renishaw.com
https://ibsen.com
http://www.mpbc.ca
http://www.kimballphysics.com


AUGUST 2021 | PHYSICS TODAY 57

LED illuminator
Excelitas has added the X-Cite NOVEM
to its fluorescence illumination product
line. The LED illuminator is suitable for
complicated imaging applications that
require high excitation power and indi-
vidual wavelength control. Those appli-
cations include slide scanning, live-cell
imaging, fluorescence in situ hybridiza-
tion, ratiometric imaging, and general
fluorescence microscopy. The light-guide-
 coupled, nine- channel, wavelength-
 switching X-Cite NOVEM illuminator
offers spectral ranges for applications
from 340 nm to 785 nm. Preinstalled fil-
ters simplify system setup, and the de-
vice’s high power reduces scan time for
multiplex imaging. Available in four
standard wavelength combinations, the
X-Cite NOVEM features individual LED
control, efficient cooling, and quiet op-
eration, even when running at full ca-
pacity. Excelitas’s patented LaserLED 
Hybrid Drive technology provides in-
creased excitation in the 500–600 nm
band range. Excelitas Technologies Corp,
200 West St, 4th Flr E, Waltham, MA 02451,
www.excelitas.com

For our location in Zeuthen we are seeking:

Senior Scientist Accelerator Physics – Tenure Track

Limited: initially limited to 5 years with the possibility of conversion to a permanent position |  

Starting date: earliest possible | ID: APMA016/2021 | Deadline: 01.09.2021

DESY, with its more than 2700 employees at its two locations in Hamburg and Zeuthen, is one of 

the world‘s leading research centres. Its research focuses on decoding the structure and function 

of matter, from the smallest particles of the universe to the building blocks of life. In this way, DESY 

contributes to solving the major questions and urgent challenges facing science, society and industry. 

With its ultramodern research infrastructure, its interdisciplinary research platforms and its inter-

national networks, DESY offers a highly attractive working environment in the fields of science, 

technology and administration as well as for the education of highly qualified young scientists.

The Photo Injector Test facility at DESY in Zeuthen (PITZ, near Berlin) develops high-brightness 

electron sources for Free-Electron Lasers (FELs) like FLASH and European XFEL. The PITZ facility 

will be expanded to advance the research and development of tumor therapies with short irradiation 

durations at high dose rates as well as high electron beam energy (so-called FLASH and VHEE 

 radiotherapies). The extremely wide parameter space of the electron beams generated at PITZ and 

the high flexibility of the facility allow unique research opportunities for most advanced radiation 

biological studies and future tailored applications at humans. We are looking for a scientist with 

strong accelerator experience, who will perform and coordinate extensive beam dynamics studies 

supporting the experimental program at PITZ.

About the role:
• Work in one of the world-leading international groups of physicists and engineers for further 

developments of high-brightness electron sources and their applications

• Perform and coordinate detailed beam dynamics simulations, including start-to-end simulations 

for radiotherapy

• Analyze experimental data and perform benchmark simulations

• Participate in the operation of the PITZ accelerator, coordinate dedicated measurement programs

To be successful in this role:
• Master‘s degree in physics with PhD or equivalent qualification

• Strong background in space charge dominated beam dynamics simulations

• Profound experience in development and operation of accelerator facilities and their applications

• Very good command of English, knowledge of German is a benefit

• Experience in radiation biology or radiation therapy and similar accelerator applications is 

advantageous

Good reasons to join:
Look forward to a unique working environment on our international research campus. We attach 

particular importance to appreciative cooperation and the well-being of our DESY employees. You 

will benefit from our family-friendly and collegial atmosphere, our established health management 

and occupational pension provision.

As a public employer, we offer you a secure workplace and facilitate your  individual career with our 

comprehensive training and development opportunities. Remuneration according to the collective 

labour agreement (TV-AVH). 

For further information please contact Dr. Frank Stephan at +49 33762 7-7338  
(frank.stephan@desy.de).

Applications (in German or English) should include a detailed curriculum vitae, publication list, 

explanations and evidence of experience background and 3 names for references.

DESY promotes the professional development of women and therefore strongly encourages women 

to apply for the position to be filled. In addition, severely handicapped persons with equal aptitude are 

given preferential consideration. The advertised positions are basically suitable for part-time employment.

You can find further information here: www.desy.de/career

Deutsches Elektronen-Synchrotron DESY

Human Resources Department | Notkestraße 85 | 22607 Hamburg

Phone: +49 40 8998-3392

Hyperspectral
light-field 
cameras
With the release of its Ul-

tris X20 and X20 Plus models, Cubert has
upgraded its 3D hyperspectral Ultris
cameras to cover a wavelength range of
350–1000 nm. The innovative cameras,
which are based on light-field technology,
now offer UV, visible, and near-IR cover-
age. That capability may enable such appli-
cations as plant- water detection for vegeta-
tion analysis, real- color characterization,
bathymetry, and water- quality and fluores-
cence analysis. Weighing less than 350 g,
the lightweight Ultris X20 is also suitable
for mapping applications by unmanned
aerial vehicles. It offers scan rates of more
than 3200 lines/s, a constant full width at
half maximum of 10 nm across all channels,
more than 160 spectral bands, and a native
image resolution of 410 × 410 pixels. The
high- resolution Ultris X20 Plus features a
pan sensor, which allows the camera to
achieve an image resolution of more than
1800 × 1800 pixels. Cubert GmbH, Science
Park II, Lise-Meitner Str 8/1, D-89081 Ulm,
Germany, https://cubert-gmbh.com PT
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Zdeněk Herman

In recent years physical chemist Zdeněk
Herman, who died on 25 February 2021
in Prague, had been increasingly 

preoccupied with the startling opening
of Charles Eliot’s book John Gilley of
Baker’s Island: “To be absolutely forgotten
in a few years is the common fate of
mankind. . . . With the rarest exceptions,
the death of each human individual is
followed in a short time by complete
oblivion, so far as living human memo-
ries are concerned.” Its message was
among Zdeněk’s reasons for writing his
so-far-unpublished memoir, which is
about what, in his view, is memorable
about others—and the network of rela-
tionships that bonded a community that
grew out of a shared interest in chemi-
cal- reaction dynamics.

That community, of which Zdeněk was
a cherished founding member, has been
recorded not only in his prose but also 
in his countless drawings, made with the
alacrity and accuracy of a master. His
achievements as an artist—draftsman,
painter, sculptor—compare to his scien-
tific ones; indeed, the two are connected
by his extraordinary dexterity, key to craft-
ing and running fine scientific apparatus.

Born on 24 March 1934 in Libušín,
Czechoslovakia, Zdeněk graduated from
Prague’s Charles University in 1957 with
a diploma in radiation chemistry. His ad-
viser, František Běhounek, had a second
career as an author of adventure and sci-
ence fiction books. Zdeněk, a dedicated
Boy Scout, had read them voraciously, and
meeting his idol was a dream come true.

He then went to the Institute of
Physical Chemistry of the Czechoslovak
Academy of Sciences (a predecessor of
the J. Heyrovský Institute of Physical
Chemistry and Electrochemistry). There,
Vladimír Čermák introduced Zdeněk to
mass spectrometry and the physics and
chemistry of ions. Zdeněk’s 1963 PhD
thesis, done under Čermák, dealt with
reactions of electronically excited ions 
in the ion source of a homemade mass
spectrometer. The technique of studying
ion– molecule reactions was inspired by
Zdeněk’s serendipitous discovery of a
facile hydronium ion formation in the
ion source after he did something he was
not supposed to do—increase the source
pressure (as it put the filament in danger
of burning).

Ion– molecule reactions would become
the dominant theme of Zdeněk’s career.
With a homemade multichannel jet as 
a molecular-beam source in his pocket,
Zdeněk joined Richard Wolfgang at Yale
University in 1964 to study the dynamics
of ion– molecule reactions in crossed 
molecular beams under single- collision
conditions. With several collaborators,
Zdeněk and Wolfgang established the
basic mechanisms of ion– molecule colli-
sions and their dependence on the energy
disposal. Zdeněk was in the US with his
family in August 1968 when the Soviets
invaded Czechoslovakia to crush the
Prague Spring. Despite several offers his
colleagues generated to keep Zdeněk in
the US, the Hermans returned to Prague
in 1969.

Throughout the 1970s, travel out of
Czechoslovakia was severely restricted,
and the small laboratory that Zdeněk
shared with Čermák became a mecca for
Western scientists traveling to Eastern
Europe. More than 250 signatures of the
world’s best-known atomic, molecular,
and chemical physicists decorated the
ceiling of the Čermák– Herman laboratory.

Following the Velvet Revolution in
1989, Zdeněk took part in reconstruct-
ing the scientific life of his country and
quickly became overloaded with admin-
istrative responsibilities, among them
codirecting the Heyrovský Institute and
cofounding the country’s first research-
grant agency. He also received a profes-
sorship at the Institute of Chemical Tech-
nology in Prague in 1996. 

All that left little time for the labo -
ratory, which, ironically, filled up with 
students anyway. Much of Zdeněk’s re-
search in the 1990s concerned the dy-
namics of single-charge transfer from
doubly charged ions. Later, his research
interests moved to the dynamics of ion–
 surface interactions.

Over the years, Zdeněk became the
heart and soul of the biennial European
Conference on the Dynamics of Molec-
ular Systems (MOLEC) meetings, for
which he designed and made a beautiful
chairman’s scepter. His key role was rec-
ognized in 2014 with the establishment
of the Zdeněk Herman MOLEC Young
Scientist Prize, for which he later designed
its gold medals.

On his 80th birthday, his friends and
colleagues established the Zdeněk Her-
man Jubilee Fund, which received more

than 50 contributions. He used the fund
to establish a prize for freshly minted
Czech PhDs working in chemical physics
and mass spectrometry.

For half a century, Zdeněk created
drawings, paintings, and sculptures of
friends and colleagues. In 2017 he pub-
lished a 276-page book of his legendary
art, noting, “In a way, it is a portrait of
the generations of people that formed
our years in science. . . . Perhaps this col-
lection will keep the memory of not only
their names, but also of their faces.” The
three of us all appear in the book. One
beautiful work absent from it is a 50-cm-
high wooden sculpture of the Madonna,
which Zdeněk gave one of us (Hersch -
bach) and which brings back wonderful
memories of Zdeněk.

The international physical chemistry
and chemical physics community has lost
a remarkably gifted scientist, brilliant
artist, and revered friend, who has done
much to make our science a convivial
and congenial adventure.

Dudley Herschbach
Harvard University

Cambridge, Massachusetts
Peter Toennies

Max Planck Institute for Dynamics and
Self-Organization

Göttingen, Germany
Bretislav Friedrich

Fritz Haber Institute of 
the Max Planck Society

Berlin, Germany

OBITUARIES

Zdeněk Herman

HERMAN FAMILY/PRAGUE
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OBITUARIES

Thomas James McIlrath

Thomas James McIlrath, former trea -
surer and publisher of the American
Physical Society (APS), passed away

on 20 December 2020 of complications
from Parkinson’s disease. In addition to
being a skilled fiscal manager who main-
tained APS’s financial health in a period
of rapid economic change, Tom was an
outstanding atomic, molecular, and opti-
cal (AMO) physicist. He spent countless
hours volunteering with the Optical So-
ciety. He also was a faithful colleague and
friend and a steadfast steward to his fam-
ily and neighbors. 

Tom was born in Dowagiac, Michigan,
on 10 May 1938 and received his BS de-
gree in physics at Michigan State Univer-
sity in 1960. His graduate work at Prince-
ton University, done under the guidance
of Thomas Carver, was on optical pump-
ing of atomic hydrogen. After earning
his PhD in 1966, he spent a year at Ox-
ford University on a NATO postdoctoral
fellowship. For the next six years, he
pursued atomic spectroscopy research at
the Harvard College Observatory while
lecturing in the university’s astronomy
department. 

Tom joined the faculty of the Institute
for Fluid Dynamics and Applied Mathe-
matics (an antecedent to today’s Institute
for Physical Science and Technology) at
the University of Maryland (UMD) in
1973. During his time there, he was also
a part-time staff researcher at the Na-
tional Bureau of Standards (now NIST),
where he collaborated extensively with
Thomas Lucatorto and others. As part of
Tom’s fruitful UMD–NIST association,
he, Lucatorto, and James Roberts devel-
oped a vacuum- ultraviolet (VUV) win-
dow that could sustain a pressure differ-
ential of seven orders of magnitude while
transmitting 50% of the light. That work
earned the three an Industrial Research &
Development I-R 100 award (the precursor
to the R&D 100 Awards presented by R&D
World) in 1980. 

With Lucatorto, McIlrath discovered
superelastic collision-assisted resonant

ionization of atomic vapors that enabled
VUV absorption measurements of long
columns of atomic ions (cold plasmas).
McIlrath and Lucatorto received a De-
partment of Commerce Silver Medal
Award for their research in plasma stud-
ies and spectroscopy. One of us (Hill)
worked closely with McIlrath, first as a
postdoc at NIST with some of the ion
columns and later as a colleague at UMD.
McIlrath also provided valuable input in
the 1980s and 1990s that helped lay the
groundwork for UMD, NIST, and the
Laboratory for Physical Sciences to cre-
ate the Joint Quantum Institute.  

In 1986 Tom spent a sabbatical at Bell
Labs, where he worked closely with an-
other of us (Freeman), Philip Bucksbaum,
and Howard Milchberg, then a postdoc.
That was shortly after the discovery of
above-threshold ionization by intense
laser pulses, which at the time was not
well understood. In the late 1980s, McIl-
rath, Freeman, and Bucksbaum wrote a
series of papers describing the ionization
of atoms and molecules in intense laser
fields, an important step in the develop-
ment of high- harmonic and attosecond
generation in the 1990s and into the new
millennium.

Between 1993 and 1995, Tom served
at NSF as a rotator—a program director
on temporary leave from one’s home in-
stitution—in which he oversaw the AMO
experimental program. In addition, he
and Lawrence Goldberg (in the Engineer-
ing Directorate) cochaired a major 1994

NSF workshop, “Optical Science and En-
gineering: New Directions and Opportu-
nities in Research and Education.” It led
to an NSF-wide initiative on multidisci-
plinary research in optical science and
engineering that ultimately expanded
research and education opportunities in
those fields. Upon returning to UMD, Tom
served as associate dean for research and
graduate studies before retiring and be-
coming the treasurer and publisher at APS
in 1996. 

His achievements at APS included
helping to steer the society into electronic
publishing and to finance APS journals
in a fairer and more equitable manner.
For example, Tom started the tiered struc-
ture in which larger, research- intensive
institutions began bearing more of the
cost burden than non-PhD- granting,
smaller institutions. Another legacy of
his 10-year leadership—he stepped down
in 2006—was his implementation of cost-
 saving measures, including online sub-
missions, that led to dropping journal
prices in the mid 2000s even as the size
of the journals grew. Through it all, Tom
was able to maintain the fiscal health of
APS in a volatile economic period. 

Tom faced a profound personal chal-
lenge when his wife, Valerie U. Hoy, was
diagnosed with an incurable medical con-
dition while he was in graduate school.
His lifelong dedication to her and their
two daughters, Christine and Laura, was
exemplary, as was his service as deacon
and elder of Riverdale Presbyterian
Church. After his diagnosis with Parkin-
son’s, he and Valerie moved to Asbury
Methodist Village (AMV), a continuing-
care retirement community in Gaithers-
burg, Maryland. In his typical altruistic
fashion, he became very active, contribut-
ing to the AMV newsletter and interact-
ing with AMV’s department of pastoral
care until his death.

We gratefully acknowledge important contri-
butions from Christine McIlrath Lehnigk,
Tom Lucatorto, Denise Caldwell, Larry Gold-
berg, Barry Schneider, Kate Kirby, Mike
Stephens, David Voss, Phil Bucksbaum, and
Howard Milchberg.

Wendell T. Hill III
Jan V. Sengers

University of Maryland
College Park

Richard R. Freeman
University of Washington

Seattle PT

Thomas James McIlrath
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M
ore than a century after James Clerk Maxwell first
elucidated the phenomenon of electromagnetism,
the implications of his famous formulas are still not
fully understood. Although Maxwell’s equations
contain only electric and magnetic fields, they can
be conveniently expressed in terms of electric and

magnetic potentials, quantities whose spatial and temporal
variations determine the field strengths. In theory, the poten-
tials themselves have no significance. All the physics is con-
tained in the forces exerted on charged particles, and because
those forces are directly proportional to the field strengths,
they vanish where the field strengths vanish. Physicists are free
to add terms to the potentials that leave the fields invariant, a
flexibility known as gauge freedom. 

Maxwell’s classical view, in which the potentials are not
physical, was radically revised with the advent of quantum
mechanics in the early 20th century. Heisenberg’s uncertainty
principle is incompatible with the notion of a point particle.
Particles were replaced with wavefunctions ψ(x) = ∣ψ(x)∣eiθ(x),
with an amplitude ψ(x) and a phase θ(x). The squared ampli-
tude ∣ψ(x)∣2 is the probability density of finding the particle at
position x, whereas the phase is observed in interference ex-
periments. For instance, the superposition of two waves with
equal amplitude but opposite phase has vanishing amplitude
and, hence, vanishing probability density. The phase of a par-
ticle is superfluous in classical mechanics, but it’s crucial in
quantum mechanics. That picture is analogous to the fields, not
the potentials, being physical in electrodynamics.

Magnetic and electric effects
Those parallels between classical mechanics and electrodynamics
are no coincidence. In quantum mechanics, the phase of a charged
particle is fundamentally connected to the electromagnetic
 potentials— the magnetic potential A and electric potential ϕ.
(See the article by Herman Batelaan and Akira Tonomura,
PHySICS TodAy, September 2009, page 38.) The phase of a par-
ticle with charge q traversing a spatial trajectory γ over a time
interval τ changes by

                                  
(1)

relative to the phase of a particle that traverses the same trajec-
tory with vanishing potentials. Because differences in phases

can be observed in quantum interference experiments, the
equation has consequences for the physical significance of the
potentials A and ϕ.

Consider the case of two identical charged particles in a
beam circling on opposite sides of a  solenoid— a long straight
tube tightly wound with coils of a  current- carrying  wire—
 illustrated in panel a of the figure. The current produces a mag-
netic field that is nonzero only inside the solenoid, and that field
is related to the magnetic potential through its curl, B = ∇ × A.
When the particle wavefunctions interfere on the far side of the
solenoid, a region of zero magnetic field, they still acquire a
total phase difference of Δθ = qΦB/ℏ, where ΦB is the magnetic
flux in the solenoid. That  so- called magnetic  Aharonov– Bohm
effect, observed experimentally in 1960, demonstrates that the
magnetic potential must have a real effect that is absent from
classical electromagnetism.

What about the electric  Aharonov– Bohm effect? Consider
the same two identical charged particles, but now pass them
through two conductive  tubes— so- called Faraday  cages—
 illustrated in panel b. The objective of that setup is to induce
an electric potential difference between the two particles with-
out having them encounter any electric fields. To achieve that
goal, a voltage ΔV is applied between the cages for a time ΔT
while the particles are inside the tubes. The electric field is  non-
 zero only outside the cages and only during the time the par-
ticles are inside them. According to the  phase– voltage relation-
ship, the particles acquire a relative phase shift 

                                                  
(2)

This equation describes the electric  Aharonov– Bohm effect, in
which the electric potential determines the evolution of the
phase as a charged particle traverses time. The units of micro-
volts and nanoseconds are included to give a sense of the rel-
evant scales in changing the electron’s phase. An observation
of a phase shift in the absence of electric fields acting on the
particles would be a direct indication that the electric potential
is itself physical. But to date no such observation has been
made.

Experimental obstacles
To appreciate why the electric  Aharonov– Bohm effect has not
yet been observed, consider the units in equation 2. Exposing

Δθ = · − ′ ,
γ τ

d dts A ϕ
q

ħ

Δθ ≈ × × .
q

e

ΔV ΔT

nsμV

Eve Vavagiakis is a postdoctoral
researcher in physics at Cornell
University in Ithaca, New York.
Thomas Bachlechner is head of
artificial intelligence at MeetElise
and Matthew Kleban is a professor
of physics at New York University,
both in New York City.

QUICK STUDY

Is the electric potential physical?
Eve M. Vavagiakis, Thomas C. Bachlechner, and Matthew Kleban

In the yet-unmeasured electric  Aharonov– Bohm effect, an electric potential influences the quantum
mechanical wavefunction of charged  matter— even in regions where the electric field vanishes.
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an electron to a potential difference of 1 µV for 1 ns would
change the electron’s phase by roughly 2π, or one full cycle.
That large magnitude makes the phase change challenging to
observe experimentally. Even small fluctuations in the electric
potential can blur out the interference pattern. A second, per-
haps even more challenging issue is the elimination of electric
fields. It is relatively simple to move electrons past a charged
capacitor and observe the resulting  voltage- dependent inter-
ference  pattern— a tack used in earlier work—but very difficult
to eliminate the effect of electric fields outside the capacitor,
which makes the significance of the electric potential ambigu-
ous. Yet a third obstacle to conducting a conclusive experiment
is the interactions between free electrons and their environ-
ment, which cause their wavefunctions to collapse. Those inter-
actions render the use of the electron wavefunction in an
electric  Aharonov– Bohm type of experiment extremely diffi-
cult. But what if a much bigger and more stable wavefunction
could be used?

Fortunately, wavefunctions exist that are far better suited
for an electric  Aharonov– Bohm experiment. In superconduc-
tors, electrons below a critical temperature form a quantum
condensate of electron pairs. The condensate has a phase that
is experimentally measurable. And as macroscopic solids, super-
conductors are much less vulnerable to interactions that would
perturb experiments on free electrons. Even so, the phase of the
electron pairs in a superconductor is still sensitive to the elec-
tric potential via equation 2, which, when applied to super-
conductors, constitutes the famous second Josephson relation
that helped earn Brian Josephson part of the 1973 Nobel Prize
in Physics. (See PhYSIcS TodAY, december 1973, page 73.)

Because equation 2 contains an electric potential difference,
it applies regardless of whether any electric fields exist at the
location of the superconductors. To our knowledge, the exper-
iments that measured the phase shift have done so only with
electric fields applied to the superconductors, so they were not
able to test the electric  Aharonov– Bohm effect. You need a re-
gion free of electric fields containing only an electric potential.

here’s our proposal: Place a large planar capacitor between two
small superconductors held close to its top and bottom plates.
As the capacitor becomes charged, it induces a potential differ-
ence on the superconductors but only a vanishingly small elec-
tric field. That setup avoids the pitfalls mentioned above. The
relative phase is routinely measured in superconductors. And
because they are static, it should be less challenging to avoid
exposing them to external electric fields or any other environ-
mental interaction.

demonstrating the physical significance of the electric po-
tential in that way would fill a gap in both  undergraduate- level
electromagnetism and quantum mechanics courses. And the
impact of such a measurement would inform our understand-
ing of nature beyond the two subjects. The electric potential is
intimately tied to gauge invariance, one of the core principles
of our modern understanding of fundamental physics and
deeply intertwined with the paradoxes regarding the unifica-
tion of quantum mechanics and gravity. If experimentally con-
firmed, the electric  Aharonov– Bohm effect would be a type of
memory effect, as the phase of any charged particle delicately
depends on the particles’ entire history in time. At the moment,
for instance, no one knows what happens to that information
as a charged particle falls into a black hole. 

Additional resources
‣ h. J. Bernstein, A. V. Phillips, “Fiber bundles and quantum
theory,” Sci. Am., July 1981, p. 122.
‣ R. G. chambers, “Shift of an electron interference pattern by
enclosed magnetic flux,” Phys. Rev. Lett. 5, 3 (1960).
‣ A. van oudenaarden et al., “ Magneto- electric  Aharonov–
 Bohm effect in metal rings,” Nature 391, 768 (1998). 
‣ T. c. Bachlechner, M. Kleban, “Proposal for testing the electric
 Aharonov– Bohm effect with superconductors,” Phys. Rev. B 101,
174504 (2020).
‣ L. Susskind, “Electromagnetic memory,” https://arxiv.org
/abs/1507.02584. PT
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MAGNETIC AND ELECTRIC  Aharonov– Bohm experiments. (a) A copper solenoid produces a magnetic field inside it but prevents that
field (and hence any Lorentz force) from existing outside it. Yet when a split electron beam (blue) passes around the solenoid, electrons in
the different paths interfere and exhibit a phase  difference— evidence of the magnetic potential’s influence. The electrons’ phases are drawn
as white arrows, which evolve (or rotate) differently, depending on the local potentials, and produce a  potential- dependent interference
pattern (two arrows). (b) In the electric effect, the split electron beams pass through separate charged metallic tubes, inside of which an
electric potential can exist but not an electric field. If an enclosed magnetic flux can cause phase shifts, one would expect an enclosed
electric flux to do the same. White arrows again prescribe possibly interfering phases. (Images by Eve Vavagiakis and Donna Padian.)
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 Cracks— fractures caused by material stress that exceeds the
strength of the  material— are ubiquitous in everyday life. They’re also
observed in the drying of silica suspension droplets, as seen in the
microscopic image. Robert Mulka of Wrocław University of Science
and Technology in Poland; Matthias Buschmann at the Institute of Air
Handling and Refrigeration in Dresden, Germany; and their colleagues
wanted to study cracking and the process of exsiccation, or drying
out, in more detail. To do so, they dosed droplets of  water- based 
suspensions with silica nanoparticles on a stainless steel substrate.
A microscope with an attached camera then recorded the drying
process in a laboratory environment with a constant temperature and
relative humidity. This image, captured at the very end of the drying
process, shows the characteristic “coffee ring” drying pattern.  

A complex interplay of Marangoni convection and capillary flow 
inside the droplet transports the silica nanoparticles outwardly. As 
exsiccation progresses, the emerging tensile and shear stresses
inside the deposition are relieved by the formation over time of a
characteristic pattern of consecutive cracks. Each set of cracks has
a specific morphology, which is linked to the previous stress distribution.
The photo shows two morphologies. The tangential spiral cracks 
at the ring’s edge develop first in random locations as bits of silica
debris delaminate from the substrate. The straight, radially oriented
cracks develop next as a response to the capillary pressure and shear
stress operating between the droplet coating and substrate. (Submitted
by Robert Mulka; R. Mulka et al., Colloids Surf., A 623, 126730,
2021.)

Dynamics of drying

BACK SCATTER
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Pour wine into a glass and — if the wine is of high alcohol content 
— watch teardrops run up and down the sides of the glass. The 
reason for this behavior is best described by the Marangoni effect. To 
understand the physics behind the effect, you can turn to simulation.

learn more  comsol.blog/tears-of-wine

SIMULATION CASE STUDY

Why do 
teardrops form in 
a glass of wine?

The COMSOL Multiphysics® software is used for simulating designs, devices,  
and processes in all fields of engineering, manufacturing, and scientific research. 
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Semantic segmentation for wildlife conservation.

With MATLAB,® you can build deep learning models using 

classification and regression on signal, image, and text 

data. Interactively label data, design and train models, 

manage your experiments, and share your results.

mathworks.com/deeplearning
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