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‣BECs in space
An experiment aboard the
International Space
Station recently produced
the first Bose–Einstein
condensate in microgravity.
Researchers report obser-
vation times of more than
a second and unexpected
BEC behaviors that could
prove useful for applica-
tions such as high-
 precision spectroscopy.
physicstoday.org/Jul2020b
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 ON THE COVER:Changes in rivers’ flows can lead to destructive flooding or
catastrophic famine. Those changes can happen over hundreds of years, like
the meandering path of the Mississippi River, shown in this 1944 map, or they
can take just a few hours, like in a flash flood. On page 46, Sean Fleming and
Hoshin Gupta explain how researchers create hydrological models to
 understand river physics, manage water supplies, and inform public safety
measures. (Harold Fisk/Army Corps of Engineers.)
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30 Isaac Newton and the perils of the financial South Sea
       Andrew Odlyzko

        Despite Newton’s general brilliance and his expertise in finance, groupthink

led him to plunge into the South Sea Bubble and lose much of his fortune.

38  The physics of lipidic mesophase delivery systems
       Simone Aleandri and Raffaele Mezzenga

        Effectively releasing drugs in the body depends on the physical and

chemical traits of a special class of liquid crystals.

46  The physics of river prediction
       Sean W. Fleming and Hoshin V. Gupta

        Resource managers use forecasts to ensure future access to abundant water

and provide safety from river-related hazards.

‣Combating racism
On 10 June scientists
 responded to the Strike
for Black Lives and
#ShutDownSTEM
 initiatives by spending the
day learning about and
discussing anti-Black
racism and what to do
about it. PHYSICS TODAY’s
coverage includes links to
resources for sustaining
the push for change.
physicstoday.org/forchange
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‣Elizabeth Fulhame
In 1794 Elizabeth
Fulhame postulated the
mechanism of catalysis
decades before the term
was coined. Yet the
Scottish chemist is rarely
mentioned in histories of
the period. Claire Jarvis
profiles the trailblazing
chemist and her defiance
of a society that thought
little of female scientists.
physicstoday.org/Jul2020a
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temperature controller 
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liquid cryogens required
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FROM THE EDITOR

Freely and openly
Charles Day

I n the autumn of 1990, I took a month off between the end of my
postdoc at the Institute of Space and Astronautical Science in
Sagamihara, Japan, and the start of my next job at NASA’s 

Goddard Space Flight Center in Greenbelt, Maryland. during that
sojourn I visited the Institute of Astronomy at Cambridge University,
where I had done my Phd.

Among the new people I met there was Ian Stevens, who
coincidentally had just finished a postdoc at Goddard. I no
longer remember the circumstances of our encounter. Most
likely it was during the 11:00am coffee break, when almost all
of the institute’s members gather in the library to converse
over freshly brewed coffee. However, I can’t forget the out-
come. Stevens and I decided to work together. Our paper, “An
x-ray excited wind in Centaurus X-3,” appeared just over two
years later.1

Collaboration pervades scientific research. Of the 150 or so
news stories I’ve written for PHySICS TOdAy’s Search and dis-
covery department, just one was about a paper by a single au-
thor, Rodney Baxter (“Order parameter of the chiral Potts model
succumbs at last to exact solution,” November 2005, page 19).
Sometimes the work I reported on resulted from a collabora-
tion among the members of a single group. Other times it re-
sulted from a collaboration between groups.

One of my favorite examples of intergroup collaboration 
is the first observation of the quantum spin Hall effect (QSHE)
in a heterostructure made of a layer of mercury telluride
of just the right thickness sandwiched between layers of mer-
cury cadmium telluride (see PHySICS TOdAy, January 2008,
page 19).

The intricate setting has an interesting back story. Condensed-
matter theorists began investigating the QSHE in the early
2000s. It arises when an insulator’s band structure includes two
spin-polarized edge states. Because of the states’ topology, the
corresponding edge currents flow without dissipation. The
QSHE is not only interesting; it also has potential applications.
The effect proved difficult to measure. It was too puny in the
first prospective material, graphene. A proposal to realize it 
in a mechanically strained semiconductor was experimentally
infeasible.

A hint of a way forward arrived when one of the theorists
who elucidated the QSHE, Shoucheng Zhang of Stanford Uni-
versity, met one of the experimenters who eventually observed
it, Laurens Molenkamp of the University of Würzburg, at a
conference in South Korea. Molenkamp told Zhang about the

narrow-bandgap semiconductor, HgTe. Spin-orbit coupling is
so strong in HgTe that it splits the valence band and raises the
higher of the split bands above what would otherwise be the
conduction band. Could band inversion be a way to create the
QSHE? the experimenter asked the theorist. When they met
again a year later in Singapore, they agreed to collaborate.

A crucial step was taken from a general search for the 
QSHE in HgTe to a specific one in a heterostructure of
HgCdTe/HgTe/HgCdTe when Molenkamp gave Zhang an
electronic copy of the doctoral thesis of Alexander Pfeuffer-
Jeschke. In 2000 Pfeuffer-Jeschke had calculated the threshold
thickness below which the bandgap of the HgTe layer becomes
zero and then becomes positive under the increasingly strong
influence of the HgCdTe layers. He wrote his thesis in German,
a language that Zhang had acquired as an undergraduate at
the Free University of Berlin. Zhang read the thesis on the flight
back from Singapore.

The story of the discovery of the QSHE is not only one of
collaboration. It’s also one of the free movement of people and
ideas between countries. Molenkamp works in Germany and
is from the Netherlands. The experiment that he and his col-
laborators carried out was sketched out in a Science paper2 writ-
ten by Zhang and two of his then students, B. Andrei Bernevig,
who is from Romania, and Taylor Hughes, who is from the US.
Zhang grew up in Shanghai.

I asked Molenkamp to fact-check the first draft of this edi-
torial. His emailed reply closed with the observation that
physics has been an international undertaking for a century.
“There is just a rather limited number of professionals in the
field,” he wrote. “And you really only get things done when
you exchange ideas. Freely and openly. And respecting scien-
tific discourse.”

References
1. C. S. R. day, I. R. Stevens, Astrophys. J. 403, 322 (1993).
2. B. A. Bernevig, T. L. Hughes, S.-C. Zhang, Science 314, 1757

(2006). PT
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READERS’ FORUM

The article “The challenge and promise
of studying burning plasmas” by
Richard Hawryluk and Hartmut Zohm

(PHysics Today, december 2019, page 34)
contains a nice description of the physics
involved in a burning plasma, which
iTER, the international prototype fusion
energy reactor, hopefully will produce.
But iTER has had a troubled history. it
was approved in 2005 for an estimated
construction cost of approximately $5 bil-
lion, and deuterium–tritium experiments
were expected to start in 2027. at present,
the estimated cost has mushroomed to at
least $25 billion in today’s dollars, and
the start date for d–T experiments has
slipped to 2035, with their completion ex-
pected around 2040.

Realistically, though, iTER’s develop-
ment path is unlikely to produce com-
mercially competitive electricity in this
century. according to the iTER website
(www.iter.org), the reactor is designed to
produce a 10-fold or better return on en-
ergy; that is, it should produce 500 MW
of fusion power from its 50 MW of input
heating power.

Let’s assume that iTER achieves that
return in about 2040. What would that
mean for power production? Electricity is
generally produced with an efficiency of
around one-third, so as a power plant,
iTER would generate approximately 170
MW of electricity (MWe). yet it requires
50 MW of beams or microwaves to power
it. But beams and microwaves are them-
selves produced at around one-third effi-
ciency, meaning that they would require
150 MW of input power. That would
leave virtually nothing for the power
grid. a typical commercial power plant,
by comparison, will generate about 3 GW
of heat or 1 GW of electricity.

For an iTER-like tokamak to be eco-
nomically integrated into the grid, it
would need its gain increased by at least
a factor of three or four, its power in-
creased by about a factor of six (to be on
par with a typical commercial power
plant), and both its size and cost reduced.
such a tokamak would deliver at least an
order of magnitude more power to the
wall and diverter plates. These require-

ments are not minor details! in all likeli-
hood, reaching them would take decades
and tens of billions of dollars, assuming
they could be accomplished at all. 

in addition to these obvious difficul-
ties, tokamaks are limited in pressure and
density, as Hawryluk and Zohm point
out. They are also limited in current. The
limits are not controversial; they have
been well established theoretically and
confirmed experimentally. yet the con-
straints they place on fusion power,
which i have called “conservative design
rules,”1,2 have been ignored by the toka-
mak community. Furthermore, conserva-
tive design rules have been in the litera-
ture for a decade. i have given many
presentations on them at fusion labs and
other places, and they have never been
challenged, in print or in my seminars.

as long as tokamaks remain so con-
strained, they are unlikely to generate
economic power. However, there is an al-
ternative. as a breeder of nuclear fuel, an
iTER-like tokamak would work well.
Most likely it could economically breed
uranium-233 from thorium. it would be a

much more prolific fuel producer than a
fission breeder of equal power and could
become the basis of a worldwide, sustain-
able, carbon-free, nuclear infrastructure.
Furthermore, it might well be able to do
so soon after midcentury, assuming iTER
is successful.1,2

References
1. W. Manheimer, J. Fusion Energy 33, 199

(2014).
2. W. Manheimer, IEEE Access 6, 64954 (2018). 

Wallace Manheimer
(wallymanheimer@yahoo.com)

Allendale, New Jersey

� � �

The article by Richard Hawryluk and
Hartmut Zohm addresses several in-
teresting issues in iTER’s march to-

ward successful plasma burning. in par-
ticular, iTER’s design, as presented in
the article, relies on the high-confine-
ment mode—the H-mode—that may be
achieved with a thermal barrier believed
to arise from turbulence-generated zonal
flow.1 as the discoverer of that type of

ITER and the prospects for commercial fusion
© ITER ORGANIZATION
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flow, I highlight here a fundamental
issue in the H-mode tokamak reactor. If
operation depends on the formation of
zonal flow possibly created by the self-
organization of a type of Hasegawa–
Mima turbulence, it is crucial that such
turbulence is continuously generated.
The scheme may be considered to be dy-
namic confinement, as compared with
the classic static confinement scheme
based on a magnetic bottle. 

Dynamic confinement requires contin-
uous injection of free energy via RF or
neutral beams to sustain the turbulence
and hence the thermal barrier—and, in ef-
fect, the pressure profile. For that process
to take place on a steady-state basis, one
must assume that the injected energy is
lost continuously. Therefore, if the ITER
design is based on dynamic confinement,
ITER should be viewed as a power ampli-
fier—that is, the fusion energy output
should be regarded as amplified injected
free energy. Since the injected power
should be considered lost through an in-
verse cascade of turbulent energy, igni-
tion criteria, such as the well-known Law-
son criterion, that are based on energy
confinement time become irrelevant: The

energy is not confined. Here the crucial
time scale is not of energy confinement
but  of maintaining the plasma pressure
profile sustained by the zonal flow.

Reference
1. A. Hasegawa, M. Wakatani, Phys. Rev.

Lett. 59, 1581 (1987). 
Akira Hasegawa

(a.hasegawa@solitoncomm.com)
Osaka University

Suita, Japan

� � �

After the ITER project was initiated, de-
carbonization of global energy produc-
tion has emerged as an urgent objective

for industrial society. Thermonuclear fu-
sion is an inherently safe, ubiquitous, zero-
carbon source of energy on a scale large
enough to power a growing global indus-
trial economy. It is therefore appropriate
to examine fusion research by asking
whether economically viable fusion power
plants will come on line soon enough to af-
fect climate change. The field has seen ad-
vances in high-temperature superconduc-
tors, inexpensive high-field permanent
magnets, and other materials and in mod-

eling and manufacturing. Those new tech-
nologies enable a range of heating and con-
finement approaches far beyond what was
conceivable at ITER’s inception. 

The 2019 Final Report of the Committee
on a Strategic Plan for U.S. Burning Plasma
Research from the National Academies of
Sciences, Engineering, and Medicine
makes the following recommendations:

• First, the United States should
remain an ITER partner as the most
cost-effective way to gain experi-
ence with a burning plasma at the
scale of a power plant.
• Second, the United States should
start a national program of accom-
panying research and technology
leading to the construction of a
compact pilot plant that produces
electricity from fusion at the lowest
possible capital cost.1

Since the publication of that report,
much has changed in the US fusion com-
munity. In the public sector, the American
Physical Society’s division of plasma
physics led a community planning process
that identified scientific and technological
opportunities in plasma physics and fu-
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sion energy sciences and provided the
Department of Energy’s Fusion Energy
Sciences Advisory Committee with strate-
gic recommendations for addressing
those opportunities.2

The private sector has invested hun-
dreds of millions of dollars in pursuing
novel approaches to accelerate the de-
ployment of commercial fusion power
plants (see, for example, PhySiCS ToDAy,
August 2018, page 25, and February 2019,
page 28). The BEThE Project (Break-
throughs Enabling Thermonuclear-
 Fusion Energy) under the Advanced Re-
search Projects Agency–Energy recently
released a funding-opportunity announce-
ment that targets transformational re-
search “with the potential to be disruptive
in the marketplace” and specifically en-
courages development of “timely, com-
mercially viable fusion energy.”

iTER will make important contribu-
tions to the mission of deploying commer-
cially viable fusion. And public, private,
and partnership groups are aggressively
pursuing ways to accelerate commercial
deployment. New designs may eliminate
the physics challenges cited in the article
by Richard hawryluk and hartmut Zohm. 

iTER will not be on the critical path
for commercial deployment, and the an-
swer to when we will have commercial
fusion is this: sooner than you think.

References
1. National Academies of Sciences, Engi-

neering, and Medicine, Final Report of the
Committee on a Strategic Plan for U.S. Burn-
ing Plasma Research, National Academies
Press (2019), p. 1.

2. American Physical Society Division of
Plasma Physics, A Community Plan for Fu-
sion Energy and Discovery Plasma Sciences,
APS (2019).

Jesse Treu
(jtreu@stellarenergyfoundation.org)

Matthew Miller
Peter Burnim

Stellar Energy Foundation
Princeton, New Jersey

‣ Hawryluk and Zohm reply: Wallace
Manheimer points out that remaining sci-
entific and technological issues will need
to be addressed to produce commercially
competitive electricity from nuclear fu-
sion on the completion of the iTER re-
search program. True, iTER was not de-
signed to produce net electricity, but
power generation can be accelerated by
doing more R&D in parallel with iTER’s

construction. The fusion community rec-
ognizes that; it was a central topic of the
research initiatives highlighted in the
2019 National Academies of Sciences, En-
gineering, and Medicine report on burn-
ing plasma research.1 Examples of such
parallel activities that are underway in-
clude the proposed China Fusion Engi-
neering Test Reactor and the new initia-
tives Jesse Treu and colleagues mention.
Those efforts will profit from both the
technological progress made during iTER
construction and the physics understand-
ing gained from its operation.

The “conservative design rules” Man-
heimer mentions are indeed recognized
by the tokamak community. Research ini-
tiatives around the world are actively ad-
dressing them and seeking scientific and
technological innovations to increase
 fusion power for a given facility size.
Among them are increasing the magnetic
field strength by using high-temperature
superconducting magnets and increasing
the power heat flux capabilities through
the use of liquid-metal divertors.

Manheimer notes that fusion at an
iTER-like tokamak can be used to breed
nuclear fuel, such as uranium-233 from
thorium-232. That may decrease the
R&D effort in order to extend the param-
eters for fusion power plants, but it will
entail other technological developments
to breed 233U from Th and incorporating
them into a nuclear fission economy.
Some iTER partners have considered
that approach, but others find it less at-
tractive because of its link to fission.

Treu and coauthors note the strong
need for innovation, as identified in the
National Academies report; the commu-
nity consensus recommendations for a
strategy to address those opportunities;
and the increased role of private compa-
nies to accelerate development. We share
with them the hope that new designs for
fusion facilities combined with results
from iTER can accelerate the develop-
ment of commercial fusion.

Finally, the triggering mechanism for
the transition to the high-confinement
barrier (h-mode) in the edge region is
an ongoing area of research that is build -
ing on early work by Akira hasegawa,
Masahiro Wakatani, and many others.
Experimentally, the criterion for entering
the h-mode is characterized in terms of
an ion heat flux. For a fully developed h-
mode state, the shear flow necessary to
suppress turbulence in the edge region is

provided by the zeroth-order diamag-
netic flow—that is, the pressure gradient
and not the turbulence itself. hence, sus-
taining h-mode confinement after the
transition has occurred does not rely on
additional external energy or momen-
tum input; it can be sustained by the heat
flux arising from the α-particle heating.
We now realize that this important as-
pect regarding sustaining the h-mode
was not clear enough in our article.

Reference
1. National Academies of Sciences, Engi-

neering, and Medicine, Final Report of the
Committee on a Strategic Plan for U.S. Burn-
ing Plasma Research, National Academies
Press (2019). 
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A proposal for APS
action on police
 brutality
The shocking death of George Floyd on

25 May 2020 is unfortunately not a
singular event in the US. Eric Garner,

Michael Brown, Freddie Gray, Breonna
Taylor, and Amadou Diallo—who was
struck by 19 of the 41 bullets fired by four
New york City police officers—are just
part of a long list of unarmed Black
Americans who have died at the hands
of the police. That pattern of violence is
deeply rooted in the history of Black–
white relations in the US and the failure
of the leaders of this country to deal with
systemic racism. it is worth asking what
an organization with a diverse member-
ship such as the American Physical Soci-
ety can do to effect change.

yearly, APS hosts large meetings in
cities around the US. Perhaps the time has
come for the organization to include the
treatment of Black Americans by the local
police as a key criterion in choosing cities
to host the society’s meetings. Cities in
which Black people have died at the hands
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of the police—Baltimore (a frequent desti-
nation for APS meetings), New York, and
St Louis, for example—might be removed
from future consideration. The message
APS would send would be powerful. Not
only would it say that we do not condone
racist policing, it would support the pro-
tection of the society’s members and guests
who might, for example, venture out onto
the said city’s streets while being Black.

The request here is simple: Stop doing
business in cities in which the police kill
Black citizens. The action would be similar
to the divestment movement in South
Africa in the 1980s, which was pivotal in

ending apartheid. We hope other profes-
sional societies follow suit, but as with all
causes, someone has to be the first. Physi-
cists should be proud to take the lead here.

Philip Phillips
(dimer@illinois.edu)

Michael B. Weissman
University of Illinois at Urbana-Champaign

The language of
wildfires
The Quick Study “Fluid dynamics of

wildfires” by Rod Linn (PhYSicS
TodAY, November 2019, page 70) ap-

plies physics principles to the increas-
ingly urgent global issue of wildfires. it
is both thought provoking and relevant.

included in the piece are the phrases
“rising air draws in air below it . . . in
much the same way as air is drawn into
a fireplace and rises up a chimney,” “a ris-
ing plume can draw cool air,” and “am-
bient wind drawn into the gaps.” in those
contexts, the dictionary meanings of the

word “draw” seem to invite the common
misapprehension that the heated air of a
wildfire is somehow pulled or drawn up-
ward from above. 

heated gases from wildfires are not
drawn upward, nor do they rise sponta-
neously. Wildfire gases are better charac-
terized as being pushed, pressed, or
buoyed upward from beneath, ultimately
by ambient pressure. The heated gases of
a wildfire, much like air bubbles rising in
water, are driven upward by a hydro-
static pressure gradient. The greater pres-
sure is at the lower elevation, as estab-
lished by gravity. Absent gravity, the
gradient would disappear and the heated
gases would not rise but would instead
smother the wildfire.

Precise language is important when
talking about science, particularly to ac-
curately represent wildfires as being
pushed from behind or below rather than
to suggest, as is common in popular par -
lance, that they are drawn or pulled up-
ward from above.

Evan Jones
(revwin@yahoo.com)

Sierra College
Rocklin, California PT
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The best atomic clocks, which mark
time by measuring the frequency of
an atomic resonance, operate with an

uncertainty of around 10−18. If left to run
for the age of the universe, they’d lose
less than a single second. That astonish-
ing precision is made possible by laser
spectroscopy.

The quantum mechanical laws that
give rise to atomic structure aren’t limited
to protons, neutrons, and electrons. One
can, in principle, construct a hydrogen-
like atom out of any two particles of op-
posite charge, or replace any electron in
a larger atom with any other negatively
charged particle. Laser spectroscopy on
those exotic atoms can probe the proper-
ties of both the unusual particles and the
ordinary ones. 

In particular, by studying the spec-
trum of antihydrogen, researchers can
search for differences between matter
and antimatter (see PhysIcs TOday, Feb-
ruary 2017, page 16). and muonic hydro-
gen, in which a muon replaces the elec-
tron, has been used to measure the charge
radius of the proton: The muon, 200 times
more massive than the electron, occupies
a smaller atomic orbital that’s more sen-
sitive to the proton’s nonzero size.

Now Masaki hori of the Max Planck
Institute of Quantum Optics and his col-
leagues have made the first laser spectro-
scopic measurement on an atom contain-
ing a meson.1 specifically, they’ve studied
pionic helium, in which one of the elec-
trons in an ordinary helium atom is re-
placed by a negatively charged pion. With
a lifetime of just 26 ns, the charged pion is
the shortest-lived particle ever to be
probed by exotic-atom laser spectroscopy.

Because an atom’s spectroscopic reso-
nances depend on the masses of its con-
stituent particles, hori and colleagues’
technique could eventually lead to an
improved measurement of the charged
pion’s mass, currently known to a frac-

tional precision of 10−6. In turn, through
kinematic analysis of the charged pion’s
main decay channel—which yields a
muon and a muon antineutrino—the
pion mass measurement could provide a
much-needed additional constraint on
the neutrino mass.

Exotic atoms
The pion’s short lifetime poses an exper-
imental challenge. Positrons and anti -
protons, the components of antihydro-
gen and numerous other exotic atoms,
live effectively forever—as long as
they’re kept away from their antiparti-
cles—so there’s no limit on how long
they can be cooled, trapped, or shuttled
around with electric and magnetic fields.
Even the muon, with a lifetime of 2 µs,
survives long enough to be decelerated
and inserted into an atom.

The pion allows no such leeway.
There’s no time to do anything more so-
phisticated than take the pions straight
off a beamline, smash them into a target
element of interest, and hope that some

of them displace atomic electrons to form
pionic atoms.

Unfortunately, the resulting atoms
have even shorter lifetimes than the pions
they contain. Isolated charged pions
decay through the weak interaction. But
if a pion comes across an atomic nucleus,
it reacts with one of the nucleons through
the much faster strong interaction, de-
stroying both the nucleus and the pion. 

Typically, a pion enters an atom in an
orbital of high principal quantum num-
ber n, then immediately tumbles into a
lower-energy orbital, emitting photons
and casting electrons out of the atom as
it goes. It makes its way to an orbital that
has large overlap with the nucleus, then
blows it to bits. The whole process, which
takes a few picoseconds or less, has been
well studied. Indeed, it’s from the ener-
gies of the photons emitted from pionic
nitrogen that we know the pion mass as
well as we do.2 But the short-lived atoms
can’t be studied with the accuracy of laser
spectroscopy.

helium promised an exception. If a

By creating exotic atoms
containing an ever-
 broadening range of
 particles, researchers can
extend the tools of atomic
physics to new realms.

SEARCH & DISCOVERY

Laser spectroscopy: A new way to study pions

FIGURE 1. PION PHYSICS IN A TUBE. In this disassembled experiment, a 4.2-cm-
diameter aluminum cylinder, just visible inside the copper radiation shields, is a
 vessel for holding superfluid helium. When a pion beam streams through the cylinder,
some of the pions displace atomic electrons to create pionic helium atoms. A suitably
tuned laser beam passing through the cylinder in the opposite direction excites some of
the pionic atoms into short-lived states in which the pion and nucleus promptly and
 destructively collide. The fission products of the annihilated atoms, detected with an
array of  plastic scintillators surrounding the cylinder (half of them shown here), indicate
that the laser was on resonance with an atomic transition.

MASAKI HORI

pt_search0720_search  6/17/2020  4:57 PM  Page 14



pion enters a helium atom in an orbital of
high angular-momentum quantum num-
ber l (say, n = 16, l = 15), it’s left with
nowhere to go. It can’t move to another
orbital without a large change in angular
momentum, and the remaining atomic
election in a tightly bound, zero-l orbital
can’t do much to compensate. Because
the high-l orbital has little overlap with
the nucleus, the pionic helium atom
could live for almost as long as the pion
itself. With the right tools and techniques,
that’s long enough to probe with a laser.

Finding the resonance
Hori and colleagues booked time at the
most powerful pion beamline in the
world, at the Paul Scherrer Institute (PSI)
in Switzerland. Protons from the PSI ring
accelerator collide with a chunk of
graphite to create a stream of charged
pions for user experiments. (The J-PARC
accelerator in Japan creates pions the
same way; see PHySICS TodAy, June 2020,
page 14.)

The experimental apparatus for mak-
ing and detecting pionic helium is shown
in figure 1. To hold the liquid helium for
their target, the researchers needed a ves-
sel with walls sturdy enough to contain
the cryogenic fluid but thin enough for
the pions to pass right through. They
chose a tube-shaped container made of
aluminum with walls 0.5 mm thick. “It
took a year of failed prototypes, as the
thin walls kept buckling,” says Hori, “but

we finally got a chamber that didn’t leak
or deform at cryogenic temperature.”

None of the pionic helium atoms ever
leave the liquid helium environment. Al-
most all of them are destroyed through
the energetic collision of the pion and the
nucleus that sends nucleons flying in
random directions. The nucleons, like
the pions, pass right through the thin
aluminum walls, and they’re detected by
an array of plastic scintillators surround-
ing the helium target.

Some 98% of pionic helium atoms
form in low-l states that decay almost in-
stantaneously; the remaining 2% occupy
high-l states that meet a more leisurely
demise over the ensuing tens of nano -
seconds. If those rare remaining atoms
could be excited by a laser pulse into a
lower-l state, they’d be prompted to un-
dergo fission all at once. Their decays
would show up as a blip in the scintilla-
tor trace that’s present when the laser is
on and absent when it’s off—a telltale
sign that the laser is tuned in to an atomic
resonance.

The timing needed to be precise. The
PSI accelerator generates protons, and
thus pions, at 50 MHz, or in bunches 20 ns
apart. “Essentially, the experiment is
temporarily blinded every 20 ns by the
arrival of new particles,” explains Hori.
“That time window seemed too short for
spectroscopy. I asked if they could in-
crease the spacing, but it would have
been too much of a disturbance for the

other experiments at the facility.”
Ultimately, the experimenters took the

risk and proceeded anyway. To know
where to focus their spectroscopic search,
they enlisted the help of theorist Vladimir
Korobov of the Joint Institute for Nuclear
Research in dubna, Russia, to calculate
the expected transition energies of pionic
helium. At first, they sought to excite tran-
sitions from the n = 16, l = 15 state, the
high-l state expected to be most popu-
lated. But despite months of work, they
found nothing.

Running out of beam time and grant
money, they tried exciting a transition
from the n = 17, l = 16 state. Within days,
they saw a signal, shown in figure 2 as
the difference between the black data
points (collected with the laser on) and
the blue histogram (laser off). The signal
peak nestled between two much larger
peaks, created by the short-lived states,
so it was visible only when the data were
plotted logarithmically. 

But there was a problem: The reso-
nance wasn’t quite where it was sup-
posed to be. Korobov had calculated that
it should be centered on a frequency of
183681 GHz (equivalent to a wavelength
of 1632.1 nm), and the laser frequency
that generated the signal was 0.04%
higher than that. The difference is far too
great to be explained by uncertainty in
the pion mass. Instead, the researchers
attribute it to atomic collisions in the liq-
uid helium that distort the pionic atoms’
orbitals and shift their energies. The
same mechanism may explain why they
didn’t see any signal from the n = 16,
l = 15 state—collisions may distort some
atomic states so much as to render them
effectively unbound. Says Hori, “This is
a far more fragile system than any other
exotic atom, or even any normal atom,
that’s been studied with laser spec-
troscopy before.”

To get a handle on the collision effect,
Hori and colleagues plan to swap out the
liquid helium target for a gaseous one
whose density they can adjust. A more di-
lute gas means fewer atomic collisions.
By measuring the resonance in gases of
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FIGURE 2. MOST PIONIC HELIUM
ATOMS self-destruct immediately, even
without laser excitation. So when pions
arrive in bunches spaced by 20 ns, their
resulting fission products are likewise
 detected in bunches, as shown by the
blue histogram of data taken with the
laser switched off. The only way to see a
spectroscopic signal from the few longer-
lived pionic atoms is to time the laser
pulses to arrive between the pion
bunches. The black data points show a
successful spectroscopic detection with
the laser tuned to 1631.4 nm. (Adapted
from ref. 1.)
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different density and extrapolating to
zero, they should be left with the reso-
nant frequency of an isolated pionic he-
lium atom. From there, they’ll be able to
calculate the pion mass. If they encounter
no measurement limitations other than
the resonance’s natural linewidth, Hori
estimates that they could reach a frac-
tional uncertainty as low as 10−8.

Neutrinos and more
An improved measurement of the pion’s
mass will make possible a more precise
analysis of its decay into a muon and
muon antineutrino. Solving the kine-
matic equations for the neutrino’s mass
gives an expression that depends on the
square of the charged pion mass. (It also
depends on the square of the muon mass,
but that’s much better known.) So al-
though the pion mass is known to within
240 eV, the best that can be said of the
muon neutrino from pion decay is that its
mass is less than 190 keV. By pinning
down the pion mass by an additional two

orders of magnitude, laser spectroscopy
could help to refine that limit.

With the help of theory, one can arrive
at a far tighter constraint. Current under-
standing of neutrino physics holds that
all three known flavors of neutrino—
electron, muon, and tau—are mixtures of
the same three mass states. The mixing
allows neutrinos to transform from one
flavor into another, and studies of that
flavor oscillation, which measure the dif-
ferences between the squares of the
masses, show that all three masses are
within tens of meV of one another. Fur-
thermore, the KATRIN (Karlsruhe Tri-
tium Neutrino) experiment, a study of
nuclear beta decay, found3 that the elec-
tron antineutrinos emitted in that process
can’t be more massive than 1.1 eV.

That line of reasoning implies that the
muon neutrino mass is also in the neigh-
borhood of 1 eV or less, and certainly not
as large as 190 keV. But neutrino mass is a
mysterious thing. It’s not part of the stan-
dard model of particle physics, and there

may yet be theoretical surprises in store.
Experiments that directly probe each neu-
trino flavor’s mass may still be valuable.

Now that pions can be inserted into
atoms and manipulated with lasers, Hori
hopes that laser spectroscopy will prove
to be a more general technique for study-
ing other mesons. In addition to the neg-
atively charged pion—a bound state of a
down quark and an up antiquark—an-
other appealing target is the negatively
charged kaon, which replaces the down
quark with a strange quark. The kaon’s
lifetime, at 12 ns, is slightly less than half
as long as the pion’s. And its mass, with a
fractional uncertainty of more than 10−5, is
in need of a more precise measurement.

Johanna Miller
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In early April, city dwellers of India’s
northern provinces experienced once-
in-a-lifetime views of the snow-capped

Himalayas, thanks to a rare absence of
smog. The foggy mixture of particles and
gases will certainly reappear in the re-
gion once coronavirus restrictions are
lifted and the air pollution returns. Par-
ticulate matter in the atmosphere is a
leading cause of lung disease and may
contribute to neurological diseases such
as Alzheimer’s. A better understanding
of the pollutants that lead to smog for-
mation is necessary for any mitigation ef-
fort to succeed.

Some particles in the atmosphere,
called primary particles, form directly
from combustion or mechanical genera-
tion. Other particles, called secondary
particles, form from trace gases that con-
dense and stick to the surfaces of exist-
ing particles, and sometimes undergo

complex chemical evolution. Winter
smog, shown in figure 1, is a mixture of
both types of particles. Rapid growth is
essential to the survival of secondary

particles, but how they can grow so
quickly in polluted urban air is a puzzle.
Observations suggest that in urban air,
vapors and particles are almost in equi-

A new experiment suggests
that ammonium nitrate
 particles nucleate and quickly
grow in winter conditions.

Cold, supersaturated urban air could be accelerating
 pollutant particle growth

FIGURE 1. SMOG LOOMS OVER PRAGUE on a February day. The pollutant, which
forms when particulate matter reacts with UV radiation in the atmosphere, is a major
contributor to respiratory disease. Still, it’s unclear how the large particles found in
smog can grow in urban air. (Courtesy of Vojife/Wikimedia Commons, CC BY 3.0.)
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librium, so particles only grow slowly.
Now Neil Donahue of Carnegie Mel-

lon University and colleagues have
shown in a laboratory experiment that
common nitrogen-containing vehicle
emissions may accelerate the particle-
formation process.1 Those compounds
have previously been thought to exist in
concentrations near their equilibrium
values in the atmosphere and therefore
not to play a role in particle formation or
early growth. The researchers identified
conditions under which the vapor pres-

sures of precursor pollutants in cold tem-
peratures, typical in some winter months
and in the upper atmosphere, allow ni-
tric acid and ammonia to condense and
quickly grow into large secondary parti-
cles of ammonium nitrate. Those parti-
cles can add significantly to the total
number of particles in the atmosphere
and contribute to the associated health
effects.

Growing pains
Internal combustion engines, incinera-
tors, cooking fires, and other sites of
combustion in cities lead to high atmos-
pheric concentrations of gas-phase pol-
lutants, many of which readily condense
into tiny clusters of molecules a few
nanometers in size. But it’s not easy for a
small cluster of molecules to grow
enough to form a larger stable particle,

typically characterized as a cluster 10 nm
or larger.

Many nascent clusters simply evapo-
rate due to an effect identified in 1871
by Lord Kelvin: Smaller clusters have
greater curvatures than larger ones, and
therefore tend to have higher surface
vapor pressures. As a result, smaller
clusters evaporate more readily. For mo-
lecular clusters with diameters less than
about 10 nm, molecules are more likely
to escape than remain stuck together.

Other newly formed clusters are scav-
enged by existing particles. As tiny clus-
ters grow, they reach a size where they
can get caught in the turbulent wake of a
larger, existing particle and stick to its
surface. As a result, the total number of
particles does not increase. The scaveng-
ing of new clusters by existing particles
is known as the condensation sink rate.

The ability of small, newly formed
clusters to grow into larger, stable parti-
cles depends on the ratio of the condensa-
tion sink and the cluster growth rate. Ob-
servations from Europe, North America,
and Asia, summarized in figure 2, show
that particle growth rates in urban areas
are only a few times greater than growth
rates in remote areas, whereas the conden-
sation sink rate in urban areas is up to two
orders of magnitude larger. The relatively
efficient particle removal rate in urban
areas, combined with the relatively slow
growth rate of particles (10–20 nm/hr), has
led atmospheric researchers to seek a
mechanism by which particles can reach a
diameter more than 10 nm within seconds
to minutes within the rich chemical mix-
ture of urban atmospheres.

Cows, cars, and CLOUD
Ammonia is the most significant base
gas in the atmosphere, where it con-
tributes to the formation of ammonium
nitrate in the presence of nitric acid. In
rural areas, ammonia is closely associated
with livestock dung; in urban areas, ve-
hicle catalytic converters may generate a
level of ammonia similar to that pro-
duced in some agricultural regions.2 The

FIGURE 3. THE CLOUD (COSMICS LEAVING OUTDOOR DROPLETS) CHAMBER at
CERN is a 26-cubic-meter tank in which temperature and gas concentrations are
 carefully controlled to simulate natural atmospheric conditions between the ground
level and the stratosphere. The proton synchrotron serves as an artificial source of cos-
mic rays, which simulates natural atmospheric conditions and may stabilize particles
that form from the ionized gases in the chamber. External instrumentation allows for
constant monitoring of the chamber’s contents. (Courtesy of CERN/Neil Donahue.)
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FIGURE 2. ATMOSPHERIC PARTICLE GROWTH RATES, shown here on the vertical
axis, are only modestly faster in many urban environments (red, orange, and blue dots)
than in remote ones (green triangles). The condensation sink rate (horizontal axis)
 describes how quickly newly formed clusters are scavenged by existing particles and is
higher in urban environments than in remote ones. The persistence of those clusters
depends on the ratio of the condensation sink and growth rates (the slope of the black
line corresponds to a constant ratio), with small urban particles likely to be lost by
 scavenging unless they grow quickly. (Adapted from ref. 1.)
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Light often has spin angular momen-
tum, more commonly referred to as
left or right circular polarization.

Only in the past 30 years have re-
searchers been able to impart orbital an-
gular momentum (OAM; see the article
by Miles Padgett, Johannes Courtial, and
Les Allen, PhySICS TODAy, May 2004,
page 35). Instead of the usual flat wave-
front, light with nonzero OAM has a he -
lical wavefront that turns like a corkscrew
in the direction of propagation. The
quantum number m describes how tight
the light’s corkscrew motion is. For ex-
ample, m=1 means a full clockwise rota-
tion in a wavelength, and m =−2 means
two full counterclockwise rotations in a
wavelength. 

OAM provides additional degrees of

freedom for encoding information in op-
tical communications. Modern optical
networks rely on wavelength and inten-
sity modulations to send data; the addi-
tion of polarization and OAM could pack
in more information without boosting
traffic. What’s more, unlike polarization,
which has two modes, m can take any in-
teger value. Modes of different m are also
orthogonal and wouldn’t interfere with
one another during transmission. 

Ordinarily, measuring OAM requires
a roomful of bulky optics. But Ritesh
Agarwal at the University of Pennsylva-
nia and his colleagues have found a
compact way to detect light’s OAM
through the induced photocurrent in a
device that’s just tens of micrometers
across.1 Their technique could make it

easier to read out information encoded
in the OAM.

Gaining momentum
To measure m, researchers typically in-
terfere light with a reference beam or
send it through a hologram or specially
designed aperture. The nature of the in-
terference or diffraction pattern mani-
fests the OAM. But those measurements
not only require table-scale setups; they
are also limited in the number of modes
they can measure. For example, most
holograms can detect only one particu-
lar value of m, so a new one must be
swapped in for each mode. 

In CCDs and other solid-state sen-
sors, light is detected through its inter -
actions with matter. A material’s re-
sponse depends primarily on the local
incident number of photons—that is, the
intensity. Phase information is usually
lost when intensity is converted to photo -
current. Because a clockwise helical

The photocurrent in an  unusual material could  facilitate 
an increase in the information density of  optical
 communications. 

Chip-scale sensor detects light’s orbital angular momentum

most common pathway for the formation
of ammonium nitrate in a relatively clean
atmosphere keeps the compound near
chemical equilibrium with gaseous am-
monia and nitric acid. As a result, that
mechanism is unlikely to increase the
number density of particles unless the at-
mosphere becomes supersaturated with
nitric acid and ammonia.

To investigate what conditions may
drive supersaturation and new particle
formation in an urban setting, Donahue
and his colleagues studied mixtures of
common pollutants in the CLOUD (Cos-
mics Leaving Outdoor Droplets) chamber
at CERN (figure 3). The facility—modeled
after cloud chambers used in particle
physics in the 1950s—provides an envi-
ronment in which to simulate vapor and
particle interactions under conditions
representative of the atmosphere from
the lower troposphere up to the strato-
sphere. UV light generated by a built-in
fiber-optic system mimics the energy
provided by the Sun’s cosmic rays. That
radiation ultimately controls how mole-
cules ionize at different altitudes.

In a series of experiments designed to
replicate winter conditions in polluted
cities, the researchers introduced various
combinations of nitric acid, ammonia,

sulfuric acid, and their precursor mole-
cules into the CLOUD chamber. They ex-
posed the gases to a range of tempera-
tures typical of the lower atmosphere
and varied the radiation input to control
ion distribution. Mass spectrometers and
particle counters that encircle the cham-
ber determined the resulting concentra-
tion of gases and the properties of newly
formed particles.

The team found that at temperatures
warmer than –15 °C, ammonium nitrate
and sulfuric acid followed a known path-
way to form small clusters of molecules.3
Once clusters of ammonium sulfate
reached a threshold size, ammonium ni-
trate began to condense onto the clusters,
resulting in rapid particle growth—
above 100 nm/hr—as long as the temper-
ature remained below 5 °C. At tempera-
tures colder than –15 °C, which can occur
in humid air outflows above some
clouds, the nitric acid and ammonia
gases nucleated through an acid–base
stabilization mechanism to form parti-
cles of ammonium nitrate, which then
grew via additional condensation of am-
monium nitrate.

Calculations showed that the critical
size at which ammonium nitrate begins
rapid growth depends on the maximum

concentrations of the ammonia and nitric
acid.4 Once that size is reached, rapid
growth continues until the precursor va-
pors return to the chemical equilibrium
commonly found between ammonia, ni-
tric acid, and ammonium nitrate.

Large-scale atmospheric transport
models do not take into account the
newly proposed path to particle forma-
tion. The CLOUD experiments suggest
that it may be important instead to con-
sider those vapors using dynamic calcu-
lations. The researchers propose that
variations in temperature and emission
sources in cold urban settings provide
the conditions necessary for localized
 supersaturation of nitric acid and ammo-
nia. By imposing regulations to control
nitrogen emissions, urban planners could
reduce the concentration and growth of
particles and improve air quality.

Rachel Berkowitz

References
1. M. Wang et al., Nature 581, 184 (2020).
2. B. J. Finlayson-Pitts, J. N. Pitts Jr, Chem-

istry of the Upper and Lower Atmosphere, Ac-
ademic Press (2000).

3. J. Kirkby et al., Nature 476, 429 (2011).
4. J. Kontkanen et al., Atmos. Chem. Phys. 18,

13733 (2018).

pt_search0720_search  6/17/2020  4:54 PM  Page 18



wavefront and a counterclockwise one
have the same donut-shaped intensity
profile, a phase-sensitive measurement
is essential for characterizing light with
OAM without introducing holograms
and apertures.

Agarwal has been contemplating
such a measurement for five years. Back
in 2015 he and his team found a way to
detect a light beam’s circular polariza-
tion—its spin angular momentum—
with a silicon nanowire.2 They were in-
terested in extending the capability to
OAM but weren’t sure how to do it. A
couple years later, a breakthrough came
when the team was trying to understand
the properties of a new group of materi-
als, Weyl semimetals. 

Mean-Weyl . . .
Identified for the first time in 2015, Weyl
semimetals have a broken symmetry, gen-
erally inversion symmetry, that allows
them to host quasiparticles that behave as
Weyl fermions—massless, charged, and
chiral. (For more on Weyl semimetals, see
PhysIcs TOdAy, december 2019, page 24.)
Agarwal and his colleagues found that
the photocurrent in Weyl semimetals was
sensitive not to the light intensity but to
the intensity gradients.3

Photocurrents in most materials de-
pend only on the light’s local intensity.
But when excited at a normal angle, a
crystal with mirror symmetry reacts not
to the local intensity but to how the local
intensity compares with the surround-
ing intensities, or the intensity gradient.
In that case, the photocurrent is nonlocal
and results from an imbalance, in both
real and momentum space, in the density
of excited electrons. Mathematically, it is
described by the terms beyond the di-
pole approximation in the multipole ex-
pansion of the light–matter interactions.
The symmetry cancels out the dipole re-
sponse, which would otherwise obscure
the other terms. Although Weyl semi-
metals aren’t the only materials with the
requisite symmetry, they have the added
advantage of a nonlinear optical re-
sponse that’s among the largest identi-
fied to date.

In their intensity-gradient experi-
ment, the researchers measured a circu-
lar photocurrent that could be explained
only by the nonuniform distribution of
the light. But in addition to a nonuniform
intensity, light with nonzero OAM has a
circling phase gradient that depends on

m. could a photocurrent sense a phase
gradient as well? The group’s calcula-
tions indicated that the measurement
should be possible. 

A new phase
Agarwal and his graduate student Zhu-
run Ji prepared a 50- to 200-nm-thick
layer of the Weyl semimetal tungsten
ditelluride and designed U-shaped elec-
trodes, shown in figure 1, to probe the
photocurrent generated by light with
OAM. The electrode shape needs to dis-
tinguish the current due to the OAM
phase gradient from the current due to
intensity gradients and other effects. Al-

though a few other electrode shapes
work, the U shape is the best at measur-
ing a radial current and unambiguously
canceling out the other effects. 

Before reaching the WTe2 detector, a
beam with OAM passes through a rotat-
ing quarter-wave plate that cycles the po-
larization from 0° linear to left circular
to 90° linear to right circular and back to
0° linear. The measured radial photo -
current, shown in figure 2a for beams
with m=+1 and −1, has three components:
one that depends on the linear polariza-
tion state; one, Jc , that depends on the cir-
cular polarization state; and one that is
independent of polarization and includes
thermal currents. To distinguish between
the effect of the intensity gradient and
that of the phase gradient, the researchers
exploit the components’ differing de-
pendencies by comparing beams with
OAM +m and −m, which have opposite
helicities but the same intensity profiles. 

The photocurrent is not the same for
left and right circular polarization states
(the left and right peaks in figure 2a). And
the difference, arising from Jc , is around
the same magnitude but swapped for
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m = −1 m = 0 m = +1

… …

FIGURE 1. LIGHT WITH ORBITAL
 ANGULAR MOMENTUM (OAM; peach
swirl on the left) excites photocurrents in
a  material (black rectangle). Usually, the
 photocurrent depends only on the light
intensity, which doesn’t vary with OAM.
But in materials with the right symmetry,
it arises in part from light’s phase
 gradient (white arrows)—that is, the
transfer of OAM from photon to electron.
Using specially designed U-shaped
 electrodes (yellow), researchers measure
the photocurrent with an ammeter (A) to
determine the OAM quantum number m.
(Adapted from ref. 1.)
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OAM +1 and −1. The researchers found
the same behavior for all OAM modes
that they measured. It turns out that Jc cor-
responds to the photocurrent response

from the phase gradient and grows pro-
portionally with |m|, as shown in figure
2b for OAM up to ±4. It results from light
transferring its OAM and energy simulta-
neously to the electrons in the material.
Because the light’s phase isn’t uniform,

there is once again a spatial imbalance of
excited electrons and a net current either
along or perpendicular to the gradient. 

To complement the chip-scale detec-
tion of OAM, researchers have reduced
the production of light with OAM to
chip-scale too. Published back to back
with Agarwal’s paper, the University of
Pennsylvania’s Liang Feng and his col-
leagues report producing light with five
different OAM values with the same mi-
crolaser.4 In their scheme, light circling in
a microscale semiconducting ring was
scattered by ridges on the inner surface of
the ring such that the light’s circling be-
came a helical propagation. Control over
the OAM chirality came from two wave-
guide arms, one pumped in clockwise
light and the other, counterclockwise. 

Heather M. Hill
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 PHOTOCURRENT is sensitive to light’s
 orbital angular momentum (OAM). (a)
 Before reaching a thin layer of tungsten
ditelluride, light passes through a rotating
quarter-wave plate, which cycles the
 polarization from linear to left circularly
 polarized (LCP) to orthogonal linear to right
circularly polarized (RCP) and back to the
original polarization. Part of the current
 depends on circular polarization and leads
to the difference in the left and right
 photocurrent peaks, which correspond to
LCP and RCP. That difference is around the
same magnitude but swapped for OAM +1
(upper curve) and −1 (lower curve). (b) The
photocurrent component Jc that varies
with circular polarization is proportional to
the magnitude and helicity of light’s OAM.
(Adapted from ref. 1.)
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In late February Mahesh Bandi was in
Trieste to give lectures at the Abdus
Salam International Centre for Theo-

retical Physics. Northern Italy was becom-
ing a hot spot for  COVID-19, and travel
to other parts of Europe was restricted;
instead of continuing to Paris as he had
planned, Bandi returned to his job at the
Okinawa Institute of Science and Tech-
nology. Before leaving Italy, he gave away
the face masks he had brought from
Japan, figuring he could get more back
home. He was wrong.

Since returning to Japan, Bandi has
set aside his usual research—on granular
materials, statistical physics of sustainable
energy, the stiffness of the human foot,
and more—and instead has focused on
creating reusable face masks and other
personal protective equipment to help
medical workers stay safe from infection.
He is also assisting an international agency
in real-time analysis and modeling of the
pandemic’s spread dynamics. “It’s the first
time in my life that I feel all my learning
is really helping people,” he says.  

Scientists around the world have
turned their attention to  COVID-19.
Among the projects physicists are work-
ing on are apps for proximity tracing,
mobile care deployment, and  supply-
chain simplification; ventilators from eas-
ily sourced parts; numerical simulations
of ways to reopen civic life and reboot
the economy; and molecular simulations
to search for therapeutics and vaccines. 

Besides creativity and handiness with
electronics and computers, physicists
have expertise in managing big data and
large teams. And approximating is part
of every physicist’s training, notes John
Langford, a researcher at Microsoft who
helped design protocols for  contact-
 tracing apps. “We are in a situation where
the fatality rate is unclear, where many
things are unclear. If you are comfortable

dealing with approximate information,
you can start to act now.” 

Says Gordon Watts, a particle physi-
cist at the University of Washington,
“Everyone is eager to contribute, but we
physicists have almost zero training in
epidemiology, medical devices, or any-
thing like that. It’s important to engage
without injecting noise.”

Researchers’ efforts to help combat
 COVID-19 have sprung up largely spon-
taneously. At the same time, physicists

have created networks to facilitate inter-
disciplinary collaborations, spread suc-
cessful ideas, reduce duplication, and
maximize impact. “Right away, it was
clear the problem will be with us for a
while, it will take time to develop a vac-
cine, and there is a real risk of a second
wave,” says Princeton University particle
physicist Peter Elmer, who works on the
CMS experiment at CERN. “Universities
and national labs have international ca-
pabilities. If we cannot respond and do

ISSUES & EVENTS

Consultations with 
biologists and medical 
experts bear fruit.

THE MONITOR ON THIS PRESSURIZED HELMET consists of a sensor (orange box)
hooked to the expiratory hose that feeds data about the pressure inside the helmet
and air flowing out to an interface box fitted with a customized Raspberry Pi computer.
From those data, the pressure exerted by the lungs, the volume of air per breath, and
breaths per minute can be determined. The monitor was built by Princeton University
scientists in consultation with medical workers to treat  COVID-19 patients.

Stuck at home, physicists pivot to combat
 COVID-19 PRINCETON OPEN VENTILATION MONITOR COLLABORATION
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something useful in this environment,
who can?” 

In March, Elmer and a handful of like-
 minded colleagues started Science Re-
sponds, an informal network to help
nonmedical researchers contribute to
combating the global pandemic and its
fallout. CERN, meanwhile, set up a task
force to coordinate ideas and support ef-
forts related to  COVID-19. “The task
force is acting as a matchmaker so that
ideas can be pursued immediately,” says
task force chair Beniamino Di Girolamo.

From visors to ventilators
Technicians at CERN churned out 15000
face shields by hand over seven weeks.
Most were distributed regionally to health
workers, police officers, customs agents,
and others who have significant exposure
to the public. “That has been the most
successful initiative in terms of immedi-
ate impact,” Di Girolamo says. Lab tech-
nicians also produced 10 metric tons of
hand sanitizer from a recipe provided by
the World Health Organization and used
3D printing to make washable face masks.
Commercial manufacturers are putting
CERN’s mask design into mass produc-
tion, he says. 

Additionally, demand for CERN’s
emergency vehicles soared. Typically they
get called perhaps 10 times a year to take
patients to the hospital for incidents un-
related to the lab. For a brief period this
spring, during the peak of the  COVID-19
outbreak in Geneva, they were used for the
local community about 20 times per week.

CERN has also dedicated a large por-
tion of its computational and data re-
sources to  pandemic- related projects. For
example, the distributed project Fold-
ing@home, which simulates protein dy-
namics to help develop therapeutics, runs
on computers at CERN and other labs.
And scientists from the UK’s Diamond
Light Source and elsewhere store data
from  COVID-19 studies at CERN. (For
more about  COVID-19 work at major fa-
cilities, see PHySICS TODAy, May 2020,
page 22; for a story about physicists mod-
eling the pandemic’s epidemiology, see
June 2020, page 25.) 

CERN scientists designed a ventilator
optimized for use in poor countries. It
aims to be cheap and easy to manufac-
ture, run on batteries, function at a wide
range of temperatures, and directly con-
nect to mobile pressure tanks, since it may
be needed in areas that lack medical gas
outlets. CERN’s is one of many ventilator
projects around the world. “They differ
in details,” says Di Girolamo, “and there
is enough need for all of them.”

Physicists are also behind the Mechan-
ical Ventilator Milano, which is based on
a simple design that uses only a few parts
to enable rapid, inexpensive production.
Features include push- button measure-
ments of alveolar pressure and the abil-

ity to boost oxygenation immediately fol-
lowing intubation. It was developed with
the help of anesthesiologists “working in
the  COVID-19 wards in Italy and abroad,”
says project spokesperson Cristiano Gal-
biati, who splits his time between Prince-
ton and Italy’s Gran Sasso Science Institute.

While in Milan in March, Galbiati
heard through friends about the paucity
of ventilators. He thought, “We scientists
have the know-how to work with gases
and should be able to find a way to put
oxygen in the lungs of patients.” Hun-
dreds of his colleagues from the DarkSide
dark- matter experiment joined the effort.
“The project never stopped,” says Gal-
biati. “It was going on in nine different
time zones.” On 1 May, barely six weeks
after its conception, the ventilator received
emergency use authorization from the US
Food and Drug Administration.

Some other Princeton scientists asked
clinicians at the University of Pennsylva-
nia hospital how they could help fight
 COVID-19. A group that grew to more
than 20 then took on the task of creating
an inexpensive monitoring and alarm sys-
tem for a noninvasive ventilator. The ven-
tilator, which consists of a helmet that de-
livers pressurized air, reduces the amount
of time patients need to be intubated on
an invasive ventilator. For some patients,

MAXIMILIEN BRICE/CERN

A FACE SHIELD PRODUCTION CENTER AT CERN gets a visit from director general
Fabiola Gianotti (left). Francisco Perez Gomez (center) was one of the technicians who
initiated CERN’s manufacturing of face shields. His brother, Juan Carlos Perez (right), an
engineer in the lab’s magnet group, started a second production line at a different site.
Each line made around 500 face shields a day. 
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the helmet ventilator eliminates the need
for intubation entirely. “It’s basically a bag
over the head,” says team coordinator
and Princeton physicist Andrew Leifer,
“so if something happens, patients can
asphyxiate.” 

Commercial monitoring solutions
exist, says Leifer, “but the supply chain is
crushed. A critical aspect of our design is
that it’s super robust to the medical sup-
ply chain.” Within three weeks of getting
started on 1 April, and working largely
in their homes, the team members had
built a prototype monitor. In six weeks
they had produced 40 units. In May the
design was tested on human volunteers,
and the team is applying for emergency
use authorization so it can be deployed
in hospitals. The project has also piqued
the scientists’ interest about lung func-
tion. Says Elmer, “We could use the mon-
itors to get data sets to see how patients’
lungs evolve, to get a full picture of lungs
in  COVID-19 patients.”

“Some good in this mess”
Savannah Thais, a postdoc at Princeton,
uses the Science Responds network to en-
list physicists and data scientists as con-

tributors to projects related to  COVID-19.
So far, the network has a core of about 20
scientists and more than 200 participants
total. “There is tons going on,” she says.
“It can be hard to parse. We want to be a
central information hub and provide op-

portunities for conversation.” An emerg-
ing goal, she adds, is to use the experi-
ence from particle physics to help other
researchers with remote interactions.

When Washington University in
St Louis biochemist Greg Bowman of

MAHESH BANDI/OKINAWA INSITUTE OF SCIENCE AND TECHNOLOGY

THIS COTTON CANDY MACHINE (diameter 70 cm) was retooled to make a high- quality
filter material for face masks. The technique could enable inexpensive, local fabrication,
especially in less developed regions of the world.
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Folding@home reached out to Science
Responds for advice on running a large
distributed project, Rice University’s
Christopher Tunnell was happy to help.
“Working in teams of hundreds, even
thousands, has become second nature for
us, but a lot goes into making it work
well,” he says, alluding to his research in
computational astroparticle physics. Bow-
man’s question “was not a physics ques-
tion, it was an organizational question,”
Tunnell says. He shared a document that
outlines how XENON, the dark- matter
experiment he works on, handles organi-
zational issues, publications, partnerships,
and so on.

When Tunnell discovered that the
pandemic was interfering with students
getting summer internships this year, he
hired eight of them. “These are top com-
puter science and engineering students,
and they would usually go to prestigious
tech companies,” he says. Some of the in-
ternational students would have had to
leave the country. The hires are small scale,
he says, “but at least it’s some good in
this mess.” (See also the story “Pandemic
creates hurdles for academic job seekers,”
PHySiCS TOday online, 23 april 2020.) 

Thais, for her part, is applying ma-
chine learning and other techniques
to address socioeconomic impacts of
 COVid-19. On 17 May she and a team
she assembled largely through  pandemic-
 related hackathons launched a dashboard
to track economic distress, health impacts,
and other factors in vulnerable popula-
tions. it aims to inform policy makers,
nonprofit organizations, and health care
providers. (One of Tunnell’s computer
science interns is collaborating with Thais
on that project.)

The novel coronavirus was an easy
pivot for Rommie amaro, a biophysicist
at the University of California (UC), San
diego, who uses computational and the-
oretical methods to understand and de-
sign proteins and molecular machines.
The virus “is one of the most complicated
structures we have come across,” she says.
She and her colleagues are simulating
the spike glycoprotein, which protrudes
from the virus’s surface. 

Computational methods are essential
because the protein is hard to crystallize.
“We will get the complete structure,
which you cannot get experimentally,”
she says. “Sugars act like a shield over
the surface, and we are looking for chinks
in that armor.” The work, she says, could

contribute to drug and vaccine design.
 COVid-19 will ultimately be stopped by
a vaccine, says amaro’s UC Berkeley col-
league Teresa Head- Gordon, a codirector
of the Molecular Sciences Software insti-
tute. For now, she says, “we are building
capability to be ready for the inevitable
next time a new virus is introduced and
to more rapidly explore a greater range
of therapeutics.” 

at the University of Newcastle in
australia, Paul dastoor, a physicist who
heads the Centre for Organic Electronics,
is exploiting his work on horse fertility to
develop a rapid fluorescence test based
on the viral load in saliva. Scientists at
the center also jumped into action to
make face shields from a flexible plastic
substrate they had used for solar panels.
“We thought of the idea on a Friday,” he
says. “On Monday people came into the
lab at 6:00am, and two hours later the
first prototypes appeared.” after getting
feedback from hospital workers, the lab
built a machine that can make up to a
thousand shields per day.

Bandi of the Okinawa institute of

A SNAPSHOT FROM A SIMULATION OF
THE SPIKE PROTEIN on the surface of
the novel coronavirus. Rommie Amaro of
the University of California, San Diego,
and colleagues are using simulations to
look for vulnerable points in the protein. 
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Science and Technology and Manu
Prakash of Stanford University independ-
ently dreamt up the idea of using cotton
candy machines to make face masks.
Polystyrene or polypropylene, the same
materials used for N95 masks, is fed into
the machine, melts, and flies out through
holes. It solidifies into an unwoven fabric
that can form the basis for a high- quality
mask. Both researchers have other
 COVID- related projects, such as wash-
able masks, full-face coverings made from

off-the-shelf snorkel masks for health
workers, and more. They both aim to cre-
ate protective gear that can be manufac-
tured cheaply in developing countries.
“In places where there is no supply chain,
it changes the dynamics of what can be
made locally,” says Prakash. 

Trace, test, treat
Some scientists are working on  contact-
 tracing apps to help identify and notify
people who may have become infected

from being near someone who tests pos-
itive for  COVID-19. The new apps tend
to be variations on the same theme: If two
smartphones that come within Bluetooth
range remain in proximity long enough—
say, 20 minutes—they retain a record of
that contact for a limited time, perhaps
one month, in the form of an anonymized
code. If someone subsequently tests pos-
itive for  COVID-19 and voluntarily up-
loads that information, the contact codes
retained on their device are used to inform
others who had phones in proximity.

Many of the apps under development
use Bluetooth only. University of Toronto
computational chemist Alán  Aspuru-
 Guzik is working on an app that also
uses GPS. The advantage, he says, is that
it helps identify infection hot spots. He
adds that  proximity- tracking apps should
be used together with traditional man-
ual contact tracing. The manual inter-
vention is key for areas that don’t have
good coverage, and for people who don’t
opt in to contact tracing by app or don’t
have smartphones.

For app designers, challenges include
making sure that proximity with a bar-
rier in between—say for people in adja-
cent offices—does not generate a contact
record, certifying that a reported positive
is valid, and attracting sufficient partici-
pation for the proximity tracing to be
useful. Perhaps most challenging of all,
however, is protecting privacy and as-
suring users that the information will be
used only for the stated public health
purpose. 

One approach to gaining the public’s
trust is to place the data in nongovern-
ment hands. “People may trust CERN
more than their own governments,” says
CERN computer scientist Mario Lassnig.
He and colleagues are considering a
proximity tracer just for the world’s high-
 energy- physics labs. For now, CERN is
using a system that was repurposed from
its original function of keeping track of
radioactive equipment. The development
of apps is longer term, Lassnig says, “so
we have them in place in a second or
third wave of the pandemic, and we are
not sitting ducks like we are now.” 

Microsoft’s Langford notes that test-
ing, tracing, and isolation are all needed
to suppress the disease. “You can trade
off,” he says, “but it’s not fun. You have
to isolate more people if you minimize
testing.” 

Toni Feder
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S itting in his UK Office, Henry
Langston began receiving reports as
the  COVID-19 pandemic progressed

from one part of the globe to another.
Langston, chief commercial officer of
Ocean Insight, says it began with em-
ployees being unable to return to the
company’s Shanghai offices from their
New Year’s travels. “Then we were send-
ing masks to our workforce in China,
and three weeks later, they were ship-
ping masks to Europe and the US,” he
says. “We’ve seen different geographies
and countries go through all sorts of dif-
ferent levels of lockdowns.”

A 250- person company that makes
UV, visible, and IR spectrometers, Ocean
Insight serves mostly the biomedical 
diagnostics market. One of its largest
customers makes blood analyzers that
are used in intensive care units. “A big
aha moment for us was understanding
that anybody on a ventilator must have
their blood checked every one to two
hours when they are anesthetized,” says
Langston. “That made us realize how di-
rectly we were on the front lines and how
important it was for us to be resilient as
a business.”

The company has received inquiries
about utilizing spectroscopy to analyze
UV light used in disinfecting personal
protective equipment, Langston says. 
It’s also looking at novel diagnostic 
approaches such as colorimetric assays
and at fluorescent tagging for antibody
identification.

PHYSICS TODAY reached out to a dozen
suppliers of research tools used by physi-
cal scientists. Most reported weathering
the pandemic with, at worst, only a slight
downturn in sales. For many, the diver-
sity of their product lines, the multiple
markets they serve, and the high-tech

nature of their customers have insulated
them from the worst effects of the virus.
“We are a lucky crowd because the busi-
ness we are in is inside the physics com-
munity,” says Jan Benhelm, chief mar-
keting officer of Zurich Instruments. “We
are physicists and engineers dealing with
other physicists and engineers, and we
are all highly educated and motivated
and passionate people. It’s a very good
environment.”

“We’re lucky with photonics and the
world that we’re in,” echoes Langston.
“With a lot of different end- user markets
and applications, technology is even more
important in times like this.” 

Applied Physics Technologies, which
makes components for electron micro-
scopes, was the only surveyed company
to report that its operations were seri-
ously affected by the pandemic. Al-

though it remained open as an essen -
tial business, the Oregon company had
to lay off or furlough two-fifths of its 
50- member workforce, says CEO Marcus
Straw. Revenues are down 20% so far
this year compared to 2019, when sales
totaled $6.1 million for the year. But Straw
says the coronavirus is only partly re-
sponsible for the downturn; half is due
to a slowing in the semiconductor in-
dustry that was underway prior to the
pandemic. The deep pockets of Hitachi,
which acquired the company last year,
have helped to cushion the effects, Straw
says. “We’re not going to pull back on
our growth plans. We think we will start
seeing a slow ramping up in our busi-
ness around September.”

RBD Instruments, a 10- employee en-
terprise based in Oregon with four
product lines—compact Auger electron

SINCE THE OUTBREAK OF COVID-19, Ocean Insight has seen increased interest in 
its spectral systems for the analysis of biological samples and UV disinfection sources.
Here the company’s spectrometers and accessories are used to measure fluorescence
of proteins.

Physics-related companies report mostly mild 
economic symptoms from COVID-19
Most makers of research
tools for physical scientists
report stable business.
Some of their products 
are being used in the 
fight against the novel
coronavirus.

OCEAN INSIGHT

pt_issues0720_Issues&Events  6/19/2020  9:36 AM  Page 27



analyzers, sputter ion guns, picoammeters,
and water-vapor desorption systems—
has seen declines in one offset by in-
creases in others. “They’re kind of av-
eraging out. We’re making a sale here
and a sale there on everything,” says 
co- owner Randy Dellwo. The company
applied for and received a Paycheck 
Protection Program (PPP) loan from 
the Small Business Administration. Its
products are used mainly by the semi-
conductor industry and in metal and sur-
face R&D.

Zurich Instruments, a manufacturer
of lock-in analyzers, impedance analyz-
ers, and commercial quantum comput-
ing control systems, just hired a physicist
for its Boston office and is looking to hire
more, says Benhelm. About one- quarter
of the company’s 90 employees world-
wide hold PhDs in physics, and most of
those work in sales and marketing. The
overall business situation is stable, the
supply chain hasn’t been disrupted, and
almost all its customers—universities,
national labs, and multinational compa-
nies—continue to place orders and take
deliveries, he says. 

Euclid Techlabs’ 20 employees in-
clude 18 with PhDs in physics or en -
gineering, says Ilya Ponomarev, chief
business development officer. The Mary-
land company collaborates with SLAC,
Brookhaven, and other US national lab-
oratories in developing accelerator com-
ponents for industrial and medical appli-
cations. It’s applied for a grant from the
Defense Department to develop a process
for using accelerators to rapidly disinfect
personal protection equipment.  Negoti-
ations with several customers, including
two in China, have had to be put on hold,
as has work on several Small Business In-
novation Research awards that required
experimental work at national labs. The
company has secured a loan through the
PPP, Ponomarev says. 

Park Systems, headquartered in
Suwon, South Korea, has seen sales of its
atomic force microscopes (AFMs) con-
tinue to grow despite the pandemic, al-
beit at a slower pace than the 25–30%
compounded growth it has seen in re-
cent years, says Keibock Lee, president
of Park America. The company’s first
quarter, ending 31 March, was its best
ever. Park has about 300 employees and
annual sales of $70 million. AFMs are
used in R&D at academic and national
labs and for quality assurance in indus-

try. Founder and namesake Sang-il Park
is a PhD physicist, and, says Lee, the com-
pany’s North American sales managers
all have PhDs in physics, materials sci-
ence, or chemistry.

Lee adds that it’s very likely the com-
pany’s instruments are being used in 
research to counter severe acute respira-
tory syndrome coronavirus 2 (SARS-
CoV-2), because AFMs were vital in prob-
ing earlier coronaviruses. 

Lumina Power, a 50- employee Mas-
sachusetts company, builds power sup-
plies that drive laser diodes and charge
capacitors. The firm has seen a 10-fold 
increase in demand for one of its prod-
ucts, a power supply that drives the 
UV flashlamps of a hospital room steril-
izer made by Xenex. Lumina president
Tung Huynh says the company is on
track to record $3 million–$4 million
from that one product, which would
represent 20–25% of its typical annual
revenues. That’s helped to cushion a 
big  coronavirus- induced falloff in de-
mand from its primary customers, 
manufacturers of dermatological laser
instruments.

Teledyne Hastings makes vacuum
gauges, thermal mass flow meters, and

mass flow controllers. Early on, the Vir-
ginia company was designated by its
customers as an essential business, based
on its products’ end uses in liquid-oxygen
cryogenics, flow meters for personal
protective equipment, and leak testing.
Its flow controllers also are used in re-
search, says director of sales and busi-
ness development Douglas Baker. Busi-
ness has held up well in the downturn
largely because of large pre- pandemic
orders placed by semiconductor manu-
facturers, he says. He isn’t sure whether
that demand will last, however. “I’m
proud to say we’re doing everything we
can to help out” in the coronavirus effort,
Baker says.

Wavelength Electronics, which counts
physicists, chemists, and engineers
among its 40 employees, makes elec-
tronic controllers for diode and quantum
cascade lasers and controllers for thermo-
electric and resistive heaters. Its markets
range from agriculture to medicine to
railroads. A slight decline in overall sales
has been accompanied by an increase in
orders for a component of immunoassay
machines that are often used in vaccine
research, says Lisa Mueller, a Wavelength
marketing coordinator. 

ATOMIC FORCE MICROSCOPES such as this NX12 model from Park Systems have
been used for research on previous coronaviruses, including the virus that caused the
severe acute respiratory syndrome pandemic in 2002.

PARK SYSTEMS
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Based in Bozeman, Montana, Wave-
length never closed its doors. “We were
getting letters before the stay-in-place
order that were saying ‘we are essential
companies and you are essential suppli-
ers so we need you to stay operating,’”
Mueller says.

Breathing easier
Sales at OnScale haven’t been seriously
affected by the coronavirus, says Ian
Campbell, CEO of the 35- employee
startup. The Silicon Valley company
builds engineering simulation platforms
based on massively scalable multiphysics
solvers—mathematical models that em-
body physics to tackle problems in en-
gineering. The simulations can run ei-
ther on local workstations or in the
cloud to design items such as sensors,
biomedical devices, and 5G components,
he says. Since the  COVID-19 outbreak,
engineers at Intel, Google, Siemens,
Philips, and other customers have been
running solvers in the cloud from lap-
tops at home, instead of on powerful on-
site workstations. 

In a collaboration known as Project
BreathEasy, OnScale has teamed with
Lexma to produce “digital twins” of actual
COVID patients’ lungs, using computa-
tional fluid dynamics and structural analy-
sis of the patients’ CT scans and x rays.
The goal of the project, now in its test
phase, is to maximize ventilator resources
by helping doctors decide how patients
should be ventilated, the proper ventila-
tor settings, and duration of intubation.
OnScale’s other  coronavirus- related de-
velopment projects include a partnership
with the Institute for Transformative Tech-
nologies on a nonventilator breathing sup-
port apparatus and microfluidics lab-on-
a-chip applications for medical testing
and treatment with a separate partner. 

Google Gradient Ventures and Intel
Capital have been strong backers, but
Campbell says that despite being a 
“ COVID-proof” business, OnScale is find-
ing it tough during the pandemic to at-
tract additional venture capital to support
its operations.

Toptica Photonics is a  Germany-
 based developer and manufacturer of
laser systems for scientific and industrial
applications. Products include diode
lasers, ultrafast fiber lasers, terahertz sys-
tems, and frequency combs. More than
one- quarter of its 350 employees have
PhDs, the majority in physics.

Mark Tolbert, president of Toptica’s
US subsidiary, says sales are still grow-
ing. “Where I predict the biggest impact
for our domestic business is at academic
labs,” he says. “Universities are having
such a hard time even reconsidering re-
opening.” Yet many are placing orders
for equipment needed to perform their
funded research. 

Evolving sales practices
Adapting to a virtual environment has
been challenging for Toptica and others.
“I have the philosophy that people need
people, so I’m expecting a significant
downward trend in sales from the loss of
in- person interactions at conferences and
sales calls,” Tolbert says. Before the pan-
demic, “we would have hundreds of new
opportunities coming in from a confer-
ence like CLEO that aren’t there.” 

In lieu of face-to-face interactions,
Toptica has turned to virtual meetings.
The company has experienced a “shock-
ingly high” acceptance rate for its meet-
ing invitations, says Tolbert.  Direct vir-
tual interactions, webinars, and remote
demos have been successful, but virtual
exhibitions have not had similar results.
“We go through the dialog, and obviously
we can’t move forward because nothing’s
open. But we can get the process started,”
he says. “We’re going to learn one of two
things from the pandemic: Either we’ll
be hugely impacted because we’re not get-
ting new business, or that we were over-
spending on our marketing accounts,”
he adds.

Before this year, Zurich Instruments
typically sent representatives to 80 con-
ferences, trade shows, and user meetings
annually. After the American Physical So-
ciety’s March meeting was canceled on
short notice, says Benhelm, “we basically
flipped a switch from one day to the next”
and rolled out webinars and virtual user
meetings. One webinar on transport mea -
surements in nanostructures attracted
300 attendees, “certainly a large crowd by
any of our measures,” he notes. “This has
been a great success and a blast for the
team.”

Some  coronavirus- forced changes to
sales and marketing may endure when
the pandemic ultimately ends. Campbell,
for instance, says it’s very likely that some
people will continue to work from home
indefinitely, a development that would
benefit OnScale.

David Kramer PT
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Andrew Odlyzko is a professor of mathematics at the
 University of Minnesota in Minneapolis. He has published 
in mathematics, computing, and communications and 
is now concentrating on the interaction of finance and
 technological innovation.

The story of Newton’s losses in the South Sea Bubble has be-
come one of the most famous in popular finance literature; sur-
veying his losses, Newton allegedly said that he could “calcu-
late the motions of the heavenly bodies, but not the madness
of people.” But for a long time, only a few pieces of reliable in-
formation were available about Newton’s investments. The re-
cent discovery of extensive additional documents, many of
them in the archives of the Bank of England, provides consid-
erably more detail about Newton’s financial travails.1 Unlike
many other anecdotes about famous figures, the colorful story

of Newton and the South Sea Bubble was largely correct. In
some ways it even understated the extent of his mistakes.

South Sea Bubble basics
The literature on the South Sea Bubble is voluminous,2 but
many of the existing accounts are faulty. For example, some in-
accurately claim that the South Sea Company was a fraudulent
enterprise from the start, or that it collapsed after the crash of
the bubble in the fall of 1720. The truth, as usual, is far more
complicated. 

Andrew Odlyzko

B rilliant scientists have been known to do foolish things, but Isaac Newton’s financially
disastrous moves during the South Sea Bubble of 1720 are a particularly remarkable
blunder. When it was founded in 1711, the South Sea Company was primarily a
scheme for managing British government debt. Newton was an early investor and
profited nicely as the price of South Sea stock rose over the course of the 1710s.

However, in 1720 the company’s stock experienced one of the most legendary rises and falls in financial
history. Newton decided in the early stages of that mania that it was going to end badly and liquidated
his stake at a large profit. But the bubble kept inflating, and Newton jumped back in almost at the
peak. His experience provides an instructive example of how even brilliant thinkers can go astray in
an environment that lends itself to collective delusions as a result of the proliferation of misinformation
and disinformation (see figure 1).

Despite Newton’s general brilliance and his expertise in

finance, groupthink led him to plunge into the South

Sea Bubble and lose much of his fortune.
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Isaac Newton on the British £1 note, issued from 1978 to 1988. 

JANUSZ PIEŃKOWSKI/ALAMY STOCK PHOTO
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ISAAC NEWTON

The South Sea Company was established in 1711 to deal with
a pressing financial problem. The British government had a large
backlog of unpaid bills, largely from contractors supplying the
British military during the War of the Spanish Succession. The
government offered its creditors South Sea stock, a product sim-
ilar to shares in a modern corporation. The stock did not promise
full repayment of the money creditors were owed, but it did
promise them regular payment of interest. 

The South Sea Company received the funds from the gov-
ernment to pay that interest to the creditors. The company also
held a monopoly on British trade with the west coast of the
Americas and part of the east coast of South America—hence
the name “South Sea Company.” The company profited from
the sale of some British goods and, more significantly and more
grimly, enslaved Africans. The enterprise enticed investors
with the promise that profits from trade in the South Seas
would add generously to their interest payments. 

During the late 1710s, the South Sea Company was a rather
dull operation that simply passed the government’s payments
to its investors. Scholars don’t have solid information about the
profitability of its trading activities during that period; the ev-
idence strongly suggests the company’s commercial operations
lost money in those early years. However, the trade monopoly
helped inspire dreams of future riches among the public. New-
ton, who also owned government bonds and some investments
in the Bank of England, was an early investor and added to his
stake as time went on. His South Sea investment was initially
quite profitable; the prices of financial securities increased as
the long period of draining wars ended and peacetime eco-
nomic activities began to grow.

The economic recovery of the late 1710s inspired a new vi-
sion for the South Sea Company. The British government an-
nounced that the company would take over most of the British
national debt in 1720. The result was the South Sea Bubble. The
price of South Sea stock soared through the summer of 1720,
and then it underwent a precipitous collapse in September,
most likely because investors began to realize their profit ex-
pectations were unrealistic. By October, the stock was worth
less than a quarter of its peak price (see the box on page 33). 

But the collapse was not the end of the South Sea Company.
After some financial restructuring, it continued to exist until
the middle of the 19th century, almost exclusively as a private
agent handling the paying out of government funds to holders
of the national debt. Those who bought South Sea stock before
mid 1719 and simply held onto it for a few years prospered, as
they were rewarded with a roughly 50% capital gain on top of
generous dividends. Those returns were enabled in part by the
company’s financial moves in 1720, which amounted to a Ponzi
scheme that rewarded early investors with money from new
investors. 

Newton’s finances
In 1720 Newton was almost 80. His significant scientific
achievements were decades in the past, and he was not doing
any original research. Even so, he was active. He had left his
academic position at Cambridge University to become the war-
den of the Royal Mint (figure 2) in 1696, where he played an
important role in carrying out the great recoinage of the 1690s.
In 1699 he became master of the Mint, and he would remain in
that post until his death in 1727. He continued to lead the Royal

Society as its president and was a celebrity that foreign digni-
taries visiting London were eager to meet. Both private indi-
viduals and the British government called on him for technical
advice on various problems, such as finding longitude at sea.
His physical and mental decline apparently started after 1720,
as Richard Westfall details in his authoritative biography.3

Newton was also wealthy by the standards of the day. Mas-
ter of the Mint was a lucrative post. His position at Cambridge
had paid about £100 per year; by contrast, his earnings at the
Mint, including both a salary and a fraction of the Mint’s pro-
duction of coins, averaged close to £2000 per year. By 1720 he
was also earning well over £1000 per year from dividends on
his investments. His total annual income of more than £3000
put him in the top 1% of the population, and not far from the
top 0.1%. He was recognized as a member of the British elite
and lived well, with a horse-drawn coach and a retinue of ser-
vants. But he did not overspend, was charitable, and saved a
substantial fraction of his earnings.

Land ownership was the traditional marker of British
wealth and social status. Newton, however, never acquired any
significant real estate. He was among the first to put his money
mainly into financial instruments, a relatively new possibility
at the time. His investments were primarily in government
bonds and in securities of large joint stock companies such as
the Bank of England and the South Sea Company. 

Newton’s net worth shortly before the South Sea Bubble
started was just over £30000. That is also the approximate value

FIGURE 1. A SATIRICAL 1720 PRINT about the chaos of
 financial bubbles, including the South Sea Bubble. (Image
from the Wellcome Collection, CC BY 4.0.)
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of his estate at his death in 1727, so the bubble hardly ruined
him financially. However, he did lose a substantial amount.
After making an early profit of about £20000 in the early stages
of the bubble, Newton put nearly all his money into the
doomed venture. By mid 1721, his net worth was down to
about £20000; he had lost all his early profits and a good bit
more besides.

Newton’s financial moves during the bubble
Our knowledge of Newton’s finances appears to be fairly com-
plete for the period after the crash of the South Sea Bubble. De-
ducing what Newton did during the crucial period in 1720,
however, involves making inferences from incomplete data.
The box above summarizes what we know about Newton’s in-
vestments in the South Sea Company over the course of 1720.
At the start of that “fatal year,” as it was almost universally
called for some time after the crash, slightly less than half of
Newton’s assets were in South Sea stock; the rest were in gov-
ernment bonds. 

The two vertical lines marked “Newton sells” represent two
instructions he issued in April 1720 for the sale of his South Sea
stock; the horizontal line represents a period during which
Newton was acquiring a large holding of British government
bonds. Based on his overall wealth, we can assume that the
money for that came from the liquidation of his South Sea stock. 

It appears that in June of that year, Newton liquidated al-
most all of his newly acquired stake in government bonds and
used the proceeds to buy South Sea stock. That move is shown
in the first of the four vertical lines marked “Newton buys”;
the other three vertical lines denote documented instances
when Newton either bought South Sea stock directly or con-
verted some of his other government bonds into it. We know
he continued to pour money into the South Sea stock even as
its price was beginning to slide, before the precipitous collapse
in September 1720. By that time, essentially his entire fortune
was invested in South Sea. 

Unfortunately, we have no direct evidence of what moti-
vated Newton’s financial decisions. However, we can obtain
some additional insights by examining Newton’s involvement

in the estate of his friend Thomas Hall, another wealthy civil
servant who named Newton as one of the executors of his hold-
ings. We have a complete record of the financial transactions
of the estate, since the executors had to be able to account for
their actions.

Newton did not make decisions for the Hall estate alone; he
had to work with three other executors and consult Francis
Hall, Thomas’s son and the principal beneficiary. Although the
estate’s decisions do not represent Newton’s views alone, he
must have been in broad agreement with the group’s resolu-
tions, and his own thinking was surely influenced by the dis-
cussions that took place. As seen in the box, the Hall estate also
invested in South Sea stock. An early purchase, apparently
made at the request of Francis Hall, took place just as Newton’s
purchases of government bonds were ending. The last two pur-
chases occurred as the stock was more than halfway down its
slide and show real faith in the South Sea project despite the
price collapse. 

Newton’s early skepticism and later conversion
Let us now consider in more detail the investment scene in
April 1720, when Newton made an early decision to sell his
stock. The project for the South Sea Company to take over al-
most all of the British national debt was presented to Parlia-
ment at the end of January 1720 and, after heated debate, ac-
cepted at the beginning of February. However, the South Sea
stock price did not vary much from late March until the end of
May. What could have induced Newton to sell out in the mid-
dle of that period?

My analysis of the available financial documents strongly
suggests that Newton decided to liquidate his entire stake in
the South Sea venture in the space of less than one week, on
Tuesday and Saturday, 19 and 23 April. Those two days neatly
bracket a meeting of South Sea investors on 21 April. We do
not know much about what transpired at that meeting, but ac-
cording to news reports, many people were in attendance for
the long discussions and presentations. It could be that the
meeting helped strengthen Newton’s skepticism and led him
to decide to get out. Significantly, Thomas Guy, an eccentric

SOUTH SEA STOCK PRICES AND INVESTMENTS BY ISAAC NEWTON DURING THE BUBBLE OF 1720
The graph here tracks the price of South Sea
stock, with prices adjusted for stock dividends.
The horizontal lines denote approximate date
ranges for purchases and sales, and vertical
lines mark documented dates of actual transac-
tions or instructions for transactions. The labels
“Newton buys for Hall” represent some of the
purchases of South Sea securities by the Hall es-
tate, of which Newton was an executor. The
“South Sea bill” line marks 7 April, the date the
main legislation authorizing the South Sea
scheme was passed, and the “South Sea Com-
pany meeting” line denotes a 21 April gather-
ing of South Sea investors. The gap in prices at
the end of June was caused by a change from
transactions for immediate cash settlement to
what are today called “futures.”
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­investor­who­became­famous­for­making­a­massive­fortune­in
the­bubble,­started­liquidating­his­stake­the­day­after­the­stock-
holders­ meeting.1 Unlike­ Newton,­ Guy­ did­ not­ get­ seduced
into­buying­back­in.­He­kept­his­profits­and­used­them­to­es-
tablish­Guy’s­Hospital,­famous­for­its­contributions­to­medicine
in­the­past­three­centuries.

April­1720­also­saw­ the­publication­of­an­unusually­ large
number­of­pamphlets­and­newspaper­articles­about­ the­eco-
nomic­fundamentals­of­the­South­Sea­project,­some­of­which
Newton­surely­would­have­seen­or­discussed­with­contempo-
raries.­On­14­April,­a­week­after­the­passing­of­the­South­Sea
Act,­the­South­Sea­Company­offered­some­of­its­new­shares­to
the­public­in­the­first­of­four­sales.­To­stir­up­enthusiasm­for
the­first­sale,­the­company’s­managers­apparently­arranged­for
the­publication­of­an­anonymous­article­in­the­newspaper­Fly-
ing-Post on­9­April.­The­piece­presented­a­vision­for­nearly­in-
finite­investor­returns:­the­higher­the­price­the­South­Sea­Com-
pany­could­obtain­ for­ its­new­shares,­ the­better­ its­ investors
would­fare.

The­Flying-Post article­reached­its­astounding­conclusion­by
a­certain­amount­of­what­today­might­be­called­“mathiness,”
quantitative­reasoning­that­confuses­the­issue­instead­of­clari-
fying­it.­If­you­own­all­500­shares­of­a­company­with­assets­of
$100000,­each­share­ is­worth­$200.­ If­you­ then­sell­2000­new
shares­at­$400­each,­your­company­now­has­assets­of­$900000
and­2500­shares,­so­each­share­is­worth­$360.­Modern­startups
often­attract­early­investors­with­similar­promises.­But­a­legiti-
mate­startup­will­offer­some­justification­for­the­increased­price
that­ new­ investors­ pay,­ such­ as­ a­ new­ technological­ break-
through­achieved­with­funds­from­early­investors.­The­Flying-
Post article­ offered­ no­ evidence­ of­ any­ new­ ingredient­ that
would­produce­increased­profits.­In­reality,­what­it­was­describ-
ing­was­an­18th-century­Ponzi­scheme.

Three­convincing­rebuttals­of­the­Flying-Post article­have­sur-
vived­from­that­period.­One­was­authored­by­Archibald­Hutch-
eson,­the­most­famous­debunker­of­the­South­Sea­project.­His

pamphlet­appeared­on­21­April,­the­date
of­the­South­Sea­Company­stockholders
meeting.­It­ is­possible­that­Newton­was
influenced­ by­ those­ refutations,­ or­ he
may­ have­ reached­ the­ same­ conclusion
himself.

But­the­bulk­of­British­ investors­did
not­divest.­How­could­people­disregard
the­refutations­of­the­Flying-Post puff?­A
letter­ from­ a­ prominent­ private­banker
in­London,­written­ in­June­1720,­nicely
illustrates­the­fear­of­missing­out­that­in-
vestors­often­experience­during­a­mania:
Despite­ his­ own­ long-standing­ skepti-
cism­ about­ the­ South­ Sea­ project,­ the
banker­wrote­that­“when­the­rest­of­the
world­ is­mad­we­must­ imitate­ them­ in
some­ measure.”4 Further,­ even­ though
the­ math­ behind­ the­ Flying-Post claims
was­ risibly­ fallacious,­ the­ South­ Sea
Company’s­ trading­ monopolies­ re-

mained­potentially­profitable.­
What­is­most­remarkable­is­that­aside­from­the­Flying-Post

article,­the­South­Sea­managers­never­presented­the­public­with
a­business­plan­explaining­how­they­would­generate­substan-
tial­returns­for­their­shareholders.­In­fact,­I­can­say­with­confi-
dence­that­South­Sea­promoters­lacked­an­even­halfway­plau-
sible­ business­ plan.­ The­ one­ they­ were­ forced­ to­ present­ to
Parliament­ after­ the­ bubble­ burst­ indicated­ that­ they­ were
planning­to­pay­the­high­dividends­they­promised­mainly­out
of­the­funds­they­expected­to­obtain­from­sales­of­shares—in
other­ words,­ they­ had­ no­ plan­ beyond­ the­ misleading­ and
overly­optimistic­scheme­their­anonymous­friend­or­agent­out-
lined­in­the­Flying-Post.5 But­that­was­not­known­to­the­public
before­the­collapse.­The­mania­reached­a­new­level­of­intensity
in­June,­and­Newton­was­swept­up­in­the­groupthink­that­ruled
the­British­investing­public.

Newton as investor
It­ is­ noteworthy­ that­ once­ Newton­ decided­ to­ go­ back­ into
South­Sea­stock,­he­moved­essentially­all­his­financial­assets
into­ it,­and­he­did­so­rapidly­with­a­series­of­ investments­ in
mid-June.­It­seems­he­had­become­convinced­the­purchase­was
a­promising­venture.­In­contrast,­the­Hall­estate­left­much­of
its­ assets­ in­ Bank­ of­ England­ stock.­ Newton’s­ banker­ and
deputy­at­the­Mint,­John­Francis­Fauquier,­also­went­down­a
different­path;­he­did­not­commit­all­his­funds­to­the­South­Sea
Company,­and­he­invested­on­a­schedule­different­from­New-
ton’s.­ Newton­ was­ clearly­ making­ his­ own­ investment­ deci-
sions­and­not­simply­following­others’­advice.­

In­general,­Newton­was­intimately­familiar­with­commodi-
ties­and­finance.­He­had­ to­be,­since­his­ job­as­master­of­ the
Mint­required­him­to­make­many­decisions­that­depended­on
market­prices­and­conditions.­Did­he­also­visit­Exchange­Alley
(see­figure­3),­where­financial­dealings­were­concentrated­ in
the­ early­ 18th­ century?­ The­ alley­ was­ not­ regarded­ as­ rep-
utable,­and­reports­of­visits­to­it­by­the­aristocracy,­especially
by­aristocratic­ladies,­scandalized­polite­society.­A­claim­exists
in­the­literature­that­Newton­was­seen­in­Exchange­Alley,­based
on­a­letter­by­the­famous­London­publisher­Jacob­Tonson­that

FIGURE 2. THE TOWER OF LONDON, the location of the Royal
Mint during Newton’s time. (Photo by N. H. Fischer/Wikimedia
 Commons/CC BY-SA 4.0.) 

ISAAC NEWTON

pt_odlyzko0720__article  6/16/2020  3:56 PM  Page 34



JULY 2020 | PHYSICS TODAY 35

mentions the possibility of meeting a “Mr. Newton” there.6

However, it seems likely that Tonson would have referred to
such a famous figure by his full appellation, “Sir Isaac New-
ton.” So Tonson probably had another Newton in mind in his
letter. (Several affluent Newtons lived in Britain at that time.) 

Whether he ever visited Exchange Alley or not, we have ev-
idence of Newton paying attention to the operations of indi-
vidual companies. In a letter to his friend the mathematician
Nicolas Fatio de Duillier, Newton declined to invest in a com-
pany that Fatio was promoting. He not only noted the low price
of that company’s stock, he also wrote that its fundamentals
were not good, since he had learned its “rents in Scotland are
ill paid & difficultly collected.”7 The letter to Fatio also stated
that “I lost very much by the South Sea company which makes
my pockets empty, & my mind averse from dealing in these
matters.” (Newton’s statement is an exaggeration, as his pock-
ets were not empty; he was still quite rich. But his recent losses
were a handy excuse.) 

Thus Newton was clearly financially sophisticated. However,
unlike Guy and a small number of other investors, he was not as-

tute enough to avoid the disaster of the South Sea Bubble. In that
he was part of an immense crowd—an estimated 80–90% of all
British investors—who were drawn into that economic spasm.
Unlike astronomy, mathematics, and physics, finance was not an
area where Newton towered over his contemporaries.

Newton, finance, and crowd psychology
The number of investors who were taken in by the South Sea
Bubble reflected to some extent the relatively low level of fi-
nancial sophistication in the early modern society. Investors—
even experienced ones like Newton—had only recently been
introduced to new financial institutions and products. On the
other hand, contemporary examples abound of the investing
public being bamboozled by specious visions of infinite invest-
ment returns. There is little sign that has changed over the ages.

And we should not overestimate the financial naivete of the
public in the early 18th century. In Newton’s time, profession-
als were available to assess the value of conventional financial
products. Among them was Newton’s friend Abraham de
Moivre, an important mathematician who was at the forefront
of the development of probability theory and actuarial science.
De Moivre earned part of his income by providing advice on
gambling wagers and on valuations of leases and annuities.8 In
addition, frequent government lotteries spawned a subindus-
try of intermediaries that enabled people to vary their levels of

FIGURE 3. A 1720 MAP OF LONDON’S BROAD STREET WARD.
Exchange Alley (in the red circle) was the share-trading center of
London in 1720. The South Sea House (in the blue circle) was the
headquarters of the South Sea Company. (Image from Antiqua Print
Gallery/Alamy Stock Photo.)
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risk by purchasing a small part of several lottery tickets. 
The South Sea Bubble posed a more challenging problem.

No well-defined money flows, or even probability distribu-
tions, existed. Aside from the Ponzi arguments, which de-
ceived many, all sorts of vague rumors of flourishing trade,
strategic alliances, and the like sprang and spread. Some ob-
servers, such as Hutcheson, saw they were unrealistic, but most
of the public, including Newton, fell for the humbug. 

Newton’s failure to discern the South Sea Bubble’s unsus-
tainability illustrates a fact that is sometimes forgotten when
we discuss him: He was brilliant, but he was not a universal
genius. He did much to improve the efficiency of the Royal
Mint by reducing the variation of gold coins in weight and fine-
ness, for which purpose he formulated the cooling law that
bears his name.9 He aided in setting up the Longitude Prize and
he helped dispose of many crackpot submissions to the body
in charge of awarding that prize, but he was wrong in his skep-
ticism about the feasibility of using clocks in that setting.3 And,
of course, he spent years on alchemy and theology, with little
to show for his efforts.

That Newton was able to achieve so much in astronomy,
mathematics, and physics was due not just to his own genius
but to his starting that work at just the right moment, when
solid foundations had been laid by the likes of Tycho Brahe,
René Descartes, Galileo Galilei, Christiaan Huygens, Johannes
Kepler, and Blaise Pascal. In those areas he really was able to
“stand on the shoulders of giants.” In the finance of the South
Sea Bubble, he was standing in a swamp, and so even his bril-
liance did not save him from losses.

This article is based on my paper “Newton’s financial misadventures
in the South Sea Bubble,” Notes and Records: The Royal Society
Journal of the History of Science, volume 73, number 1 (March
2019), page 25.
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ICEoxford receives Queen’s Award for Enterprise in Innovation, 
crowns its best year yet

ICEoxford was founded in 2004 to shake up the dry cryogenics market. We have 

worked closely with scientists at the cutting edge of their discipline to understand 

their exact experimental requirements, and that approach has paid off.

Our growing team has delivered hundreds of dry and wet systems worldwide 

to universities, research facilities, and government institutions. We work with 

all our customers to meet or exceed their specifications within their budgets. 

Continuous, collaborative innovation has given us an edge to compete globally 

with bigger, more established cryogenics manufacturers. 

Traditionally, R&D companies have rarely emphasized customer service. But by 

building relationships, we have been able to truly collaborate with our customers 

and become better at targeting areas for improvement. From our site in West 

Oxfordshire, UK, we can remotely access and control systems anywhere in the world to provide the highest levels 

of aftercare.

In just 16 years we have developed what is now one of the world’s widest ranges of cryogenic products. Our cutting-

edge offerings operate at 4 K, 1 K, 300 mK, and 10 mK for both wet and dry systems. Our popular DRY ICE 1.0K 

Series spans large sample space systems through to compact benchtop designs. The series’ newest addition is 

the DRY ICE 0.8K Benchtop. This cryostat incorporates a large sample-space designed to accommodate a large 

experimental heat load in a modular benchtop system, perfect for quantum computing and other applications 

down to temperatures of <0.8 K. 

The DRY ICE 1.0K system was initially developed for scientists at MIT to optimize the performance of single 

photon detectors and manage a large experimental heat load. The platform can reach 0.8 K while achieving greater 

than 360 mW of power in the sample area at 1.0 K, five times as high as previous technologies. With the addition 

of an AV frame, the DRY ICE 1.0K reduces vibration to less than ±1 μm at the sample. The system can be further 

adapted to achieve optical access to the sample within a magnetic field.

Since installing the first DRY ICE 1.0K, we have redesigned the unit to suit the requirements of a US industry 

customer, a Silicon Valley quantum computing startup venture, and the University of Bristol. 

Earlier this year the UK government announced that we had received a Queen’s Award for Enterprise in 

Innovation for DRY ICE 1.0K. The award is the most prestigious for a UK business of any size, throughout every 

sector.  Previous winners have reported a corresponding increase in company growth, and we are aiming to do the 

same. We significantly exceeded our sales target for the last financial year while growing margins and profitability, 

and we were thus able to continue to expand our team. 

Photonic quantum computing is one of our most rapidly developing markets. We are confident our products will 

help bring quantum technologies to the marketplace and deliver benefits to business, medicine, health, public 

administration, and the home. ICE is a dynamic company proud to be at the forefront of this emerging technology.

Chris Busby 
Managing Director, ICEoxford

Industry ViewPoint shares the perspectives of PHYSICS TODAY’s advertising partners, who supply the content. It is written by the listed company and copyedited 
and designed by PHYSICS TODAY.

PT_Jul20_p37_Blank-Ad-Page.qxd  6/18/2020  9:11 AM  Page 37



The physics of
LIPIDIC 

MESOPHASE 
DELIVERY 

SYSTEMS

38 PHYSICS TODAY | JULY 2020

This cryogenic transmission electron microscopy
image shows submicron cubosomes, formed from
the cubic phase of the monolinolein lipid. (Laurent
Sagalowicz, Nestlé Research Center.)
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Simone Aleandri is a senior pharmaceutical 
research scientist at the University of Bern, and
Raffaele Mezzenga is a professor of food and
soft materials at ETH Zürich, both in Switzerland. 

As figure 1 depicts, when lipid molecules are hydrated, they
can self-assemble in different arrangements that correspond to
the lamellar, hexagonal, cubic, and micellar cubic phases, among
others.1 The lamellar phase consists of a two-dimensional stack
of amphiphilic bilayers separated by aqueous layers. Each bi-
layer consists of two monolayers packed tail-to-tail to minimize
contact between the hydrocarbon chains and water. In that
arrangement, water partitions nearly exclusively to the lipid
polar heads and forms slabs of water–lipid heads. The lamellar
phase is denoted Lα if the lipid tails are disordered in the 2D
layers, Lβ if they are organized in a lattice. The hexagonal phase
consists of an ensemble of cylindrical micelles packed on a
hexagonal lattice. The water–lipid heads form the cylinders,
whereas the lipid tails fill the continuous matrix.

The bicontinuous cubic phases are composed of two sets of
water channels separated by curved bilayers in the 3D space
such that every point on the bilayer midplane surface is a sad-
dle point with a zero-mean curvature.2 Those bilayers encom-

pass a system of aqueous channels and form struc-
tured yet flexible networks that are nonbirefringent
and optically transparent. Specifically, lipid mole-
cules in bicontinuous cubic phases form a highly
curved continuous bilayer that separates the two in-
terpenetrating but nonintersecting aqueous channel
networks. The structures can display a double gy-
roid (Ia3d, with threefold connectivity of aqueous
channels), double diamond (Pn3m, with fourfold con-
nectivity), and primitive (Im3m, with sixfold connec-
tivity) symmetry.3 Finally, the inverse micellar phase
comprises spheroidal micelles arranged in Fd3m or
Fm3m symmetry, or in a disordered state L2. Most
lipids do not show those phases in pure water and
need oil-based components, such as oleic acid or
limonene, to form the micellar cubic phase.

The critical packing parameter CPP—defined as
the ratio between the hydrophobic chain volume
and the hydrophobic chain length in the molten state
times the cross-sectional molecular area—can predict
qualitatively the structural phase given by each lipid

in the presence of water. However, because of the complexity
of bicontinuous cubic phase structures, CPP theory cannot
fully describe the system.4 Lipids, such as phytantriol (PHT),
monoolein (MO), and monolinolein (MLO), and phospholipids
are the most well-known macromolecules capable of forming
lyotropic liquid crystals in water via self-assembly. MO and
MLO, which are generally recognized as safe for human and
animal use by the US Food and Drug Administration, are the
most widely used materials for encapsulating a broad range of
drugs with various sizes and polarities. Their phase diagrams,
shown in figure 2, describe their behavior at thermodynamic
equilibrium, where the system is at its lowest state of free energy.
The lipid–water mixtures show lyotropic-liquid-crystalline be-
havior: Changing the water content or the temperature results
in a different structure. By increasing the water content, the lamel-
lar phase of MO, for example, transforms first to an Ia3d and
then to a Pn3m phase, which in turn will swell until reaching its
maximum hydration beyond which Pn3m and water coexist.

Simone Aleandri and 
Raffaele Mezzenga

A n ideal drug delivery system should be
biodegradable and biocompatible and should
incorporate the active pharmaceutical ingre-
dient without losing or altering its activity. To
optimize the drug’s therapeutic time window,

the system should provide an efficient and controlled 
release mechanism for a drug at a specific location in vivo.
Lipidic mesophases, a special class of materials belonging
to the lyotropic-liquid-crystal family, meet those criteria.
They thus share characteristics of both crystals and liquid
materials: Like crystals, their molecules have short-range
positional order, and like liquids, they lack long-range 
positional order. Lipidic mesophases exhibit distinct
structures based on their composition, and they constitute
an attractive alternative drug delivery system, capable of
incorporating molecules of different polarity and size and
protecting them from chemical and physical degradation.

Effectively releasing drugs in the

body depends on the physical and

chemical traits of a special class 

of liquid crystals.
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LIPIDIC MESOPHASES

On the other hand, increasing the system’s temperature induces
a transition from the cubic phase to an inverse hexagonal phase.

Once the maximum hydration level has been reached, the
Pn3m phase cannot swell anymore. The excess water given to
the system remains confined outside the cubic structure, and
the Pn3m bicontinuous cubic phase coexists with excess water
at thermodynamic equilibrium. The Im3m bicontinuous cubic,
hexagonal, and the micellar Fm3m phases show a similar be-
havior: Excess water coexists thermodynamically with lipidic
mesophases.That behavior is a crucial and distinctive feature
of lipid mesophases and makes them valuable as drug delivery
systems. The thermodynamic equilibrium allows researchers
to design nanostructures that remain stable for the entire drug-
delivery process, which makes lipid mesophases more advan-
tageous compared to other nanostructured fluids, such as ther-
modynamically unstable nanoemulsions.5

When mesophases coexisting with excess water have
reached their maximum hydration level, a dispersion of bulk
phases can be formed by adding energy to the system. For son-
ication, the most commonly used approach to form dispersions,
a lipid film is hydrated in the desired buffer containing a sta-
bilizing polymer, and sound waves agitate the film until the sam-
ple becomes a homogenous dispersion.6 The water-dispersed
forms of the parent cubic- and hexagonal-phase bulk counter-
parts are cubosomes and hexosomes. They possess the same
nanostructure as the parent bulk phase but exhibit a much
lower viscosity, improved fluidity, and larger surface area. Such
dispersions are commonly prepared by mixing lipids with a
stabilizing polymer that acts as a surfactant and im-
proves the nanostructure’s shelf life. With those dis-
persions, researchers can deliver poorly water-soluble
drugs, selectively target malignant cells, and use mo-
lecular detection to identify and deliver radioactive
drugs for radiation therapies.7

Phase characterization techniques 
Researchers routinely use small-angle x-ray scatter-
ing (SAXS) to determine the lipid phase, and thus
construct the phase diagram, for different lipid–water
systems. That method relies on constructive interfer-
ences in the reciprocal space from many ordered scat-
tering planes that belong to the mesophase. An x-ray
beam is directed at the lipid sample, and the resulting
scattering pattern gives a characteristic set of rings, or
maxima, that correspond to Bragg reflections. Their
positions in the reciprocal space depend on the Miller
indices of the mesophase scattering planes, and the
sequence of Bragg reflections consequently identifies
the symmetry of the mesophase studied. SAXS allows
for the lattice parameter—the size of the repeat unit
cell—to be determined. When the parameter is trans-
lated, researchers can reconstruct the entire mesophase
in 3D. The lattice parameter and the phase composi-
tion enable scientists to determine structural features
of the mesophase, such as the width of a lipid bilayer
and the diameter of water channels, micelles, and slabs.

Besides SAXS, cryogenic transmission electron
microscopy (cryo-TEM) also characterizes lipidic
mesophases. Rather than probing reciprocal space, it
uses direct measurements of real-space structures.

Using cryo-TEM, scientists have obtained high-resolution im-
ages of bicontinuous cubic mesophases, which enables direct
visualization of their internal channels, size, and other important
structural information. Since SAXS probes structure in the re-
ciprocal space and cryo-TEM in real space, taking the Fourier
transform of the lipid structures in the cryo-TEM images results
in a phase assignment equivalent to that obtained via SAXS.8

Rheology of lipidic mesophases 
One of the first features to consider when designing drug de-
livery systems based on lipidic mesophases is the rheological
behavior of the mesophases, which varies tremendously. Mea -
surements of the storage moduli G′ and the loss moduli G″ as
a function of the shear frequency ω reveal important informa-
tion about the rheological behavior of the mesophases. Differ-
ent viscoelastic regimes emerge because of the diverse topolo-
gies of the mesophases, and each regime’s water–lipid interface
has its own specific relaxation time. The viscosity of mesophases
increases progressively from the less viscous lamellar phase to
the viscoelastic hexagonal and the highly elastic bicontinuous
cubic phases.9 Specifically, the lamellar phase behaves as a plas-
tic fluid that has extensive energy dissipation mechanisms due
to the parallel slip of the lamellae. The hexagonal phase be-
haves as a viscoelastic material with a relaxation time of about
0.5–1 s. In contrast, the bicontinuous cubic phases show com-
plex rheological behavior simulated by a multiple Maxwell
model. Those phases have characteristic times of up to several
tens of seconds that are associated with the relaxation of the

Inverse
bicontinuous

cubic phase

Inverse
micellar
phase

Inverse
hexagonal

phase

Lamellar
phase

Im3m

Fd3m

Fm3m

Pn3m

Ia3d

FIGURE 1. THE LIPID MESOPHASE STRUCTURES shown here offer a means
to protect and transport drugs through the human body. The inverse bicontinuous
cubic phases can display three different symmetries: the double gyroid (Ia3d)
has threefold connectivity of the aqueous channels; the double diamond (Pn3m)
displays fourfold connectivity; and the primitive (Im3m), sixfold connectivity.
The inverse micellar cubic phase comprises spheroidal micelles arranged in
Fd3m or Fm3m symmetry. (Adapted from ref. 1.) 
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lipid head group–water interface. The variation of the relax-
ation time as a function of the temperature or composition cap-
tures subtle cubic-to-cubic phase transitions and the more triv-
ial cubic and excess-water transition.

Although the viscous cubic phase has an optimal rheology
to act as a drug depot, its high viscosity could make the sub-
cutaneous administration of drugs challenging. Water can over-
come that challenge by triggering the in situ formation of gelled
lipidic structures, starting from a liquid or less viscous mate-
rial.10 For example, a technology developed by the Swedish
company Camurus dissolves the drug in a lipid solution that
transforms to gel upon contact with water. After subcutaneous
injection, the precursor lipid solution swells from the water
naturally present in the tissue and forms the lipid depot in situ.

Connecting mesophase structure and drug release
Mesophases can slowly release hydrophobic or hydrophilic
biomacromolecules such as proteins, antibodies, RNA, and
DNA. But some small hydrophilic drugs encapsulated in the
water channels of a mesophase burst out of it. So far, the most
commonly explored approaches to control a hydrophilic drug’s
release from lipidic mesophases include ionic interactions be-
tween the drug and the lipid polar group, variation of the water-
channel dimensions, and the formation of a lipid prodrug, a
compound that activates in the body to produce a working drug.

The release processes of hydrophilic molecules depend on
the structure of the mesophase. The release phenomenon—a
Fickian diffusion process—follows a first-order kinetic profile
regulated by the size of the mesophase’s aqueous channels, the
size of the drug, and most importantly, the symmetry of the
mesophase. To be released, hydrophilic drug molecules must
diffuse through the water domains and cross the lipid domains.
The ability of the lipids to keep a drug confined in the water
channels controls its release. Drug diffusion depends on the di-
mensionality d of the water domains, defined as the number of
orthogonal directions a molecule may explore without leaving
the water channel. 

In the micellar cubic mesophase, the drug is confined in the
micelles with water domains of about 2 nm in diameter (d=0).
In a hexagonal phase, the molecules move through cylindrical
water channels (d =1), whereas in a lamellar phase they can

move along the planar bilayers (d =2). In bicontinuous cubic
phases, the diffusion is a 3D process (d=3) in which the mobil-
ity of embedded hydrophilic molecules is hindered only by the
channel size—about 5 nm in diameter—and its tortuosity. In
general, the diffusion coefficient of a hydrophilic drug decreases
with the dimensionality of the phase. Therefore, the Pn3m phases
(d=3) show the highest diffusion coefficients, whereas the micel-
lar cubic phases (d=0) show the lowest, as illustrated in figures
3a and 3b. That the release rate of drugs from micellar cubic
phases is low but nonzero highlights that partitioning of the
drug within the lipid bilayers contributes to the release kinetics.

Researchers in 2015 introduced the structural control effi-
ciency index (SCEI).11 It provides an estimate of the kinetics of
drug release for various phases and hydrophobic domains,
which have different symmetries and permeability to drugs.
The SCEI= log(Dmax /Dmin) /DS, where Dmax and Dmin are the
highest and lowest diffusion coefficients observed for a given
system, and DS is the structural dimension span explored;
DS = 3 for MLO-based systems, whereas DS = 2 for phos-
phatidylcholine-based systems. Figure 3c graphs the slope in
the logarithmic plot of the diffusion coefficients versus the
structural dimension and visualizes the SCEI. The hydropho-
bic lipid domain shows high permeability to a hydrophilic
drug such as caffeine, which easily penetrates lipidic barriers,
as indicated by the partition coefficient. On the other hand, a
drug with high hydrophilicity and large size has a highly neg-
ative partitioning coefficient, the lowest diffusion coefficient,
and optimal structural control. 

For a given drug–lipid pair with the same dimensionality,
topology controls the diffusion process. Diffusing molecules,
for example, interact with the geometrical attributes of the three
main symmetries of inverse bicontinuous cubic phases—Pn3m,
Ia3d, and Im3m—which make a pivotal contribution in deter-
mining the diffusion mechanism. For small hydrophilic mole-
cules such as glucose, at identical water content the diffusion
coefficient decreases from a maximum to a minimum when
going from Ia3d to Pn3m to Im3m. As a general rule, the less
porous Im3m symmetry shows a slower transport efficiency at
water content parity, compared with the more porous Pn3m
geometry. Moreover, mesophase symmetry, lipid characteristics,
and particle features must all be considered when developing
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FIGURE 2. THE PHASE DIAGRAMS of the lipids (a) monoolein, (b) phytantriol, and (c) monolinolein show the different structures each can
form at thermodynamic equilibrium for different water compositions. Two symmetries are possible for the lamellar phase: the crystalline
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systems with optimized release behavior.12 In contrast and
somewhat surprisingly, the water-channel connectivity does
not influence diffusion, which is a result of the properties of
the random walk in a lattice.12

Tuning with additives
Additives can modify the structure of the lipid mesophases.
For example, adding an increasing amount of hexadecane or
vitamin A can tune the phase of the MO–water system. The 
release profile, and therefore the drug diffusion coefficient,
changes with the phase. In particular, the release from the cubic
phase is significantly faster than the release from the micellar,
lamellar, and hexagonal phases. The geometry of self-assembled
mesophases is important in determining the release rate and
confirms the hypothesis that the open or closed state of the
aqueous channels influences the rate of drug release. 

Typical lipidic mesophases with a Pn3m, Im3m, or Ia3d
symmetry are characterized by water channels with a diameter
of 3–5 nm. That geometric constraint prevents large hydrophilic
molecules, such as hydrophilic proteins, hormones, and anti-
bodies, from being included in the mesophase. But that major
structural limitation can be overcome by additives that increase
the water-channel dimensions, including hydration-modulating
agents such as sucrose stearate, phospholipids, and cholesterol.
Electrostatic swelling also increases the size of water channels,
either by doping lipids with charged lipids capable of swelling
the mesophases or by decreasing the chemical potential of
water in the nanochannels so that the total free energy of the
system requires more water to equilibrate. Electrostatic swelling
has been demonstrated by several research groups,13–15 and in
those studies, the cubic phases have water channels more than
five times as large as traditional lipidic mesophases.

Interestingly, researchers use a combination of neutral lipids
such as monopalmitolein (MP) and charged ones such as one
called DSPG to design ultraswollen cubic phases of double gy-

roid (Ia3d), double diamond (Pn3m), and double primitive
(Im3m) structures. As shown in figure 4, the channels are suffi-
ciently large to allow in-meso crystallization of membrane pro-
teins with gigantic extracellular domains.15 In such a case, the
increasingly hydrated mesophases reenter the phase diagrams
of the type Ia3d → Pn3m → Ia3d and Pn3m → Im3m → Pn3m.
The reentrances depend on the amount of phospholipid used,
which is unique in lipid self-assembly. An Ia3d phase normally
converts to a Pn3m phase upon hydration and will swell until
reaching its maximum hydration; similarly, Pn3m swells upon
hydration and converts into an Im3m symmetry, which can
swell further before reaching its maximum hydration.

The phase reentrances indicate the competing effects at play
when electrostatic swelling and increasing hydration occur to-
gether. One possible scenario is that increasing the length
scales upon swelling by raising the water content decreases the
effectiveness of the electrostatic interactions, which moderates
the swelling effect at extreme swelling ratios. That hypothesis
requires validation, and the reentrances of the phase diagram
for electrostatically swollen lipidic mesophases highlight how
multicomponent lipidic mesophases continue to reveal fasci-
nating and unexpected surprises. Electrostatic swelling of the
mesophase via the addition of charged lipids is a promising
tool to generate thermodynamically stable swollen cubic
phases. With that approach, one could load large hydrophilic
biomacromolecules: The resulting lipidic surface would be
decorated by a negatively charged lipid and increase the gel’s
adhesion with positively charged inflamed tissues.

Adding even low concentrations of electrolytes to the aque-
ous phase of water–amphiphile systems can significantly mod-
ify the corresponding phase diagrams. MO–water mixtures,
depending on the type and amount of electrolyte, swell and
shrink the water channels. Sodium chloride or sodium sulfate
dehydrates the monoolein head groups at the interface, which
reduces their occupied effective area; the result is a shrinking
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FIGURE 3. THE DIFFUSION COEFFICIENT (a) of hydrophilic drugs 
increases with the dimensionality of the lipidic mesophase. (b) Different
phase geometries (solid and dashed lines) affect the rate at which a
drug is released from the lipid. The diffusion coefficient is also affected
by the structural control efficiency index (SCEI). (c) The blue line 
illustrates a strongly structure-controlled system, such as one composed
of monolinolein (MLO), hexadecane, and glucose or a system of MLO, tocopherol, and glucose. The SCEI is about 1, which means on average
the diffusion coefficient increases by an order of magnitude per additional dimension. On the other hand, for weakly structure-controlled
systems, such as phosphocholine-limonene-caffeine, illustrated by the red line, the SCEI is close to zero. In that case, the hydrophobic lipid
domain shows high permeability to the hydrophilic drug. (Figure by S. Aleandri and R. Mezzenga.)
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of the water channels. On the other hand, sodium iodide leads
to an increase in the hydration of the lipid head groups, ex-
pands the interfacial area occupied by a monoolein head group,
and swells the water channels of the cubic phase. Low concen-
trations of Ca2+ can shrink the lipidic mesophase water chan-
nels, and if the Ca2+ concentration increases up to 30 millimolar,
it can transform the multilamellar vesicles—formed by MO and
a negatively charged lipid such as DOPG—into a cubic phase.10

As depicted in figure 3, a drug’s release can also be con-
trolled by including additives that render the delivery system
sensitive to internal stimuli—including pH and temperature—
and external stimuli, such as light and magnetic fields. With
appropriate molecular design, the delivery of therapeutic
agents can be spatially and temporally controlled by triggered
drug release. Such on–off switching is advantageous when
continuous drug release may be toxic, and it should improve
the therapy’s effectiveness. Mesophases can host stimuli-
 responsive lipids without impairing structure and stability and
can endow them with specific functionalities.

For example, figure 5a indicates that adding 3% by weight
of vitamin A to the MO–water system leads to an efficient tem-
perature-induced release of hydrophilic molecules. The system
composed of MO, vitamin A, and water at 30 °C shows a Pn3m
phase and a faster drug release16 compared with the hexagonal
phase obtained at 40 °C. The mesophases composed of mono-
linolein–water doped with pyridinylmethyl–linoleate show a
hexagonal-to-cubic transition induced by the slightly acidic pH
typical of cancerous tissues. Figure 5b indicates that for a pH
of 5.5 versus 7.4, the phase transition shows a faster release,
which means that the hydrophilic anticancer drug doxorubicin,
loaded into the engineered mesophase, has an increased effi-
ciency for killing cancer cells at low pH.16

With respect to external stimuli, the application of light of-
fers high spatial and temporal precision. Modern lasers mod-
ulate drug release profiles and provide a high level of pharma-

cological control by regulating the light’s wavelength, intensity,
duration, and spot size. Light, therefore, can directly affect the
nanocarrier’s assembly and thereby lead to drug release. As 
figure 5c illustrates, a light-responsive mesophase composed
of a mixture of monoolein and a small amount of a light-sensitive
lipid produces a sequential light-triggered release when irra-
diated with UV light and retains an embedded hydrophilic dye
when exposed to visible light.17

The outlook for lipidic mesophases
To date, inverse bicontinuous cubic and hexagonal phases have
both been shown to hold a wide range of active pharmaceutical
ingredients. Because researchers can develop and design 
new lipid molecules capable of self-assembling into lipidic
mesophases, the use of mesophases will grow quickly in the
near future. Although lipidic mesophases are an interesting
drug delivery system, they haven’t been as extensively com-
mercialized as analogous products, such as liposomal delivery
systems, emulsions, and nanosuspensions. To bring lipidic
mesophase products to market will require a clinical transla-
tion process, and research has been more focused on gaining
information about the physics of these systems. The pharma-
cokinetics and pharmacodynamics in the biological environ-
ment remain less advanced, and researchers are still uncertain
how the kinetics of lipidic mesophase formation in the body
affects tissue tolerability.

The Camurus company is developing a new technology
using a lipid solution, containing the dissolved drug, that trans-
forms into lipidic mesophases upon contact with water. The
Camurus pipeline contains different liquid crystalline systems
at various stages of clinical trials. For example, their FluidCrys-
tal technology includes injection depot, topical bioadhesive,
and nanoparticle formulations based on lipid self-assemblies.
Once duly engineered, lipidic mesophases could outperform
the more commonly used micelles, emulsions, and liposome
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systems in terms of local and systemic tolerability, encapsula-
tion efficiency, physical instability, manufacturing and excipi-
ent costs, and more importantly, sustained-release control. 
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Resource managers use forecasts to ensure

future access to abundant water and

 provide safety from river-related hazards.

The physics of
RIVER PREDICTION

46 PHYSICS TODAY | JULY 2020

An intake tower at the Hoover Dam. (Photo by Sean Fleming.)
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Rivers have always been crucial transportation pathways. The
exploration, settlement, and economic development of the Amer-
icas depended acutely on river navigation. The Danube serves as
a trade route in Europe, much as it did for the Romans 2000 years
ago, and today it carries commercial freight across the continent. 

Rivers also provide homes for precious ecosystems. They
house fisheries, facilitate recreation, and bring in tourism dol-
lars. That’s not to mention their tremendous cultural value:
American literature wouldn’t be the same without Mark Twain’s
recollections of his experiences as a Mississippi riverboat pilot. 

Rivers can also kill. Floods are the most devastating natural
force in the US, and at times they have been architects of history.
In 1948, the Columbia River flooded and wiped out the progres-
sive Portland suburb of Vanport, Oregon. Fifteen people died,
and the destruction permanently changed the area’s racial dy-
namics. The flood also motivated the US and Canada to nego-
tiate the Columbia River Treaty, intended in part to support
flood control efforts. Droughts are subtler than floods but are
considered more damaging globally. 

Although the water wars predicted in 1995 by then World
Bank vice president Ismail Serageldin are unlikely to material-
ize,3 competition over scarce water resources has occasionally
led to violence. For example, Israeli and Syrian forces skir-
mished in the mid 1960s over water resources in the Jordan
River basin. 

Predicting variability and long-term changes in river flows,
like those shown in figure 1, is crucial for optimally managing
water resources and sidestepping danger. Such hydrologic
forecasts are made on a range of time scales and for many pur-
poses. Flood prediction is done hours to days ahead of an event
and is used to make emergency management decisions. Sea-
sonal water supply forecasts are needed months in advance to
inform the vast water and power management infrastructure

in the mostly dry western US. For
long-term assessment of the effects of
land use and climate change, plan-
ning happens over decades or even
generations. Successful prognostica-
tion depends on a cross-disciplinary

set of quantitative modeling approaches. 
How do watershed hydrology models work, and what

physical principles do they embody? Each model can include
contributions from numerous disciplines: civil engineering,
geophysics, agricultural engineering, meteorology, climate sci-
ence, glaciology, and others. Given that complexity, how do hy-
drologists pick which systems and processes to include in their
models? How do they choose appropriate representations and
implement them effectively? What, in short, is the physics be-
hind river-prediction models?

What’s under the hood?
River prediction models are usually implemented at the water-
shed scale. A watershed, also known as a catchment or river
basin, is the entire upstream land area that drains to a certain
point on a river. It’s typically determined by topography, such
as a mountain ridge separating one watershed from the next;
a large example of such a ridge is the continental divide be-
tween the Columbia and Mississippi River basins.

Many geophysical and biophysical processes, including
snow accumulation and melt, rainfall infiltration, groundwater
flow, evaporation, and transpiration by plants make up a wa-
tershed’s hydrology. By accounting for those processes, a model
reproduces and predicts water flux dynamics throughout the
basin and, ultimately, at a point of interest on the river. Often
that point is chosen to coincide with a long-term river-flow
measurement location, called a streamgage or hydrometric sta-
tion, that collects observational data needed to build and test
the model. The point of interest can also be chosen to help an-
swer a practical question, such as whether a site would be ap-
propriate for a power plant that requires water for cooling. 

A model’s output is normally a time series of the river’s av-
erage flow rate, often in cubic meters per second, at one or more

Sean W. Fleming and Hoshin V. Gupta

Rivers support life and fuel civilization.1,2 They provide
water for drinking, irrigate food crops, and help build
everything from cars to computers. Their waters drive
 hydroelectric turbines that generate clean energy. Rivers
have even supported nuclear physics developments that

changed the course of a war: The hydroelectric complexes of the
 Columbia Basin Project and the Tennessee Valley Authority enabled
 energy-intensive uranium and plutonium refinement for the Manhattan
Project. 
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points of interest. The most common time-averaging frequency
is daily, but it can range from subhourly to yearly. A model may
also generate additional data, such as estimates of soil moisture
or snowpack. 

Virtual watersheds
Several approaches to hydrologic modeling are outlined in fig-
ure 2. The most explicitly physics-based option is process sim-
ulation, which relies on direct mathematical representations of
water movement over and through Earth. That movement can
be described in varying levels of physical detail. 

The Navier–Stokes and continuity equations fundamentally
govern fluid transport. To our knowledge, the complete non-
linear equations have never been directly implemented for wa-
tershed hydrologic modeling. And for good reason: They’re
notoriously difficult to solve numerically, which makes them
impractical to implement at the spatial and temporal resolu-
tions and scales typically required. However, with exascale
computing on the horizon, applying the full equations may be
an idea worth exploring.4

In 1969 Allan Freeze and Richard Harlan put forward what
is widely considered to be the gold standard in hydrologic
modeling.5 Derived from the full Navier–Stokes equations
under simplifying assumptions, their physics-oriented ap-
proach depicts and predicts nature through a system of cou-
pled partial differential equations that represent water fluxes
through landscape elements. (See box 1 for a sketch of their ap-
proach.) The approach has only occasionally been used for
practical applications. It is receiving renewed interest, how-
ever, particularly from US Department of Energy laboratories
that are developing multiphysics environmental models to run
on high-performance computers.6,7

A less detailed yet widely used hydrologic model approx-
imates water flow using the conceptual linear reservoir as-
sumption. Under that assumption, a watershed’s natural
water-storage mechanisms—lakes, wetlands, soil moisture,
aquifers, and so forth—act as a de facto reservoir whose output
rate depends on how full it is. Combining that with continuity

a b

c d

FIGURE 1. RIVERS AND OTHER WATER RESOURCES evolve in
 response to natural and anthropogenic factors. (a) The advanced
 society that lived in Ancestral Puebloan (formerly known as Anasazi)
ruins near Los Alamos, New Mexico, moved on around 1200 AD, in
part because of the drying climate. (b) Nevada’s Walker Lake is a
 remnant of ice-age Lake Lahontan; its water level has dropped 55 m
since the 19th century, mainly from diversions for agriculture. (c) The
McKenzie River springs from a volcanic aquifer at Tamolitch Falls in
the Oregon Cascades in a dramatic demonstration of river–aquifer
 interactions. Accurately capturing the water-storage effects can be
crucial for river-flow forecasting. (d) The Los Angeles River is a
 favorite filming location for car chases in Hollywood movies. Such
highly urbanized rivers no longer have the natural water storage and
release mechanisms seen in the McKenzie River. They are therefore
more variable and flood-prone, which makes accurate forecasting
even more crucial—and more challenging. (Photos by Sean Fleming.)
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gives the linear reservoir model for river prediction:

where Q is the predicted streamflow rate; I represents the con-
ceptual reservoir’s net rate of water input, which consists
mainly of rainfall or snowmelt and may be adjusted for evap-
otranspiration losses; and k is a constant that accounts for how
quickly streamflow responds to weather. Readers may recog-
nize the model as a first-order linear time-invariant systems ap-
proach. It may seem simple, but it can become complicated
when it’s configured to capture more complex geophysical dy-
namics such as multiple reservoirs in series or parallel, spatially
distributed reservoirs, and nonlinear reservoirs. 

A similar but more straightforward treatment considers
only continuity without explicitly including the linear reser-
voir assumption. In such a model, changes in a basin’s water
storage are equal to the difference between inputs, like rainfall
and snowmelt, and outputs, like evapotranspiration and
streamflow. Such water-balance models can be implemented
using simple spreadsheet calculations and are sometimes used
for practical water-planning tasks. They can also serve as
frameworks for building intricate suites of interlinked sub-
models that represent various additional processes.

The concepts discussed so far represent only two things: the
dynamics of water movement across and through the ground
and the river basin’s overall water balance. Those elements
form the core of any mechanistic river-prediction model. But a
river and its watershed can have many different components,
such as trees, buildings, swamps, and ice fields. In practice,

therefore, most process-simulation models are modular; in ad-
dition to their core, they usually integrate several submodels
representing environmental factors that can affect streamflow. 

Like the cores, submodels vary in their approaches and level
of detail. They might represent transpiration by forests and
crops, evaporation from lakes and the soil surface, snowpack
accumulation and melt, or ice melt from mountain glaciers,
which is distinct from seasonal snowmelt. They can also ac-
count for near-surface hydrometeorological dynamics, like the
dependence of precipitation’s phase on temperature and eleva-
tion, which can vary dramatically in rugged mountain water-
sheds. An estimate of I(t) in a linear reservoir model might, for
example, come from adding local rain flux from an atmos-
pheric submodel to snowmelt flux from a snowpack one. 

Models can also account for modifications of natural
processes. Capturing land-use changes, such as certain forestry
practices that reduce the tree canopy or urbanization of agri-
cultural lands that increases impermeable area, can help pre-
dict corresponding shifts in evapotranspiration, snow dynam-
ics, and infiltration. Those shifts can influence river flows by,
for example, increasing flood frequency and severity. 

An important attribute of any process simulation model is its
degree of spatial distribution. A fully distributed model divides
the watershed into a grid pattern to accommodate heterogeneity
in watershed processes; it can account for details like a thunder-
storm only producing rainfall in one part of the watershed. At
the other end of the spectrum, a spatially lumped model is a par-
simonious approach that treats the watershed upstream of the
point of interest as a single homogeneous unit. The intermediate
option is a semidistributed model that divides the watershed
broadly by spatial proximity or elevation. Some version of either
the conceptual linear reservoir or the water-balance method is
typically used regardless of a model’s degree of spatial distribu-
tion. However, fully distributed models occasionally implement
the gold-standard approach, which typically requires a finite-
 difference solution that leads naturally to a grid-based division
of the watershed.

Cyborg hydrologists
Unlike process-simulation models, data-analytics approaches to

I(t) = Q(t) + k 
∂Q(t)

∂t

River-prediction models

Process simulation Data-driven

Fully physics-based Conceptual reservoir-based Statistical

Machine 
learning and so� 

computing
Fully distributed Semidistributed Spatially lumped Time-series type Regression type

Hybrids combining multiple models

FIGURE 2. RIVER-PREDICTION MODELS fall broadly into two
 categories. Process-simulation models aim to be explicitly physics-
based and are further classified by their rigor, their level of spatial
resolution, and the geophysical and biophysical processes they
 include. Data-driven models use pattern-detection algorithms to
implicitly capture the physics of river runoff generation. They relate
predictors to outputs using some form of input–output mapping
and are further categorized by their use of classical statistics or
 artificial intelligence. There is much overlap among the modeling
types, and there are many opportunities to combine them. 
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river prediction view each watershed as a dynamical filter with
input and output signals such as rainfall and streamflow. The
model’s job is to implicitly capture watershed processes in a
transfer function that empirically maps the inputs to the outputs.
Such top-down data-driven prediction methods use both statis-
tical and machine-learning techniques, and they serve as a pow-
erful and flexible complement to bottom-up mechanistic models.

Linear Gaussian statistical models have long been used for
river prediction. For instance, the 1960s-era Thomas–Fiering
model for short-term river forecasting applied standard linear
time-series procedures, which are widely used across the nat-
ural and social sciences to make predictions from memory-rich
datasets. (In fact, Harold Edwin Hurst and Benoit Mandelbrot’s
discovery of long-term memory in time series originated from
their studies of Nile River flows. Since then, fractal dynamics
and 1/f noise in hydrologic data have continued to attract
physicists’ attention.8) A more modern example of applying lin-
ear Gaussian statistics to river prediction is a probabilistic ex-
tension of principal component regression. Originally adapted
to water-supply forecasting (WSF) by the US Department of
Agriculture, it is commonly used by government agencies and
hydroelectric utilities across the western US and Canada to pre-
dict seasonal snowmelt volume.9

Machine learning is a branch of artificial intelligence (AI)
that uses algorithms to detect patterns in data and then uses
those patterns to make predictions. One of us (Gupta) helped
lead the charge 25 years ago to apply machine learning to hy-
drology;10 that approach is now coming back in a big way as
AI permeates the everyday world. (For more on applying AI
to river prediction, see box 2). Even Google is getting in on the
action by using AI for experimental large-scale flood forecast-
ing in India. 

Current R&D on machine learning for river prediction is
bridging the gap between academic research and live operational

forecasting systems. Hybrid solutions blend AI with specific
technical and institutional requirements around river prediction,
including ease of use and alignment with existing knowledge of
the physical processes governing river flow.4 For instance, one of
us (Fleming) is currently retrofitting the US Department of Agri-
culture’s proven WSF model with a physics-constrained AI meta-
system that integrates automated machine learning.11

Data-driven models can easily test the effects of integrating
new, potentially helpful information with established predic-
tors. If an update is useful, it can quickly be deployed. For ex-
ample, El Niño events can cause drier, warmer winters, lower
snowpack, and reduced river-flow volumes in the Pacific
Northwest; they tend to have the opposite effect in the US
Southwest. Climatologists routinely summarize ocean temper-
ature data indicative of such events in compact metrics like the
Niño 3.4 index. Hydrologists can easily combine those indices
with other predictor variables in a regression- or AI-based WSF
model to improve its accuracy. Such practices are common in
operational forecasting. However, climate science evolves rap-
idly, and data-driven models also make it simple to test the
river-prediction value of emerging information. They are there-
fore crucial tools for ongoing hydroclimatic research.12

Modeling chains
Watershed hydrology is one component of a larger environmen-
tal framework, so multiple models are sometimes linked for a
more comprehensive view. Gleaning inputs for river prediction
models from the outputs of numerical weather-prediction mod-
els is a common practice. That chain forms the basis for opera-
tional flood forecasting, which provides crucial information for
emergency management and dam safety; it facilitates decision-
making around whether to issue evacuation notices or preemp-
tively spill water from a reservoir. Government agencies and
dam operators generate and use such information daily. 
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FIGURE 3. RAINFALL IN THE MARA RIVER BASIN is tracked by satellite and ground-based measurements and incorporated into the Climate
Hazards Group Infrared Precipitation with Stations (CHIRPS) dataset for the region. These maps show daily CHIRPS precipitation; black, orange,
and white lines denote, respectively, the watershed boundary, stream network, and Kenya-Tanzania-Uganda borders. Tirthankar Roy and col-
leagues at the University of Arizona (including one of us, Gupta) combined several satellite-based precipitation products, including CHIRPS, with
an ensemble of hydrologic models to provide real-time probabilistic streamflow monitoring and forecasting for the Mara River.17 Their effort is
part of SERVIR, a joint program run by NASA and the US Agency for International Development and designed to help developing nations make
environmental decisions. (Courtesy of Tirthankar Roy.)

pt_fleming0720__article  6/18/2020  11:13 AM  Page 50



JULY 2020 | PHYSICS TODAY 51

Outputs from watershed hydrology models can also be in-
puts to river-hydraulics models for mapping flood inundation
and propagation. Those models predict where floodwaters will
go and how far they’ll reach. Their results are used for emer-
gency planning, setting home insurance rates, and predicting
floods in large rivers like the Mississippi, where flood waves
from storms far upstream can take days to propagate down-
stream. Hydraulics models also inform physical habitat assess-
ments; fish like certain kinds of flow patterns, so information
about water flow can help protect and restore their habitat.  

Basin-scale river-hydrology models coupled with numeri-
cal groundwater models can predict the details of river–
aquifer interactions. Understanding those relationships has
been important for addressing interstate water conflicts like a
recent US Supreme Court case between Texas and New Mex-
ico, which was based in part on the effects of groundwater ex-
traction and surface water–groundwater interactions in the
Rio Grande basin. 

Model chains are also used to assess possible climate change
implications for rivers. Outputs from global climate models
can be used to drive river predictions; however, the outputs

must first be downscaled and bias-corrected to adjust for sys-
tematic errors and to provide information about meteorologi-
cal forcing at appropriate spatial and temporal scales. Climate
change may also induce other environmental shifts, such as
vegetation changes or glacier recession, that can have hydro-
logic implications. In those cases, a modeling chain would re-
quire intermediate steps to quantify such land-cover changes
so they can be represented in the watershed model. Normally,
there is no dynamic coupling within a chain; it is a one-way
pipeline of offline models run sequentially by different re-
search groups. 

Complexity, selection, and ensembles
Many kinds of data are potentially relevant for river prediction.
They include land surface characterization, such as maps of
vegetation cover and impervious surface area; weather metrics,
such as temperature, precipitation, wind speed, and solar ra-
diation; digital elevation models and river network represen-
tations; and maps of hydrogeologic characteristics, such as soil
types. Sources for those data include long-term environmental
monitoring stations, airborne and satellite remote sensing (see

figure 3), and outputs from other models. The
choice of a river prediction model should reflect in
part what data are available: Using a simple hy-
drologic prediction model when many types and
large volumes of data are available may result in
an unnecessary loss of information-generating ca-
pacity, whereas using a complex model with insuf-
ficient data may create a false sense of sophistica-
tion and potentially incorrect results. 

Model choice is less about pros and cons and
more about picking the right tool for the job. But
that can be challenging. One overarching theme to
river prediction models is that there are many, and
they’re diverse. Broadly speaking, physics-oriented
models are great for testing our hydrologic knowl-
edge because they use explicit representations of
specific processes. Their virtual watersheds can also
directly simulate predictive scenarios around cli-
mate change, urbanization, wildfire, and other
long-term environmental shifts. Data-driven mod-
els, on the other hand, cost far less to build and run.
They also tend to give more accurate short-term op-
erational forecasts of flooding and water supply
with more reliable quantitative estimates of predic-
tive uncertainty. 

Other selection criteria for a model are whether
it represents all pertinent processes; whether it cap-
tures the problem’s time and space scales; and
whether uncertainty assessment is required. Prag-
matic issues also arise, such as reliability, run time,
implementation and operating costs, and stake-
holder buy-in. New modular, customizable frame-
works allow users to choose components. For hy-
drology, as in many other fields, the best predictive
model is often an ensemble.

The value of predictability
River prediction is a high-stakes game, and the
stakes are only getting higher. Even modest,

BOX 1. THE GOLD STANDARD
The classical physics-based approach to representing water flows in and across
landscapes was first outlined in 1969 by Allan Freeze and Richard Harlan.5 Their
model is built primarily around four coupled partial differential equations. Below
are the equations in Freeze and Harlan’s original notation. Today’s models often
use more modern formulations, driven in part by advances in computational
technology.

The first key element is the Richards equation, which governs water move-
ment in the vadose zone, an unsaturated area above the groundwater table. In
their paper, Freeze and Harlan reported that numerical solutions to the three-
dimensional Richards equation were not yet possible. They therefore focused on
a one-dimensional simplification that only predicted the vertical infiltration of
rainfall or snowmelt into the soil:

The second element is the groundwater flow equation, a form of the diffusion
equation that governs water dynamics in aquifers. Freeze and Harlan framed it as

The third piece is the one-dimensional Saint-Venant equations, which describe
the surface movement of water, including flow overland and in river channels:

and 

All of the equations are related to Navier–Stokes and continuity. For example,
the groundwater flow equation is derived from the combination of continuity
and Darcy’s law; although the law, which describes flow through a porous
medium, was originally discovered empirically, it can also be derived from
Navier–Stokes.

∂
∂z [ [K(ψ)( ∂ψ

∂z
∂ψ
∂t+ 1 = C(ψ)       .(

∂2φ
∂x2

∂φ
∂x

∂2φ
∂z2 [ [+( (∂2φ

∂y2 + + + 2ρgβ = [(1 − θ)α + θβ]      .( (2 ∂φ
∂y( (2+ − ∂φ

∂z
∂φ
∂z

∂φ
∂t

ρg
k( (2

∂v
∂x

∂y
∂x

∂y
∂t+y + v = q − i

∂v
∂t

∂v
∂x

∂y
∂x

v
y+ g+ v = g (So − Sf) − (q − i).

pt_fleming0720__article  6/18/2020  11:13 AM  Page 51



52 PHYSICS TODAY | JULY 2020

­incremental­improvements­in­WSF­accuracy­can­contribute­ad-
ditional­public­value­of­more­than­$100­million­annually­for­a
single­river­basin.13 The­accuracy­and­lead­times­of­flood­forecasts
are­also­becoming­ever­more­crucial:­Flood­risks­are­escalating
with­ the­ increased­development­of­floodplains,­more­extreme
rainfall­events­under­climate­change,­and­urbanization-induced
losses­in­the­landscape’s­capacity­to­absorb­rainfall.­

Moreover,­two­billion­people­currently­live­without­adequate
access­to­drinking­water,­and­UNESCO­expects­global­water­de-
mand­to­increase­by­55%­in­the­next­few­decades­due­to­popu-
lation­and­economic­growth.­Avoiding­lethal­and­socioeconom-
ically­destabilizing­global­ failures­ to­meet­basic­water-supply
needs­will­require­better­water-management­approaches­based
on­ improved­understanding­and­prediction­of­river­dynamics
across­a­range­of­space­and­time­scales.

Several­directions­for­future­work­are­apparent.2,4,14 Predic-
tive­skill­needs­to­improve­in­difficult­environments­like­deserts,
alpine­watersheds,­and­dense­cities.­Renewed­attention­should
be­paid­ to­complex­systems­science,­a­field­ that­has­attracted
great­interest­in­statistical­mechanics,­ecology,­and­sociophysics.
River­networks­are­a­classic­example­of­ fractal­geometry,­and
chaos­theory­limits­weather’s­predictability­to­an­approximately
two-week­theoretical­window.­In­general,­neither­of­those­mod-
ern­mathematical­concepts­appears­explicitly­in­river-prediction
models;­a­complex­systems­approach­could­incorporate­them.­

Continuing­ to­capitalize­on­ the­data­revolution­will­drive
progress­in­hydrology.­Developing­novel­data­types,15 discov-
ering­predictive­climatic­information,12 and­exploring­new­an-

alytical­directions­ to­ support­environmental­monitoring­and
prediction16 all­offer­opportunities­for­growth.­Substantial­for-
ward­movement­on­ those­ fronts­will­be­crucial­ to­managing
rivers­and­water­resources­in­an­increasingly­uncertain­future.
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RIVER PREDICTIONS 

BOX 2. APPLYING ARTIFICIAL INTELLIGENCE TO RIVER PREDICTION
River forecasters were early adopters of machine learning. In the mid 1990s, they began publishing papers that applied artificial neural
networks to flood forecasting. Although that research continued, practical applications—particularly to operational forecasts—were few.
Roadblocks included an apparent lack of interpretability, an unproven track record, and the deterministic nature of most artificial intel-
ligence (AI) forecasts. However, the use of AI is now becoming routine. Machine-learning algorithms are more accessible, and methods
are available for making probabilistic predictions and facilitating the integration of experiential knowledge into machine-learning models.
Views are therefore changing toward using AI for practical river-prediction applications. 

A hybrid prediction system was recently operationally tested by a flood-forecasting agency in the Pacific Northwest.18 Several neural-
network river-prediction models formed an ensemble; each represented a slightly different geophysical conceptualization of the domi-
nant flood-generating mechanisms in the mountain watershed, which received precipitation as both rain and snow. Each of the neural
networks was driven in turn by an ensemble of downscaled and bias-corrected numerical weather predictions from the North American
Ensemble Forecast System, a joint project of the US, Canadian, and Mexican national weather services, and by observational data on an-
tecedent streamflow and snowpack conditions. The resulting Monte Carlo super-ensemble, run with a one-day timestep, enabled prob-
abilistic forecasts, including the likelihood of the river topping its banks during the next three days. (Figure adapted from refs. 4 and 18.)
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D avid Bohm (1917–92) was a man of
principle. He refused to denounce
fellow members of the Communist

Party in the US during the McCarthy era,
and he insisted that physicists should
search for an explanation of quantum
phenomena when almost all physicists
believed that none existed. Olival Freire
Jr examines his life and work in a new bi-
ography, David Bohm: A Life Dedicated to
Understanding the Quantum World. 

Bohm’s was an eventful life filled
with significant scientific achievements.
His 1943 doctoral dissertation on the
scattering of protons was classified be-
cause of its potential military value for
the Manhattan Project, and his subsequent
work on plasma physics is renowned for
its use of collective variables and for the
discovery of what is now called Bohm
diffusion. But Bohm is perhaps best
known for his work on quantum me-
chanics. In 1951 he published a textbook
on the topic in which he defended the or-
thodox Copenhagen interpretation. He
gave a copy to Albert Einstein, and in the
ensuing conversation, Einstein convinced

him that there was something fundamen-
tally wrong with the Copenhagen view. 

So Bohm broke up with Copenhagen.
He immediately went to work on an al-
ternative approach and came up with
what is still the simplest and most baf-
fling solution of the paradoxes of quan-
tum mechanics. He proposed that elec-
trons had trajectories and suggested an
equation of motion. From that proposal,
he developed a full theory that he called
the causal or ontological interpretation
of quantum mechanics, now often called
Bohmian mechanics. 

At the time, almost all physicists be-
lieved that the paradoxes of quantum
mechanics simply could not be solved.
Most of Bohm’s contemporaries opposed

his theories and considered him a heretic.
To make matters worse, Bohm also got
into political trouble. After he refused 
to name other communists to the House
Un-American Activities Committee, he
was indicted for contempt of Congress,
whereupon Princeton University termi-
nated his contract. They refused to renew
it even after Bohm was acquitted a few
months later. As no other US university
would hire him, he was effectively forced
to leave the country. He moved first to
Brazil, then a few years later to Israel,
and from there to the UK. 

Near the time of his move to the 
UK, he discovered the Aharonov–Bohm 
effect jointly with his student Yakir
Aharonov; the effect demonstrates that
the electromagnetic vector potential can
influence the interference pattern of an
electron’s wavefunction even if the field
strength vanishes. Also around that time,
despite the personal price he had paid
for his loyalty to the Communist Party,
he abandoned Communism after learn-
ing of the crimes of the Soviet govern-
ment under Joseph Stalin. 

Freire, a physicist and historian of
physics at the Federal University of Bahia
in Brazil, has written about the history
behind quantum mechanics before: In his
previous book, The Quantum Dissidents:
Rebuilding the Foundations of Quantum
Mechanics (1950–1990), published in 2015,
he studied the growing interest in alter-
natives to the quantum orthodoxy, with
chapters on Hugh Everett, Eugene Wigner,
John Bell’s nonlocality theorem, decoher-
ence, and also Bohm. 

In contrast to an earlier biography by
F. David Peat, Infinite Potential: The Life
and Times of David Bohm (1996), which fo-
cused more on Bohm’s life, Freire is pri-
marily interested in the content, devel-
opment, and reception of Bohm’s scientific
ideas. As a physicist himself, Freire dives
into the scientific details of Bohm’s argu-
ments with and reactions to his contem-
poraries, such as his responses to Bell’s
famous theorem and the experimental
tests of Bell’s inequality. 

Freire meticulously works his way
through a wealth of historical materi-
als. The book includes quotations from
letters and interviews and plots cita-
tion counts to help the reader visualize
the impact of Bohm’s papers over the
years. Freire’s declared goal is to depict
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The textbook Differential Equations: 
For Scientists and Engineers by Allan
Struthers and Merle Potter is an ex-

cellent starting point for undergraduates
with a background in multivariable cal-
culus who want to take the next step in
their mathematical education. The book
is framed as an ongoing discussion of the
theory of differential equations. The au-
thors frequently reference concepts and
examples introduced earlier in the book
to motivate further learning. That strat-
egy makes the book feel like a continuing
dialog between peers in which questions
are asked and answers are proposed. The
writing style is accessible to undergrad-
uates, and students without much knowl-
edge of differential equations will be able
to jump right in. 

Struthers and Potter choose not to
prove the theorems they use throughout
the book. Instead, they merely state them
and then use them as tools to solve differ-

ential equations from physics, engineer-
ing, and biology. That practical approach
makes Differential Equations an excellent
resource for students who may not be
mathematics majors. However, it also lim-
its the scope of the book for advanced 
undergraduates, particularly mathemat-
ics majors who might have benefited from
seeing more detailed proofs of some
seminal theorems.

Chapter 1 is a detailed overview of
concepts and techniques from linear al-

gebra that are relevant to differential
equations, and it includes plenty of 
explanations and examples. Much of its
material is referenced and built on later
in the book. As a probabilist, I was im-
pressed by the way Markov chains were
introduced as an example to motivate
matrix–vector multiplication. Fundamen-
tal ideas from probability theory, includ-
ing the Markov transition matrix and
steady states of Markov chains, are ex-
plained effortlessly. The chapter con-
cludes with an interesting, albeit short,
discussion about how Google’s algorithms
determine page rankings for search re-
sults by solving an eigenvalue problem
for a huge matrix.

Chapter 2 introduces simple methods
for solving first-order differential equa-
tions. Most of the material will be a re-
view for advanced undergraduate stu-
dents, since they would have seen all the
methods in one form or another in a cal-
culus course. The last section discusses
nonlinear first-order differential equa-
tions that are either separable or in exact
form.

The authors point to chapter 3, titled
“Linear Systems of Differential Equa-
tions,” as the heart of the textbook. It be-

his subject not as a hero or saint, but 
with all his contradictions, changes, and
doubts. And that he does. For example,
he describes how Bohm’s enthusiasm for
Bohmian mechanics waned over the
years, how lackluster his defenses of 
it were by the 1960s, and how his inter-
est returned to it in the 1980s. Freire
avoids passing judgment on the value 

of Bohm’s various ideas and approaches.
Readers will not learn Bohm’s theo-

ries from this book. Those who want to
understand Bohmian mechanics in its
modern formulation and its status com-
pared to the orthodox Copenhagen inter-
pretation would do well to consult Detlef
Dürr and Stefan Teufel’s Bohmian Me-
chanics: The Physics and Mathematics of

Quantum Theory (2009) or Jean Bric-
mont’s Making Sense of Quantum Mechan-
ics (2016). For those curious about the
story behind the theory and the struggles
and breakthroughs of its pioneer, David
Bohm is a rich resource.

Roderich Tumulka
Eberhard Karls University of Tübingen

Tübingen, Germany
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gins with the long-term behavior of 2 × 2
systems in terms of eigenvalues and
eigenvectors, then introduces methods
of solving systems of linear first-order
equations. That is a novel approach;
most textbooks first discuss general tech-
niques for solving systems and only ex-
amine long-term behavior after arriving
at the solution. Struthers and Potter do a
good job of starting with simple exam-
ples of linear systems, showing how to
analyze those systems, and then general-
izing the analytical techniques to arrive
at concrete theorems.

A detailed discussion of beats of res-
onances is the highlight of chapter 4,
“Higher-Order Differential Equations.”
The authors analyze damped-harmonic-
oscillator equations with periodic forc-
ing functions through a series of intel-
ligently crafted examples. That section
caters nicely to students with back-
grounds in physics and engineering.

Laplace transforms are introduced in
chapter 5 as tools that allow us to solve

differential equations whose forcing func-
tions are discontinuous. They also can be
used, as the authors show, to deal with
impulses. That approach gives instruc-
tors and students a clear motivation for
studying Laplace transforms. The authors
build up to solving second-order linear
equations with Dirac delta force through
a series of examples. 

Chapter 6 is a good synopsis of the
most commonly used numerical meth-
ods—including Euler’s, Taylor’s, and the
Runge–Kutta—for solving differential
equations and systems. In chapter 7, ti-
tled “Series Solutions for Differential
Equations,” the authors spend consid-
erable time on the Hermite, Laguerre,
and Bessel equations. However, all three
are introduced rather abruptly, and the
chapter could have benefited from a 
discussion of why those equations are
important.

Except for the first chapter, all chap-
ters contain a section called “For Further
Study.” That material deserves a special

mention. Each section reads like a single
long exercise problem but is in fact a
step-by-step analysis of interesting prob-
lems coming from different scientific
fields. The problems tie together tech-
niques and concepts developed through-
out the chapter, while at the same time
teaching some new material. I will soon
begin teaching an undergraduate class on
differential equations and I think those
sections will come in handy as a source
of assignments. For example, the “For
Further Study” section in chapter 3 leads
students to the formal definition of ma-
trix exponentials and gives them the 
opportunity to explore how the expo-
nentials can be used to solve systems of
first-order differential equations.

I am very happy to have been intro-
duced to this excellent textbook. I plan to
use it as an additional resource in the up-
coming semester.

Pratima Hebbar
Duke University

Durham, North Carolina

In 1881, in a series of essays titled The
Poetry of Astronomy, astronomer and
popularizer Richard Proctor argued

for the value of imagination in the prac-
tice of astronomy. He wrote that no one
“who studies aright the teachings of the
profoundest students of nature will fail
to perceive that [they] have been moved
in no small degree by poetic instincts,
and that their best scientific work has
owed as much to their imagination as to
their reasoning and perceptive faculties.”
Comparing astronomy to poetry was no
mere rhetorical flourish for Proctor–it
was imagination, in his view, that trans-
formed dry scientific data into knowledge.
Imagination gave the astronomer access
to causes and meanings that were not
physically evident. 

Proctor had no small stake in debates
over how astronomy should be practiced
and who had authority to produce astro-
nomical knowledge claims. As historian
Joshua Nall recounts in his book News
from Mars: Mass Media and the Forging of
a New Astronomy, 1860–1910, Proctor

made his living publishing
astronomical texts for public
consumption. When writing
for the public, Proctor drew
authority from his own bona
fides as a practicing as-
tronomer. When addressing
his peers in the scientific
community, he argued that
his ability to reach wide au-
diences and support himself
with his scientific writing
made him a true professional.

Mars was at the center of
many of Proctor’s debates

News from Mars
Mass Media and the
Forging of a New 
Astronomy, 
1860–1910 

Joshua Nall
U. Pittsburgh Press,
2019. $50.00

PERCIVAL LOWELL at his 
observatory in Flagstaff, 
Arizona in 1914.

PD-US, VIA WIKIMEDIA COMMONSDebating astronomy in 
Victorian newspapers

pt_books0720_Books 2008  6/17/2020  9:30 AM  Page 55



56 PHYSICS TODAY | JULY 2020

BOOKS

with other astronomers. At the end of the
19th century, astronomers and the public
were fascinated with the red planet, and
both knowledge of and speculation
about Mars seemed to be growing by
leaps and bounds. In 1877, the same year
American astronomer Asaph Hall dis-
covered that Mars had two moons, Ital-
ian astronomer Giovanni Schiaparelli
published hand-drawn maps reflecting
his observations of the planet’s surface.
Schiaparelli’s maps indicated that the
surface of Mars was criss-crossed by a
system of channels that he labeled
canali. A public controversy ensued about
whether those canali were built by an in-
telligent civilization.

Proctor’s writings enthusiastically
described canals and civilizations on the
surface of Mars. He and his fellow canal
enthusiast Percival Lowell, founder of
the Lowell Observatory in Arizona, have
been dismissed in hindsight as out of
sync with professional astronomy dur-
ing that period. Proctor and Lowell pub-
lished in newspapers and in cheaply 
produced publications, not in the profes-
sional journals of the “real” astronomers,
and that choice has led historians to
mark them as amateurs or outsiders. But
in characterizing Proctor and Lowell as
discredited popularizers, historians have
mostly relied on the words of their crit-
ics, the victors in the Mars debates. Nall
invites us to reconsider Proctor’s posi-
tion through a careful examination of his
writings. Nall’s analysis suggests that
historians should rethink debates about
what constituted professional astron-
omy in the late 19th century and reexam-
ine astronomy’s relationship with the
emerging mass media of the day. News-
paper and book publishers were eager 
to cash in on public desire for news about
Mars. Meanwhile, astronomers were in-
terested in the popular press’s ability 
to spread their ideas and bolster their 
authority. 

Proctor harnessed the press to sell his
vision of scientific practice. His approach
was multidisciplinary, anti-elitist, and
populist in character, but was not “ama-
teur,” as modern readers understand
that term. He used what Nall describes
as an “imaginative astronomy,” a set of
methods that employed analogy to link
his readers’ familiar, lived experience
with the concepts he described and with
the scientific evidence gained through
astronomical observation of the planets.

In Proctor’s view, his approach to astron-
omy was entirely professional.

Proctor and Lowell’s opponents, on
the other hand, advocated a very dif -
ferent kind of astronomical profession-
alism. Chief among them were the 
astronomers of California’s Lick Obser-
vatory, whose first director, Edward
Holden, attempted to frame their specu-
lation about life on Mars as newspaper
sensationalism. Holden and his peers
also sought to make a living from their
science and to wrest scientific authority
from gentlemen astronomers whose rep-
utation stemmed to no small degree
from their social station. The new gen-
eration of astronomers distinguished
themselves from the older generation by
their physical instruments; they incorpo-
rated spectroscopy and other new meth-
ods to make claims about the composi-
tion of stars and planets. 

The so-called new astronomy upset
the field’s existing power structure at ex-
actly the moment when the rise of mass
media created a new venue where as-
tronomers could fight for disciplinary
authority. Proctor and Lowell represented
threats to the new astronomy, not be-
cause they were wrong, but because they
were popular. Proctor had a talent for
writing for the public, and Lowell fre-
quently issued press releases about his
latest maps of Martian canals. Holden’s
opposition was based in a fear that not
only did the canal headlines bring bad
science to the public, but they were
crowding out the reports about Mars that
were coming from his own observatory.

Nall’s nuanced account of how as-
tronomers attempted to discredit and
compete with Proctor and Lowell shows
that the disciplinary norms of profes-
sional astronomy emerged during, not
before, the canal controversy. The victors
in the debate won by forging alliances
between observatories and the press and
thus establishing which astronomers and
observatories would be considered reli-
able sources of news from Mars. Nall
shows that Proctor and Lowell were not
led to wrong conclusions because they
were amateurs, but that they were marked
as amateurs because they failed to fall in
line with the emerging norms of the new
astronomy.

Matthew Shindell
Smithsonian National 

Air and Space Museum
Washington, DC
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The Sirens of Mars
Searching for Life on Another World

Sarah Stewart Johnson
Crown, 2020. $28.99

Planetary scientist Sarah Stewart Johnson answers the siren call
of the red planet with this retrospective of Mars missions and
the search for extraterrestrial life. Hers is a very personal ac-
count, in which she intersperses stories of various spacecraft
and some of the key scientists involved with reminiscences of
her childhood, development as a scientist, and experiences
working on such projects as NASA’s Curiosity rover and traveling
to some of the most remote and hostile environments on Earth

in pursuit of exotic life forms. Through her vivid observations and descriptions, Johnson aptly
conveys the seemingly quixotic search for the answer to one of the most fundamental questions
facing humanity: Are we alone in the universe? —CC

Subatomic
An Atom

Building

Game

John J. 
Coveyou
Genius Games,
2019 (2nd ed.).
$39.99

The goal of this
innovative board
game is to build
an atom from photons and quarks. Players are
dealt cards of subatomic particles and must
combine them to form real elements in order
to win the game. To help build their elements,
players can hire famous physicists like J. J.
Thomson, Maria Goeppert Mayer, and Ernest
Rutherford to aid their efforts. For ages 10 
and up. —MB PT

The Search for Life 
on Mars
The Greatest Scientific 

Detective

Story of All

Time

Elizabeth 
Howell and
Nicholas 
Booth
Arcade, 2020.
$27.99

Hardly a traditional whodunit, The Search for
Life on Mars does have elements of detective
fiction: forensic evidence of Mars’s surface
and interior obtained by numerous unmanned
orbiters and landers, principal investigators
analyzing it for vital clues, and plenty of red
herrings and false leads. In this ambitious col-
laboration, journalists Elizabeth Howell and
Nicholas Booth attempt to present more than
five decades of Martian exploration and make
it readable for people with no technical back-
ground. Although there is no big reveal at the
end—we still don’t know if there is, or ever
was, life on Mars—scientists hope to glean a
more definitive answer to that mystery from a
plethora of upcoming missions, including
NASA’s Perseverance rover, which is sched-
uled to launch later this month. —CC

NEW BOOKS & MEDIA

The Relentless Moon
Mary Robinette Kowal
Tor Books, 2020. $17.99 (paper)

Mary Robinette Kowal’s Lady Astronaut series takes place in an
alternate universe where the catastrophic effects of a meteor
impact in 1952 force humans to throw their full weight behind
spaceflight in an attempt to escape their dying planet. The first
two books, The Calculating Stars and The Fated Sky, followed
the story of Elma York, a mathematician and pilot who becomes
the first woman in space. In the third book, The Relentless
Moon, Kowal brings in a new narrator: Nicole Wargin, an astro-
naut who is married to the governor of Kansas. Wargin’s story
loosely parallels the fascinating life of Janey Hart, an activist,
pilot, and senator’s wife who hoped to become an astronaut but was thwarted by NASA’s men-
only policy. Kowal also brings some real-life historical figures into The Relentless Moon, includ-
ing physicist Otto Frisch. —MB

Once Upon a Time I Lived 
on Mars
Space, Exploration, and Life on Earth

Kate Greene
St Martin’s Press, 2020. $27.99

Between April and August 2013, science journalist Kate Greene
joined five other pseudo-astronauts to live in a two-story geodesic
dome on Hawaii’s Mauna Loa as part of the first Hawaii Space Explo-
ration Analog and Simulation (HI-SEAS). The mission’s focus was to
study the psychological effects of food and whether the opportunity
to cook meals and prepare favorite dishes, instead of consuming only rehydrated fare, could im-
prove astronaut morale and appetite during an extended stay on Mars. In her thoughtful, well-
written account of the mission, Greene not only discusses what it was like to spend several
months cooped up indoors with five strangers and limited resources but also reflects on what
this and other space missions can teach us about ourselves and life on Earth. —CC
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Reflective spectrofluorometer 
Horiba Scientific has unveiled the fourth
generation of its Fluorolog modular
spectrofluorometer. The Fluorolog-QM
is a lens-free, reflective spectrofluorome-
ter that provides sharp focus at all wave-
lengths from the deep UV (180 nm) to the
near-IR (5500 nm). Using the company’s
first standard deviation (FSD) method, it
delivers high sensitivity at a 32 000:1
signal-to-noise ratio for the Raman
band of water. (FSD denotes the differ-
ence of peak signal minus background
signal, divided by the square root of the
background signal.) For optimal stray
light rejection, it offers the industry’s
longest focal length at 350 mm for single
monochromators and 700 mm for dou-
ble monochromators. The Fluorolog-
QM delivers steady-state, spectral, and
time-resolved photoluminescence from
180 nm to 5500 nm. Combined with up
to four light sources, up to six detector
options, and sample handling acces-
sories, it can be enhanced to suit a broad
range of luminescence research applica-
tions. Horiba Scientific, 20 Knightsbridge
Rd, Piscataway, NJ 08854, www.horiba.com

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

Laser-cavity-tuning amplifier
Vescent Photonics has introduced its SLICE-DHV high-voltage amplifier for piezoelectric con-
trol of laser tuning mirrors and cavity length stretching. According to the company, it offers
high-bandwidth control over high-voltage-driven piezoelectric transducers while maintaining
extremely low noise. Depending on the capacitance of the load, bandwidths greater than
500 kHz are possible over a control range of ±10 V superposed on a bias voltage of 0–200 V.
The resulting fast control over the cavity length of a frequency comb oscillator supports repe-
tition-rate matching for dual-comb spectroscopy or a tight lock on ƒopt to operate the comb as a frequency ruler. A high-gain
mode allows easy control over the full 0–200 V output range. The bias plus fast servo-control mode can be used to lock external
cavity laser diodes and frequency combs that are lead zirconate titanate tuned. To be more economical and leave a smaller foot-
print, each SLICE-DHV offers two independently operating channels. Vescent Photonics LLC, 14998 W 6th Ave, Ste 700, Golden,
CO 80401, www.vescent.com

Lasers for biomedical and quantum
 technologies
Hübner Photonics has expanded its Cobolt 06-01 series of
plug-and-play modulated lasers. The series now features 12 ad-
ditional wavelengths covering the 405–975 nm range and higher
powers on several existing wavelengths: 405 nm with 365 mW, 445 nm with 400 mW,
457 nm with 400 mW, and 515 nm with 150 mW. The wide spectral coverage, compact
form factor, direct modulation capability, and true “off” during modulation make
the lasers suitable for laboratory and research applications in the life sciences and
quantum technologies. All Cobolt 06-01 series lasers are manufactured using propri-
etary HTCure technology, which, according to the company, provides high reliability
and a high level of immunity to varying environmental conditions. Hübner Photonics
Inc, 2635 N 1st St, Ste 228, San Jose, CA 95124, www.hubner-photonics.com

Compact, aberration-free spectrograph
Teledyne Princeton Instruments has added a new aberra-
tion-free imaging spectrograph to its IsoPlane spectrograph
portfolio. The IsoPlane 81, formerly FERGIE, features an ad-
vanced, proprietary spectrograph design integrated with a
deeply cooled, research-grade CCD camera. The new model
has been improved to further reduce readout noise, increase
scanning speed, and create easier access to gratings. Exter-

nal updates enhance the system’s ruggedness. According to the
company, the IsoPlane 81 provides superior resolution and signal-to-

noise ratio compared with cameras that have much larger footprints and focal
lengths. Accessories focused on Raman spectroscopy and Raman microscopy include
a dedicated module for fast, accurate microspectroscopy, light sources for calibration,
and various prealigned cubes for configuring experiments. Teledyne Princeton In-
struments, 3660 Quakerbridge Rd, Trenton, NJ 08619, www.princetoninstruments.com
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High-resolution IR-imaging spectrometers 
McPherson has announced that it has made its dispersive spectrometers easier
to use in the IR. Ample, accessible space and a mechanically robust platform
for mounting IR arrays now permit devices such as uncooled microbolometer
arrays to be readily coupled to the exit focal plane. A bolometer array IR digital
camera mounted on a 1-m-focal-length McPherson spectrometer can sort 50 IR
bands simultaneously. For more sensitive spectral imaging applications, larger
IR cameras with thermoelectric or cryogenic cooling can be adapted with optical pre-
cision to the McPherson spectrometer. The new sensor compatibility expands the range of
wavelengths in which the company’s spectrometers can detect mid- and long-wave IR light and
increases utility for spectroscopy and imaging applications in chemistry, biology, aerospace, and de-
fense. McPherson Inc, 7A Stuart Rd, Chelmsford, MA 01824, https://mcphersoninc.com

Nanoscale FTIR
 spectroscopy system 
According to Bruker, its nanoIR3-s
Broadband is the most advanced
nanoscale Fourier-transform IR spec-
troscopy system currently available.
It combines two techniques: scatter-

ing-type scanning near-field optical microscopy and advanced IR laser technology. Using a broadband light source based on a
novel femtosecond laser with a distributed optical parametric oscillator feedback, the system provides nanoscale imaging and
spectroscopy over the 2.5–15 μm (4000–670 cm−1) spectral range. The source allows for switching its linewidth for imaging or
spectroscopy. The nanoIR3-s Broadband is suitable for advanced research on organic and inorganic materials and for nanoscale
optical imaging of 2D materials, including plasmonic and nanophotonic processes and structures. Bruker Corporation, 
40  Manning Rd, Billerica, MA 01821, www.bruker.com PT

Over 50 New Features & Apps in this New Version!

Over 500,000 registered users worldwide in:

 6,000+ Companies including 20+ Fortune Global 500
 6,500+ Colleges & Universities
 3,000+ Government Agencies & Research Labs

25+ years serving the scientific and engineering community.www.originlab.com

®

For a 60-day FREE TRIAL, go to OriginLab.Com/demo and enter code: 2876
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Freeman J. Dyson

F reeman J. Dyson died on 28 February
2020 of complications after a fall in
the dining hall of the Institute for Ad-

vanced Study in Princeton, New Jersey.
That lunch discussions with young col-
leagues were his frequent pleasure at age
96 says much about this brilliant, gra-
cious, and sometimes contrarian man.

Dyson was born on 15 December 1923
in Crowthorne, UK, into a family at once
artistic and establishment; his father,
George Dyson, was a noted composer
and educator. A mathematical prodigy,
Freeman easily won a scholarship to
Cambridge University. His mentor there,
celebrated mathematician G. H. Hardy,
told him, “Young men should prove the-
orems; old men should write books.”
That became the pattern of Dyson’s life.
His “theorems” illuminated physics. His
first book of artful and influential essays,
Disturbing the Universe, was published
when he was 56. The first half of his 
life established his mathematical bril-
liance; the second half, his unabashed in-
tellectual boldness and literally cosmic
imagination.

Immediately after World War II, the
effort to turn nonrelativistic quantum me-
chanics into a relativistic quantum field
theory (QFT) was in disarray. Starting
with Dirac’s equations for quantum elec-
trodynamics, “old” versions of QFT 
existed, but they did not lead to finite re-
sults for radiative corrections. The calcu-
lation of observed physics—the Lamb
shift or the anomalous magnetic moment
of the electron—stumbled on the effects
of particles’ self-interactions, with diver-
gent results.

By the spring of 1948, however, the
landscape had changed, and three theo-
ries seemed viable. Julian Schwinger, then
a prodigy of 30, had a so-called Green’s
function method involving prodigious
calculations of which only he seemed ca-
pable. Richard Feynman, also 30, had
what we now call Feynman diagrams.
And Sin-itiro Tomonaga’s QFT was just
becoming known in the West. Feynman
also had the “sum-over-paths” idea, now
called path-integral formulation. He as-
serted that it was the same theory as his
diagrams, but no one fully understood
how that could be.

Dyson, who never received a PhD,

was exactly the right person in tempera-
ment, place, and time. In June 1948, in
Ann Arbor, Michigan, Schwinger gave a
series of lectures that most, including
Dyson, found incomprehensible. Con-
trary to Schwinger’s reputation, Dyson
found him approachable and willing to
tutor the 25-year-old acolyte in the ar-
cane art. In the same month, Dyson and
Feynman made their now-legendary
road trip from Cleveland, Ohio, to Albu-
querque, New Mexico, with Feynman
talking nonstop. Later in the summer,
sleep-deprived on a Greyhound bus
somewhere in Kansas, Dyson understood,
virtually in a flash, that all three (or four)
formalisms were actually the same the-
ory. Schwinger’s Green’s functions were
the commutators of old QFT but cleverly
manipulated to avoid the infinities;
Feynman propagators were time-ordered
Green’s functions and were indeed a 
recognizable perturbation expansion of
his path-integral formulation. Dyson’s
1949 paper “The radiation theories of
Tomonaga, Schwinger, and Feynman”
made a Nobel Prize virtually inevitable;
it was awarded in 1965 to Feynman,
Schwinger, and Tomonaga—not to Dyson.
The prize is allowed to be split at most
three ways.

In the 1960s the floodlight of Dyson’s
curiosity shifted from mathematical
physics to nuclear energy: reactors, bombs,
disarmament, public affairs, and other
areas. A member of the JASON group, he
advised the federal government on de-
fense issues. Project Orion was definitely
“other,” a serious attempt at designing
and building a spaceship the size of a
small mountain, with a crew of 200, that
would be powered by small nuclear
bombs and capable of exploring the solar
system in a matter of months. Orion was
overtaken and doomed by the atmos-
pheric nuclear test ban. More down-to-
earth, Dyson led, at General Atomics in
San Diego, the design of small, intrinsi-
cally safe nuclear reactors; many of those
TRIGA reactors still exist.

At the same time, he also began to
imagine the grand cosmic schemes for
which he is now best known to the pub-
lic: Dyson spheres, in which the mined
metals of a single planet (Earth, say)
were sufficient to entirely surround its
star (the Sun, say) and capture a billion
times more solar energy than the planet

alone; or comets as a source of carbon,
oxygen, and hydrogen for the growth, by
photosynthesis, of genetically engineered
giant sequoia trees—more for the delight
of it than for any practical purpose.
Dyson’s imagination embodied joy and
occasional silliness.

One cannot read Dyson’s works with-
out sensing a muted Enlightenment deism
beneath the scientifically rigorous inven-
tiveness. He credited to his mother his
use of the phrase “world soul” and ex-
pressed several variants of the thought
that intelligence, human or otherwise,
played a special role in giving purpose to
the universe. It was a controversial view
for a physicist. His late-in-life contrarian
stance on climate change—that it might
be a good thing—made a kind of sense
in the context of his seeming belief that
the universe is not just purposeful but
good. Always respectful of organized re-
ligion, Dyson was a recipient of the 2000
Templeton Prize, which celebrates “sci-
entific and spiritual curiosity.”

Dyson, whom we remember for his
lifelong technological optimism, ended
life soberly, writing that today’s world—
with persistent poverty, brutal dictators,
and small wars “presaging worse hor-
rors to come”—most reminded him of
the year 1936, when he was 12. He did
not live to see the effects of the coronavirus
pandemic.

William H. Press
University of Texas at Austin
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James Floyd Scott

W ith the passing of James Floyd Scott,
the international ferroelectrics com-
munity is mourning the loss of its

father figure. Just as ferroelectric ma -
terials might be polarized up or down
and stay that way, Jim was unfailingly
decisive and possessed an encyclopedic
knowledge of his subject. Combining
those qualities with great creativity, he
had a remarkable career that was pro-
ductive, distinguished, and richly deco-
rated by an incredible gift for story-
telling, which can be appreciated from
the transcript of his 2018 IEEE interview
(https://ethw.org/Oral-History:James_
F._Scott).

Jim’s work led to the integration of
ferroelectrics with semiconductors, a
demonstration of fatigue-free ferroelec-
tric switching, the canonical 2000 book
Ferroelectric Memories, and an army of
“fellow electricians” who now carry the
torch. Jim was a warm, generous, and
friendly person to the majority, but he
did not gladly suffer most fools or po-
litical correctness, as reflected in his elo-
quent demonstration that electrically
leaky materials cannot be identified as
ferroelectric because their hysteresis loops
resemble those of bananas.

Born, in his words, “on the wrong
side of the tracks” in Beverly, New Jersey,
on 4 May 1942, Jim went on missions to
the USSR and China in the 1970s, when
those countries were closed. While visit-
ing Pyotr Kapitsa in the USSR, he met
Galya, whom he married in 1982. Many
in the ferroelectrics community know her
well and will be moved to see her sketch
of Jim reproduced here. It is one of her
early works, and yet it captures something
of his essence.

Jim’s early work did not focus on ferro -
electrics, but each stage was increasingly
relevant: Physics formed only part of 
his 1963 BA from Harvard University;
high-resolution molecular spectroscopy
was the subject of his 1966 PhD from the
Ohio State University, under K. Narahari
Rao; and at Bell Labs he was then well

placed to perform five years of Raman
spectroscopy and explain the soft mode
in strontium titanate. Ferroelectrics began
for Jim in 1970 with William Cochran at
the University of Edinburgh in Scotland.
Shortly thereafter, Jim started a 20-year
career at the University of Colorado
Boulder, where he performed ground-
breaking research on ferroelectrics, served
as assistant vice chancellor for research,
won a teaching prize, and twinned Boul-
der with the city of Dushanbe, Tajikistan.
Somewhat like head-to-head domains,
those twins faced the iron curtain in op-
posite directions.

To integrate ferroelectrics with semi-
conductors for technological purposes,
Jim cofounded Ramtron International
Corp in 1984, and then in 1986 he co-
founded Symetrix Corp, both in Col-
orado Springs. Within the next few years,
Symetrix was working with the Mat-
sushita Electric Corp in Japan to exploit
Jim’s clever idea that bismuth oxide
planes can act as oxygen reservoirs for
fatigue-free switching in strontium–
 bismuth tantalate. Jim subsequently ex-
ploited that material with Sony in Japan,
but not before he had moved base to
Australia in 1991. As the new millennium
dawned, FeRAMs (ferroelectric random-
access memories) began to enjoy com-
mercial applications, first in Sony’s
Playstation 2 and later, notably, in Japa -
nese railway fare cards.

Jim maintained his research output in

Australia, first at RMIT University in
Melbourne, where he started PhD pro-
grams in 14 departments and served as
dean of applied science, and then at the
University of New South Wales in Syd-
ney, where he integrated the optometry
research laboratory onto campus and was
dean of science.

In 1999 Jim joined the department of
Earth sciences at Cambridge University
in England. With a loyal team, a small
laboratory, and an ornate coffee table in
the common room, he continued to make
huge contributions to his core field of 
ferroelectrics while finding time to work
with me on magnetoelectrics after what
for him was a 30-year hiatus. As he told
it, our serendipitous discovery of mag-
netoelectric effects in commercially man-
ufactured multilayer capacitors arose from
waterborne discussions while crossing
the maritime city of Kiel, Germany. Our
review article eventually garnered even
more citations than Jim’s paper on fatigue-
free switching, and if anyone was keen
on citation numbers, it was Jim. His pro-
lific output was bolstered by working
with a range of collaborators around the
world, and he continued in that vein after
moving in 2009 to the Cavendish Labo-
ratory, where he worked with the locals
on quantum criticality.

Jim’s ferroelectric odyssey ended, as it
began, in Scotland—the country from
which his name is fittingly derived. He
spent five productive years at the Univer-
sity of St Andrews before returning home
to Cambridge in poor health at the dawn
of 2020, and he passed away on 6 April.
For decades he had referred to various
medical problems while noting with gal-
lows humor that none were trivial. This
attitude lent him an aura of physical in-
vincibility that nicely complemented his
intellectual mettle. Jim lived through an
amazing period in history and witnessed
horse-drawn carriages dominating the
streets of Beĳing through to the advanced
electronics in which he played a part.

I fondly recall the good times spent
with Jim over coffee in the Earth sciences
common room and how he was the most
wonderful traveling companion and
roommate on long-haul economy trips.
Jim enabled all of my current research on
electrocalorics and magnetoelectrics, and
I didn’t even work for him.

Neil D. Mathur
University of Cambridge

Cambridge, UK PT

James Floyd Scott

TO NOTIFY THE COMMUNITY
about a colleague’s death, visit

https://contact.physicstoday.org 
and send us a remembrance to post.

Select submissions and, space permitting, 
a list of recent postings will appear in print.

GALYA SCOTT
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A
irplane pilots and parachutists have been killed by
them; Mars rovers have been saved by them. Dust
devils, whirlwinds that stalk the deserts of Earth and
Mars—and perhaps Venus and Titan as well—are the
producers of those unlikely results. They are convec-
tive vortices, driven by solar heating of the ground

and made visible by lofted surface material. 
Unlike tornados and hurricanes, dust devils are dry, pow-

ered by the sensible heat from the ground rather than by the
latent heat of water. So they occur most frequently on hot sum-
mer afternoons. As air is drawn into a narrow column rising
through surrounding cooler air, its rotation speed is boosted
by the conservation of angular momentum. Unlike hurricanes,
dust devils are too small for a planet’s rotation to influence their
circulation: Equal numbers of randomly cyclonic and anti -
cyclonic devils generally exist, regardless of hemisphere.  

Although dust devils cause occasional damage, injury, and
even death—usually by light structures such as aircraft, barn
doors, or sheds—they tend to be considered idle curiosities of
terrestrial weather. But they are a prominent feature of Mars’s
meteorology, and their prevalence has stimulated study of their
counterparts on Earth. 

Pressure drops
A typical dust devil on Earth spans a few meters to tens of me-
ters in diameter, with a height 5 to 20 times as large. Its height
is capped by the top of the planetary boundary layer (PBL),
usually between 0.2 km and 2 km thick, where air can mix in
contact with the ground. Martian devils on average are about
three times as large as their terrestrial counterparts, in part be-
cause the Martian PBL is deeper. 

The word “typical” must be used cautiously, because dust-
devil diameters and the core-pressure drops that define a
whirlwind’s intensity have highly skewed distributions. Much
like in earthquakes, those properties follow power-law statis-
tics. But while you might see a hundred times more 5 m dust
devils than 50 m ones, the single largest (and usually longest-
lived) devil in the set may lift more dust than the rest put to-
gether. Many vortices can exist on a landscape but be invisible
as “dustless devils” if fine surface particulates are not abun-
dant or too sticky. 

Pressure data can easily detect vortices (see figure 1). A pro-
nounced dip in the pressure record on Earth or Mars gives
them away. Occasionally, the dip reaches 1–2% of ambient pres-
sure; by comparison, the most violent terrestrial tornadoes and
hurricanes experience pressure drops of 10–20%. Other signa-

tures include infrasound emissions and electric fields caused
by charged dust. The swirled dust and sand can produce at-
mospheric oxidants, such as ozone, either via catalysis on
abraded surfaces or through electrical discharges. On Mars, the
production of oxidants may be important in the destruction of
methane and other organic compounds. 

Prevalence and practicality
Like London buses, dust devils appear quasiperiodically.
High-resolution numerical simulations show that in the con-

Ralph Lorenz is a planetary scientist at the Johns Hopkins
University Applied Physics Laboratory in Laurel, Maryland.
He studies surface–atmosphere interactions, including
sand dunes and air–sea exchange, on the terrestrial planets
and Titan. His work on dust devils is supported by NASA’s
InSight Participating Scientist Program.

QUICK STUDY

Dust devils on Mars 
Ralph D. Lorenz

Whirlwinds, familiar on Earth, can be informative probes of the Martian surface environment.
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FIGURE 1. PRESSURE DATA. Vortices are most easily identified in
pressure (P) records, in which a dust devil appears as a transient dip
(inset). Deeper pressure drops, associated with stronger winds,
occur less often, roughly according to a power-law distribution. On
Earth, the pressure drops occasionally reach the weight per unit
area of light structures, such as a barn door or an inflatable bouncy
castle. The absolute pressure drops on Mars, where the ambient
pressure is one-hundredth as large, are much smaller. Because the
pressure drop provides the centripetal acceleration that moves the
air in a circle, the fractional pressure drop relates to the wind speed
on both planets. (Figure from Ralph Lorenz.)
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vecting PBL, atmospheric cells circulate with broad, down-
welling centers and upwelling sheets of warm air at their
edges. Vortices form preferentially where those sheets join (at
the corners of the cells), and the width of the cells, approxi-
mately equal to the PBL depth, can define a characteristic spac-
ing of vortices (see figure 2b). Indeed, pressure records some-
times show periodic signatures as the cellular pattern drifts
across a fixed meteorological station. Dust devils are some-
times abundant enough to mark out the regular spacing of the
cell edges.  

Dust-devil “whisperers” like me have learned how to re-
motely diagnose the wind conditions and composition of sur-
face material from the shape and path of individual dust devils.
When a mixture of sand and dust is present, a conical “sand
skirt” may form, as sand too heavy to be lofted skips around the
base of the devil. And over a deposit of uniform fine dust, a tall,
perfect cylinder can appear with a clear center—the suspended
dust centrifuged to the perimeter as it rises in the updraft. 

A strong ambient wind can cause the dust column to tilt
downwind and migrate in a nearly straight line. In light winds
over a horizontal surface, a dust devil may wander randomly—
sometimes curling like honey drizzled from a spoon—whereas
on a slope, it tends to move uphill. Those migration patterns are
frequently revealed on Mars in images from orbit, as shown in
figure 2c, and they allow astronomers to remotely discern wind
patterns and vortex activity over previous days to months.

Dust devils and the vortices that beget them are important
for both climatological and practical reasons. On dry Mars,
roughly 30% of the dust that hangs in the atmosphere is put
there by dust devils. That dust, in turn, warms the atmosphere
and regulates its ability to hold water vapor. It can thus influ-
ence the important exchange of volatiles between the atmos-
phere and polar caps. Furthermore, while the bright red dust
settles, dust devils can scour it away to expose darker sands
beneath. The effect of that change in albedo may be enough to
modify the local climate. 

The local removal of dust is a fortunate side effect for solar-
powered Mars rovers and landers. In 1997 the Sojourner rover

saw steady dust accumulation cut its power by 0.3% per day,
an experience that conditioned NASA’s expectations for the life
span of later rovers Spirit and Opportunity. Although the power
of those rovers similarly declined, it unexpectedly recovered
from time to time. Some phenomenon had cleared dust from
the panels and allowed the missions to persist for several thou-
sand days—years beyond the rovers’ expected 90-day lifetime. 

The dust-clearing events occurred when solar heating of
Mars’s surface was greatest and with a frequency of once every
few hundred days. Those conditions are consistent with the
prevalence of dust devils, but direct attribution was impossible
until this past year. In February 2019 the InSight mission’s me-
teorological instruments recorded a direct hit with a strong
vortex at the precise moment some of its solar panels increased
their power output by 1–2%. 

Dust devils at the InSight landing site are proving valuable
in another respect. A vortex is a low-pressure system, and when
one integrates the pressure field across the footprint of a typical
devil, the weight can amount to that of a truck. Seismometers on
the lander are sensitive enough at low frequencies to record the
tiny tilt the ground makes as it deforms elastically under that
(negative) load. Although atmospheric signals of all kinds influ-
ence seismometers, the localized and symmetrical nature of
dust-devil loads makes them particularly convenient probes of
the near-surface stiffness of Mars. Better the devil you know. . . .

Additional resources
‣ L. K. Fenton, R. Lorenz, “Dust devil height and spacing with
relation to the Martian planetary boundary layer thickness,”
Icarus 260, 246 (2015).
‣ R. D. Lorenz, Exploring Planetary Climate: A History of Scien-
tific Discovery on Earth, Mars, Venus and Titan, Cambridge U.
Press (2019). 
‣ R. D. Lorenz et al., “History and applications of dust devil
studies,” Space Sci. Rev. 203, 5 (2016).   
‣ W. B. Banerdt et al., “Initial results from the InSight mission
on Mars,” Nat. Geosci. 13, 183 (2020). PT

1 km

a b c

FIGURE 2. TRACKS IN THE WIND. (a) This desert dust devil is typical on Earth. It has a width of a few meters and sits next to a smaller
devil at right. (b) Four Martian dust devils and their shadows are photographed from an orbiting spacecraft. Their regular spacing suggests
a planetary boundary layer depth of 6 km. (c) In another orbital view of Mars, swirling cycloidal dark tracks appear from dust devils moving
in light winds. The sand ripples are 1-4 m apart. (Images courtesy of NASA.)
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Molecular hydrogen is highly flammable, even when it’s mixed with
air in concentrations as low as 4%. That property makes it an attractive
alternative energy source to fossil fuels. But compared with other
hydrocarbons, hydrogen requires one-tenth the energy to ignite,
which makes it more prone to dangerous explosions, especially in
locations with poor ventilation. To better investigate how hydrogen
flames propagate through small spaces, Fernando Veiga-López and
Mario Sánchez-Sanz, both with the University Carlos III of Madrid in
Spain, collaborated with Mike Kuznetsov of the Karlsruhe Institute
of Technology in Germany and other colleagues. 

The researchers piped a mixture of hydrogen and air between
two transparent plates separated by a few millimeters. The image

here shows the various paths the flames took to travel downward
before the hydrogen fuel was depleted. The flames themselves are
hard to see; the visible branching pattern is the result of the condensed
water trail that formed as combustion oxidized the hydrogen. In two
additional experiments, the flames fueled by methane and by dimethyl
ether, both mixed with air, quenched more quickly than  hydrogen.
The lightest element’s exceptional mass diffusivity explains why its
flames persist: In narrow spaces, hydrogen diffuses quickly enough
to counteract the conductive heat losses and sustain the temperature
necessary for continued combustion. (F. Veiga-López et al., Phys.
Rev. Lett. 124, 174501, 2020; image courtesy of Fernando Veiga-
López.) —AL

Burning branches
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