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Excellence in Low Temperature Imaging
LT - Scanning Probe Microscope System

Imaging Modes
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Temperature Range
10 mK - Room temperature

+44 7906 159 508
sales@nanomagnetics-inst.com

Suite 290, 266 Banbury Road Oxford OX2 7DL, United Kingdom/NMInstruments

Essentially five reasons make researchers adapt
their experimental setups to NanoMagnetics
Instruments low-temperature system compatibility.

Reduced thermal drift
Lower noise levels
Enhanced stability of tip and sample
Reduction in piezo hysteresis/creep
Probably the most obvious, the fact that
many physical effects are restricted to low temperature

KPFM image of CaFe2As2

4 μm

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

Dr. Carmen Munuera, 2D Foundry, Material Science Institute of Madrid (ICMM-CSIC)
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Over the years, J.A. Woollam’s commitment to innovation has 
resulted in revolutionary breakthroughs in ellipsometry and has 

produced more than 180 patents. 

We continue to advance our industry-leading tools and technology 
to offer unmatched speed and accuracy. Our worldwide network of 

highly-trained representatives educate and offer unparalleled reliable 
service and personal support to our global customers so they are  

able to get the most out of their ellipsometer. 

J.A. Woollam is the undisputed leader in providing 
spectroscopic ellipsometry solutions 

THEN and NOW.
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‣Element hunters
The addition of new ele-
ments to the periodic
table garners much pub-
licity. Yet the technicians
who produce the ultrapure
ingredients that are forged
together are often over-
looked and underappreci-
ated. Claire Jarvis high-
lights the work that makes
superheavy element
 production possible.
physicstoday.org/Oct2019c
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 ON THE COVER: Our first annual careers issue focuses on three aspects of
becoming and being a physicist: the paths that physical scientists pursue 
10 years after obtaining their PhD, the case for including innovation and
 entrepreneurship in the undergraduate physics curriculum, and the efforts 
of a consortium of California colleges and universities to boost the number
of women and underrepresented minorities in graduate school. Be sure also
to turn to Elizabeth Frank’s commentary on page 10 and the news stories
starting on page 24. (Image by Stuart Kinlough/Alamy Stock Photo.)
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32 The road taken
       Anne Marie Porter and Susan White

        Survey data show that PhD physicists find satisfaction in a wide range of
careers, from academia to government to industry.

40 Teaching physics for tomorrow: Equipping students to
change the world

       Crystal Bailey and Douglas Arion

        Why should engineers have all the fun?

50 Cal-Bridge: Creating pathways to the PhD for
 underrepresented students in physics and astronomy

       Alexander L. Rudolph

        The Cal-Bridge program connects promising juniors and seniors from
underrepresented groups with STEM faculty mentors to help smooth the
transition from undergraduate to graduate programs. 

‣Fostering inclusivity
Nearly 75% of undergradu-
ate women in physics ex-
perience sexual harass-
ment, according to one
study. Education in the
classroom can help com-
bat the problem. PHYSICS

TODAY’s Heather Hill pro-
files efforts by physics fac-
ulty at St Mary’s College 
of Maryland to create a
welcoming environment.
physicstoday.org/Oct2019b

MICHELLE MILNE

‣Nobel season
The 2019 Nobel Prizes will
be announced 7–14
October, and PHYSICS TODAY

has them covered. Before
the awards, explore an in-
depth analysis of the pio-
neering physics papers that
have garnered Nobel recog-
nition. Then on 8 October,
visit physicstoday.org for a
full report on the newly an-
nounced physics laureates.
physicstoday.org/Oct2019a
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FROM THE EDITOR

Options and choices
Charles Day

In september 2018 my niece Miriam emailed me the first draft of
the personal statement that she needed to submit with her UK
university applications. she opened with a description of the af-

termath of a food festival held in our hometown of conwy. The plas-
tic dishes, plates, bottles, cups, and cutlery that overfilled garbage
cans and littered the town’s streets shocked and appalled her. They
also inspired her to develop new sustainable materials and sources
of energy. This month Miriam takes a step toward that goal as she
starts a bachelor’s degree in natural sciences at durham University.

In my 22 years at PhysIcs Today, I’ve acquired a broad
overview of science, including energy and materials. I’ve inter-
viewed hundreds of scientists about their research and about
what motivates them. But if Miriam chooses not to pursue an
academic career, I’m all but clueless when it comes to offering
her career advice. What’s more, as I recounted in my November
2018 editorial, in pursuing my own career in astronomy, I
didn’t actively seek or follow advice. Rather, I took the most at-
tractive option that was in front of me.

This special issue is the first of what will become an annual
series on careers. Its goal is to illuminate the options that phys-
ical scientists have and the choices they make. The focus of the
inaugural issue is on education and early careers. Future ones
will explore other aspects of careers, including career advance-
ment and retirement. 

careers content kicks off on page 10, where you’ll find Eliz-
abeth Frank’s commentary, “Lessons learned from leaving ac-
ademia.” after realizing during her postdoc that academic re-
search was not for her, Frank joined an asteroid mining startup

that subsequently failed. Now she’s thriving as an applied
planetary scientist—her term—at an engineering consultancy.

“The road taken,” which starts on page 32, is the Robert
Frost–inspired title of anne Marie Porter and susan White’s
feature article. It summarizes the results of a recent survey con-
ducted of physicists who had obtained their Phds in the late
1990s and early 2000s. on the whole, survey respondents re-
ported high job satisfaction and low job mobility.

In their feature article beginning on page 40, crystal Bailey
and douglas arion describe a movement by some physics pro-
fessors to make innovation and entrepreneurship a vital com-
ponent of the undergraduate physics curriculum. Even though
few physics majors go on to found companies, all of them, Bai-
ley and arion contend, will benefit from learning the skills of
a successful, socially minded entrepreneur.

Getting into graduate school is arguably when students com-
mit to becoming physicists. Unfortunately, women and under-
represented minorities do not take that step in proportion to their
numbers. In his feature article on page 50, alexander Rudolph
describes how cal-Bridge, an alliance of community colleges and
universities in california, is succeeding in tackling that problem.

The commentary and feature articles in this issue were
written well in advance of the publication date. That’s not the
case for david Kramer’s news report about Boeing on page 28.
Kramer visited the aerospace company’s offices in seattle, where
he interviewed some of the 90 physicists who work there. When
I read the first draft, two things struck me. First was the variety
of the work that Boeing’s physicists do. Figuring out how to
protect a composite fuselage from lightning and boosting the
efficiency of robots on the factory floor are just two examples.

The second thing that struck me was the near-perfect reso-
nance between the goals of teaching physics majors about inno-
vation and entrepreneurship, as outlined by Bailey and arion,
and what Boeing’s Minas Tanielian told Kramer: “Physicists are
not as expert in terms of how to do some specialized things, but
we understand the core of how things happen or interact with
each other, especially in a multidisciplinary environment.” PTST
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READERS’ FORUM

I ’ve come to dislike the in-
terview cliché, “Where do
you see yourself in five

years?” In 2014 I had just 
defended my dissertation in
planetary geochemistry at
the University of Colorado
Boulder and was gearing up
for a postdoc, the standard
next step for a career in plan-
etary science research. I cer-
tainly couldn’t have guessed
then that my next five years
would include an asteroid
mining company, unemploy-
ment, and an engineering
consulting startup.

I’ve known since high
school that I would become a
scientist. I had long wanted to
work on a NASA mission, and an intern-
ship at the Jet Propulsion Laboratory dur-
ing graduate school confirmed that inter-
est in spades. By the time I’d finished my
PhD, however, I’d started to become dis-
enchanted with academia. Early in gradu-
ate school, I realized a professorship wasn’t
for me, but the idea of relying heavily on
grant money as a research scientist, the
most probable alternative, for the rest of
my career was not appealing either.

I brushed those feelings aside when I
began a postdoc at the Carnegie Institu-
tion for Science, where I worked on
NASA’s MESSENGER mission to Mer-
cury. Although I was living my dream as
a NASA team member, I still wasn’t en-
amored with the realities of being a re-

search scientist. I couldn’t see spending
my career pigeonholed into a narrow
range of projects, having only papers to
show as my primary deliverables, endur-
ing the typically very slow rate of re-
search progress, and writing proposals
to pay my salary. 

Unfortunately, I had had no exposure
to career options beyond academia and
no one to turn to on how to make that
transition; my education had been tai-
lored to students on an academic or re-
search career trajectory. In preparation
for a career transition, I spent much of
my free time during my postdoc research-
ing career options, studying the industry
job search process, and networking. I
hoped to be a good candidate when the
right opportunity arose.

My hard work paid off. Immediately
after my postdoc, I joined Planetary 
Resources Inc (PRI), the asteroid min-
ing company, as a geospatial analyst. Ini-
tially I was supporting PRI’s Earth ob-
servation campaign. When the company 
refocused on asteroids, I was promoted
to director of data products. In that
role I was the lead scientist on the 
development of an asteroid prospecting
mission.

The pace of the work was dynamic,

the people became like family,
and I was using my expertise
and professional network in
planetary science to address
practical problems. I learned
about spacecraft engineering
and how companies operate,
exposure few academic scien-
tists get. The job wasn’t per-
fect—none ever is—but I
learned that, overall, industry
offered a much better setting
for what I want out of a job.

Given PRI’s lofty goals and
startup status, I knew going in
that there was a risk the com-
pany would fail. That risk be-
came reality when the entire
staff was laid off in early 2018
due to a funding shortfall. The

time leading up to the layoffs had been
incredibly stressful as well. Rather than
searching for a job right away, I took a
few months off to travel and decom-
press, a luxury I’d never had before.

In the meantime, 11 of my former
coworkers founded an engineering con-
sulting startup called First Mode. Six
months later business was taking off, and
I was invited to join the team. I had
worked with these people at PRI, so there
was no application or interview.

Now I’m an applied planetary scien-
tist. I picked the title because it reflects
that while I no longer do research, I still
use my academic training. My work in-
volves a mix of technical support, project
management, and space business devel-
opment. Working at any young company
carries inherent risk, but the risk-to-
 reward ratio is worth it to me, whereas
that of a soft money career was not.

The road to get here was hard won.
To help make the journey easier for oth-
ers, I offer three of the most important
lessons I’ve learned.
‣ Loving a subject is not the same as
loving a job. Those who pursue PhDs
are typically driven by an innate curios-
ity about a particular topic. They tend to
form their professional identity around
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that passion, self-identifying, for exam-
ple, as a Mars expert or a dark-matter ex-
pert. Building a successful career in aca-
demia or research is so demanding that it
can be difficult to disentangle your pro-
fessional identity from your identity as a
multifaceted human with a personal life.

I believe that the conflation of value
and expertise is one reason for the stigma
associated with leaving academia. Aca-
demics tend to internalize the message
that if you are “good enough,” you’ll put
up with any negative aspects of the ca-
reer path. Deciding to take a different di-
rection can lead to thoughts of inade-
quacy or incompetence, when really the
issue is job fit.

Every job has its inanities: I left aca-
demia behind but the drudgery of un-
productive teleconferences and a demand-
ing email inbox remains. What I gained,
however, is a fast pace, project diversity,
and work products that feel more tangi-
ble and impactful than publications. The
trick in finding the right job for you is to
strike the balance between pros and
cons, which are different for everyone. I
still love planetary science, but I would
not enjoy the day-to-day realities of
being a professor or a research scientist—
preparing lectures, grading papers, churn-
ing out proposals, writing papers. And
that’s okay. Being passionate about a sub-
ject is not the same as being passionate
about a job.
‣ The framework for evaluation is dif-
ferent in nonacademic careers. The fact
that academics form their professional
identities around their research is re-
flected in the curriculum vitae (CV),
which is different in structure and intent
from a resumé. A CV proves expertise by
listing a person’s education, employment,
grants awarded, publications, presenta-
tions, affiliations, and more. It is static in
structure and simply grows in length
with each new example of expertise. I’ve
seen CVs from senior scientists and pro-
fessors that were more than two dozen
pages long.

With resumés, the intent is to demon-
strate a person’s competence rather than
expertise. A resumé should be no longer
than two pages, detailing the person’s
skills and—most importantly—the results
they have obtained in each position. To
show your potential value to a company
or organization, a resumé’s content should
be customized for the position you’re ap-
plying for. Most nonacademic job appli-

cations will require a resumé unless oth-
erwise specified.
‣ Leaving academia doesn’t make you
a failure. Innumerable career paths are
open to those with a PhD besides being
a professor or researcher, but the anti-
quated academic system continues to
produce more trained academics than it
can employ. Simultaneously, graduate stu-
dents are not educated about nonacade-
mic career options and opportunities.

Some people may leave academia will-
ingly, like I did. Others may feel forced
out because the job market is saturated:
There simply are not enough academic
jobs for the number of qualified appli-
cants. Either case can leave a person with
an internalized sense of failure even if
they successfully chart a unique, non -
traditional course.

For those considering alternate career
paths, remember that you don’t have to
justify your motivations to anyone but
yourself. Any reason is sufficient as long as
it’s yours. And you may not realize it, but
to earn a PhD, you were trained in skills
that can bring value to a future employer.

Although by all appearances I’ve done
well for myself outside academia, un-
learning a decade of messaging that my
professional success is contingent on a
traditional academic or research role has
been difficult. I have never once regretted
my decision to forge an alternative career
path, and I continue to be grateful for the
opportunities that have allowed me to
stay involved in planetary science. I hope
that by sharing my journey, I can inspire
others to discover career paths that bring
them joy and balance.

Now where do I see myself in five
years? I have no idea, and I like it that way.

Elizabeth Frank
(elizabeth@firstmode.com)

First Mode
Seattle, Washington
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2018, page 58) stresses the virtues of
Louis de Broglie and David Bohm’s
pilot-wave interpretation of quantum
mechanics, also referred to as Bohmian
mechanics (BM), but the review omits
mention of some of that interpretation’s
rather serious defects. As Bricmont
notes, in BM the standard Schrödinger
wavefunction ψ(r, t) for a particle is aug-
mented with a classical trajectory r(t)
that is interpreted as the actual precise
physical position of the particle as a func-
tion of time. Sometimes that Bohmian
trajectory can provide a helpful in -
tuitive picture, but in other cases it is
quite misleading.

John Bell presented an example of
how Bohmian trajectories can mislead: 
a modified double-slit experiment with a
lens placed right after each slit so that the
emerging beams cross on their way to
two distant detectors located beyond the
crossing point.1 The beam from the lower
slit arrives at the upper detector, and that
from the upper slit at the lower detector.
If a particle arrives at the upper detector,
which slit did it pass through?

Bell claims that the naive answer—
that the particle came from the lower slit,

based on the intuition that particles
move in straight lines in a vacuum—is
wrong. He notes that a Bohmian particle
cannot cross the symmetry plane sepa-
rating the upper slit and detector from
their lower counterparts, and thus a par-
ticle arriving at the upper detector actu-
ally came from the upper slit: first it
moved downward, but when it arrived
in the region where the beams cross, it
“bounced” back upward toward the
upper detector. 

Years ago I published an analysis that
contradicted Bell and showed that the
answer he regarded as naive—the parti-
cle passes through the crossing region
without bouncing—was perfectly good
quantum mechanics.2 I am still waiting
for someone in the Bohmian community
to publish a reply.

Norsen is troubled because the non-
local, often superluminal influences
needed to make sense of BM are hard to
reconcile with special relativity. Indeed,
the widely accepted no-signaling princi-
ple of quantum mechanics asserts that
those influences cannot transmit infor-
mation, so a direct experimental detec-
tion of them is out of reach. Defenders of

BM say they know that nonlocal influ-
ences exist because quantum mechanics
violates Bell’s inequalities. But as I and
others have pointed out, the hidden 
variables used in derivations of Bell in-
equalities are fundamentally classical,3
in contrast to the representation of quan-
tum properties by Hilbert subspaces, 
as introduced by John von Neumann.4
Projectors on those subspaces do not
generally commute, which clearly distin-
guishes quantum physics from classical.
Thus that feature, rather than a failure 
of locality, is why Bell’s inequalities 
do not agree with quantum theory and
experiment.

The BM particle trajectories are in-
stances of classical hidden variables, so
the nonlocality of the pilot-wave inter-
pretation of quantum mechanics is not
surprising. Indeed, when proper account
is taken of noncommutativity, one can
show that quantum theory satisfies a
principle of locality that Albert Einstein
might well have agreed with: Objective
properties of an isolated individual sys-
tem do not change when something is
done to another, noninteracting system.3

Thus a consistent Hilbert-space formula-
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tion of quantum theory without hidden
variables removes any worry about a con-
flict with special relativity.

Although Bohmian mechanics was
worthy of consideration and has been
useful in the development of quantum
foundations, ignoring more recent de-
velopments is not the way to honor the
memory of one of the great physicists of
the last century. I hope that a second edi-
tion of Norsen’s well-written book will
take account of more recent work.
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Robert B. Griffiths
(rgrif@cmu.edu)

Carnegie Mellon University
Pittsburgh, Pennsylvania

‣ Bricmont replies: I find it odd, as the
reviewer of a book, to be criticized be-
cause I did not discuss a theory that was
not mentioned in the book. But I’ll an-
swer Robert Griffiths point by point.

In Bohmian mechanics (BM), it is sim-
ply a mathematical fact, noted by John Bell
in chapter 14 of reference 1 of the Grif-
fiths letter, that in the delayed double-slit
experiment Griffith describes, particles
cannot cross a symmetry plane but instead
bounce back from it.1 Offering a different
theory in which particles follow a differ-
ent trajectory does not refute that fact.

In standard quantum mechanics (QM),
particles do not have trajectories; that
fact was emphasized by, among others,
Richard Feynman2 and Lev Landau and
Evgeny Lifshitz.3

The theory by Griffiths, based on the
idea of “consistent histories,” is therefore
not standard QM but is instead, like
BM, an attempt to complete QM, by
adding histories that consist of real events
that occur independently of any mea -
surements made on the quantum system
(a measurement means an interaction
with that system that may affect what
would happen to it in the absence of
measurements). Unfortunately, Griffiths’s
attempt runs into contradictions, as
shown in particular by Sheldon Gold-

stein in his two-part feature for PhySICS
TOdAy (March 1998, page 42, and April
1998, page 38).

Griffiths misses the first step in Bell’s
proof of nonlocality: the Einstein-
 Podolsky-Rosen (EPR) dilemma that per-
fect correlations between distant events
cannot be explained unless one supposes
either that some form of action at a dis-
tance occurs or that the events are prede-
termined by antecedent causes. The lat-
ter assumption is not a “classical” one; it
is one part of the EPR dilemma. But Bell
showed with his inequalities that the as-
sumption leads to a contradiction. hence,
nonlocality follows. For more details,
see, for example, references 1 and 4 and
Travis Norsen’s book.
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Jean Bricmont
(jean.bricmont@uclouvain.be)

Research Institute in 
Mathematics and Physics

Univrersity of Louvain
Louvain-la-Neuve, Belgium

Temperature 
inversions in theory
and in Pittsburgh
I recently read Tony Sadar’s Quick

Study, “Waking up to temperature in-
versions” (PhySICS TOdAy, October

2018, page 74). I write to clarify a couple
of points that could be misunderstood,
and I have an important and interesting
addition about the way that inversions
form around Pittsburgh, Pennsylvania. 

The Quick Study’s figure 1 could be
read as indicating that sunlight intensity
increases linearly from zero at 6 am to a
maximum at solar noon and then de-
creases linearly to zero at 6 pm. In fact,
sunlight intensity is not linear through

the day; it follows a sine function from
sunrise to sunset. 

Similarly, the plot should not be un-
derstood as saying that temperature
rises and falls linearly. To a first approx-
imation, air temperature near Earth’s
surface follows a sine curve from a min-
imum temperature near sunrise to a max-
imum temperature two hours after solar
noon and declines along the sine curve
until sunset. After sunset, air temperature
falls exponentially to a minimum near
sunrise.

I would also like to mention an im-
portant part of inversion formation in
complex terrain. A hilltop cools much
faster than the valley floor, and as a re-
sult, cooler, denser air flows downhill
and into the valley. Cooler air pooling 
in the valley undercuts warmer air and 
creates an inversion, as shown in panel c
in the Quick Study’s figure 2. As Sadar
notes, Pittsburgh is surrounded by hilly
environs.

Dale Edward Linvill
(dlinvill@nctv.com)

Clemson University
Clemson, South Carolina

‣ Sadar replies: I appreciate dale
Linvill’s thoughtful comments. his men-
tion of the downward flow of cold air
that can form substantial ground-level
temperature inversions in valleys is a
good example of inversion formation in
complex terrain. 

As for his critique of the diurnal-
 temperature and sunlight-intensity
graphs, his description provides helpful
details of thermal and solar-impact
changes throughout a 24-hour period.
however, the graphs were stylized and
simplified to convey the general nature
of conditions that affect the formation of
surface-temperature inversions. In addi-
tion, the temperature graph roughly mim-
ics actual measurements observed in the
Pittsburgh area.

Tony Sadar
(anthony.sadar@alleghenycounty.us)

Allegheny County Health Department
Pittsburgh, Pennsylvania

Correction
August 2019, page 66—In figure 1, the
eclipse path labeled 2021 June 10 should
read 2021 december 4. A corrected map
can be found online.    —Jay Pasachoff PT
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The thinning of the West Antarctic Ice
Sheet (WAIS) is contributing to global
sea-level rise at a current rate of about

0.5 mm per year,1 and the situation will
probably only get worse (see PhySIcS
TodAy, July 2014, page 10). Ice from Pine
Island Glacier (see figure 1), the Thwaites
Glacier, and others drain the WAIS into
the sea. The glaciers melt more quickly
than usual if winds diverted eastward
by human activity drive warmer circum-
polar water onto the continental shelf
and underneath the floating ice.

Given rising greenhouse gas concen-
trations, that chain of events could already
be under way. Average global tempera-
tures have risen by about 0.8 °c since
1880. In the Arctic, warm air temperatures
are directly responsible for the increased
melting of glaciers. But for West Antarctica,
determining the rate of ice loss is difficult
because of episodic fluctuations. The re-
gion’s climate swings between warm and
cold cycles. The air pressure at sea level
over the Amundsen varies more than any
other place in the Southern hemisphere.2
And over a 10-year period, the amount
of warm ocean water reaching the glacier
there can fluctuate by about 50%. 

The natural climate variability in the
Amundsen Sea stems from year-to-year
change associated with the tropical Pa-
cific ocean’s El Niño–Southern oscilla-
tion (ENSo; see the article by david
Neelin and Mojib Latif, PhySIcS TodAy,
december 1998, page 32). When tropical
sea-surface temperature anomalies alter
the prevailing wind patterns, the winds
around West Antarctica also change.
Records lack enough years of data to
clearly separate how natural variability
and human activity cause West Antarctic
winds to change and consequently in-
crease the rate of ice loss.

Now Paul holland of the British
Antarctic Survey and his colleagues have
disentangled the causes and established
a clear connection between WAIS loss
and human-induced climate change.3 The
researchers combined satellite-derived
data and model simulations so they could
study trends over the 20th century. Their
analysis indicates that an anthropogenic
reversal in the direction of local winds is
accelerating the ice-loss rate of the WAIS.

Tropical data mining
on-the-ground climate data around the
Amundsen Sea are limited. “It was in the
early 1990s that serious observations 
really began,” says Eric Steig, a glaciolo-
gist and geochemist at the University of
Washington and a coauthor of the new
paper. “And that is not a very long time
in terms of climate change.” The available
wind data over the Amundsen Sea came

from an analysis by the European centre
for Medium-Range Weather Forecasts,
which uses a meteorological model to
blend satellite observations from 1979 to
the present.

To extend the wind record back be-
fore the satellite era, holland and his col-
leagues took advantage of a climate con-
nection between West Antarctica and the
tropical Pacific ocean. Water-temperature
data have been collected by ships since
at least the mid 19th century, with rela-
tively reliable coverage and frequency
starting in the early 20th century.4 Wind
speed over West Antarctica is significantly
correlated with tropical Pacific sea-surface
temperature because ENSo brings trop-
ical wind patterns to the poles by atmos-
pheric Rossby waves. 

climate models can use the connec-
tion to fill in the gaps where past wind
observations are lacking. At the National

Anthropogenic warming is
reversing the predominant
winds over the region and
could explain the ice sheet’s
destabilization. 

Wind analysis links West Antarctic ice loss 
to humans

FIGURE 1. PINE ISLAND GLACIER, at the edge of the Amundsen Sea in West Antarctica,
shown in the inset. More eastward winds caused by human activity drive warm, 
circumpolar water onto the continental shelf, where the underside of the glacier can
become destabilized, lose mass, and accelerate sea-level rise. (Photo by Pierre Dutrieux;
inset by Polargeo/Wikimedia Commons.)

Amundsen

Sea
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Center for Atmospheric Research (NCAR)
in Boulder, Colorado, the Community
Earth System Model (CESM) incorporates
historical ocean data to simulate the wind
speed and direction back to 1920. There’s
nothing specific to how the CESM phys-
ically models the atmosphere, land, and
ocean that makes it more accurate at sim-
ulating Antarctic climate than other mod-
els. Researchers have run the CESM re-
peatedly to more clearly separate human
activity from natural variability in West
Antarctica.5

“I’ve been trying to think of a way of
writing this paper,” says Holland, and
the CESM was the tool he needed. The
first 20 simulations Holland and his col-
leagues analyzed were constrained by the
historical tropical Pacific sea-surface tem-
perature data. Using the same data for
each simulation means that the average
of those 20 runs is reflective of both nat-
ural and human climate variability.

Which way the wind blows
The results of the 20 simulations, plotted
in figure 2, show the strong decadal vari-
ability in the simulated wind speed and
the observations. The simulations’ aver-
age speed increased at a rate of 0.7 m/s
per century. That change corresponds to
a decrease in westward winds and an in-
crease in eastward winds over the 20th
century. The reversal in direction brings
more warm water to the glaciers and
consequently more WAIS ice loss. 

To separate the long-term anthro-
pogenic trend from the noisy natural vari-
ability in the time series, Holland and his

colleagues analyzed a second set of 40
simulations that was not constrained by
the historical sea-surface temperature
data.6 In those runs, the average only in-
dicates the anthropogenic warming be-
cause the natural variability is random
and cancels out. 

Holland and his colleagues determined
that the once-predominant westward
winds have weakened by about 0.5 m/s
over the past 100 years because of human
activity. “Many studies have hypothe-
sized that a link might exist” between an-
thropogenic climate change and the winds
around West Antarctica, says Nerilie
Abram of the Australian National Univer-
sity. “This study now clearly demon-
strates the link.”

The magnitude of the anthropogenic
effect is about the same as the natural
variability of the winds, estimated by the
spread in the simulations. The result un-
derscores the necessity of the model sim-
ulations. Observations alone didn’t cover
enough time, and measurements of winds
and ice loss will continue to be strongly
influenced by natural variability from the
tropical Pacific for decades to come. Hu-
mans are changing the climate in West
Antarctica to be sure, but until now the
natural variability has been large enough
to obscure the signal.

The not-so-distant future
Now that there’s clear evidence that east-
ward winds in West Antarctica have in-
creased, Holland wants to better under-
stand how the Amundsen Sea responds
to the atmosphere on a longer time scale.

Using an ocean model that precisely sim-
ulates the dynamics of each ocean layer
in the region, he is exploring what hap-
pens to the flows when they are forced
by the eastward winds simulated in the
CESM. Once the observed rate of ice loss
is reproduced, he can test whether the
same atmosphere–ocean processes that
operate on decadal time scales also apply
to centennial time scales.

Knowledge of the processes that con-
trol ice loss on decadal and longer time
scales can inform future climate change
forecasts. Holland and his colleagues sug-
gest that if humans continue to increase
carbon dioxide emissions in a business-as-
usual scenario, the Antarctic wind trend
they found for the 20th century will con-
tinue into the 21st century. 

However, the worst effects of climate
change may be averted if such a trend
can be avoided. In a 21st-century scenario
in which greenhouse gas emissions are
rapidly reduced, the Antarctic winds sta-
bilize to the present-day state. “Reversing
the change,” says Holland, “is a much big-
ger challenge.” 

Alex Lopatka
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FIGURE 2. A REVERSAL OF THE PREDOMINANT WINDS over the Amundsen Sea may be thinning the West Antarctic Ice Sheet. The 
average winds (black solid line) of 20 climate simulations (gray) from the Community Earth System Model agree with observed
winds (blue solid line) obtained from an analysis by the European Centre for Medium-Range Weather Forecasts. The trend (dashed
black line) of 0.7 m/s over much of the 20th century shows that the winds changed from westward-flowing (negative values) to 
predominantly eastward-flowing (positive values). Rising greenhouse gas concentrations contributed 0.5 m/s to the eastward winds.
(Adapted from ref. 3.)
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O pened in 2012, the Atacama Large
Millimeter/Submillimeter Array
(ALMA), shown in figure 1, mea -

sures the portion of the spectrum strad-
dling the boundary between radio and
IR—a range which is easily absorbed by
water in Earth’s atmosphere. The array’s
location is ideal. Not only is Chile’s Ata-
cama Desert the driest place on Earth
(excluding the poles) but it also has a wide
plateau whose 5000 m elevation reduces
absorption by water vapor and whose flat-
ness allows the array’s 66 large antennas
to be easily moved around and reconfig-
ured. ALMA researchers have published
numerous results in the intervening seven
years (see, for example, PhySICS ToDAy,
December 2016, page 22). The array is
also part of the network of facilities that
make up the Event horizon Telescope,
which recently captured the first image
of a black hole (see “What it took to cap-
ture a black hole,” PhySICS ToDAy online,
11 April 2019). 

Now Tao Wang of the University of
Tokyo and his colleagues have used
ALMA to find a missing link in the story
of galaxy formation.1 Before he and his
team made their discovery, the low num-
ber of massive galaxies, with masses
above 1010 solar masses, observed from
the first 2 billion years after the Big Bang
could not account for the significantly
higher number observed from the next
billion years. ALMA’s wavelength range
is perfect for finding those ancient mas-
sive galaxies not visible in previous mea -
surements, and Wang and his team did
just that. 

Redshift your perspective
Because the universe is expanding, emit-
ted radiation from galaxies redshifts to
longer wavelengths the farther away it
starts from Earth. A wave’s journey to us
takes time, so to observe a redshifted

wave is to look into the past. Redshifts
are determined by identifying an emis-
sion line in a galaxy’s spectrum and
measuring how far its peak wavelength,
λobs, has shifted from its rest-frame value,
λ0. Redshift z is defined as (λobs − λ0)/λ0.
Although spectral features broaden in
their long journey across the universe,
the redshift is still identifiable. Radiation
with z = 3 was emitted when the universe
was 2 billion years old. 

In its rest frame, a galaxy’s visible- to-
UV emission spectrum drops off sud-
denly for wavelengths shorter than 912 Å.
Light with shorter wavelengths than
that limit ionizes hydrogen gas in and
around the galaxy before it escapes. As
the radiation gets redshifted, the sudden
break in the spectrum shifts to higher
wavelengths—even into the UV range
measurable from Earth. Astronomers
identify high-redshift galaxies, with
z > 3, by filtering the emission and com-

paring its higher signal in the visible
range with its much lower signal in the
UV. Galaxies discovered using that
method are known as Lyman-break
galaxies (LBGs).

Previous measurements performed
with the Hubble Space Telescope and at Las
Campanas observatory in Chile found
many massive galaxies with redshifts z
of 2–3, which existed 2 to 3 billion years
after the Big Bang.2 But far fewer have
been found from earlier stages in the
universe’s evolution, with z > 3. Those
found thus far either are LBGs with much
smaller stellar populations than later
galaxies or are extreme starburst galaxies,
which have high star-formation rates and
are brighter than a typical massive galaxy.
Together they are too small or too few 
to have made all the galaxies seen with a
z of 2–3. 

The Lyman-break selection method
overlooks some galaxies. For the break to

Detection at a new wave-
length reveals ancient
galaxies in higher numbers
than observed previously 
or predicted. 

Massive galaxies from the early universe found hiding in
plain sight

FIGURE 1. ANTENNAS FROM THE ATACAMA LARGE MILLIMETER/SUBMILLIMETER
ARRAY are on an elevated desert plateau ideal for measuring wavelengths from the far-IR
to radio. The 66 antennas can cluster together for higher-sensitivity measurements or
spread over tens of kilometers to zoom in on details. (Courtesy of W. Garnier/ALMA/
ESO/NAOJ/NRAO.)
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appear precipitous and therefore be
identifiable in Earth-based visible and
UV images, a galaxy must emit enough
at wavelengths just above the Lyman
break. That condition is unlikely to be
met by massive galaxies because the sur-
rounding dust dims the outgoing emis-
sion or because their stars are older and
emit less right above the break to begin
with. Detectors that have higher sensitiv-
ity and are able to measure into the mid-
and far-IR provide a higher signal to
compare with UV images. But the exact
wavelength ranges one compares are im-
portant. Galaxies at lower redshifts can
mimic those with higher redshifts if their
spectrum is pushed to a redder color by
attenuation from high levels of dust or is
intrinsically redder because it comes
from an active galactic nucleus rather
than stars. 

Hiding in plain sight
A few years ago, Wang and his team
hunted for those missing massive galax-
ies in the mid-IR.3 They found a specific
combination of filters capable both of
finding galaxies too faint for Lyman-
break selection and of distinguishing be-
tween older galaxies and younger mim-
ics. Using the Spitzer Space Telescope’s
Infrared Array Camera, they captured an
image at 4.5 µm, which they subtracted
from existing Hubble Space Telescope mea -
surements in the near-IR. A difference 
in the intensity above a certain threshold
indicated the location of a potential
galaxy in the distant universe. Through
that method, Wang and company iden-
tified 63 potential ancient massive galax-
ies not found using Hubble’s measure-
ments alone. 

But the galaxies are still very faint at
4.5 µm, and measurements with better
spatial resolution and at multiple wave-
lengths would reveal more about their
properties. The researchers knew they
needed a facility such as ALMA, with
detection in the far-IR. Taken in the sum-
mer of 2016, their ALMA images re-
solved the galaxies and confirmed that
39 of the previously identified objects are

star-forming massive galaxies invisible
in the Hubble images: Four are shown in
figure 2. “While we did expect that many
of these galaxies would be at high red-
shift, the high detection rate with ALMA
is still surprising,” says Wang.

Once older massive galaxies are iden-
tified, there’s still the question of figuring
out their exact redshift. It’s much harder
to measure a full spectrum, so many ob-
servatories stick with radiation that is
detected through a broad filter and not
spectrally resolved. Such a measurement
gives just one number—the intensity—
rather than the individual spectral lines
necessary to calculate the redshift. In-
stead, the data need to be fitted with an
expected spectral energy distribution to
find what is called the photometric red-
shift, which has a larger uncertainty than
redshifts found from spectroscopy.

Corentin Schreiber of Oxford Univer-

sity in the UK was in charge of figuring
out the redshift in the team’s ALMA
measurements—a tricky task because
most photometric methods use measure-
ments in the UV to visible rather than in
the far-IR. By combining different photo-
metric methods and cross-correlation
with galaxies known to be of the same
age, Schreiber found that the median
redshift was z = 4, corresponding to radi-
ation emitted about 1.5 billion years after
the Big Bang.

The galaxies are faint, below the de-
tection limit of a single antenna, and
massive, with most in the range from 1010

to 1011 solar masses, an order of magni-
tude larger than the average LBG. The
shape of their spectral energy distribu-
tion indicates the rate at which they pro-
duce stars, and on average they churn out
200 solar masses’ worth of stars per year—
that’s about 10% of the rate previously

1
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ALMAHubble

FIGURE 2. ANCIENT MASSIVE GALAXIES visible with the Atacama Large Millimeter/
Submillimeter Array (right) in the far-IR are invisible to the Hubble Space Telescope (left).
(Courtesy of Tao Wang.)
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found for LBGs and starburst galaxies of
the same age but one to two orders of
magnitude higher than LBGs of similar
masses. Their star-formation rate coupled
with their densities of 2 × 10−5 galaxies
per cubic megaparsec, two orders of mag-
nitude higher than starbursts’, mean the
new galaxies are responsible for the ma-
jority of the stars produced by massive
galaxies in the early universe.

The problem for theorists
Although the newly found ancient galax-
ies help explain the presence experimen-
tally of so many, and such large, massive
galaxies at lower redshifts, they present
a problem for most galaxy-formation
theories (see the article by Jeremiah os-
triker and Thorsten Naab, PHySIcS ToDAy,

August 2012, page 43). Semianalytic
models—those that tune simple phe-
nomenological descriptions of astrophys-
ical processes to match the abundance,
clustering, redshift, and other observed
properties of the galaxy population—
 underestimate the density of massive
galaxies in the early universe by one to
two orders of magnitude. And hydro-
dynamic simulations of galaxy merger
rates predict no massive galaxies at 
all. Although previously observed LBGs
and starburst galaxies already chal-
lenged those theories, the abundance
and star-formation rates of the new galax-
ies render the disagreements harder to
ignore. 

“More and more observations show
that a large population of massive galax-

ies and supermassive black holes has al-
ready been established in the young uni-
verse,” says Wang. “In general, the young
universe is more efficient in forming big
things than we thought.” To reconcile
theory with observations, astronomers
will need more accurate redshift mea -
surements and better characterization of
the physical properties for a larger sam-
ple of galaxies so they can put more strin-
gent constraints on galaxy-formation
models. 

Heather M. Hill
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G ravity over macroscopic distances is
well understood. The simple inverse-
square law, proposed centuries ago

by Isaac Newton, continues to accurately
describe the force at scales across the non-
relativistic regime, from laboratory-scale
torsion balance experiments to the mo-
tions of stars and galaxies. It’s been espe-
cially well tested at the scale of the dis-
tance from Earth to the Moon.

Short distances—microns or less—are
another matter. In microscopic experi-
ments, electromagnetic forces are so over-
whelmingly dominant that the force of
gravity at small scales has never been di-
rectly measured. All we have are upper
bounds on its strength, some of which
are astonishingly large. According to the
best experimental constraint so far, the
gravitational attraction between two ob-
jects 1 nm apart is no more than 1021 times
what Newton’s law says it is.1

It’s not so outlandish to imagine that
the force of gravity could follow the in-
verse-square law over large distances but
deviate from it over small ones. Theories
of extra dimensions through which only
gravity can propagate, for example, allow

just such a functional form. (See the article
by Nima Arkani-Hamed, Savas Dimopou-
los, and Georgi Dvali, PHySIcS ToDAy, Feb-
ruary 2002, page 35, and the Quick Study
by Lisa Randall, PHySIcS ToDAy, July 2007,
page 80.) To help test and constrain those
theories, experimenters have been work-
ing for decades to chip away at the pos-
sible parameter space of short-range
non-Newtonian gravity. Their techniques
include measurements of the casimir
force (see the Quick Study by Jeremy
Munday on page 74 of this issue) and
neutron scattering off atomic nuclei.

Now columbia University’s Tanya
Zelevinsky and colleagues are adding a
new experimental method to the mix with
their ultraprecise measurements of mo-
lecular vibrations.2 Because their experi-
ment, shown schematically in figure 1, is
similar to that of an atomic optical-lattice
clock (see PHySIcS ToDAy, March 2014,
page 12), they call it a molecular lattice
clock, even though precision timekeep-
ing isn’t among their immediate goals.
Although theoretical details remain to 
be worked out, the researchers estimate
that with their current experimental ca-

The vibrational frequencies
of trapped ultracold 
molecules can serve as a
check on what we think we
know about the universe.

FIGURE 1. STRONTIUM MOLECULES (gray)
held in a one-dimensional lattice of optical traps
(yellow) are probed by a pair of Raman lasers (red
and blue). Ultraprecise measurements of their 
vibrational frequencies reflect the fundamental
forces acting on the nuclei and electrons.

A molecular clock for testing fundamental forces
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pabilities—measuring a 25 THz vibra-
tional resonance to within just 1 Hz—
they’ll be able to constrain predictions of
nanometer-scale gravity to within 1018–
1019 of its Newtonian value.

Cold-molecule spectroscopy
Relative to atoms, molecules are compli-
cated. Not only can their electrons be ex-
cited into more energetic states, but their
vibrations and rotations are also quan-
tized. The resulting hierarchy of quan-
tum levels lends itself to probing many
aspects of fundamental physics (see the
article by Dave DeMille, PHysics ToDay,
December 2015, page 34). But it also makes
molecules hard to control. Whereas it’s
straightforward to optically cool atoms
to a fraction of a kelvin, doing the same
for molecules means keeping track of a
vast tangle of states to make sure the cool-
ing lasers aren’t inadvertently pumping
energy into the molecules instead of
pulling it out. (see PHysics ToDay, Janu-
ary 2010, page 9.)

Molecular-physics experiments don’t
always require ultracold samples; some-
times it suffices to use a molecular beam,
in which collisions cool the molecules to
a relatively balmy few kelvin. Zelevinsky
and colleagues needed lower tempera-
tures than that, though, so they used an
established trick in the cold-molecule
field. Rather than cooling the molecules
directly, they first cooled a gas of atoms,
then optically coaxed the atoms into di-
atomic bound states. (see the article by
Debbie Jin and Jun ye, PHysics ToDay,
May 2011, page 27.) 

That approach is limited to the ele-
ments compatible with cold-atom tech-
niques, though, so their molecule—the
strontium dimer, sr2—isn’t one that’s often
found outside of cold-molecule experi-
ments. it’s held together not by a covalent
bond but by the weaker van der Waals
force, so it’s an order of magnitude larger
than a covalently bound molecule such
as nitrogen or oxygen, and its binding 
energy and vibrational-level spacing are 
accordingly smaller. otherwise, it behaves
much like any other diatomic molecule.

To probe the energy difference be-
tween two vibrational states, shown in
blue and orange in figure 2, the researchers
use Raman spectroscopy, a two-photon
process that connects the two states by
way of a higher-energy virtual state. The
difference between the Raman laser fre-
quencies can be stabilized to better than

0.1 Hz. The technique’s precision is thus
limited by molecular, not optical, effects.

Magic trapping
one potential source of uncertainty comes
from Doppler broadening. Molecules
moving toward or away from the source
of the Raman lasers are excited at slightly
different frequencies. cooling slows their
relative motion, but even at 2 µK, the mol-
ecules move enough to broaden the res-
onance by 30 kHz. so the researchers con-
fine the molecules to a one-dimensional
optical lattice formed by the standing
wave of a near-iR trapping laser, shown
in yellow in figure 1. 

Lattice trapping eliminates Doppler
broadening, but it introduces its own
problem. Through the ac stark effect, the
trapping laser field separately shifts each
vibrational state’s energy by an amount
that depends on the state’s frequency-
dependent electric polarizability and the
trapping light’s intensity. Molecules in
different parts of the lattice can have
their transition energies shifted by differ-

ent amounts, and the overall resonance
can be broadened by tens or hundreds of
kilohertz.

Fortunately, the cold-atom commu-
nity had already worked out a solution:
set the trapping laser to a so-called magic
frequency at which the two states have
the same polarizability. The stark shifts
then cancel, and the transition frequency
can be measured with high precision.3

it’s not always possible to find a con-
venient magic frequency, especially for a
pair of molecular vibrational states, whose
polarizabilities tend to parallel each
other without crossing. The exception is
for frequencies close to a resonance be-
tween one of the states of interest and a
higher-energy electronic state (shown in
green in figure 2). Near-resonant fields
make a molecule’s polarizability fluctu-
ate rapidly as a function of frequency, so
crossing points become plentiful.

But near-resonant trapping is risky,
because the trapping laser can slowly ex-
cite molecules out of the vibrational state
of interest and into the higher-energy

FIGURE 2. IN THE HIERARCHY OF MOLECULAR QUANTUM STATES, each electronic
state (thick black curves) contains a series of vibrational levels (horizontal lines). To
probe the frequency of the vibrational transition between the levels marked in blue
and orange, Tanya Zelevinsky and colleagues use a pair of Raman lasers that drive the
transition by way of a higher-energy virtual state (thin purple line). To eliminate both
Doppler broadening and AC Stark shifts, they optically trap the molecules at a so-called
magic frequency that’s nearly resonant with yet another excited state (green solid line).
(Adapted from ref. 2.)
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metastable state. The excitation’s slow 
destruction of the sample isn’t such a
problem: The researchers’ spectroscopic
technique requires them to destroy and
re-form the sample for every data point
anyway, and the process takes only a
few seconds. What’s worse is that the
near-resonant excitation degrades the
coherence lifetime of the vibrational
transition. Because the sharpness of a
spectroscopic line is fundamentally lim-
ited by the transition coherence time, any-

thing that reduces the lifetime of either
state cuts down on the measurement
precision.

Zelevinsky and colleagues went for it
anyway. With their near-resonant magic
trapping, they obtained a coherence time
of 30 ms, corresponding to a resonance
linewidth of 32 Hz. For a transition fre-
quency of 25 THz, that’s a quality factor
of nearly 1012, a record for any vibra-
tional measurement. Still, it’s several or-
ders of magnitude less than has been

achieved in atomic measurements—
where quality factors have reached
1016—and less than Zelevinsky was hop-
ing for. “We were surprised that the near-
resonant trapping shortened the coher-
ence time as much as it did,” she says.
“There’s clearly something that’s not
very well understood, and we take it as
our new challenge to figure it out.” Be-
cause the molecules have so many ex-
cited states, there are many more near-
resonant magic frequencies to explore
that could perform better.

The hunt for new physics
A linewidth of 32 Hz doesn’t mean that
the measurement precision is limited to
32 Hz. Zelevinsky and colleagues esti-
mate that with a reasonable integration
time, they can find the center of the line
to within 1 Hz. That’s enough for them to
start making meaningful measurements
of fundamental forces. Strontium has
several stable spin-0 isotopes that range
in mass number from 84 to 88. Looking
at each of them in turn should allow the
researchers to isolate what observable ef-
fect, if any, gravitational mass has on in-
teratomic forces.

Before they do those experiments,
though, they want to have a good handle
on all the other ways vibrational frequen-
cies can depend on mass. Heavier nuclei
have more inertia, so they respond more
sluggishly to the forces of the surround-
ing atoms (see, for example, PHySicS
TodAy, September 2018, page 17). To help
isolate the influence of gravity, the exper-
imenters are working with theorist Robert
Moszyński and colleagues at the Univer-
sity of Warsaw to calculate contributions
to that isotope effect that are usually ig-
nored, including the effects of relativity
and coupling between nuclear and elec-
tronic motion.

Non-Newtonian gravity isn’t the only
fundamental-physics measurement the
experimenters have in their sights. They’re
also interested in testing the stability of
the proton–electron mass ratio over time.4
The ratio could change if, for example,
the strong nuclear force is not constant:
The proton, unlike the electron, is not a
fundamental particle, and its mass de-
pends on how its constituent quarks in-
teract. So far, there’s been no sign of such
a drift in the proton mass, but as Zelevin-
sky explains, “it’s not strictly ruled out,
and therefore scientists are actively look-
ing for it, since there are many things
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about the universe we know we don’t
understand.” 

if the proton–electron mass ratio does
change, one natural place to look for it 
is in molecular vibrational frequencies,
which straightforwardly depend on both
bond stiffness (a consequence of the quan-
tum mechanical behavior of electrons)
and nuclear inertia. Most constraints to
date have come from astrophysical
spectra of distant galaxies, which are

sen sitive to small fractional drifts in the
ratio (on the order of 10−16/yr) averaged
over billions of years.5 But the ratio 
doesn’t necessarily drift at a constant rate.
To complement the astrophysical con-
straints, Zelevinsky and colleagues are
working toward an Earth-based mea -
surement that has comparable precision
but is focused on the present-day drift
rate.

Johanna Miller
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To transform from linear chains to
three-dimensional structures, in vivo
proteins somehow navigate tortuous

free-energy landscapes. Their final con-
figurations must be just right for them 
to function properly; protein misfolding
is thought to underlie some allergies as
well as neurodegenerative diseases such
as Parkinson’s and Alzheimer’s. 

X-ray crystallography and NMR are
well-established methods for accessing
the detailed structure of a protein’s final
folded configuration. Gathering dynam-
ical information about the folding process
itself requires real-time techniques such
as fluorescence, circular dichroism, and
hydrogen exchange; acquiring informa-
tion that quickly, however, comes at the
expense of structural detail. Molecular
dynamics simulations are also a valuable
tool for studying protein configurations
(see Physics TodAy, december 2013,
page 13), but because of computational
limitations they fail to capture either the
complete atomistic detail of real proteins
or the complete process of folding. 

Now Jaekyun Jeon, Robert Tycko, and
coworkers at the National institutes of
health in Bethesda, Maryland, have in-
troduced a new way to track a protein’s
folding.1 Their experimental setup, shown
in figure 1, can start and stop the folding
process quickly enough to trap proteins
in transitory configurations. With the help
of a signal-enhancing NMR technique,
the researchers generated 2d spectra to
track the formation of helices and dimers
by melittin, a protein found in bee venom.

Their data, which have both high spatial
and temporal resolution, challenge the
previously accepted picture of melittin’s
structural development.

One moment in time
Melittin is a small protein—a peptide—
with only 26 amino acids. At low ph, the
peptides are linear chains, but in neutral
to high ph, each peptide forms a bent
helix. The helices form antiparallel dimers,
which pair to make tetramers, melittin’s
native configuration.2 The entire transi-

tion happens in less than 10 ms, so whether
those steps happen concurrently or se-
quentially has been hard to discern.

Tycko’s group developed a rapid mixer
to change the solution’s ph and initiate
the protein-folding process. it mixes two
solutions in just 1.6 ms—not quite in-
stantaneous on the protein-folding time
scale, but fast enough to capture a nar-
row spread of folding times. Although it’s
conceptually simple, the mixer is a criti-
cal part of their technique. “We’ve been
working on these kinds of experiments

Time-resolved NMR 
spectra paint a picture of
structural transformation
with millisecond resolution.

A folding protein gets caught in the act

Mixer

Copper plate

FIGURE 1. A RAPID-MIXING DEVICE starts and stops the protein-folding process with
millisecond resolution. The mixer combines two pumped solutions, producing a high-
velocity jet that freezes when it hits a liquid-nitrogen-cooled rotating copper plate. The
frozen samples are subsequently analyzed using solid-state NMR. (Adapted from ref. 1.)
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for a while, and that was always one 
of our stumbling blocks,” says Tycko.
The microfluidic devices the researchers
tried previously were expensive and had
to be discarded when they inevitably 
became clogged. In addition to being in-
expensive, their small homemade mixer,
made from standard chromatography fit-
tings, is reliable and can be easily disas-
sembled and rebuilt if it becomes clogged.
And, importantly, it yields reproducible
results.

The device will likely be useful for a
wide range of future experiments because
rapid mixing is a versatile way to trigger
protein structural changes. The same
mixer that Tycko’s group used to quickly
change a solution’s pH could also be
used for rapid dilution to alter a protein’s
structure by changing the concentration
of salt or of a denaturant such as urea or
guanidine. Two interacting components
could also be mixed to initiate complex
formation. 

To start melittin’s self-assembly pro -
cess, the researchers mixed a low-pH so-
lution of unfolded melittin with a high-
pH buffer to produce a neutral solution.
To stop the folding process, the mixer
ejected the solution onto a liquid-nitrogen-
cooled rotating copper plate that froze
the solution—and the protein’s configu-
ration—in less than 0.5 ms. The speed of
the fluid leaving the mixer and the dis-
tance to the copper plate determined the
protein’s structural evolution time. In ex-
periments, the proteins were frozen after
2.2, 4.6, 9.4, and 29 ms. The initial low-
pH solution provided mea surements of
the unfolded state, and a pre-mixed neu-
tral solution represented the final folded
configuration.

The researchers used carbon-13 iso-
tope labeling to track the locations of three
amino acids on each peptide: glycine-3,
leucine-6, and isoleucine-20. Helix for-
mation in melittin brings Gly3 and Leu6
close together, and dimer formation brings
Leu6 and Ile20 close together, as illus-
trated in figure 2. The proximities of those
amino acids therefore served as proxies
for structural developments. 

Freeze frame
Once they had a time series of frozen pro-
tein configurations, the researchers still
faced the challenge of extracting struc-
tural information from their samples.
Using NMR to discern the structures of
biological molecules is a tried-and-true

technique; Kurt Wüthrich received half
of the 2002 Nobel Prize in Chemistry for
developing such methods (see PHysICs
TOdAy, december 2002, page 19). But
frozen proteins necessitate solid-state
NMR (ssNMR), and those spectra have
broad peaks compared with those from
liquids (see the article by Clare Grey and
Robert Tycko, PHysICs TOdAy, september
2009, page 44). To further complicate mat-
ters, the melittin solutions had to be highly
diluted to fold properly, so they produced
weak signals.

Jeon, Tycko, and coworkers enhanced
the ssNMR signal with dynamic nuclear
polarization. dNP takes advantage of the
fact that electrons are much easier to po-
larize than nuclei; the gyromagnetic ratio
of an electron is about 2500 times that of
a carbon nucleus. The electrons are irra-
diated with microwaves at the resonant
frequency of their precession—263 GHz
in the 9.4 T field from the lab’s home-
made NMR setup—which flips some of
the spins and reduces the electron polar-
ization. When the electrons flip back to
align with the field, they couple with the
nuclear spins and, because they’re pref-
erentially flipping in one direction, in-
crease the nuclear polarization. 

dNP is not a new technique—the un-
derlying nuclear Overhauser effect was
postulated and experimentally demon-
strated3 in lithium metal in 1953. But, as
Tycko explains, it has had a renaissance
in the past 10–15 years because of its
newfound utility in biologically relevant
experiments and improvements in micro -
wave sources.4 Applying dNP to time-
resolved ssNMR made detailed protein
measurements feasible: Previous experi-
ments without dNP could not follow the
evolution of intermediate structures.5

The researchers achieved adequate NMR
spectra in less than eight hours, whereas

without dNP the same measurements
would have taken a month or longer.

Come together
Jeon, Tycko, and coworkers used 2d
NMR to track the development of helices
and dimers in the melittin samples. They
used a pulse sequence that transferred nu-
clear spin polarization between 13C atoms
so that at the beginning of a measure-
ment they observed the nuclear resonance
from one atom, and at the end they ob-
served that from another nearby atom.
That’s what gives the technique its two
dimensions—polarization transferring
from one nucleus to another. The nuclei
in different locations resonate at differ-
ent frequencies, so the signal shows up
as an off-diagonal peak, or crosspeak, in
a two-dimensional NMR spectrum. The
NMR pulse sequence was tailored such
that nuclear polarization transfer between
atoms in the labeled amino acids hap-
pened only when they were close enough
(see PHysICs TOdAy, October 2016, page
19). Because the labeled amino acids
were chosen such that their proximity in-
dicated helix and dimer formation, the
amount of transfer between them grew
as those structures developed.

Figure 3 shows the buildup of nuclear
polarization transfer between the labeled
amino acids, which is quantified by the
crosspeak volume ratio. Growth of the
Gly3–Leu6 crosspeak indicates helix for-
mation; the Leu6–Ile20 crosspeak shows
antiparallel dimer formation. Exponen-
tial fits to the data give buildup times of
8.7 ± 4.1 ms and 6.1 ± 2.8 ms, consistent
with the two processes happening con-
currently instead of sequentially. Helices
in monomeric proteins typically form
much faster than that, which suggests
that for melittin, intermolecular interac-
tions are necessary to stabilize the helical

pH 3 pH 7 Gly3

Gly3 Gly3

Gly3

Leu6
Leu6

Leu6
Leu6

Ile20

Ile20Ile20

Ile20

FIGURE 2. MELITTIN PEPTIDES FOLD AND UNFOLD in response to changing pH. 
At low pH they are extended chains (left), but at neutral to high pH they form ordered
structures (right). Each chain forms a helix, the helices form antiparallel dimers, and the
dimers pair into tetramers. The blue and white backbones indicate dimer pairs. Helix
formation brings two labeled amino acids on a single peptide, glycine-3 (Gly3; purple)
and leucine-6 (Leu6; green), closer together. When dimers form, the labeled isoleucine-20
(Ile20; orange) on one peptide gets close to the Leu6 on the other. (Adapted from ref. 1.)
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structures. That prerequisite could have
to do with the hydrophobic core created
by melittin’s full tetrameric structure—
shielding each peptide’s hydrophobic
side chains may partially drive the fold-
ing process. 

Time-resolved ssNMR was not used to
track the protein’s full tetrameric struc-
ture. That experimental choice highlights
one of the NMR technique’s limitations:
The 2D spectra can be hard to interpret
because the peaks are broad, particularly
early on, when the protein is more dis-
ordered. Labeling more sites exacerbates

the problem; the number 
of structural features that
can be studied at once be-
fore the spectra become in-
tractable is therefore lim-
ited. Although they could
have done additional time-
resolved ssNMR measure-
ments with different labeled

sites, the authors instead monitored
tetramer formation using a less precise
real-time fluorescence technique. Those
mea surements were consistent with
tetramers forming along with the helices
and dimers instead of the previously ac-
cepted sequential folding pathway. The
unexpected result will inform theoretical
models of protein folding dynamics. 

Tycko sees time-resolved ssNMR as
complementary to existing ways of study-
ing protein folding. “There are a lot of
other great techniques,” he says, “but they
don’t give you the same kind of detailed

molecular structural information that
NMR can give you.” Now that they’ve
demonstrated their method, the re-
searchers are extending it to other protein-
folding problems, such as complex for-
mation by calmodulin (see Physics ToDAy,
May 2006, page 18), a ubiquitous pro-
tein that can bind to various target pro-
teins in response to changes in calcium
concentration.

Christine Middleton
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There are a million summer intern-
ships around, but they haven’t had
much impact in retaining under -

represented students in the natural sci-
ences,” says Richard Anthes, former pres-
ident of the University Corporation for
Atmospheric Research, which oversees
the National Center for Atmospheric
Research (NCAR) for NSF.  Twenty-five
years ago he conceived of the Significant
Opportunities in Atmospheric Research
and Science (SOARS) program to tackle
the problem.

“SOARS had a huge impact on my
 career trajectory,” says Dereka  Carroll-
Smith, who participated for three sum-
mers early this decade; her comments
about the program are typical among the
more than 200 alumni. “I credit the pro-
gram with preparing me for graduate
school, and building a network that I
still use today,” she says. A scientist who
splits her time between NCAR and Jack-
son State University in Mississippi, she
models tropical cyclone hazards and the
effects of severe weather on society. 

A signature feature of SOARS is that
interns can return. They are eligible to
join after their sophomore year in college
and can participate for up to four sum-
mers. About 80% of them go on to grad-
uate school or pursue a career in STEM
(science, technology, engineering, and
mathematics) after earning their bache-
lor’s degree. Given the program’s suc-
cess, it’s surprising how little it has been
emulated. Recently, though, SOARS has
begun seeding satellite programs. In a
different field altogether, the Stewart
Blusson Quantum Matter Institute (QMI)
at the University of British Columbia in
Canada has launched a program mod-
eled on SOARS. And related activities at
various institutions are gaining traction. 

Not a summer vacation
SOARS was born of the question “What
more can you do?” posed by Neal Lane,

then NSF director, during a visit to
NCAR in the 1990s. He wanted to attract
more minority students to STEM. “The
stuff they were doing was so interest-
ing—storms, weather, clouds,” he says.
“I thought it was the kind of thing that
could get kids excited regardless of their
educational or home background.” In re-
sponse, Anthes realized that NCAR’s ex-
isting internships weren’t long enough.
Students would come to Boulder, Col-
orado, for two months and then go back
to their home universities. “I interpreted
their experience as a nice summer vaca-
tion,” he says. So he sketched out a model
that he hoped would “actually influence
these young people’s lives.”

SOARS covers the travel and living
expenses of up two dozen participants a
year. The program pays for students to
present their work at national conferences
and provides financial assistance for col-
lege or graduate school. “It’s important
that they don’t have to decide between
working at McDonald’s or coming to Boul-
der,” says Thomas Windham, the inau-
gural director and now a senior adviser
to the program. SOARS is the rare intern-
ship program that hires full-time staff
and provides year-round mentoring.
NSF funds the program; the current five-
year grant is a bit more than $3 million. 

Any undergraduate who is a US citi-
zen can apply; the focus on underrep-
resented groups is addressed through
the recruitment and selection processes.
As a member of the steering committee,
SOARS alumnus Matthew Paulus re-
views applications. “I’m a Hispanic
male,” he says. “Graduate school was
dominated by ‘pale, stale, male.’ I try to
look beyond the numbers by looking at
personal statements. I try to find people
who are passionate about diversity and
who want to give back to the commu-
nity.” Among the categories NSF consid-
ers underrepresented are African Amer-
icans, Native Americans, Hispanics,

women (for many fields), veterans, first-
 generation college students, people
with disabilities, and sexual and gender
 minorities.

The 11-week summer program kicks off
with activities intended to promote bond-
ing through group physical and mental
challenges. In the second week students
join their research groups, which are usu-
ally at NCAR, NOAA, and the University
of Colorado Boulder. But for returning
students, research can involve fieldwork
anywhere from Juneau to the Galápagos
Islands. Fridays are reserved for work-
shops in communications, computation,
and professional development. SOARS
participants present their work in poster
and talk formats. 

Each SOARS participant has up to five
volunteer mentors: for research, commu-
nication, computation, and community,
plus a peer mentor. The program is set
up to be holistic, says NCAR director for

Ongoing mentorship works for
retaining minorities in STEM

ISSUES & EVENTS

LEADERSHIP TRAINING EXERCISES at
the Significant Opportunities in Atmos-
pheric Research and Science mentoring
program in Boulder, Colorado, are a way
for participants to get to know each
other. This group activity took place on 
22 May 2018. 

Improving the academic environment for marginalized groups
is aided by a holistic approach and dedicated resources.

“
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education and outreach Rebecca Haacker,
who was SOARS director in 2011–17.
“Students have the opportunity to see
who they click with most.” She regards
the  teacher– apprentice model as flawed
because success depends completely on
one person. “Across SOARS and the geo-

science community, we are
trying to break down this old
model.”

Curtis Walker studies sur-
face transportation meteorol-
ogy as an NCAR postdoc. Be-
fore SOARS, he says, he would
have ended his academic ca-
reer after a bachelor’s degree.
“I thought I would be a broad-
caster or forecaster. SOARS in-
troduced me to research.” The
group of mentors is invalu-
able, he says. “It’s one thing to
have help with science, but
you also have help with data
analysis and programming if
you need it, and with writ-
ing.” The peer mentor is im-
portant too. “It’s helpful to
know that others were in your
shoes of feeling uncertain.”

The repeat experiences
and focus on the whole per-
son make SOARS feel like a
family, say many alumni. They
gather at conferences, which
helps solidify their connec-
tions, especially across years.
“It’s like a big SOARS reunion.

I feel very connected to other alumni,”
says Paulus, an associate scientist at
NCAR. “In graduate school is when I
found a need for support,” says Talea
Mayo, an assistant professor of civil en-
gineering at the University of Central
Florida. “I still lean on the SOARS com-

munity, as a tenure-track faculty mem-
ber, and I talk to others going up the ca-
reer ladder.”

This year 105 people applied for eight
spots for newcomers; another dozen stu-
dents returned. “A key part of my vision
was that it not be a remedial program,”
says Anthes. “We look for students with
demonstrated potential, and we chal-
lenge them to go on to become leaders in
the field.” Many outcomes constitute
success, notes Haacker, including when
someone realizes they don’t want to do
science. Today, nearly 25 years on, SOARS
alumni are senior scientists and profes-
sors, they hold leadership roles in NOAA
and other federal agencies, and they
work in the private weather and climate
sectors. Two alumni hold elected posi-
tions on the council of the American
 Meteorological Society.

What makes SOARS successful, says
Haacker, “is that we adapt and evolve.”
As examples she lists the program’s ad-
dition of financial support at the under-
graduate level, adjustments in its men-
toring options, and seminars in time and
stress management. “The overarching
goals are to broaden participation and
improve the quality of science by bring-
ing in diverse perspectives,” she says. It
is also critical, says Windham, that the
program has had both top-down and
 bottom-up support and that the research
community was prepared and accepting
of SOARS from its inception. He de-
scribes the program’s attitude as, “We
are here to facilitate your success, but it’s
on you.”

Long-term commitment
The SOARS model is duplicable, Wind-
ham says. At universities successful ex-
amples exist that use some of the same
features. Given variables such as the size
and cohesion of the research community
and the availability of equipment and
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TALEA MAYO (center), an assistant pro-
fessor at the University of Central Florida,
runs a spinoff of the Significant Opportu-
nities in Atmospheric Research and Sci-
ence (SOARS) program. Her first recruit
was  Cindi-Ann Findley (right). In 2018 they
presented their computational work on
the nonlinearities of tides and hurricane
storm surges at an NSF event on Capitol
Hill, where they posed with Karen Saxe of
the American Mathematical Society. 

SOARS STAFF
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funding, the best approach is to adopt
the aspects of SOARS that make sense,
he says. “You don’t need to replicate the
exact same model, but you do need to
have an environment where the soil is
enriched and welcoming.” 

Perhaps closest to SOARS is Research
Experiences in Solid Earth Science for
Students (RESESS), a spinoff at UNAVCO
in Boulder that became independent
more than a decade ago. It hosted eight
students this year, two of whom were
returning. The program limits partici-
pation to two summers to reach more
students. 

Tight funding makes for a tricky
trade-off between the number of students
and repeat participation; programs tend

to maximize the number of students. For
example, NSF discourages repeat partic-
ipation in its Research Experience for Un-
dergraduate (REU) programs, a prime
vehicle for increasing participation of
marginalized groups in STEM.

For their part, SOARS alumni and ad-
ministrators swear by the continuity of
the program. During a broad external
review of the QMI in Vancouver a few
years ago, Anthes mentioned in passing
that committing to students over time is
what makes SOARS different and that it
has had a huge payoff. The institute’s
22 faculty members in physics, chem-
istry, and electrical engineering grabbed
the idea. In 2018 they launched Quan-
tum Pathways, which hosted two stu-

dents its first year. They both returned,
and the total jumped to 15 this year. 

Quantum Pathways accepts applica-
tions from across Canada and beyond.
Mentoring students for multiple years is
a “win-win,” says QMI physicist Douglas
Bonn, “because once they have experi-
ence they can contribute more effectively
to research. It’s a better investment than
a one-off.” And having them come from
elsewhere widens the potential source of
future graduate students, he adds.

Quantum Pathways offers training in
science communications, career panels,
and career advice, but not as intensively
as SOARS. The program is tailored to
QMI needs: Students take a machine-
shop course and participate in boot
camps to learn specific skills, such as ma-
terials synthesis; working in ultrahigh

STUDENTS IN QUANTUM PATHWAYS, a new multiyear internship program at the
University of British Columbia’s Stewart Blusson Quantum Matter Institute. 
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vacuum, cryogenic temperatures, or
with sensitive electronics; and modeling
nanoscale systems.

A few years ago, SOARS was awarded
a grant to form satellites as a way to in-
crease its reach. So far two alumni, Mayo
in Florida and Deanna Hence at the Uni-
versity of Illinois at  Urbana- Champaign,
have established small programs; addi-
tional satellites are in the works. Mayo
recruits individual students to work
with her during the school year. Her first
student modeled hurricane storm surges
and then got into the main SOARS pro-
gram. Her current student is focusing on
machine learning for storm surge data.
“I’m trying to be all the mentors for them,”
she says. 

With her satellite program, Hence is
targeting transfer students from a nearby
community college, which is a large
source of diversity. She wants to develop
and formalize existing activities to “mimic
the mentorship that SOARS is known
for.” SOARS was “life- changing for me,”
Hence says. “But not everyone can go to
NCAR for 10 weeks. We want to create
something similar at home institutions.”  

The big picture
Broadening participation of people from
underrepresented groups in STEM has
been a goal of US funding agencies,
universities, and professional societies
for decades, but the urgency with which
it is pursued fluctuates. In physics, for ex-
ample, the number of women earning
physics PhDs each year has more than
doubled in the past two decades, al-
though in terms of percentage the in-
crease is smaller: from 13% to 20% of all
PhDs awarded in the field, according to
the Statistical Research Center of the
American Institute of Physics (which
publishes PHySICS TODAy). Over that pe-
riod, the number of African Americans
earning physics PhDs each year has hov-
ered around 12 (with a peak of 22 in
2012), while the number of Hispanic
Americans earning physics PhDs has
more than quadrupled to about 40. 

Dedicated master’s programs and the
American Physical Society’s bridge pro-
gram are routes for underserved students
to pursue higher degrees in physics. (See
the articles by Alexander L. Rudolph on
page 50 of this issue and by Ted Hodapp
and Kathryne Woodle in PHySICS TODAy,
February 2017, page 50, and the news
story from April 2019, page 22.)

One new approach seems to be mak-
ing a difference: a  student- initiated club,
Physics Undergraduate Women and
Gender Minorities at Stanford or PUW-
MAS. Now in its third year, it’s branch-
ing out to include other underrepre-
sented groups. “Our goals are to promote
diversity by creating community, create
a space to discuss issues related to physics
and STEM, and provide help with career
and academic development,” says club
co- president Kathlynn Simotas, a first-
 generation college student with a dual
major in music and physics.

Risa Wechsler, a Stanford University
physics professor and chair of the de-
partment’s equity and inclusion commit-
tee, says that PUWMAS is having a pos-
itive effect. “Now, even before students
have a chance to get discouraged, some-
one has already reached out to them. A
few years ago, we had zero Black, Latinx,
or Native American women students in
the major; there are now several.”  

Wechsler notes that students tried to
set up a similar group some years back,
but it didn’t take. The difference may in
part reflect greater societal awareness of
sexual harassment, racism, and other
inequity issues both in academia and
more broadly, she notes. “And we now
have a critical mass of supportive fac-
ulty. Many institutions are doing things,
with various degrees of success, budget,
and enthusiasm.”

The challenge of diversifying STEM
fields “is so big, it’s beyond what any-
one can do at a single institution,” says
SOARS alumnus Chris Castro, a profes-
sor at the University of Arizona who fo-
cuses on regional climate modeling. He
favors a decentralized approach with
hubs around the country. In the South-
west, for example, “you could then do
deeper outreach to colleges and educa-
tional entities that otherwise do not have
access to atmospheric and other STEM
research—that could be community col-
leges and tribal colleges.”

Castro asserts that to increase diver-
sity in STEM, “you have to create a safe
place within your home institution.” In
part that means that faculty need dedi-
cated time for such activities. “Nothing
happens without resources,” he says. And
a significant hindrance is that “the incen-
tives and professional metrics are at odds
with the purpose of broadening partici-
pation of underrepresented groups.” 

Toni Feder

Free Software
Free Software Development Kit 
(SDK). Complete protocol and 
example code for custom software 
applications.   

Free Display and Acquisition 
software.

Digital
Multichannel Analyzer

From Amptek

FEATURES OF THE MCA8000D

ment

nuclear spectroscopy or particle 

dence and anticoincidence

nication interfaces

®
              www.amptek.com

AMPTEK Inc.

The MCA8000D is a full-featured 
digital multichannel analyzer in-
tended to be used with a wide variety 
of detector systems.
Th e easy to use 'Pocket MCA' can fi t 
in a shirt pocket.

pt_issues1019_Issues&Events  9/13/2019  5:18 PM  Page 27

http://http://digital.physicstoday.org//physicstoday/201910/TrackLink.action?pageName=27&exitLink=http%3A%2F%2Fwww.amptek.com


28 PHYSICS TODAY | OCTOBER 2019

ISSUES & EVENTS

Every hour during an airliner flight,
dozens of sensors monitoring thou-
sands of parameters produce around

1.5 terabytes of information. As more
sensors are added in next- generation air-
craft to detect maintenance issues before
they become a problem, the volume of
data is expected to increase 10-fold, and
more than a petabyte of information could
be generated during a 10-hour flight.

Jay Lowell is a Boeing senior technical
fellow and one of more than 90 physi-
cists who work at Boeing Research &
Technology, the aerospace giant’s central
R&D organization. He and his team will
have to cope with that growing data
 avalanche. He believes neuromorphic
processors—chips configured like neural
networks—can help address the onboard
 data- processing crunch and flag abnor-
mal situations. “They are exceedingly ef-
ficient for machine learning and artificial
intelligence applications,” he says.

But running machine learning and ar-
tificial intelligence programs with cur-
rent processor technology would require
tens or hundreds of kilowatts of power,
compared with the 50 watts typically
used by today’s planes to process main-
tenance data. There will never be enough
bandwidth to transfer all that data from
a fleet of aircraft to the cloud for process-
ing, Lowell adds, noting that around
10000 Boeing 737s alone are currently in
service.

The data problem is one of the chal-
lenges Boeing physicists are working on
under the rubric of the company’s ini-
tiative on disruptive computing and
networks. A second thrust seeks to ad-
vance high- performance computing ar-
chitectures by pairing central process-
ing units with coprocessors such as
graphics processing units. GPUs are “ex-
ceedingly more efficient” than CPUs at
performing a smaller number of specific

tasks, Lowell says. Boeing is looking at
architectures that use a wider variety of
coprocessors than today’s top- performing
super computers do. Looking further out,
Boeing sees a future in quantum sensing
and computing to address such problems
as optimization in manufacturing.

Besides computing, Boeing physicists
tackle problems that range from han-
dling aircraft lightning strikes to protect-
ing factory workers from static shocks.
But they don’t dwell on one problem or
topical area indefinitely. Whether they
work on a problem for two months or
two years, once they hand off solutions
for implementation by engineers, their
next assignment is likely to bear little re-
semblance to the last. “Our job is to work
ourselves out of a job,” says Lowell. 

One of Lowell’s first assignments at
Boeing in 2016 was to improve the func-
tionality of a robotics system on the fac-
tory floor. “What they needed was some-
body who could approach the problem
like a physicist and understand the fun-

damental principles involved.” It
turned out, says Lowell, that he needed
to apply the principles of metrology to
understand how the robots were mak-
ing mea surements and to use classical
mechanics to help identify and charac-
terize the robots’ limitations in per-
forming their tasks. Physics also helped
him capture data and build a picture to
provide insight into the processes that
were occurring. “You then had to per-
form analysis on the data you captured
to model the entirety of the system at
the scale of the factory,” he says. In the
end, his suggestions for changes and
fixes made the factory floor much more
efficient.

The Boeing physicists who spoke
with PHYsICs TODAY declined to discuss
their role in returning the 737 MAX air-
liner to service, saying only that employ-
ees with many backgrounds are work-
ing on the problem. In March the aircraft
was grounded by governmental author-
ities after two crashes that killed all 346

THIS 2.5 CM METAMATERIAL CUBE was fabricated by researchers at Boeing and the
University of California, San Diego, and other universities under a 2004 Defense Advanced
 Research Projects Agency contract. The object demonstrated that scientists could
 engineer a material with specific properties in a format that resembles a real material.

Physics at Boeing runs the gamut from lightning strikes to
neuromorphic processors, with a dash of metamaterials 
Physicists are uniquely
qualified to solve problems
that require an understanding
of the bigger picture.

BOEING
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passengers and crew aboard. The acci-
dents have been attributed to faults with
the onboard Maneuvering Characteris-
tics Augmentation System, which re-
peatedly caused the planes to turn their
noses down. 

Problem solving
The real-world environment encoun-
tered by a Boeing physicist is unlike an
academic setting, says Lowell, who pre-
viously worked as a US Air Force Acad-
emy instructor and as a program man-
ager at the Defense Advanced Research
Projects Agency (DARPA). For one, uni-
versity scientists tend to be focused on a
narrower range of research. Moreover,
says Lowell, “we get to apply physics re-
search to a problem that’s concrete
enough that we don’t have to make a lot
of assumptions. We don’t have to toy the
problem down to the point where it’s
trivial.” 

Compared with most academic re-
search, Boeing’s requirements are greater
both in scale and in the level of detail.
Modeling the fluid dynamics of a wing,
for example, must take into account the
winglet, gaps, and flaps, says Dejan
Nikic, a physicist who joined the com-
pany in 2006. Simulating the flutter and
elasticity of a wing as it flexes during
flight adds to modeling complexity. 

The computational resources needed
for wing modeling, however, pale when
compared with what’s needed for figur-
ing out how aircraft components, en-
gines, and airflow around the aircraft
combine to propagate noise to the ground.
Those problems can take months for the
most powerful supercomputers to solve,
Lowell says. The benefits to airlines from
cutting noise levels in half would be
enormous; many airports could ease or
eliminate bans on overnight takeoffs
and landings.

Unlike their academic counterparts,
Boeing scientists rarely publish their re-
search, most often because it’s propri-
etary. Publishing also has the potential to
provoke changes to regulations, notes
Nikic, whose interests include the electro-

magnetics of plasma physics and pulsed
power. He’s worked on such topics as
laser weapons and lightning strikes.

On average, airliners are struck by
lightning once or twice a year, says Low-
ell. As manufacturers have begun incor-
porating more composite materials for
weight savings, building a Faraday cage
to safely dissipate lightning and keep it
out of the cabin has become more com-
plex. For metal airplanes, that’s easy,
says Lowell. “The lightning follows the
metal skin of the plane. It doesn’t pene-
trate to the interior of the plane, or
maybe a few hundred amps do. Com-

posites are not nearly as conductive, and
thousands of amps could flow through
the interior.” 

Physicists are well- equipped to un-
derstand how the current will flow be-
tween structural members, down to the
microscopic details of the fasteners that
hold them together. Says Nikic, “We’ve
done things like understanding the
plasma density and temperature when
lightning hits a surface, what that plume
contains, how far the lightning pene-
trates a given material, and the erosion
rate. That is all basic physics.” 

One way to protect a composite air-

DENNIS DUGAY, an electrophysics engineer at Boeing, is in an anechoic chamber at
the company’s laboratory in Huntington Beach, California. Dugay develops and tests RF
and microwave components for airplane communications systems.

BOEING
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plane is to boost the skin surface conduc-
tivity by incorporating a layer of metal
foil in the composite stack. Doing so re-
duces the amount of current that trans-
fers into the airplane substructure,
which itself is designed to handle any
transferred current. Boeing adds other
proprietary features to provide a redun-
dant layer of protection. 

More mundanely, Nikic was called
in to address complaints from factory
workers who routinely received harm-
less but annoying static shocks when
peeling sheets of plastic off of wing pan-
els after they are cured in autoclaves. The
solution entailed altering how panels
were unbagged, changing what workers
wore, and other steps. “Every other per-
son who tried to approach this wasn’t
able to make headway,” Lowell says. 

A different model
Minas Tanielian is a somewhat atypical
Boeing physicist; throughout his 30-plus
years at the company, he has specialized
in organizing consortia with universities,
DARPA, and other federal agencies. He’s
also worked on wireless systems, mi-
crosystems, autonomous systems, quan-
tum devices, and  laser- powered systems,
among other areas. He holds 65 patents
and has published more than 60 scien-
tific articles. Currently he’s working
under contract with the Air Force Office
of Scientific Research on a  university–
 industry collaborative program on power
beaming.

Nearly 20 years ago, after reading a
news story in PHySiCS TODAy (May 2000,
page 17) about left- handed materials—
now called metamaterials—Tanielian
contacted the researchers at the Univer-
sity of California, San Diego. “i put a
team of university researchers together
and we started the metamaterials pro-
gram at DARPA,” he says. “initially, the
concept of metamaterials was somewhat
controversial among the engineering
community, but within six months we
conducted an experiment which veri-
fied that they were real and published
the results. The program eventually
went to a second phase at DARPA called
 negative- index materials, where we fo-
cused on applications.” Tanielian subse-
quently identified an application for the
technology in Boeing’s defense business,
which he says he can’t discuss for propri-
etary reasons.

Some of the modeling tools devel-

oped for the DARPA program were later
used in developing electrically small an-
tennas for cell phones. Lowell says that’s
an example of how basic physics often
transitions by “bank shot” from basic
physics to application: “it’s not that what
you do always goes directly to a place
you might think but somewhere that’s
one step removed.”

The reductionist approach physicists
employ is ideal for troubleshooting, the
Boeing scientists say. “When you get
called in, the physicist approaches the
problem by asking, How do i reduce the
system down to its bare core physics and
build the complexity up?” Lowell notes.
“The engineer starts with the complexity
and looks at the system at that level and
sometimes struggles to simplify things
enough to see what’s going on.”

Physicists also help bridge knowl-
edge gaps that occur among different
types of engineers and other scientists
working on multidisciplinary programs,
says Tanielian. Just as an electrical engi-
neer may not understand the mechanical-
engineering, thermal, or other aspects of
a program, a mechanical engineer likely
has trouble with electronics, he explains.
“Physicists are not as expert in terms of
how to do some specialized things, but we
understand the core of how things happen
or interact with each other, especially in a
multidisciplinary environment.”

Getting the word out
Boeing wants people with experimental
backgrounds and those with theoretical
backgrounds, people with analytical
skills and people with numerical skills,
says Lowell. “The breadth of problems in
a company our size is large, so the breadth
of skills we need is broad and deep.”

Lowell expects that the company’s
disruptive computing and network or-
ganization alone will require at least a
dozen new physicists over the next two
years. Quantum physicists—those who
have worked in supercomputing and
those with modeling experience—are in
particular demand. High- energy physi-
cists who deal with large amounts of data
and codes that take advantage of differ-
ent kinds of processors are also needed.

“We have a problem in trying to re-
cruit young physicists to industry and
specifically to Boeing, which is essen-
tially an engineering company,” says
Tanielian. 

David Kramer PT

+1 608 298-0855
sales@madcitylabs.com
www.madcitylabs.com

High Resolution AFM

Atomic step resolution

Low cost, do-it-yourself AFM

Closed loop nanopositioners

Precalibrated position sensors

Integrated z- axis control loop

Automated software control
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SUMMARY The American Institute of Physics 
(AIP) is seeking an ambitious, creative and 
value focused Science Content Marketing 
Partner. At the core of this position, you will 
develop physical science career-related 
content and execute job board marketing 
campaigns for our Career Network partners. 

QUALIFICATIONS Bachelor’s degree in 
Physical Sciences or related field with a 
concentration, minor or second major in 
Marketing, Journalism or English or related 
field. Five years relevant work experience 
blending writing, marketing and/or science. 
Ability to multi-task and prioritize deadlines.  
Very strong writing, communication and 
organization skills. Passion for marketing/
advertising industry news and trends. 
Experienced with Listserv software platforms. 

Located in College Park, Maryland.  
Learn more at www.aip.org  

The American Institute of Physics is an Affirmative 
Action and Equal Opportunity Employer
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TABOR ELECTRONICS

When time is of the essence
real-time microwave stimulus and response is critical

Take your experiment to the next level with 
Proteus, the world’s first Arbitrary Waveform 
Transceiver, providing full control of micro-
wave data streams for quantum and related 
experimentation. 

With unique, multi-function capability, including high-per-
formance direct microwave signal generation and analy-
sis, real-time user programmable FPGA processing, and 
wide-bandwidth measurement data streaming, Proteus 
is the essential building block for your next experiment.

Save time when developing your experiment – direct 
generation and readback of microwave signals is pos-
sible in a single instrument with no up/down conversion 

tion at up to 9 GHz.

Make multiple stimulus/response measurements be-
fore your information is lost due to decoherence with 
real-time closed-loop FPGA generation and analysis. 
Quickly setup for the next experiment with high-speed 
data transfer capability.

The Proteus Series is fully scalable to your 
experiment size and packaged in a benchtop or 
desktop instrument or as a PXI module to best 
suit your environment with full intrinsic phase 
synchronization.

A new era in experimental physics is here – 
enabled by Tabor’s new Proteus series.

Learn more at proteus.taborelec.com

 To talk to sales or an application engineer, please contact sales@taborelec.com.

Tabor Electronics US Solutions Partner
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Anne Marie Porter and Susan White are
survey researchers in the Statistical Research
Center at the American Institute of Physics in
College Park, Maryland.

Anne Marie Porter and Susan White

I n his poem “The Road Not Taken,” Robert Frost famously
wrote about choices. For graduate students in physics, the
most familiar road is the academic path, but many other
career paths are available to PhD physicists—far more
than Frost’s two roads. According to NSF’s Survey of 

Doctorate Recipients, almost half of the 130000 PhD physical scientists
living and working in the US in 2017 were employed in the private sector,
about 40% were employed in academia, and 9% worked in government
settings (see figure 1).

Survey data show that PhD physicists find 

satisfaction in a wide range of careers, from 

academia to government to industry.

The road 
taken

Two roads diverged in a wood, and I—

I took the one less traveled by,

And that has made all the difference.

—Robert Frost, 1916

Careers
issue
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In this article we examine the different career paths of
PhD physicists working in private industry, academia, and
government, and we describe what physicists in different
sectors find rewarding about their chosen careers.

In the first-ever 10-year follow-up survey of physics PhD
recipients, the Statistical Research Center at the American In-
stitute of Physics (AIP), which also publishes PhySICS ToDAy,
contacted physics PhD recipients from the classes of 1996,
1997, 2000, and 2001 who were in the US during 2011. Data
used in this article were collected from more than 1800 re-
spondents who participated in that PhD Plus 10 Study. We
asked a variety of questions about respondents’ postdoctoral
positions, their first jobs after receiving their doctorates, and
their jobs at the time of the survey. Respondents reported
whether they worked in academia (universities or other two-
or four-year institutions), for the government (military; na-
tional labs; or a local, state, or federal agency), or in the in-
dustrial sector (government contractor, private company, or
self-employed). 

Who pursues a postdoc?
The first step in a new PhD’s career is typically the decision
of whether to pursue a postdoc. According to AIP’s most recent
follow-up survey of physics degree recipients in 2015–16,
47% of PhD graduates accept postdoc positions. Not all
physicists pursue postdocs, and our PhD Plus 10 data show
that postdoc decisions were different across sectors. We found
that far fewer physicists working in industry accepted post-
doc positions. When we asked if they would do so again,
nearly a third of industrial physicists who took a postdoc
said they would not (see figure 2). Furthermore, those in in-
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FIGURE 1. EMPLOYMENT OF PHYSICAL SCIENCES PHDS BY
SECTOR, 2017. (Adapted from NSF, National Center for Science 
and Engineering Statistics, Survey of Doctorate Recipients, 2017.)

FIGURE 2. PERCENTAGE OF PHD PHYSICISTS IN EACH SECTOR
WHO ACCEPTED POSTDOCTORAL POSITIONS, physics PhD
classes of 1996, 1997, 2000, and 2001. Respondents were also asked
if they would accept their postdoc again if given the chance.

*Percentages do not total 100 due to rounding.
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FIGURE 3. NUMBER OF YEARS IN POSTDOCTORAL POSITIONS
BY SECTOR, physics PhD classes of 1996, 1997, 2000, and 2001. PhD
physicists in academia spent the most time in postdoc positions;
those in industry spent the least.

ROAD TAKEN

ONLINE RESOURCES
If you are interested in reading more about the careers 
of PhD physicists or gaining inspiration for job searches
outside academia, the following reports are available on
the American Institute of Physics website.
‣ Who’s Hiring Physics PhDs
(www.aip.org/statistics/whos-hiring-physics-phds) lists
employers who have recently hired a physics PhD in 
various sectors, along with common job titles, salaries,
and skills needed. 
‣ Common Careers of Physicists in the Private Sector
(www.aip.org/sites/default/files/statistics/phd-plus-10
/PhysPrivSect.pdf ) contains data on salaries and skills
used in eight types of industrial jobs.
‣ Physics PhDs Ten Years Later: Duties and Rewards
in Government Positions
(www.aip.org/sites/default/files/phd%2B10-gov-duties
nrewards.pdf ) indicates the job titles of physicists in 
government positions and what those jobs entail.
‣ Physics PhDs Ten Years Later: Duties and Rewards
in Academic Positions
(www.aip.org/sites/default/files/phd%2B10-acad-duties
nrewards.pdf ) indicates the job titles of physicists in 
academic positions and what those jobs entail.
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dustry who did accept a postdoctoral position spent the least
amount of time in it (see figure 3).

Of the physicists in our survey, 8% declined postdoc of-
fers and reported their reasons for doing so. They made that
choice because they found permanent positions elsewhere,
they were no longer interested in an academic career, the
postdoc salary was too low, they could not relocate, or they
wanted to start a family. Those responses suggest that finan-
cial and family considerations are important factors in a PhD
physicist’s decision to pursue the postdoctoral path.

Do careers change over time?
Since we knew PhD physicists’ first and current jobs, we were
able to look at different types of movement across careers.
Our survey analysis focused on three questions about career
movement:
• Did respondents move across sectors during their careers?
• Did respondents stay with the same employer?
• Did respondents change fields during their careers?
We found little movement across career sectors. Almost all
PhD physicists were still working in the same broad sector—
industry, academia, or government—in which they had ac-
cepted their first job after a postdoc (see figure 4).

We saw wide variation in physicists’ tendency to switch
employers depending on their job sector (see figure 5). About
two-thirds of the physicists working in the academic sector
were with the same employer who gave them their first non-
postdoctoral job, and almost three-fourths of government
employees were still with the same employer. Those work-
ing in industry, however, were more likely to have moved;
less than 40% were still with the same employer.

Lastly, we examined movement between job fields 
(figure 6). How common was it for physicists to, for example,
move from a physics-focused job to an engineering-focused
job or to a nonscience position? Most academic and govern-
ment physicists began their careers in the field of physics or
astronomy, and the majority stayed in their job field. Most
industry physicists worked in engineering fields, and those
who began in physics or astronomy were more likely to
move to a nonscience field. It’s possible that trend reflects a
tendency for industry physicists to move to management or
nonscience business positions as their careers progress.

What rewards do jobs in the different sectors offer?
We also asked physicists, “What are the most rewarding as-
pects of your current job?” In examining more than 1300
quotes from our respondents, we found far more similarities
than differences across the three sectors (see figure 7). For
example, PhD physicists in all three sectors felt rewarded
when they collaborated with others, mentored younger em-
ployees or students, helped society with their work, and had
the autonomy to decide their research and work schedules.
Regardless of which job path physicists choose, it appears
that working in academia, government, and industry can be
fulfilling in similar ways.  

Each sector is also unique, and physicists in the three sec-
tors identified specific aspects of their jobs as rewarding. For
example, academic physicists felt rewarded when teaching
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FIGURE 4. MOVEMENT BETWEEN FIRST AND CURRENT JOB
SECTORS, physics PhD classes of 1996, 1997, 2000, and 2001. The
width of the bar corresponds to the proportion of people in a 
particular sector.

FIGURE 5. MOVEMENT BETWEEN EMPLOYERS BY SECTOR,
physics PhD classes of 1996, 1997, 2000, and 2001. PhD physicists
working in industry were more likely to have changed employers
than those in the academic or government sectors.
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FIGURE 6. MOVEMENT BETWEEN EMPLOYMENT FIELDS BY
SECTOR, physics PhD classes of 1996, 1997, 2000, and 2001. Most
PhD physicists working in industry were in a field other than physics
or astronomy.
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students, performing public outreach to improve science liter-
acy, and helping their departments or the larger scientific field.
Industry physicists felt rewarded when helping their clients,
supporting their company, and receiving financial benefits like
higher salaries and stock options. Government physicists ap-
preciated that they had more job security and conducted re-
search at a faster pace than academics; they also felt rewarded
when addressing larger societal issues such as climate change
and national security. 

When we asked PhD physicists whether they found their
jobs intellectually challenging, those in government and aca-
demic positions were more likely to respond in the affirmative
than those in industry (see figure 8). However, there is no evi-
dence that industrial physicists are less satisfied with their jobs
than their counterparts in academia and government. Although
industry physicists may feel less intellectually challenged, they
may encounter different types of problems that they enjoy
tackling and solving.   

Diverging or converging roads?
The career options available to PhD physicists are varied. Our
data provide insight into the satisfaction that midcareer PhD
physicists have found (see online resources on page 34). We
should, however, note that the past does not necessarily predict
the future. The pace of technological change suggests that ca-
reer options that do not currently exist may be viable options
in 2040. In the same vein, current occupations may become ob-
solete. Therefore, we cannot give a comprehensive overview of
the career paths that today’s PhD students may travel. 

The roads in Frost’s poem diverge, and the narrator chooses
one. Later, the narrator notes, “Yet knowing how way leads 
on to way, I doubted if I should ever come back.” We do not
know whether the narrator ever went back. Can a PhD physi-
cist? We have seen that most remain in the same sector as their
first full-time job. However, some do change their career path
over time. The options are many and varied. Which road will
you take? PT

FIGURE 7. JOB REWARDS BY SECTOR, physics PhD classes of 1996, 1997, 2000, and 2001. Some job rewards are universal across
sectors; others tend to be mentioned more often by PhD physicists working in a specific sector.
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FIGURE 8. RESPONSES TO THE QUESTION “IS THIS
JOB INTELLECTUALLY CHALLENGING?” by sector,
physics PhD classes of 1996, 1997, 2000, and 2001. Even
though PhD physicists working in industry were less likely
to report that their job was intellectually challenging,
they did not report lower job satisfaction than their 
peers in the academic or government sectors.

ROAD TAKEN
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The Department of Physics, Colorado State University, 
seeks to hire at least one tenure-track faculty member 
at the rank of Assistant Professor in theoretical 
high-energy physics. Exceptional candidates will 
be considered for positions with a more senior rank. 
Candidates whose research complements the CSU 
program in experimental high-energy and particle 
astrophysics (HEPPA) are strongly encouraged to 
apply. Candidates must hold a Ph.D. in physics or an 
equivalent degree and have a documented potential 
for outstanding teaching, scholarship, and research. 
Postdoctoral and/or other substantial experience 
beyond the Ph.D. is expected. Complete applications 
consist of a cover letter, detailed CV, descriptions of 
research plans and teaching interests, and three let-
ters of reference. Your references will be contacted 
immediately upon submission of application and 
will receive an email with a link to submit their letter. 
Applications must be submitted online. For more infor-
mation,including application instructions, see https://
jobs.colostate.edu/postings/71002. Applications 
completed by November 13, 2019 will receive full con-
sideration, but applications will be accepted until the 

EA/AA employer and will conduct background checks 

THEORETICAL HIGH-ENERGY 
PHYSICS FACULTY POSITION

The School of Physics at Korea Institute for Advanced Study (KIAS) 
invites applicants for the positions at the level of KIAS assistant 
professor and postdoctoral research fellow in theoretical physics. 
Applicants are expected to have demonstrated exceptional research 
potential, including major contributions beyond or through the 
doctoral dissertation. 

The annual salary starts from 50,500,000 Korean Won (approxi-
mately US$45,500 at current exchange rate) for Research Fellows, 
and 57,500,000 Korean Won for KIAS Assistant Professors, respec-
tively. In addition, individual research funds of 10,000,000 Korean 
Won for research fellows and 13,000,000 Korean Won for KIAS 
Assistant Professors are available per year. The initial appointment 
for the position is for two years and is renewable once for up to two 
additional years, depending on research performance and the needs 
of the research program at KIAS.

Applications are normally reviewed twice a year and the respective 
deadlines are June 1st and December 1st. In addition, unexpected 
vacancies may be filled with exceptional candidates throughout 
the year. Applications must include a curriculum vitae with a cover 
letter, a list of publications, a research plan, and three letters of 
recommendation. Your application materials may be sent to phys@
kias.re.kr or submitted via Academic Jobs Online at https://academ-
icjobsonline.org/ajo.

KOREA INSTITUTE FOR 
ADVANCED STUDY (KIAS)
Assistant Professor & Research Fellow 
in Theoretical Physics at KIAS

These equal opportunity programs are open to all qualified persons without 
regard to race, gender, religion, age, physical disability or national origin.

Department of Energy National 
Nuclear Security Administration 
Stewardship Science
Graduate Fellowship
DEADLINE: 1/8/2020
www.krellinst.org/ssgf

Department of Energy 
Computational Science 
Graduate Fellowship

DEADLINE: 1/15/2020
www.krellinst.org/csgf

Department of Energy National 
Nuclear Security Administration 
Laboratory Residency 
Graduate Fellowship
DEADLINE: 3/4/2020
www.krellinst.org/lrgf

FELLOWSHIP OPPORTUNITIES FOR

Ph.D. STUDENTS

– Generous yearly stipend

–  Payment of full tuition 
and required fees

–  Annual professional 
development allowance

– Yearly program review participation

–  12-week practicum experience(s)

– Renewable up to four years

BENEFITS

APPLY TODAY!
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The Department of Physics and Astronomy in the College of Science at Purdue University seeks applications 
for a faculty position at the level of Assistant Professor in the area of experimental particle physics. All areas of 
experimental particle physics will be considered. We are interested in outstanding scientists with an established 
track record, international stature, a commitment to leading a preeminent research program, and a clear vision for 

in the CMS, Mu2e, XENON1T/nT, LBECA, STAR and LSST experiments. Synergies exist with groups in astro-

facility with resources applicable to silicon detector design, development and fabrication.

of research accomplishments, and evidence of potential excellence in teaching at both the undergraduate and 
graduate levels. Candidates are expected to develop vigorous research programs, supervise graduate students, 
and teach both undergraduate and graduate level courses.

 The Department has 57 tenured and tenure-track professors, 150 graduate 
students, and over 250 undergraduates. Over the last 5 years the Department has added 14 faculty and sig-

initiatives in new emerging areas, such as Data Science and Quantum Information Science, and committed the 
resources necessary to make the new growth impactful.

Physics and Astronomy is part of the College of Science, which comprises the computing, physical, and life sci-
ences at Purdue. It is the second-largest college at Purdue, with over 350 faculty and more than 6000 students. 
Purdue itself is one of the nation’s leading land-grant universities, with an enrollment of over 41,000 students pri-

https://www.purdue.edu/purduemoves/initiatives/
stem/index.php.

 Applications need to be submitted to https://career8.successfactors.com/sfcareer/
jobreqcareer?jobId=7330&company=purdueuniv&username= and must include (1) a complete curricu-
lum vitae, (2) a publication list, (3) a brief statement of present and future research plans, and (4) a statement 
of teaching philosophy. In addition, candidates should arrange for at least 3 letters of reference to be sent to 
ppsearch@purdue.edu. Questions regarding the position and search should be directed to neumeist@purdue.
edu. Applications completed by November 15, 2019 will be given full consideration, although the search will con-

Purdue University’s Department of Physics and Astronomy is committed to advancing diversity in all areas of 

areas in their cover letter, indicating their past experiences, current interests or activities, and/or future goals to 
promote a climate that values diversity and inclusion. A background check will be required for employment in this 
position.

FACULTY POSITION IN EXPERIMENTAL PARTICLE PHYSICS

Purdue University is an EEO/AA employer. All individuals, including minorities, women, individuals with disabilities, 
and veterans are encouraged to apply.

PT_Oct19_p38_Blank-Ad-Page.qxd  9/18/2019  3:38 PM  Page 38

http://http://digital.physicstoday.org//physicstoday/201910/TrackLink.action?pageName=38&exitLink=https%3A%2F%2Fwww.purdue.edu%2Fpurduemoves%2Finitiatives%2Fstem%2Findex.php
http://http://digital.physicstoday.org//physicstoday/201910/TrackLink.action?pageName=38&exitLink=https%3A%2F%2Fwww.purdue.edu%2Fpurduemoves%2Finitiatives%2Fstem%2Findex.php
http://http://digital.physicstoday.org//physicstoday/201910/TrackLink.action?pageName=38&exitLink=https%3A%2F%2Fcareer8.successfactors.com%2Fsfcareer%2Fjobreqcareer%3FjobId%3D7330%26company%3Dpurdueuniv%26username%3D
http://http://digital.physicstoday.org//physicstoday/201910/TrackLink.action?pageName=38&exitLink=mailto%3Appsearch%40purdue.edu
http://http://digital.physicstoday.org//physicstoday/201910/TrackLink.action?pageName=38&exitLink=https%3A%2F%2Fcareer8.successfactors.com%2Fsfcareer%2Fjobreqcareer%3FjobId%3D7330%26company%3Dpurdueuniv%26username%3D
http://http://digital.physicstoday.org//physicstoday/201910/TrackLink.action?pageName=38&exitLink=mailto%3Aneumeist%40purdue.edu
http://http://digital.physicstoday.org//physicstoday/201910/TrackLink.action?pageName=38&exitLink=mailto%3Aneumeist%40purdue.edu


FACULTY POSITION IN 
EXPERIMENTAL SPACE SCIENCES

The Department of Physics at Montana State University invites ap-

plications for a tenure-track Assistant Professor position in the field 

of Space Sciences, with an emphasis on space weather experimen-

tation. The anticipated start date is in the fall of 2020.  Candidates 

with expertise in any area of experimental space sciences are en-

couraged to apply. The position is initially funded by a grant from 

the NSF Faculty Development in Space Sciences (FDSS) Program.

Montana State University has a vibrant program of research utiliz-

ing rockets, CubeSats, larger satellites and high-altitude balloons 

to study solar and magnetospheric physics. Successful candidates 

will be able to build a related research program and supervise 

graduate and undergraduate research. Consistent with the goals of 

the FDSS, the successful candidate will also support the teaching 

goals of the university and help to expand the teaching of a Space 

Sciences curriculum.

Montana State University values diverse perspectives and is com-

mitted to continually supporting, promoting and building an inclu-

sive and culturally diverse campus environment. In support of the 

University's mission to be inclusive and diverse, applications from 

qualified minorities, women, veterans and persons with disabilities 

are highly encouraged.

For more information and application instructions, please contact: 

john.sample2@montana.edu.

Faculty Positions in Physics

The Department of Physics at The Pennsylvania State University 

(University Park campus) anticipates making two or more faculty 

appointments in condensed matter physics, AMO physics or bio-

logical physics that will start in Fall 2020. Candidates in any of the 

department’s other current areas of research, including astro-parti-

cle physics, cosmology and gravitation, and particle physics will also 

be considered. Applicants should have a Ph.D. and an outstanding 

research record. Rank will commensurate with qualifications 

and experience. Candidates should visit www.phys.psu.edu/
facapply for instructions on how to apply. Applications completed 

by Novem-ber 15, 2019 will be assured of full consideration. Later 

applications will be considered until the positions are filled. 

CAMPUS SECURITY CRIME STATISTICS: For more about safety at Penn 

State, and to review the Annual Security Report which contains infor-

mation about crime statistics and other safety and security matters, 

please go to  http://www.police.psu.edu/clery/,which will also pro-

vide you with detail on how to request a hard copy of the Annual 

Security Report.

TENURE-TRACK ASSISTANT PROFESSOR,
EXPERIMENTAL PHYSICS 
The Department of Physics and Astronomy at Western Washington University invites applications for a tenure-track assistant professor position starting September 
2020.  The position requires a Ph.D. in physics or closely related field. Applications will be considered from individuals with a research specialty in experimental 
physics, broadly defined.

Candidates must have a record of significant scholarly accomplishment and the potential for establishing an active independent research program involving under-
graduate students that strengthens existing areas of expertise in the department or college. Post-doctoral research or equivalent experience is strongly preferred. 
Candidates should also vhave a demonstrated record of, or potential for effective teaching at all levels of the undergraduate curriculum. Demonstrated experience 
with, or interest in the use of student-centered teaching approaches and demonstrated interest in, and potential for teaching upper-division laboratory courses are 
also preferred. A successful applicant will be expected to pursue an on-campus research program that will actively involve undergraduate students, and to apply for 
external grant support. Candidates must demonstrate an ability and commitment to cultivating learning environments that are equitable and inclusive of students 
with diverse identities and backgrounds, as well as excellent communication and interpersonal skills.

Applications must include (1) a detailed cover letter describing the ways in which the applicant's background addresses the required and preferred qualifications, (2) 
a statement of teaching philosophy, (3) a statement outlining proposed research plans, specifically addressing plans for undergraduate involvement, (4) a statement 
that addresses how your cultural, experiential, and/or academic background has prepared you to support the success of students with backgrounds or identities that 
are underrepresented in STEM fields as well as your commitment to these issues, and (5) a full curriculum vitae including the names, addresses, e-mail addresses, and 
telephone numbers of three professional references.  Do not send letters of recommendation; they will be requested only for semi-finalists.  Review of applications will 
begin on November 29, 2019 and the position will remain open until filled.  All application materials must be uploaded at http://www.wwu.edu/jobs.

Inquiries may be addressed to the search committee chair, Dr. Takele Seda, at takele.seda@wwu.edu or (360) 650-3838.

Western Washington University is a primarily undergraduate institution in the beautiful Pacific Northwest.  The Department of Physics and Astronomy offers a 
bachelor of science degree in physics and a bachelor of arts degree in math/physics education. More information can be found at http://www.wwu.edu/physics.

WWU is an AA/EO employer.

Western Washington University 
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Crystal Bailey heads career programs at the American
Physical Society in College Park, Maryland. Douglas Arion is
professor of physics and astronomy and of entrepreneurship
at Carthage College in Kenosha, Wisconsin.

Crystal Bailey and Douglas Arion

O n a fine spring day in a hotel in downtown
Washington, DC, a conference room full 
of educators listen raptly to a group of 
undergraduate students. One by one the
students describe new technologies they

developed—a process for eliminating fossil fuels from the production 
of synthetic materials or smart clothing that detects the physiological
precursors of meltdowns in autistic children—and the companies they
launched to market those technologies. Students recount how creating
their product and launching their business was a deeply empowering
and fulfilling experience, despite the hard work and uncertainty. They
articulate how meaningful it is to create technologies that can improve
human life.

Why should engineers have all the fun?

Teaching physics
for tomorrow
Equipping students to

change the world

Careers
issue
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TEACHING PHYSICS

Every student in that room is an engineering major;
not a one a physics major.

Such was the scene at the March 2019 Open confer-
ence, held by an organization called VentureWell, where
educators from across disciplines gathered to learn the lat-
est in the pedagogy of innovation and entrepreneurship.
The absence of physics students was odd, considering that
so many major technologies that significantly affect human
life started through research in physics. Wouldn’t it make
sense to see physics students applying their physics knowl-
edge and ability to solve real-world problems?

Those trained in physics are able to solve problems, to
apply mathematical and modeling skills, and to integrate
and apply multiple technologies; their abilities make them
particularly sought after by employers in many industrial
and research environments. Only 5% of physics bachelor’s
degree recipients will ultimately become tenured physics
faculty; the rest will apply their skills in a diverse range
of careers, the vast majority in the private sector.1 The same
is true for recipients of physics PhDs. More than 60% of
them also work in nonacademic environments.2 If physics
students received intentional training in innovation and
entrepreneurship, and if they developed the mindset and vision
to apply their skills, think of all the world’s problems that could
be solved!

Besides enhancing student skills and opportunities, other
factors make innovation and entrepreneurship education even
more important now. Pressure is increasing on undergraduate
education to produce financial value for graduates, especially
as more and more first-generation students from diverse cul-
tural backgrounds enroll in college. The closures of Mount Ida
College, Daniel Webster College, and Green Mountain College
and the search by Hampshire College to find sustaining part-
ners bring home the message: Colleges have to adapt if they
are to survive.

Seven years ago, a group of individuals met serendipitously
at a session at the March Meeting of the American Physical So-
ciety (APS) that focused on careers. There they discovered a
shared and deeply held interest in developing a new approach
to teaching physics, one that intentionally taught the skills,
knowledge, and mindset to equip physics students to have more
impact as scientists in the workforce. From that initial meeting,
an informal working group formed. It has since blossomed into
a community of practitioners of what we call physics innova-
tion and entrepreneurship (PIE) education.

What PIE is—and what it isn’t
PIE consists of experiences, courses, and research opportunities
that convey leadership, communication, and other professional
skills; that develop deep technological expertise and the confi-
dence to translate it into innovative solutions to problems; and
that create familiarity with intellectual property, return on in-
vestment, and other workforce-relevant concepts—all in the con-
text of an undergraduate physics degree. PIE encompasses many
of the skills and knowledge that will be relevant to future ca-
reers, but it also includes the mindset and knowledge that will
enable physics students to recognize opportunities to address
human needs and to translate their ideas into scalable solutions.

Don’t be misled by the presence of “entrepreneurship” in
PIE. Few physics students will go on to start their own compa-

nies. Even so, all students will benefit from understanding how
to create value propositions, marshal funding and other re-
sources, manage teams, think strategically, and deal with un-
certainty. That’s because the majority of them are destined for
the private sector. And those students who do have entrepre-
neurial dreams will be far better positioned to realize them.
What’s more, the same skills are often essential for success 
in academic research environments. Integrating them into the
physics curriculum will also serve the 5% of physics under-
graduate degree recipients who pursue academic careers.

Despite the manifest benefits of PIE, faculty members won-
der how they can incorporate its ideas while struggling with
ever-tightening budgetary and time constraints. They also worry
about preserving the “soul” of physics as a discipline. One of
the earliest conversations our working group had with skepti-
cal faculty members took place in 2015 at a panel on PIE at the
APS March Meeting. Most of the attendees were undergradu-
ates, graduate students, and postdocs, the demographic which
tends to be in the majority at events with “entrepreneurship”
in the title. However, a small number of highly engaged—even
combative—physics faculty were also present. They voiced two
major questions. Are you advocating turning our physics stu-
dents into engineers? What physics will I leave out in order to
teach PIE instead?

Since that session, the growing community of PIE practi-
tioners has been continually revisiting the two questions. In
short, the answer to the first question is no. The mathematical
facility, problem-solving ability, and breadth of technical ex-
pertise that are hallmarks of physicists and distinguish them
from engineers are what make physicists powerful innovators;
they are enhanced through PIE education, not depleted. The
answer to the second question is that PIE can be incorporated
into the student experience in ways that do not reduce the qual-

THE SCOPE OF PIE (physics innovation and entrepreneurship) 
encompasses the recommendations of Phys21: Preparing Physics 
Students for 21st-Century Careers, the 2016 report of the Joint Task
Force on Undergraduate Physics Programs.
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ity and content of the physics education. Indeed, the core of
our work is to develop educational approaches that teach in-
novation and entrepreneurship while retaining the factors and
features that make a physics education so valuable.

Baking PIE: The APS PIPELINE Network
Several activities have occurred in the past few years to help
those interested in PIE. Among them was a conference held in
2014 at the American Center for Physics in College Park, Mary-
land, attended by faculty from more than 40 institutions. One

of the meeting’s outcomes was a set of recommendations for
how the value of innovation and entrepreneurship education
could best be communicated and disseminated to other in-
stitutions. Recommendations included holding sessions at so-
ciety meetings, creating a newsletter for communication, and
creating and disseminating approaches for implementing PIE
education. Out of those recommendations came a road map
for the next steps that ultimately became a project called the
Pathways to Innovation & Physics Entrepreneurship: Launching
Institutional Engagement (PIPELINE) Network.

PIE Modules for Introductory
Physics Courses
Led by Bahram Roughani 
Loyola University Maryland (LUM)
These modules use design-thinking, which
includes creative and appropriate attention
to human needs while demonstrating the
application of physics knowledge in real-
world, human-focused applications. One
module is based on the Hyperloop, the
high-speed transport system proposed by
a joint team from Tesla and SpaceX.
Another module is based on a series
of problems and exercises around
human-powered pumps that have
been developed and subsequently
used for irrigation in sub-Saharan
farming communities. In both mod-
ules, students are guided through a
decision tree involving open-ended
questions that combine physics
with feasibility, such as energy out-
put of humans, the distance to the
river, and the area of the land to be
irrigated. The activities embrace am-
biguity, which is unavoidable in the real
world. A course on technical innovation
and entrepreneurship has also been devel-
oped and offered by the physics depart-
ment to its own majors and others at LUM
since 2016.
Technical Competencies 
Supporting Physics, Innovation,
and Entrepreneurship
Led by Randall Tagg 
University of Colorado Denver (CUD)
Prototyping requires integrating several
technical competencies, including elec-
tronics, mechanical systems, sensors, actu-
ators, optics, and computer-aided data 
acquisition and control. In some cases, vac-
uum systems, microwave systems, feed-
back control, and plasma generation are
also needed. To introduce first-year physics
majors to a basic range of competencies,
the PIE initiative at CUD developed a two-
semester sequence of applied physics labs.
The formal lab work is augmented by in-
formal opportunities to learn procedures,

such as soldering, CAD, and 3D printing. A
“grand finale” experiment from the module
appears in the accompanying photograph.
Designed to measure the speed of a DC
motor in response to changes in frictional
torque, the experiment incorporates,
among other things, Python code to run it,
a LabJack computer data-acquisition inter-
face, and a converted LED flashlight used as
a strobe. CUD’s lab staff Devin Pace and Kris
Bunker designed and built the apparatus.

Pop-Up Courses on Industry 
and Innovation
Led by Linda Barton 
Rochester Institute of Technology (RIT)
At RIT we have experimented with what we
call pop-up courses—short, informal work-
shops that introduce students to new top-
ics in a low-pressure, casual atmosphere.
Pop-up courses are typically self-contained,
interactive, exploratory, and not highly
scripted. At RIT, pop-ups have covered
basic hands-on technical competencies
such as electronics assembly, introductory
metal working, and programming Arduinos
(which was very popular, with student in-
terest leading to additional activities on
Linux installations and BASH scripting). We
have also used pop-ups to explore career
development topics, including resumé writ-
ing, job searching, elevator pitches, and
networking (largely based on the Society of
Physics Students Careers Toolbox). Whenever
possible, we schedule career pop-ups to co-
incide with career fairs. Pop-up classes can

serve as a vehicle for faculty development
of curricular modules that could later be in-
tegrated into more traditional courses. Al-
ternatively, the classes can stand alone as a
fun way to broaden the training of physics
students beyond the usual canon of tradi-
tional problem sets on traditional topics.
The pop-up format makes it easy to intro-
duce innovation and entrepreneurial ele-
ments (or any other material of interest)
into the physics curriculum.

Agile Project Management 
in Physics Design Projects
Led by Wouter Deconinck 
William & Mary
At William & Mary we developed cap-
stone design projects in which student
teams of three to five physics seniors
solve research and technology devel-
opment problems. Faculty researchers
or external partners provide the prob-
lems and their contexts. To avoid analy-
sis paralysis, we use concepts drawn
from the agile approach to managing
software development—namely, sprints

(short, iterative bursts of development),
scrums (brief daily meetings to share
progress reports), and kanban (bulletin
boards to track progress). Teams are re-
quired to demonstrate an increasingly
functional prototype after each three-week
sprint. The team generates and prioritizes a
list of tasks at the start of the sprint. Every
second day the team gathers for a 10-
minute stand-up meeting (the scrum) to re-
view a task-tracking board (the kanban) led
by one of the students who is the scrum
master. Each sprint ends with a prototype
demonstration to the product owner (the
faculty member or external partner) and 
a retrospective session, in which the team
reflects on collaboration and performance.
Together, the scrums, demos, and retro-
spectives give students opportunities to
practice and improve their oral communi-
cation skills. They also instill self-motivation
and project ownership better than do 
our traditional individual senior research
projects.

Box 1. Examples of Curricular Materials
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Meanwhile, activities focused on the career development of
physics students have also taken place in the past few years. In
2014 APS and the American Association of Physics Teachers
(AAPT) convened a joint task force on undergraduate physics
programs (J-TUPP). Released in 2016, the task force’s report,
Phys21: Preparing Physics Students for 21st-Century Careers, iden-
tified the technical, communication, and workplace-relevant
skills that physics students need besides expertise in physics.3
(The report is outlined in the article by Laurie McNeil and
Paula Heron, PHySIcS TodAy, November 2017, page 38.)

PIE aligns perfectly with the recommendations of Phys21.
As awareness of the report has spread within the physics edu-
cation community, increasing numbers of physics faculty are
beginning to consider incorporating PIE in their teaching.

In September 2016 APS launched the NSF-funded PIPELINE
Network. The collaborative, three-year project unites the efforts
of seven institutions (William & Mary, George Washington
University, Loyola University Maryland, Rochester Institute of
Technology (RIT), Worcester Polytechnic Institute, Wright State
University, and University of colorado denver) to develop and
disseminate PIE materials and to seed a nascent community of
experienced PIE practitioners. PIPELINE is guided by educa-
tors who have already established successful innovation and
entrepreneurship programs for physics students, including one
of us (Arion), whose ScienceWorks entrepreneurship program
at carthage college launched in 1994; Ed caner, who is with
the physics entrepreneurship master’s program at case West-
ern University; and dan Ludwigsen at Kettering University.
PIPELINE’s work has also been guided by an advisory board
of industrial physicists who have extensive experience as en-
trepreneurs and in the private sector.

A primary goal of PIPELINE has been the development and
testing of several sets of curricular materials. Some of them are
described in detail in box 1. The courses have received enthu-
siastic reviews from students who took them, and many addi-
tional student-driven projects have sprung from those initial
activities. Some have caught cross-campus attention and created
new opportunities for collaboration among departments and
disciplines; many institutions value such opportunities.

our second goal, increasing engagement of physics faculty
in the PIE community, has been more challenging to achieve

and measure, despite our monthly PIE newsletter, our talks at
numerous invited sessions at APS and AAPT meetings, and the
articles we’ve written for APS publications. In 2017 a general
survey went out to members of the APS Forum on Education.
of the 68 who responded, at least half indicated that they
would take advantage of resources that would help them 
implement PIE. yet the number of physics educators at PIE-
focused workshops and sessions at annual APS meetings re-
mains dwarfed by the number of students and early-career
physicists who see the value of the entrepreneurial mindset and
the broader application of their physics training.

Why educators seem reticent to fully engage is revealed by a
third goal of PIPELINE: an assessment and evaluation process
that looked at the attitudes toward PIE of both faculty and stu-
dents. As detailed in box 2, many physics faculty seem to recog-
nize the general value of PIE and are interested in learning more.
(The findings in boxes 2–4 come from research by Benjamin
Zwickl of RIT and Anne Leak of High Point University.) yet ob-
stacles to implementation remain, including a lack of familiarity
with PIE concepts, lack of recognition and support for such ac-
tivities at the institutional level, and the perception that physics
content will be lost by incorporating PIE into the curriculum.

Many faculty members don’t realize that they don’t have to
teach both physics and PIE themselves, so it’s not a zero-sum
game when it comes to their time. Students can gain PIE skills
through a variety of on- and off-campus experiences. The physics
curriculum can still address all of the core topics, skills, and
abilities that make physicists so valuable while also preparing
students for careers in industry.

That principle of combining core physics with entrepreneur-
ship and innovation is exemplified by a module developed at
Loyola University Maryland, and based on Hyperloop, the high-
speed transportation system being explored by Tesla and SpaceX.
Hyperloop envisions sending trains of pods containing people
or freight through airless tubes. Instead of teaching kinematics
by having students solve an arbitrary projectile motion prob-
lem, the module guides students through problems of increas-
ing complexity associated with the feasibility of operating a train
moving at 730 km/h in an evacuated tunnel. As the students
tackle the problems, they have opportunities to exercise their
creativity by devising innovative ways to ensure that design or

Forty faculty members from seven institu-
tions participated in a study that assessed
their perceptions, awareness, and experi-
ences with physics innovation and entre-
preneurship (PIE). Many of the challenges,
such as boosting the role of computation
and increasing the use of research-based
instructional strategies, are shared by other

efforts aimed at changing the way physics
is taught. The commonality of challenges
suggests that many effective ways devel-
oped to support those other initiatives
could also work for PIE.

Sixteen faculty members whom we sur-
veyed reported challenges in implement-
ing PIE at their institutions. The following

themes, ranked in order of prevalence,
emerged.
1. Lack of knowledge about nonacade-
mic careers limited faculty’s ability to de-
velop and deliver PIE-related curricula.
2. Lack of recognition for faculty who in-
tegrate PIE and career-focused elements
into their teaching reduced motivation.
3. Lack of interest among colleagues
and, more broadly, their departments left
PIE champions feeling isolated.
4. The physics major is already full, leav-
ing little room for new topics, such as PIE.
5. Resources were lacking, including
connections to alumni who work in the pri-
vate sector, time and funding to develop and
implement PIE, and curricular materials.

Box 2. Faculty Views of PIE

TEACHING PHYSICS

Response Are you aware of
PIE?

Have you faced challenges 
implementing PIE?

Yes 53% 40%

Not sure 35% 20%

No 15% 40%
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physics considerations do not impair the technology’s desir-
ability. What’s more, the module deliberately asks open-ended
questions and leaves crucial quantities undefined. For exam-
ple, students are to assume that the train accelerates at a “com-
fortable” rather than specified rate. The tactic familiarizes stu-
dents with ambiguity and encourages them to make reasonable,
well-informed estimates. The ability to confidently move beyond
the boundaries of what is known and make good guesses is a
characteristic of physicists. Students who take the module acquire
the essential mindset of a physicist while solving a real-world
problem, and they do so at the start of their physics education.

Students also harbor misconceptions about PIE. As boxes 3
and 4 detail, our research revealed that students’ perceptions
differ from those of experts. In particular, students did not be-
lieve that some aspects of innovation and entrepreneurship
were—or even should be—taught within physics. They did not
gain an understanding of the discipline’s benefits to society.
They maintained a belief that the disciplinary boundaries be-
tween, for example, physics, engineering, and business are real
and that their physics education doesn’t require understanding
design and learning cross-disciplinary topics.

That last revelation is especially unfortunate because cross-
disciplinary skills are essential even for careers in fundamental
physics research. More importantly, when most students go
out to work in the private sector, they will be working on in-
terdisciplinary teams. Part of their value as generalists is to be
able to speak lots of different disciplinary “languages.” Their
perception that they should let arbitrary boundaries define what
they can and can’t do diminishes that value. 

In addition to attitudinal roadblocks among faculty and stu-

dents, there is also a dearth of tested, effective PIE materials
that can be used by practitioners with different experience lev-
els. Also lacking among physics faculty are knowledge of and
comfort with teaching PIE concepts. Encouragingly, 89% of the
respondents to the APS Forum on Education survey said that
they would take advantage of an online platform for sharing
and developing PIE curricula. 

How to make this happen
To reiterate: PIPELINE aims to prepare students for 21st-century
career options and to make them more effective at solving the

IMPORTANCE AND LEARNABILITY of seven aspects of PIE as 
perceived by students. 

“Sometimes design skills may be needed in a lab and will
most likely be needed in research. However, you usually
don’t learn too much in the actual physics class.”

“I am a leader on my volleyball team at school, so I think I
have learned team efficiency strategies from there and have
incorporated them into my academic work.”

“I have learned a lot about technology during my research.
It has helped me specifically understand how computer 
programming works.”

“I haven’t learned any business skills in my physics classes.
The only place I have absorbed business skills is from my 
financial accounting class.”

“Being a TA allows me to have time to thoroughly explain
my reasoning behind physics topics to others with little 
experience.”

“Homework has provided me the most opportunity for 
creativity in physics because there are usually multiple ways
to approach a problem. We have to figure out which 
approach is best.”

“The only place where I have heard about the impacts of
physics on society is in my science, technology, and values
class, where we have been learning about the making of
atomic bombs.”

“After attending meetings for both SPS and Women in 
Science, I get a very clear picture of what my life might be
like after my physics degree.”

Box 3. Student Views of PIE

Lab courses
in physics

Extracurriculars

Research/
internship

Courses outside
physics

Teaching/learning
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Physics homework

Lecture courses
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40 30 20 10 0

Number of
respondents

6 30 25 37 26 10 47

22 23 21 16 40 18 13

20 27 25 17 15 14 30

31 15 20 24 8 18 21

10 32 16 3 33 13 6

5 12 26 10 11 5 13
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The seven essential aspects of PIE label the columns of the chart on the right. Students learn, think they learn, or fail to
learn about them through various channels (rows) and at different rates (numbers), as the chart and quotations illustrate.
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problems of today and tomorrow. To accomplish that vision, it’s
important to help physics faculty understand the value of
teaching PIE, help physics faculty who are interested do so
effectively, and help physics students understand that the skills,
knowledge, and mindset they gain through PIE will bring them
closer to realizing their dreams. 

To expand the community of practice to include more fac-
ulty (and departments) that are invested in adopting PIE, we
first want to create mechanisms that facilitate the successful im-
plementation of existing PIE curricula. Physics faculty mem-
bers who are interested in teaching PIE should have access to
resources that will enable them to at least experiment even if
they aren’t experienced practitioners. 

We also want to create scaffolding for physics faculty mem-
bers who are currently implementing and developing new ap-
proaches to PIE. By using the scaffolding, the developers of PIE
materials can share what they have created with others, who
in turn can build approaches that work in their particular land-
scape of resources and barriers. When the initially “PIE-curious”
begin to feel comfortable creating new approaches and men-
toring the next rounds of adopters, we will see our promotional
efforts turn a corner toward a self-sustained and self-led com-
munity. Eventually, what we believe is a long-overdue evolu-
tion in physics pedagogy will not only help physics graduates
get jobs but will also inspire and empower them to make pos-
itive changes in the world.

All PIE approaches developed under PIPELINE, including
the ones mentioned in box 1, can be found on our website
(go.aps.org/innovation). Educators are heartily invited to use
and adapt the materials and to submit approaches that they de-

velop. Through early 2020, APS will be hosting a series of web -
inars that introduce each of the existing PIE approaches and
provide advice on implementation. The webinars will include
a Q&A session during the live broadcast, and the recording of
the presentation and discussion will be available with the source
material. You can sign up to receive notifications of the broad-
casts by subscribing to APS PIE News, a monthly newsletter fea-
turing newly developed PIE curricular approaches, fresh op-
portunities to learn more or get involved in PIE, and resources
available through APS and other organizations, such as the
American Society for Engineering Education and VentureWell.
To join the newsletter mailing list, visit the PIE website. Lastly,
we have compiled a PIE speakers’ list, which is also available
on the PIE website. Here you can find people who can describe
the materials they have developed, provide advice on your ef-
forts, and help you build institutional support.

Building a successful 21st-century workforce, maintaining
the relevance of the study of physics, and adapting education
to the shifting demographics and pressures on institutions are
keys to the success of physics as a discipline and the future of
higher education. We hope that you will join us in these efforts.
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TEACHING PHYSICS

I&E aspects Expert definitions Student definitions

Business Goal-driven, client-oriented, 
consideration of costs and systems

Consideration of cost, awareness of audience, social 
interactions important

Communication
Teamwork, audience and purpose, 
working with clients, asking questions, 
documentation, presentations

Teamwork, explaining physics clearly and concisely, 
focused on oral communication more than written 
communication

Creativity Novel ideas and solutions, innovation in 
products and processes 

Essential for solving problems, especially complex ones
with unclear solutions

Design Awareness of end user and purpose, 
modeling and software, systems thinking

Creating experiments and computational models, using 
design software

Leadership Project or team management, initiative, 
organizational mindset

Collaboration with peers, leading group work, teaching
physics to others

Social impact Considering impact on people and 
communities, making positive change 

Negative impacts of physics, advancing science through
physics discoveries, relating physics to personal experiences

Technical skills Programming, hardware, specialized
tools/equipment, hands-on making

Programming, software, lab equipment

Box 4. How Experts and Students Define 
the Seven Aspects of PIE
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TENURE-TRACK 
PROFESSOR IN PHYSICS 

The Department of  Physics at the University of  Notre 
Dame invites applications for a tenure-track faculty 
position. Experimentalists and theorists in all areas 
of  physics are encouraged to apply.  The principal 
research areas in the department are astronomy/
astrophysics, biophysics, condensed matter physics, 
high-energy physics, network science, and nuclear 
physics. Candidates in other research areas, as well 
as interdisciplinary research, will also receive full 
consideration. 

The successful candidate must demonstrate the ability 
to develop a highly successful research program, attract 
independent research funding, and to teach effectively 
at both the graduate and undergraduate level. Salary 
and rank will be commensurate with the successful 
applicant’s experience and research accomplishments. 
The expected start date is August 2020.

Applicants should submit a curriculum vitae, list of  
publications, detailed research plans, and a statement 
of  teaching interests. Candidates must also arrange for 
at least three letters of  recommendation. Applications 
must be received by November 1, 2019. 

Apply at: https://apply.interfolio.com/66465 

TENURE-TRACK FACULTY IN 
CONDENSED MATTER PHYSICS 

The Department of  Physics at the University of  
Notre Dame invites applications for up to two tenure-
track faculty positions in Condensed Matter Physics. 
Experimental and theoretical Condensed Matter 
Physicists are encouraged to apply. Applications from 
tenured/senior researchers will also be considered. 

The condensed matter group at Notre Dame consists 
of  7 experimental and 4 theoretical faculty, doing 
research in hard condensed matter, quantum materials, 
complex networks, and biophysics. The successful 
candidate should have a strong track record in 
condensed matter research, will be expected to attract 
independent research funding and to teach effectively 
at both the graduate and undergraduate level. Salary 
and rank will be commensurate with the successful 
applicant’s experience and research accomplishments. 
The expected start date is August 2020. 

Applicants should submit a curriculum vitae, list of  
publications, detailed research plans, and a statement 
of  teaching interests. Candidates must also arrange for 
at least three letters of  recommendation. Applications 
received by November 1 will receive full consideration. 

Apply at: https://apply.interfolio.com/66898 

The Department of  Physics has 43 tenured and tenure-track faculty; another 23 research, teaching and concurrent faculty; more 
than 100 graduate students; and about 120 undergraduate physics majors. Additional information about the department and the 
College of  Science can be found at http://physics.nd.edu and http://science.nd.edu respectively. 

Accepting applications for faculty positions in physics

Equal Opportunity Employment Statement: The University of  Notre Dame seeks to attract, develop, and retain the highest 
quality faculty, staff  and administration.  The University is an Equal Opportunity Employer, and is committed to building a culturally 
diverse workplace.  We strongly encourage applications from female and minority candidates and those candidates attracted to a uni-

compliance with 41 CFR 60-741.5(a) and 41 CFR 60-300.5(a).
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The International Center for Quantum Materials (http://icqm.pku.edu.cn) 
invites applications for tenured/tenure-track faculty positions and postdoc-
toral positions in the fields of condensed matter physics; atomic, molecular, 
and optical (AMO) physics; solid-state based quantum information science 
(QIS); material physics and related areas. During the next phase of enhance-
ment, the center has a number of faculty lines and postdoctoral positions 
open for applications. 

Candidates must have a Ph. D in a relevant discipline, outstanding record of 
research accomplishments, and capability to lead an independent research 
group. The position offered will be commensurate with individual’s work 
experience and research track-record.  

All newly hired faculty members will be offered competitive resources and 
office/lab spaces. Annual salaries for faculty positions are competitive with 
US research universities. Peking University provides employee benefits 
package. Postdoctoral fellows will be provided with competitive annual sti-
pends based on individual’s experience and research performance. Housing 
subsidies will be provided. 

Applicants for a faculty position should send full curriculum vitae; copies 
of 3-5 key publications; 3 letters of recommendation; and a statement of 
research to Prof. Nanlin Wang at ICQM@pku.edu.cn. Application for a post-
doctoral position should be directly addressed to an individual prospective 
advisor. 

FACULTY AND POSTDOCTORAL POSITIONS
International Center For Quantum Materials
Peking University, China

Department of Physics, Atmospheric Physics Program (ATPH), 
invites applications for a tenure-track assistant professor position 
with a research focus in one or more of the following research 
areas: regional to global scale climate modeling with emphasis 
in boundary layer processes, numerical simulation of aerosol-

related to numerical weather/climate simulation to begin on or 

also be considered at a higher level of appointment. Candidates 
are expected to contribute to the diversity and excellence of 
the department and group through research, teaching and 
service.  We seek candidates who have the capacity to establish 
a vigorous, externally funded research program that comple-
ments existing faculty research interests, and who are able to 
teach effectively both the undergraduate physics curricula and 
graduate atmospheric courses in the ATPH program. A PhD

candidates should upload an application letter, a CV, detailed 
research and teaching plans, a statement of commitment to 

at apply.interfolio.com/65991. Applications will be received 

November 1, 2019 will receive full consideration. 

Come work with us!

The Physics Department of the Massachusetts Institute of Technology, located in Cambridge, Massachusetts  invites applications for the faculty 
positions described below. Faculty members at MIT conduct research, teach undergraduate and graduate physics courses, and supervise graduate 
and undergraduate participation in research. Candidates must show promise in teaching as well as in research. A Ph.D. in physics or physics-related 
discipline is required by the start of employment. Preference will be given to applicants at the Assistant Professor level.
The application deadline for all faculty positions is November 15, 2019. Applicants should submit a curriculum vitae, a list of publications, 
and a brief description of research interests and goals (the latter NOT TO EXCEED 3 PAGES IN LENGTH) at the following web site: 
http://www.academicjobsonline.com. Applicants should also arrange for three letters of reference to be uploaded to the same site. 
Only web submissions will be accepted.
Candidates who are uncertain whether they fit into a particular search should contact the most relevant search chair.

Astrophysics: The Astrophysics search is unrestricted with respect to area of specialization, but has a particular interest in candidates working in 
astrophysics theory. Current astrophysics faculty are active in broad areas of observational and theoretical astrophysics, including optical/IR, radio, and 
high energy astronomy; studies of exoplanets; gravitational wave science; and observational and theoretical cosmology. MIT hosts the Kavli Institute 

including the Laser Interferometer Gravitational-Wave Observatory (LIGO), the Magellan telescopes, the Hydrogen Epoch of Reionization Array (HERA), 
the Chandra X-ray Observatory, the Neutron Star Interior Composition Explorer (NICER), and the Transiting Exoplanet Survey Satellite (TESS), as well as 
an in-house high-performance computing cluster. Enquiries should be directed to Prof. Scott Hughes, Search Committee Chair, sahughes@mit.edu.

Soft Condensed Matter and Biological Physics: 

directed to Professor Mehran Kardar, Search Committee Chair, kardar@mit.edu.  

Theoretical Physics: The Center for Theoretical Physics at MIT is seeking applications for a junior faculty appointment in high-energy, nuclear, 
and/or quantum physics. We encourage applicants doing relevant research at any energy scale, including areas such as quantum computing and 

amplitudes; QCD including strongly coupled matter; and string theory, gravity, holography, and mathematical physics. Candidates will be evaluated on 
the basis of potential contributions to theoretical physics research, and to the undergraduate and graduate teaching programs of the MIT Department of 
Physics. Interviews will occur in February 2020. Any inquiries should be directed to Professor Jesse Thaler, Search Committee Chair, at 
ctp-facultysearch@mit.edu. 
MIT is an equal employment opportunity employer. All qualified applicants will receive consideration for 
employment and will not be discriminated against on the basis of race, color, sex, sexual orientation, gender 
identity, religion, disability, age, genetic information, veteran status, ancestry, or national or ethnic origin. 

http://web.mit.edu 
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SCHOOL OF PHYSICS AND ASTRONOMY

Tenure-Track Assistant Professor In Experimental Con-
densed Matter Physics Applications are being accepted in the 
area of quantum materials. Apply online for Job ID 332289:
https://z.umn.edu/CMX_FacultySearch  Deadline for full consideration: 
December 2, 2019.

Tenure-Track Assistant Professor In Theoretical Particle Physics
Applications are being accepted in the areas of field theory, phenomenol-
ogy, astroparticle physics and cosmology. Apply online for Job ID 332601: 
https://z.umn.edu/TPP_FacultySearch  Deadline for full consideration: 
December 1, 2019.

Candidates are expected to hold a Ph.D. in physics and should have 
demonstrated the potential to conduct a vigorous and significant research 
program as evidenced by publication record and supporting letters from 
recognized leaders in the field. The ability to teach physics effectively at 
both the graduate and undergraduate levels is required. The candidates 
should be dedicated to fostering a diverse and inclusive environment, and 
should be committed to working well with others. 

The University of Minnesota shall provide equal access to and opportunity in its 
programs, facilities, and employment without regard to race, color, creed, religion, 
national origin, gender, age, marital status, familial status, disability, public assis-
tance status, membership or activity in a local commission created for the purpose 
of dealing with discrimination, veteran status, sexual orientation, gender identity, 
or gender expression.

ZHEJIANG UNIVERSITY
Faculty positions available in the Dept of Physics, 

Zhejiang Univ, P. R. China  

The Dept of Physics, Zhejiang University, is expanding its research scope 
and seeking a number of candidates to fill faculty positions at all professor 
levels in all subfields of experimental & theoretical physics. Applicants must 
have a Ph.D. in physics or closely related fields and a distinguished record 
of scholarship. The successful applicant is expected to develop an innova-
tive research program and participate in teaching at the graduate and un-
dergraduate levels. Zhejiang University offers a generous start-up fund, a 
competitive salary and an attractive housing benefit with the opportunity to 
purchase an affordable university apartment.  

We invite scholars who seek positions to attend the “Zhejiang University 
Qizhen Youth Forum—Dept of Physics” from Dec 20–22, 2019. We will ar-
range accommodation for all attendees. Travel expenses will be reimbursed 
to a limit based on the attendee’s current country of residence: 15,000 
CNY/person for non-Asian countries, 10,000 CNY/person for Asian countries 
other than China, 5,000 CNY/person for China (including Hong Kong, Ma-
cao and Taiwan). Interested scholars should apply by CV to the HR Office, 
Dept of Physics  (phydpy@zju.edu.cn, with subject “applicant’s full name + 
Physics Forum 2019”) before November 20th, 2019. Approved applicants 
will receive a formal invitation letter from the forum organizers.  

The Department of Physics and Astronomy at Rutgers, The State University of New Jersey, invites applicants for two 

tenure-track Assistant Professor positions in QIS, one in Theoretical and one in Experimental Physics.  This search 

will be coordinated with a separate search underway in the Department of Chemistry and Chemical Biology.  For an 

exceptional candidate, appointment at a more senior level may be considered.

Applicants must have a Ph.D. degree or equivalent in Physics or a related field by the start of employment and an out-

standing record of research and publication. We seek applicants in all subfields of QIS, including many body physics, 

computation, communication, and sensing, and working with various platforms (e.g., solid state and AMO). Candidates 

whose skills complement the department’s existing strengths in superconducting qubits, quantum materials, and highly 

correlated systems are particularly encouraged. 

The successful candidates will be expected to establish an independent research program that will attract external 

funding, and to teach effectively physics courses at the undergraduate and graduate levels.  A start date of 1 Sep-

tember 2020 is anticipated.  Applicants should apply online via the Rutgers on-line portal: http://jobs.rutgers.edu/
postings/99727, providing a cover letter, a CV including list of publications, a statement of research plans, and a 

teaching statement, and arrange for three letters of recommendation to be submitted.  Review of applications will 

begin on 1 November 2019, with those arriving by 1 December 2019 receiving the fullest consideration.

All qualified applicants will receive consideration for employment without regard to race, color, religion, sex, sexual orientation, 

gender identity or expression, national origin, disability, protected veteran status or any other classification protected by law.

Two Faculty Positions, in Experimental and Theoretical Physics
in the area of Quantum Information Science (QIS),

at Rutgers, the State University of New Jersey 
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Alexander L. Rudolph is a professor of
physics and astronomy at California State
Polytechnic University in Pomona and the
director of the Cal-Bridge program.

Alexander L. Rudolph

The challenge of creating equal representation in STEM 
(science, technology, engineering, and math) is a long-
standing one that has resisted improvement. The problem
is especially stark at the PhD level. The number of under-
represented minorities (URMs), comprising the groups

Latinx or Hispanic, Black or African American, and Native American, receiving
STEM PhDs has remained around 14%, even though those groups make up more
than 30% of the US population.1 The problem is even more acute in physics and
astronomy, where the percentage of PhDs awarded to URMs in 2016 was only 6%
of the total. Women are also underrepresented, making up only 20% of PhDs in
physics and astronomy, lagging even the rest of the STEM fields (see figure 1). 

The Cal-Bridge program connects promising

juniors and seniors from underrepresented

groups with STEM faculty mentors to 

help smooth the transition from 

undergraduate to graduate programs. 

Cal-Bridge
Creating pathways to the PhD 
for underrepresented students 

in physics and astronomy

Careers
issue
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CAL-BRIDGE

Attempts to address the lack 
of representation have had limited
success. However, some recent
programs are beginning to make
progress. One of them is the Cal-
Bridge program, a partnership be-
tween 9 University of California
(UC), 16 California State Univer-
sity (CSU), and more than 30 com-
munity college campuses in Cali-
fornia. The mission of Cal-Bridge
is to increase the numbers of tradi-
tionally underrepresented groups
in PhD programs in physics, as-
tronomy, and closely related fields.
More than 160 physics and astron-
omy faculty from the three sys-
tems participate in the program.
The Cal-Bridge model has the 
potential to improve representa-
tion and inclusion in STEM PhD
programs.

Problems and progress
Reducing inequities at all educa-
tional levels is crucial both for cre-
ating equal opportunities and for
ensuring the future health of the
US scientific community. In the
National Academies report Expanding Underrepresented Minor-
ity Participation, the authors note that “the S&E [science & en-
gineering] workforce is large and fast-growing: more than
5 million strong and projected by the U.S. Bureau of Labor Sta-
tistics to grow faster than any other sector in coming years. This
growth rate provides an opportunity to draw on new sources
of talent, including underrepresented minorities, to make our
S&E workforce as robust and dynamic as possible.”2

Students with STEM degrees have a wide range of careers
open to them (see the article in this issue by Anne Marie Porter
and Susan White, page 32), and unemployment rates de-
crease rapidly with increasing education, from 5.3% for high
school graduates, to 2.5% for those with a bachelor’s degree,
and even lower for those with advanced degrees.3 About 12%
of PhDs in STEM eventually attain faculty jobs,4 where they
become the teachers and role models for the next generation 
of college students. Although that percentage is relatively
small, diversifying the faculty in physics and astronomy is 
an important goal. Studies have consistently shown that a
lack of faculty role models dissuades students from under -
represented groups from choosing a STEM major.5 In physics
and astronomy, only 16% of faculty are women and 5% are
URMs.6 Inequalities in the professoriate and workforce are thus
intertwined.

The percentage of URMs and women in physics and astron-
omy PhD programs has been slow to change, and the problem
is even more acute for those with multiple underrepresented
identities, such as women of color, even as the physics commu-
nity recognizes those percentages as a problem (see the article by
Jennifer Blue, Adrienne Traxler, and Ximena Cid, PHySICS TODAy,
March 2018, page 40). But some recent efforts are beginning to

bear fruit. For example, there has been a small increase in the
number of Hispanic PhDs in those fields in the past few years,1
possibly due to the growth of PhD bridge programs such as
Cal-Bridge, the Fisk–Vanderbilt Master’s-to-PhD Bridge Pro-
gram,7,8 Columbia University’s Bridge to the PhD Program, and
the American Physical Society (APS) Bridge Program. 

Other than Cal-Bridge, those programs are all based on a
postbaccalaureate model. The oldest, Fisk–Vanderbilt, is an 
innovative partnership between Fisk University, a prominent 
historically black institution, and Vanderbilt University, a top 
research university located only two miles away. The program
focuses on the master’s degree as a key pathway to the PhD for
URM students. Minority students are approximately 50% more
likely to seek a master’s degree on their way to a PhD than are
nonminority students.9 The Fisk–Vanderbilt program currently
grants 10 times the national average of URM PhDs in astron-
omy and 5 times the national average in physics.

The APS Bridge Program recruits candidates nationally and
matches them with dozens of vetted graduate programs, mostly
PhDs, in physics. Two-thirds of applicants to the APS program
had not been admitted to a PhD program; the other third had
not applied at all, often due to perceived deficiencies in their
GPA or physics GRE score. As of 2019 the program had placed
more than 200 applicants into bridge programs or partner sites,
including 40 students in 2016 alone, the last year they reported
(see the article by Ted Hodapp and Kathryne Woodle, PHySICS
TODAy, February 2017, page 50).

Cal-Bridge: A different model
The bridge programs described above serve postbaccalaureate
students who did not transition directly to a PhD program after
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FIGURE 1. PERCENTAGE OF STEM PHDS AWARDED IN 2016 to women and to members
of underrepresented minorities (URMs). Numbers of PhDs awarded to members of both
groups (for example, women of color) are even lower and are not reported separately by
NSF. (Adapted from ref. 1.)
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receiving a bachelor’s degree. The Cal-Bridge model offers a
different approach: ensuring adequate preparation and broad-
ening faculty attitudes in the PhD admissions process before
students graduate with a bachelor’s degree.

To achieve that end, the Cal-Bridge program recruits and
supports students entering their last two years of undergrad-
uate studies. In 2015 almost 70% of undergraduate URM stu-
dents interested in STEM did not complete their STEM degree,
and few proceeded to pursue a PhD.10 Given the high attrition
rate, it is critical to support students as early as possible. Our
hope is to eliminate the necessity for the detour many under-
represented students take by obtaining master’s training at one
university before obtaining a PhD at another institution. We also
hope to identify and recruit students who never even make it
to the stage of applying to programs like Fisk–Vanderbilt and
APS Bridge, let alone a PhD program, because they struggled
early in their undergraduate career or lacked awareness of the
PhD as a possibility.

The Cal-Bridge program is divided into two parallel sub-
programs, Cal-Bridge South and Cal-Bridge North (see figure 2).
Recruiting takes place at the 16 participating CSU campuses,
plus more than 30 community colleges that are primary feed-
ers for transfer students to CSUs. Faculty mentors at the CSUs
and one or more liaisons at each community college are the
primary program recruiters. They are responsible for identi-
fying, cultivating, and mentoring potential applicants. That
form of active recruiting is critical to increasing diversity; 
we have found that many students from underrepresented
groups lack basic knowledge about a PhD as a path to
follow or do not feel welcome in our fields unless specifically
encouraged.

Cal-Bridge selects scholars
using a model similar to Fisk–
Vanderbilt, which is based on so-
cial science research and employs
specific criteria and practices.5

Applications are submitted online
and include three essay ques-
tions designed to elicit informa-
tion about the motivation and ca-
pabilities of the applicants. Each
region has its own steering com-
mittee, which consists of UC, CSU,
and community college faculty.
The steering committees for each
region review the initial applicant
pool. A group of finalists is se-
lected for in-depth 30-minute 
interviews via video conference
with two steering committee
members, one from a CSU or
community college and one from
the UC system. The steering com-
mittees then meet to select the
Cal-Bridge scholars for their re-
gion based on the criteria in the
interview protocol.

During the process, steering
committee members review the
applicant’s personal essays and

letters of recommendation to assess the student’s work ethic,
initiative, focus, and perseverance; consider their academic
performance in math and physics courses; and evaluate their
community service, leadership, and outreach activities as in-
dicators of motivation and long-term goals. Committee mem-
bers also focus on the student’s academic potential as evi-
denced by performance in individual courses and improvement
over time, and take into account situations where a student
might have an uneven record due to external demands like
work, family, or psychosocial stressors.

Program structure
The National Academies report Expanding Underrepresented Mi-
nority Participation highlights two key priorities for broadening
participation in the STEM workforce. To address the first pri-
ority, undergraduate retention and completion, the report pro-
poses that higher education institutions provide “strong aca-
demic, social, and financial support . . . along with programs
that simultaneously integrate academic, social, and profes-
sional development.”11 For the second priority, transition to
graduate study, it encourages programs that support the tran-
sition from undergraduate to graduate education and provide
support in graduate programs.

The design and implementation of Cal-Bridge reflects those
priorities and solutions by building the program on four pil-
lars: financial support, mentoring, cohort building and profes-
sional development, and research experiences. In addition, fac-
ulty at both the scholars’ home institutions and at the institutions
where the scholars hope to matriculate to obtain their PhD are
active participants. We next describe the resources for scholars
and participating faculty under each pillar.

C -BAL RIDGE SOUTH

C -BAL RIDGE NORTH

UC Santa Barbara

Northridge

UCLA

Los Angeles San Bernardino

Dominguez Hills
Fullerton UC RiversideLong Beach

UC Irvine

San Marcos

UC San Diego

San Diego

Pomona

Sonoma Sacramento
UC Davis

UC BerkeleySan
Francisco East Bay

San José Stanislaus

UC Santa Cruz
UC Merced

Fresno

California State University campuses University of California campuses

FIGURE 2. LOCATIONS OF CAL-BRIDGE CAMPUSES.
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Financial support
Most applicants to Cal-Bridge have
demonstrated financial need beyond the
aid they already receive from the state
and federal governments. Based on 2016–
17 data, 80% of CSU students receive fi-
nancial aid, despite the relatively low cost
of attendance: In-state resident tuition
and fees are about $7000, and, depending
on housing arrangements (on campus ver-
sus off campus), the full cost of attendance ranges from $15 000
to $25 000, including room, board, books, and so on. Of the CSU
students receiving aid, 61% received Pell Grants. Average
parental income of students receiving aid in the CSU system is
under $45 000.

Cal-Bridge scholars are given two years of need-based
scholarship support, up to $10 000 per year, at their CSU cam-
pus to supplement any grants or scholarships they receive. The
average need-based grant of Cal-Bridge scholars has been
$9400. Most CSU students work to pay for their education and
to help provide financial support to their families. Many schol-
ars have been working 20 to 30 hours per week during their
first two years of college, and some even hold full-time jobs
that take valuable time away from their studies and from re-
search and mentoring opportunities. As a condition of partici-
pation, Cal-Bridge scholars are limited to working fewer than
10 hours per week; thus financial support from Cal-Bridge 
allows students to remain engaged in their classes and in pro-
gram activities. 

Mentoring
Following the Fisk–Vanderbilt model, each scholar is formally
assigned two mentors: a CSU faculty member at their home in-
stitution and a UC faculty member. Mentoring programs have
been shown to improve persistence, student performance, and
academic self-esteem.12,13 Joint mentoring is the best way to
track student progress and to ensure scholars’ readiness for
PhD-level graduate work. Mentoring takes place via twice-
monthly meetings between each scholar and their two men-
tors. The CSU faculty mentor gives academic advice on course
selection and study habits, guides students toward research

opportunities, and helps them apply to graduate school. The
UC mentor performs similar functions and is also especially
qualified to provide guidance toward readiness for gradu -
ate school. 

The participation of a UC faculty mentor is a novel and crit-
ical piece of the Cal-Bridge model. Exposure to regular advice
and validation from a faculty member at a PhD program gives
added weight to the encouragement and guidance students 
receive. The UC mentor also advises the scholars on what is 
expected in a graduate school application and guides them
through the application process. 

Mentors also obtain monthly feedback from each scholar’s
instructors in order to track academic progress and catch prob-
lems early. That system allows for intervention when neces-
sary; for example, mentors might help scholars work on their
study habits or connect them with UC graduate student tutors,
paid for by the program. To ensure that Cal-Bridge mentors im-
plement research-based best practices, mentoring experts pro-
vide training workshops for Cal-Bridge faculty participants.
Experienced faculty mentors also act as “near-peer” mentors
to newer Cal-Bridge faculty.

Cal-Bridge also facilitates regular meetings among the fac-
ulty and students from different campuses and systems. Those
meetings enable an exchange of information about how under-
graduates should train and prepare for graduate school. Stu-
dents and CSU and community college faculty members gain
insight into graduate admissions decisions with the help of UC
faculty who sit on PhD admissions committees. 

Simultaneously, the UC faculty members gain reciprocal 
insight into the lives of CSU students, which greatly increases
the faculty’s awareness of both the challenges those students

CAL-BRIDGE

FIGURE 3. CAL-BRIDGE NORTH (LEFT)
AND SOUTH (BELOW) SCHOLARS at fall
2018 orientation. (Courtesy of the 
Cal-Bridge program.)
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face and the strengths they can bring to a graduate program,
strengths that may not be reflected in a paper application.
When those UC faculty members evaluate applications to their
PhD programs, their experience with Cal-Bridge may broaden
the network of institutions and faculty recommenders that they
trust to endorse qualified applicants. That familiarity can min-
imize the perceived risks of admitting students from institu-
tions whose reputations UC faculty are less familiar with.14

Identifying changes to the recruiting and admissions process
that smooth the transition of underrepresented students into
graduate school and building an institutional apparatus to sup-
port those changes are primary long-term goals of the Cal-
Bridge program. 

Cohort-building and professional development
To foster holistic support for young scholars, Cal-Bridge also
holds regular monthly cohort-building, skill-building, and pro-
fessional development workshops. Most are combined with a
visit to a UC campus. The geographic compactness of the Cal-
Bridge schools in each region, as seen in figure 2, makes it fea-
sible for Cal-Bridge scholars to attend in-person workshops.
That attendance in turn supports the creation of a peer cohort
among Cal-Bridge scholars, an essential program element that
increases retention.15

In the new scholar orientation, newly selected students (see
figure 3) are introduced to the program and presented with the
Cal-Bridge scholar contract, which outlines the obligations of
the program and establishes clear expectations. Returning
scholars work on developing a list of graduate schools to which
they plan to apply and on refining their graduate school ad-
missions essays. Other workshops are held throughout the

year; topics include Python programming and cultivating a
growth mindset. 

Every spring, two workshops are held on graduate admis-
sions essay writing. Scholars in their junior year learn the best
practices for writing such essays at the first workshop and re-
vise their drafts at the second. Over the summer their essays
are reviewed by their peers, then by an eight-member UC fac-
ulty committee, and finally by their mentors before they sum-
mit them to graduate programs in the fall. All senior-year schol-
ars are also required to apply for an NSF Graduate Research
Fellowship. Seven scholars, representing 26% of Cal-Bridge schol-
arswho applied, have received a fellowship in the past four years.

Research experiences
Numerous studies have documented the benefits of under-
graduate research in catalyzing interest in graduate edu -
cation.16,17 Cal-Bridge scholars participate in supervised 
research both in the summer and during the academic 
year, and junior-year scholars learn about opportunities for
summer research from our annual presentation on those 
opportunities.

One valuable opportunity is the Cal-Bridge summer research
program, also known as CAMPARE (see figure 4). That program,
which has been running since 2009, provides research oppor-
tunities for students from 21 CSU campuses and more than 30
community college partners to conduct summer research at
one of 18 research sites around the country, including 7 UC
campuses. Other scholars have obtained their own research
placements with independent undergraduate research pro-
grams such as the Harvard–Smithsonian Astronomical Obser-
vatory, Northwestern CIERA, MIT Haystack Observatory, and
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FIGURE 4. LOCATIONS OF COLLEGES AND UNIVERSITIES IN THE CAMPARE NETWORK. CAMPARE, a sister program to Cal-Bridge,
matches promising undergraduates with summer research opportunities in STEM fields. The CAMPARE HERA Astronomy Minority Partnership
(CHAMP) is a subprogram of CAMPARE that partners with the Hydrogen Epoch of Reionization Array (HERA) project.
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the National Astronomy Consortium led by the National Radio
Astronomy Observatory.

Working with UC faculty offers two distinct benefits to Cal-
Bridge scholars. First, a summer research program gives the
scholars a window into the type of research they might conduct
if they attend that UC campus for graduate school. Second, a
UC faculty member can get an in-depth look at a Cal-Bridge
scholar in a research setting, so that they can speak to that
scholar’s capabilities in a letter of recommendation for gradu-
ate programs. The Cal-Bridge summer research program also
acts as an additional recruiting mechanism for the main Cal-
Bridge program by helping identify students who are likely
candidates for it.

All Cal-Bridge scholars are expected to present the results
of their research at regional and national conferences, such as
the American Astronomical Society meeting or the APS March
Meeting. Attending conferences and presenting research re-
sults are critical for students’ professional development. A 2007
study of undergraduate research students noted that students
who “became involved in the culture of research—attending
conferences, mentoring other students, authoring journal papers,
and so on—were the most likely to experience ‘positive’ out-
comes,” such as increased interest in pursuing a research career
and increased likelihood of obtaining a PhD.16

In the fall of each year, Cal-Bridge hosts an annual research
symposium together with our sister CAMPARE summer re-
search program. Participants in both programs present their
research results. Scholars’ families are invited in order to enlist
support for the students as they make their career choices, in-
cluding the possible decision to pursue a PhD in physics or as-
tronomy. Family support is critical for all students, but espe-
cially for URM and first-generation college students.18

Outcomes
The Cal-Bridge program has already had a positive effect on
the number of students from underrepresented groups pursu-
ing physics and astronomy PhDs (see the box at left). The pro-
gram has selected 59 scholars over the past five years. They in-
clude 34 Latinx, 7 African American, and 25 women students,
with 15 of the women coming from underrepresented minority
groups. Thus over 25% of Cal-Bridge scholars are women of
color. Of the 59, 44 are first-generation college students. We
were recently able to double our size, to 25 scholars per year,
through a five-year, $5 million grant from NSF’s S-STEM pro-
gram. Growth is expected to continue with a long-term target
of 35–40 scholars selected annually from across the state. 

In the past four years, 27 of 33 (82%) Cal-Bridge scholars
who graduated with a BS while in the program have begun
PhD programs in physics or astronomy. Four others are en-
rolled in an APS Bridge Program or a master’s degree program,
and most are hoping to eventually earn a PhD. One scholar was
accepted into a PhD program but chose to teach high school
physics instead.

Of the 27 scholars who are in a PhD program, 10 are attend-
ing five UC programs: Davis, Irvine, Merced, Santa Barbara, and
Santa Cruz. The other 17 scholars are attending 14 non-UC PhD
programs across the country, including those at Caltech, Har-
vard, University of Maryland, Northwestern University, Uni-
versity of Pennsylvania, the Pennsylvania State University, and
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CAL-BRIDGE

The network of mentors and peers Cal-
Bridge has helped me create has been in-
valuable in my pursuit of an astrophysics
PhD! I now have an incredible support sys-
tem of similarly underrepresented astro
grad students and mentors who actively
work to build a more inclusive community.

—Katy Rodriguez Wimberly (BS, CSU Long Beach 2015; astron-
omy PhD candidate, UC Irvine; NSF Graduate Research Fellow)

If not for the immense support provided 
by all my mentors and peers in Cal-Bridge, 
I probably would have given up on my
dream to go to grad school. They kept me
moving forward.
—Luis Nuñez (BS, Cal Poly Pomona
2018; astronomy PhD candidate, the

Pennsylvania State University)

Cal-Bridge opened up doors for me that led
to great experiences which helped lead to
where I am now. As a first-generation col-
lege student, they offered great resources
and mentoring that helped guide me through
school, internships, and graduate school.
—Becky Flores (BS, CSU Northridge

2019; astronomy PhD candidate, Georgia State University)

“Help” is an understatement for what Cal-
Bridge has done for me. Cal-Bridge prepared
me academically and mentally to become a
PhD candidate at UCI. Despite being an
alumnus scholar, I still benefit from Cal-
Bridge as I can connect with many other cur-
rent and alumni scholars. My dream is to be-

come a professor at a minority-serving institution. Cal-Bridge and
CAMPARE have contributed to making this dream my career.
—Jeffrey Salazar (BS, CSU San Bernardino 2018; astronomy
PhD candidate, UC Irvine)

Cal-Bridge is turning my dream of a PhD in
Astrophysics into a tangible reality through
required mentoring, personal academic sup-
port and substantial financial support. I
would have never thought that a program
like this was made for folks that resemble

me and my background. 
—Evan Nuñez (BS, Cal Poly Pomona 2019; astronomy PhD can-
didate, Caltech; NSF Graduate Research Fellow)

Cal-Bridge scholars highly value the mentoring they receive
from the program. In our independent NSF grant evaluator’s re-
port, mentoring is listed as the most valuable part of the pro-
gram, and scholars mention it twice as often as they mention
the program’s substantial financial support. Cal-Bridge gradu-
ates consistently say that they might not have reached their cur-
rent levels of academic success without the Cal-Bridge program.
The quotes below encapsulate the importance of Cal-Bridge
mentoring for the students. (Photos courtesy of Cal-Bridge.)

The importance 
of mentoring
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University of Wyoming, among others. As mentioned previously,
seven scholars have won NSF Graduate Research Fellowships,
and four more received an honorable mention. Figure 5 shows
the outcomes for the first five years of the program.

Looking ahead
If Cal-Bridge expands to 40 scholars per year, we might expect
25–30 URM students from the program to pursue a PhD per
year. That would increase the number of URM PhDs in physics
and astronomy nationally by almost one-third.1

Administrators in both the CSU and UC systems are help-
ing with plans to expand the program’s reach in two ways: by
expanding to other STEM fields, and by promoting emulation
in other geographic regions. Program leadership has already
reached out to faculty in computer science, mathematics, and
engineering to talk about creating additional bridge programs
in those fields, which have diversity issues similar to those of
physics and astronomy. 

In addition to expanding to other fields, we hope that this
new model of an undergraduate–graduate PhD bridge, created
as a network of regional universities, will be replicated in other
parts of the country. Numerous regions of the US have high
concentrations of minority-serving and Hispanic-serving insti-
tutions. Those regions include Texas and the southwestern US;
the southeastern US, where many historically black colleges
and universities are found; Florida, home to many Hispanic-
serving institutions; and the New York metropolitan and At-
lantic coast area. Cal-Bridge leadership is prepared to help any
such regional partnership get off the ground with technical and
other support, including sharing materials we developed and
lessons learned.

To solve a problem as large and intractable as the lack of di-
versity in STEM in the US will require varied approaches and
many programs. If the support for existing, successful programs
continues and additional programs are created, we may achieve
true equity in access and accomplishment in STEM fields.

The author acknowledges the many faculty members at all three levels
of the California public higher education system who have devoted
countless volunteer hours to the success of the Cal-Bridge scholars.
The author extends his deepest gratitude to the scholars of the program.
Without their hard work and perseverance, the program would not
be the success it has become.
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*This is a scholar who decided to work
while reapplying to PhD programs this fall.

FIGURE 5. UNDERGRADUATE DEGREE AND GRADUATE PROGRAM 
OUTCOMES FOR THE 59 CAL-BRIDGE SCHOLARS. (a) Number of 
Cal-Bridge scholars who have completed their bachelor’s degree, left the
program, or continue their undergraduate studies. (b) Graduate program
outcomes for Cal-Bridge students with bachelor’s degrees.
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The Department of  Physics and Astronomy at the University of  Pennsylvania seeks applications from out-
standing candidates for an appointment as Assistant Professor in experimental soft matter physics, broadly 

at http://apply.interfolio.com/67423

-

The Department of  Physics and Astronomy is strongly committed to Penn’s Action Plan for Faculty Diversity 
http://ww.upenn.edu/

almanac/volumes/v58/n02/diversityplan.html

Assistant Professor in Experimental Soft Matter Physics
University of Pennsylvania

The UAB Department of Physics, https://www.uab.edu/cas/physics/, invites applications for an Open Rank, open tenure, faculty position that 
will strengthen the Department’s program in Theoretical or Experimental Condensed Matter Physics. Research areas of interest include, 
but are not limited to, the physics of quantum & biological materials using ultrafast spectroscopies, extreme pressure and electromagnetic 

to excellence in teaching and supervising research at both graduate and undergraduate levels. The rank will be commensurate with the 
applicant’s track record. We particularly welcome applicants from groups underrepresented in physical sciences. Screening of applications 

All applications will be handled through http://uab.peopleadmin.com/postings/5502
committee chair, Prof. Yogesh Vohra, at ykvohra@uab.edu. 

achieve work/life balance irrespective of, race, national origin, age, genetic or family medical history, gender, faith, gender identity and expression as well as sexual orientation. UAB 

UNIVERSITY OF ALABAMA at BIRMINGHAM (UAB) 
Open-Rank Professor Position – Condensed Matter Physics
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The Thirty Meter Telescope (TMT) project has been established to design, build and eventually operate an Extremely Large Telescope (ELT) with a primary mirror 
diameter of 30 meters. ELT’s will be the successors of the present day 8-10 meter world class telescopes. When complete TMT will be the largest ground based 
optical/infrared telescope in the Northern Hemisphere providing the capability to study exciting astronomical problems from the nature of extra-solar planets to 
the first stars in the universe. An international collaboration consisting of the University of California, the California Institute of Technology, Canada, Japan, India 
and China has been formed to deliver this exciting project. The design and build of the various telescope systems will be distributed amongst the TMT partner 
institutions, collaborators, industry, and the Project Office.

TMT is looking for self-motivated individuals who are excited by the opportunity to join a highly-visible international project that will significantly advance our 
understanding of the universe.

Positions are located at the TMT project office in Pasadena, CA. For detailed job descriptions and/or to apply 
online, please visit www.tmt.org.  TMT is an equal opportunity employer and all qualified applicants will receive 
consideration for employment without regard to race, color, religion, sex, sexual orientation, gender identity, or national origin, 
disability status, protected veteran status, or any other characteristic protected by law.

ADAPTIVE OPTICS TECHNICAL PROJECT MANAGER 
Oversee and monitor either a work-package agreement and/or contract(s) with vendor(s) for either a first light AO system or AO components and will be responsible for the 
successful delivery of the system and/or components to TMT. It is expected that his/her first assignment will be the technical management of the deformable mirror contract 
(sub-contracted to CILAS, France).

M1 CONTROL SYSTEM TECHNICAL PROJECT MANAGER 
Guide and oversee the design and integration, and monitor the progress, of the Primary Mirror Control System (M1CS) development, fabrication, and integration efforts, 
Work closely with the M1CS design teams, TMT Project Office staff, and TMT partners to develop a production-ready M1CS design and to ensure the successful delivery and 
integration of the M1CS at the telescope site. 

PRODUCTION SUPPORT ENGINEER 
Monitor manufacturing in India of critical precision components and assemblies for the M1 System. Insure that quality control and assurance processes are being followed 
and that production schedules are being met. Identify risk and problem areas and work with TMT partners in India and the Project Office to develop and implement mitigation 
plans. Identify and work with Project Office teams to correct any deficiencies in production drawings and related documentation. 

SCIENCE INSTRUMENTS PROJECT MANAGER 
Oversee the development of IRIS, an adaptive optics (AO)-assisted imager and spectrograph, and WFOS, an optical spectrograph and envisioned as a workhorse instrument 
that operates over a wide field-of-view in a seeing-limited capacity, respectively. A hybrid role where the individual will play the dual role of providing contract oversight from 
within the Project Office but also serve as the instrument’s overall Project Manager and as such work directly within the design team. 

SENIOR ENGINEER—PRIMARY MIRROR CONTROL SYSTEM 
Work as an integrated member of the Primary Mirror Control System design team. Work with industrial and TMT partners as well as other teams within the TMT Project Office. 
Hands on experience in design, build, test and integration is required. Broad based engineering background and familiarity, and expertise in one or more, of the following, 
analog and digital electronics, embedded and high level control software, control systems, and mechanical systems. 

SYSTEMS ENGINEERING GROUP LEADER 
Lead in the scientific and technical aspects of system engineering and system science for complex scientific detector, telescope or aerospace systems with significant 
experience in mechanical, optical and controls technology. Plan, coordinate and supervise the systems engineering activities required for the design, construction, assembly, 
integration and testing of the TMT Observatory System.

SYSTEMS SAFETY ENGINEER 
Oversight and leadership for safety and environment protection for all sub systems during the design, fabrication, 
assembly and early operation of TMT. Perform review of systems designs and work with engineers to ensure 
compliance with all TMT safety programs and policies including all applicable regulatory and legal polices and laws 
for work place safety. 
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Tenure Track Faculty 
Position in Astronomy
The Department of Physics and Astronomy at Texas Tech University 
invites applications for a tenure-track faculty position starting in Fall 

2020. Strong candidates in any area of astronomy research will be con-

sidered, but preference will be given to areas that significantly broaden 

out from the department's current research in stellar mass compact 

objects, gravitational waves, and high energy astrophysics, while still 

having the potential for intellectual interaction.  

Applicants must have a PhD in Astronomy, Physics, or a related field.  

The successful candidate will have a strong record of publication and 

strong potential for obtaining external research funding, teaching grad-

uate and undergraduate classes, mentoring students, and performing 

service to the department, college, and university. 

Applications should include a cover letter, curriculum vitae, research 

statement, teaching statement, and contact information for at least 

three references. Applicants should also arrange for those references 

to send letters directly to benjamin.j.owen@ttu.edu by the application 

deadline.  For full consideration applications should be submitted by 

November 1, 2019. Applications should be submitted through https://
www.texastech.edu/careers/ using position number 18750BR.

TTU an Equal Employment Opportunity/Affirmative Action emplo

yer dedicated to the goal of building a diverse faculty committed to 

teaching and working in a multicultural environment.

As part of its strategic growth plan, our department (an Equal Employment 
Opportunity/Affirmative Action employer dedicated to the goal of building 
a diverse faculty committed to teaching and working in a multicultural 
environment) invites applications for two tenure-track Assistant Professor 
positions, one experimental and one theoretical. The starting date is Sep-
tember 1, 2020. 

We expect the new faculty members to establish and develop an interna-
tionally recognized and visionary research program in Condensed Mater 
Physics, broadly defined. Candidates must have a Ph.D. in physics or closely 
related field, relevant professional experience, an outstanding research 
record, and show promise of excellent teaching at both undergraduate 
and graduate levels. Post-doctoral experience preferred but outstanding 
graduates and candidates with professional experience in the industry and 
national laboratories are encouraged to apply. Candidates are expected to 
garner extramural funding to support their research. Service to the depart-
ment, college, and university is also expected.

Each applicant should submit a vita, list of publications, statement of 
research interests and plans, teaching philosophy, and contact information 
for at least three references. Applications should be submitted online at 
http://jobs.texastech.edu, using requisition 18852BR for the experimental 
position and requisition 18831BR for the theoretical position. Inquiries should 
be sent to Professor Luis Grave de Peralta (luis.grave-de-peralta@ttu.edu). 
Review of applications will start November 1, 2019 and will continue until the 
positions are filled.

Two tenure-track positions in the 
Department of Physics and Astronomy 

at Texas Tech University

The Department of Physics at Washington University in St. Louis invites applications to fill an experimental tenure-track fac-
ulty opening at the Assistant Professor level, in the areas of quantum information and condensed matter physics. This is an 
open search in all areas related to quantum information, simulation, and metrology, as well as condensed matter and quantum 
materials research. We are particularly interested in candidates who use experimental techniques that overlap with our newly 
established Center for Quantum Sensors quantumsensors.wustl.edu and the Institute for Materials Science and  Engineering 
imse.wustl.edu. The appointment will begin Fall 2020. Information on our department can be found at physics.wustl.edu.

Candidates should have a Ph.D. in physics or a closely related field at the time of appointment, significant research achievements 
and an aptitude for teaching physics at graduate and undergraduate levels. Duties will include, but are not limited to: conducting 
original research and writing for publication, teaching courses, advising students, and service to the Physics Department and 
University as well as service to the research community. The typical teaching load for research-active faculty is one course per 
semester on average. Applications should be submitted electronically to quantumsearch@physics.wustl.edu and should consist 
of a single file in PDF format containing (1) a cover letter, (2) a current resume including publication record, (3) a statement of 
research interests and plans (up to 4 pages), (4) a teaching, outreach, and diversity statement (up to 2 pages), and (5) names and 
contact information of three references. Applications received by November 22, 2019 will receive full consideration. 

Washington University in St. Louis is committed to the principles and practices of equal employment opportunity and especially 
encourages applications by those underrepresented in their academic fields. It is the University’s policy to recruit, hire, train, and pro-
mote persons in all job titles without regard to race, color, age, religion, sex, sexual orientation, gender identity or expression, national 
origin, protected veteran status, disability, or genetic information.

Faculty Opening - Washington University in St. Louis

QUANTUM INFORMATION AND
CONDENSED MATTER EXPERIMENT
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As the Allied armies fought their way
across Europe in February 1945,
leaders of the Big Three—the US,

UK, and Soviet Union—met at Yalta in
Crimea to plan the postwar occupation
of Germany. After carving up the coun-
try into four occupation zones, with the
fourth going to France, they set their
sights on the destruction of Germany’s
war potential, denazification and war
crimes trials, and extensive reparations
to the Allied nations. Although each of
the occupation powers tended to pursue
its own policies, reparations were a com-
mon goal as they snapped up technolog-
ical weapons, documents, and personnel
to whisk them out of Germany for their
own use and deny them to rival Allies.

Those efforts resulted, as Douglas
O’Reagan writes in Taking Nazi Technol-
ogy: Allied Exploitation of German Science
after the Second World War, in “the largest-
scale technology transfer program in his-
tory, aimed at almost every field of indus-
trial technology and academic science.”
O’Reagan leaves to others the important
moral, legal, and economic issues sur-
rounding the “taking” of German technol-
ogy, some of which was produced by en-

slaved laborers, and of German personnel,
some of whom were Nazi Party members.
I would like to have seen at least a brief
discussion of those issues. O’Reagan’s
archive-based history focuses instead on
the nature and process of the technology
transfer. He places particular emphasis
on the crucial discovery that technology
transfer cannot succeed without the
human element—what the Americans
called skilled know-how and is today
often referred to as tacit knowledge.

Moreover, writes O’Reagan, “in the
postwar world, this focus on the know-
how element took on a life of its own,
shaping business, law, and politics around

the world.” To support that bold state-
ment, O’Reagan leaves the occupation
far behind to explore the legacy of know-
how that grew out of the technology trans-
fer. He examines such later developments
as the rise of information science, US in-
ternational aid programs, and the Atoms
for Peace initiative. Those chapters are
intriguing, but a complete discussion of
such movements and programs requires
fuller consideration of the many other
factors involved beyond tacit knowledge.

Amid the growing literature on post-
war reparations and occupation policy,
this book is admirably unique in that it
offers an in-depth comparative history of
technology transfer in all four occupa-
tion zones. O’Reagan devotes a chapter
apiece to each. In the US zone, hundreds
of military and civilian technicians
swarmed over German universities and
industrial facilities, including the infa-
mous I. G. Farben chemical conglomer-
ate. The Americans were in search of “in-
tellectual reparations” in the form of
documents, blueprints, and patents rather
than equipment. Reportedly, they sent
home 55 tons of such material. They also
transported tens of thousands of on-site
investigative reports.

Improved microfilm technology even-
tually streamlined the process. Because
documents and patents no longer needed
to be shipped back home, they were used
to aid the West German economy as the
Cold War set in. American agents also
sent German technicians to the US. The
enormous transfer enabled US engineers
to fully use valuable technologies they
did not already possess in such fields as
aerospace technology and chemical
manufacturing.

Technical know-how played a differ-
ent role in the French zone. France pur-
sued a policy of “exploitation in place,”
sending French students to train in Ger-
man institutes while German experts vis-
ited French industries. That approach en-
abled the French to monitor the Germans
while learning directly from them. Rather
than extracting documents, Soviet occu-
piers pursued both exploitation in place
and the literal transfer to the Soviet Union
of entire buildings together with all the
equipment and the people who worked in
them, willingly or not.

But it was in the British zone, as
O’Reagan recounts, that scientific know-

BOOKS

Technological reparations in
the aftermath of World War II

Taking Nazi
 Technology
Allied Exploitation
of German Science
after the Second
World War

Douglas M.
 O’Reagan
Johns Hopkins U. Press, 2019.
$54.95

The former headquarters of I. G. Farben, now part of the Goethe University Frankfurt campus.

SITH COOKIE, CC BY-SA 3.0
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Amajor goal of contemporary nuclear
physics is to explain the structure of
atomic nuclei and their reactions in a

microscopic way. That approach, also
known as the ab initio method, starts
from two- and many-body forces be-
tween protons and neutrons and applies
quantum many-body theory to deal
with the multitude of nucleons. Many
methods, including Faddeev‒Yakubovsky
equations, the no-core shell model, cou-
pled cluster methods, many-body pertur-
bation theory, and quantum Monte Carlo,
have been designed to treat such strongly
interacting multiparticle systems.

The methods listed above use contin-
uous spacetime coordinates. A recent al-
ternative approach instead represents a
physical system in a finite volume with
discrete spacetime coordinates subjected
to sampling by Monte Carlo methods.

That sounds simple and straightforward,
but it is not, as the new book by Timo
Lähde and Ulf-G. Meißner, Nuclear Lat-
tice Effective Field Theory: An Introduction,
explains thoroughly. Meißner, a profes-
sor of physics at the University of Bonn
in Germany, is well known for his re-
search on effective field theories in nu-
clear and particle physics. Lähde, a staff
member at the Research Center Jülich in
Germany, has been heavily involved in
lattice calculations in condensed-matter
and nuclear physics. 

The text’s first two chapters provide
helpful background information not
specifically about lattice calculations. One
offers a general introduction to effective
field theories (EFTs), and the other intro-
duces nuclear forces in chiral EFT. The au-
thors give several beautiful examples that
demonstrate the basic ideas underlying an
EFT. The section entitled “A Short Recipe
for the Construction of an EFT” is a re-
markably concise and clear explanation
of the concept. The book’s introduction to
chiral EFT-based nuclear forces, in which
nucleons and pions are the typical active
degrees of freedom rather than quarks
and gluons, is also clear and accessible. 

The main body of the book consists of
six chapters that present lattice methods
in a systematic way. The first of those
chapters introduces the basic mathemat-
ical concepts of the lattice approach, such
as Grassmann fields, transfer matrices,
and auxiliary fields. The next chapter ad-
dresses chiral nuclear forces, with a spe-
cial focus on how they are put on the lat-
tice. The discussion evolves from leading
order to next-to-leading order and finally
next-to-next-to-leading order. Each order
is presented in small steps that make the
chapter easy for the unacquainted reader
to follow. 
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how became the basis for the revival of ac-
ademic research in West Germany. The
zone included the University of Göttingen
and several Kaiser Wilhelm research insti-
tutes—soon renamed after Max Planck. It
also had many of the most prestigious sci-
entists still in Germany, among them Otto
Hahn, Werner Heisenberg, and Max von
Laue. German scientists lobbied for the
revival of German science under Allied
control, which fit well with British plans
to use a science-enhanced zonal economy
in support of the British economy, now
bankrupted by the war. With British sup-

port, German scientists founded new sci-
entific institutions and revived old ones
important for the future Germany. They
also gained connections in the American
zone that aided the founding of the Fed-
eral Republic of Germany in 1949.

Technology transfer across bound-
aries and cultures is difficult to accom-
plish. In the end, O’Reagan concludes
that despite its vast scale and scope, the
German technology transfer was only
partially successful. Much of the technol-
ogy was already known, many of the US
microfilm reels remained unread for lack

of content indices, many of the buildings
sent to the Soviet Union remained un-
built for lack of blueprints, and many of
the displaced scientists remained under-
used for lack of need.

O’Reagan’s masterful study of the Al-
lies’ technology transfer in all four zones
and in all of its many facets, successes,
and shortcomings is a most welcome con-
tribution to Allied occupation history and
to the history of technology in general.

David C. Cassidy
Hofstra University

Hempstead, New York

BOOKSBOOKS

Creating atomic nuclei on 
a lattice Nuclear Lattice

 Effective Field
Theory
An Introduction

Timo A. Lähde and
Ulf-G. Meißner
Springer, 2019. 

$59.99 (paper)

ISTOCK.COM/ROST-9D
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People are causing Earth’s climate to
change and climate changes create
serious risks for humanity. We have a

wide range of well-studied response op-
tions, and the expected benefits from
many of them greatly exceed the ex-
pected costs. Those conclusions result
from multiple independent lines of evi-

dence and have been reaffirmed by hun-
dreds of comprehensive scientific assess-
ments. Subject-matter experts examined
the evidence, independent scientists re-
viewed the findings, and scientific organ-
izations stood behind the processes and
outcomes. I am not aware of any scientific
institution with relevant subject-matter

expertise that has looked at the evidence
and reached contradictory conclusions.

Despite the robustness of those scien-
tific conclusions, we continuously fail to
respond to climate change. We struggle
even to have an effective public conver-
sation about whether to respond and, if
so, how. That may be the most ominous
implication of climate change—that our
social institutions aren’t up to the task of
addressing major issues, even when we
have unambiguous scientific informa-
tion in favor of doing so. 

But climate change is, possibly, also
an opportunity. If we figure out how to
approach our climate problem, we might
create a template for addressing a wide
range of challenges and opportunities
facing humanity in the 21st century. That
is the key insight and basic premise of
Mike Berners-Lee’s book There is No
Planet B: A Handbook for the Make or Break
Years. It’s a terrifically important idea
that may be the key step in the pathway
toward humanity’s future. 

Berners-Lee emphasizes that climate
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Subsequent chapters are devoted to
the characteristic problems that arise
with increasing numbers of nucleons.
The authors discuss at length methods
for how to extract phase shifts on the lat-
tice for two and three nucleons, and they
carefully weigh the advantages and dis-
advantages of the Luescher, spherical
wall, and auxiliary potential methods.
Increasing the number of nucleons be-
yond three, as the authors show, creates
the need for Monte Carlo sampling of lat-
tice calculations. The last chapters move
up to medium-mass nuclei and to chiral
forces up to next-to-next-to-next-to-lead-
ing order. The authors report on some of
the first attempts to solve these thorny
problems, but they acknowledge that ac-
tual solutions are still in the future.

Lattice methods are technical and
beset by a cumbersome mathematical ap-

paratus. Thus any explanation of them
could be difficult to read for outsiders or
newcomers to the field. However, Lähde
and Meißner manage to get the complex
material across in a digestible way by
breaking it up into small steps and know-
ing when repetition is helpful. They also
introduce from scratch such basic con-
cepts as phase shifts, without referring
the reader to another book. Such care
makes Nuclear Lattice Effective Field Theory
self-contained, which is a great practical
advantage to the reader. The six appen-
dices further enhance the self-contained
character of the text by summarizing no-
tations and conventions and providing
more details about useful mathematical
functions, nuclear force properties, and
the application of Monte Carlo methods. 

Nuclear Lattice Effective Field Theory of-
fers interesting insight into the endless

problems that the pioneers of lattice
methods had to confront during the past
20–40 years, such as rotational symmetry
breaking, the sign problem, and the un-
favorable scaling of Monte Carlo algo-
rithms. Solutions have been worked out
for most hurdles, and thus we can say
that nuclear lattice EFT has come of age;
the field is ready for more comprehen-
sive and systematic applications in nu-
clear theory. 

Apart from work by some of the au-
thors’ collaborators, the method has not
yet been applied widely in nuclear the-
ory. Lähde and Meißner’s helpful primer
has the potential to stimulate increased
efforts by serving newcomers as an es-
sential guide to the field.

Ruprecht Machleidt
University of Idaho

Moscow

The challenges and opportunities
of the climate crisis

There Is No Planet B
A Handbook for the Make
or Break Years

Mike Berners-Lee
Cambridge U. Press, 2019.
$12.95 (paper)

POINTILLIST, CC BY-SA 4.0
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change is one of several global social and
environmental changes that are cur-
rently underway. Additional examples
of global environmental changes are the
loss of biodiversity and the redistribu-
tion of species throughout the world,
stratospheric ozone depletion, land con-
version, and nutrient deposition. The cli-
mate problem is thus both hugely impor-
tant on its own and reflective of a bigger
challenge: Our increasing capacity to
disturb the planet means that we need

new and better ways to work together
and to harness human ingenuity. Ad-
dressing climate change could show us
the way to tackle the larger set of issues
that we face.

There Is No Planet B will resonate most
with those who are already deeply fo-
cused on the climate system, the impact
people are having on it, and our path for-
ward. Unfortunately, the book largely
misses the mark for a broader audience.
Although it identifies the critical issues,

the discussion of them is too often weak
and underdeveloped. 

The book’s approach to discussing
social values illustrates some of its short-
comings. Berners-Lee emphasizes that
he is trying to initiate a conversation and
that he hasn’t figured it all out. That is
the right idea; we will need to have an
open discussion in which everyone has
a chance to participate and learn from
one another. 

But Berners-Lee asserts the need for
particular values instead of leading a
critical examination of the options and
their implications. That is a mistake. Ul-
timately, individuals and societies must
determine which values they adopt. No
one person can set them. By champi-
oning values at the outset, There Is No
Planet B misses the opportunity to en-
courage and empower readers’ explo-
ration of societal values. It becomes too
easy for readers to reject the book’s es-
poused values and to uncritically stick
with their own. 

For example, Berners-Lee asserts that
a commitment to equity is central to
solving climate change. That view gen-
erally resonates with me, but it would be
more compelling as a conclusion that
follows from a hard exploration of alter-
natives and the potential futures those
alternatives imply for humanity. As of-
fered, Berners-Lee’s assertion is unlikely
to impact any preexisting beliefs that
readers have. 

The challenges we face are daunting.
Climate is a critical life support system,
and we have no reason to conclude that
it will be resilient against the massive dis-
turbance to which we are subjecting it.
None of us acting alone is likely to solve
the problem; we will have to work to-
gether. That interdependence makes cli-
mate change hard for individuals to face.

But we are also awash in good news.
Science has provided us with remarkable
insight into how the climate system
works, the impact that people are having
on it, and the ways that we can respond.
Even better, if we get our approach to cli-
mate change right, then humanity will be
poised to continue our remarkable run
well into the future. There Is No Planet B
may not be able to get us to that potential
future, but it provides a hint of what we
will need.

Paul Higgins
American Meteorological Society

Washington, DC
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The School of Basic Sciences (Physics, Chemistry and Mathematics) at EPFL seeks to 
appoint a Professor in Statistical Physics of Complex Systems. This includes statistical 
physics of inference and learning, soft matter theory and theoretical biophysics. The 
appointment is offered at the Tenure Track Assistant Professor or tenured Associate 
Professor levels. 

We expect candidates to establish leadership and strengthen the EPFL endeavor in 
Statistical Physics of Complex Systems. Priority will be given to the overall originality 
and promise of the candidate’s work over any particular specialization area. 

Candidates should hold a PhD and have an excellent record of scientific 
accomplishments in the field. In addition, commitment to teaching at the 
undergraduate, master and doctoral levels is expected. Proficiency in French teaching 
is not required, but willingness to learn the language expected. 

EPFL, with its main campus located in Lausanne, Switzerland, on the shores of lake 
Geneva, is a dynamically growing and well-funded institution fostering excellence and 
diversity. It has a highly international campus with first-class infrastructure, including 
high performance computing. 

As a technical university covering essentially the entire palette of engineering and 
science, EPFL offers a fertile environment for research cooperation between different 
disciplines. The EPFL environment is multi-lingual and multi-cultural, with English 
often serving as a common interface.

Applications should include a cover letter, a CV with a list of publications, a concise 
statement of research (maximum 3 pages) and teaching interests (one page), and 
the names and addresses (including e-mail) of at least three references for a junior 
position or five references for a senior position. 

Applications should be uploaded (as PDFs) by November 15th, 2019 to  
https://facultyrecruiting.epfl.ch/position/18186240 

Enquiries may be addressed to:  
Prof. Jan Hesthaven  
Dean of the School of Basic Sciences 
E-mail: fsbdean@epfl.ch 

Prof. Harald Brune  
Director of the Institute of Physics  
E-mail: IPHYSDirector@epfl.ch 

For additional information, please consult www.epfl.ch, sb.epfl.ch, iphys.epfl.ch

EPFL is an equal opportunity employer and family friendly university. It is committed to increasing 
the diversity of its faculty. It strongly encourages women to apply. 

Faculty Position in Statistical 
Physics of Complex Systems

at the Ecole polytechnique fédérale  
de Lausanne (EPFL)
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NEW BOOKS & MEDIA

How To
Absurd  Scientific  Advice for Common Real-World Problems

Randall Munroe
Riverhead Books, 2019. $28.00

Former NASA roboticist Randall Munroe is the mind behind xkcd.com, arguably the internet’s most popular science-
related comic strip. Munroe brings his distinctive stick-figure art into the delightful How To. Each chapter considers
the physics-related obstacles associated with an unlikely undertaking—say, returning an online order from outer
space or flying your house to a new location by quadcopter. Munroe even puts some of his scenarios to the test—
for example, he recruits tennis legend Serena Williams to determine how effective a tennis serve would be at hitting
a small drone out of the air. The book is a great coffee-table read, and Munroe’s use of physics calculations also
makes it a potential source of teaching material for introductory physics classes. —MB

Supernova Era
Cixin Liu, trans. Joel Martinsen
Tor, 2019. $27.99

Science fiction author Cixin Liu won the 2015 Hugo Award for Best Novel for The Three-Body Problem, which com-
bined a gripping science-fiction mystery with a haunting meditation on the aftermath of the Cultural Revolution. A
similar eerie melancholy winds its way through his new novel Supernova Era, which imagines a world in which a su-
pernova causes irreparable damage to the cells of anyone over 13, meaning that within a year only the world’s children
will be left alive. The novel critiques existing national and international political systems, but Liu’s post-adult world
is no “children are the future” utopia; conflict and violence endure even with the grown-ups gone. It’s not soothing
bedtime reading, but fans of The Three-Body Problem will be eager to get their hands on Liu’s latest.                  —MB

Fordham University’s Department of  
Natural Science is proud to announce the  

establishment of the  
Kim B. and Stephen E. Bepler Chair in Physics, 
designed to advance Fordham’s commitment 

to STEM education.
Candidates must have a Ph.D. in physics or an  

associated field with postdoctoral experience and  
a strong research record in a field where  

undergraduate research students can play an  
important role. Candidates must be excellent 

teachers and must evince a strong commitment 
to mentoring undergraduate researchers. We will 

consider candidates in all areas of physics.
Applicants should submit a curriculum vitae, a 

brief plan of research, and a teaching statement. 
Candidates should also arrange to have three letters 

of recommendation by December 10, 2019. 
Visit fordham.edu/beplerchairs for more information.

The Department of Natural Sciences is located at Fordham’s 
Lincoln Center campus in Manhattan. Fordham University  

is an independent, Catholic University in the Jesuit tradition. 
We are especially interested in candidates with experience  
and commitment to teaching and mentoring students from  

a range of social, cultural, and economic backgrounds.  
Fordham University is committed to excellence through  
diversity and welcomes candidates of all backgrounds.  

Fordham is an Equal Opportunity Employer.
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The Cosmic Mystery Tour
A High-Speed Journey through Space and Time

Nicholas Mee
Oxford U. Press, 2019. $24.95

“Mystery tour”—a short trip that people take for pleasure without knowing where they are going—aptly describes
this brief introduction to the universe by theoretical physicist Nicholas Mee. In fewer than 200 pages, Mee covers
a lot of ground: He discusses the history of the cosmos and the laws governing it, recent cutting-edge research
and instrumentation, and the giants of science who have worked to make sense of it all. The information is de-
livered in sections of just a few paragraphs each and illustrated by more than 100 photos, diagrams, and images.
Rather than study it cover to cover, readers can open it up anywhere and plunge in.                                        —CC

The Women of the Moon
Tales of Science, Love, Sorrow, and Courage

Daniel R. Altschuler and Fernando J. Ballesteros
Oxford U. Press, 2019. $26.95

Of the 1586 lunar craters named after philosophers and scientists, just 28 are named for women, write physics pro-
fessor Daniel Altschuler and astronomer Fernando Ballesteros. The Women of the Moon centers on those 28, their
lives, and scientific contributions. Beginning with a history of the Moon, the authors dedicate each of the subsequent
chapters to a different woman, starting with Hypatia, a mathematician and astronomer born circa 355 CE, and con-
tinuing chronologically to modern-day Valentina Tereshkova, the first woman in space. Although many of the sub-
jects are well known, such as astronomer Caroline Herschel, others are more obscure, like Anne Sheepshanks, an
astronomical philanthropist. The biographical sketches include black-and-white images of the women and their
namesake craters.  —CC PT

Work on  
Capitol Hill  
for a Year
Apply for the APS 2020-2021  
Congressional Science Fellowship

TM

Fellows serve one year on the staff of a senator, 
representative or congressional committee beginning 
September 2020. Learn about the legislative process 
and lend scientific and technical expertise to public 
policy issues. 

Qualifications: 

• Ph.D. or equivalent in physics or a closely related 
field 

• A strong interest in science and technology policy 

• Some experience in applying scientific knowledge 
toward the solution of societal problems 

• Must be an APS member

Deadline: December  15, 2019
go.aps.org/apscsf

154 Hobart Street, Hackensack, NJ 07601 USA
+1.201.343.8983 • main@masterbond.com

www.masterbond.com

key benefits of nanosilica
filled epoxy EP30NS

Optically clear  |  Refractive index: 1.56

NASA low outgassing  |  ASTM E595

Dimensionally stable  |  Hardness: 80-90 Shore D

Abrasion resistant  |  ASTM D466-14

use a
nanoreinforced EPOXY 
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The Department of Physics and Astronomy in the College of Science at Purdue University seeks applications for a faculty 
position at the level of Assistant Professor in the area of experimental biological physics. All areas of experimental biological 
physics will be considered. Successful candidates will have a joint appointment in both the Department of Physics and 
Astronomy and the Department of Chemistry (75:25 appointment). We are interested in outstanding scientists with an estab-
lished track record, a commitment to leading a preeminent research program, and a clear vision for future innovation. Current 
research efforts within the department apply a variety of experimental and theoretical techniques to investigate intracellular 
dynamics, cell growth, cell sensing, and structural and electron dynamics in a variety of systems. The department is looking 
to integrate a creative scientist into the cutting-edge interdisciplinary environment provided by the Purdue University Life 
Sciences Institutes, including the Purdue Institute of Inflammation, Immunology and Infectious Disease (PI4D) and the Purdue 
Institute for Integrative Neuroscience (PIIN).

of research accomplishments, and evidence of potential for excellence in teaching at both the undergraduate and graduate 
-

ate students, and teach courses at the undergraduate and graduate level.

The two Departments have over 100 tenured and tenure-track faculty, more than 300 graduate 
students, and over 500 undergraduate students between them. Over the last 5 years the two departments, Chemistry and 

The College and the Departments have launched initiatives in new emerging areas, such as Data Science and Quantum Infor-
mation Science, and committed the resources necessary to make the new growth impactful. For more information, see 

 and .

Physics and Astronomy and Chemistry are part of the College of Science, which comprises the computing, physical, and life 
sciences at Purdue. It is the second-largest college at Purdue, with over 350 faculty and more than 6,000 students. Purdue 
itself is one of the nation’s leading land-grant universities, with an enrollment of over 41,000 students primarily focused on 
STEM subjects. For more information, see https://www.purdue.edu/purduemoves/initiatives/stem/index.php.

 Applications need to be submitted to 
and must include (1) a cover letter that includes 

a diversity statement. (2) a complete curriculum vitae, (3) a publication list, (4) a brief statement of present and future 
research plans including funding strategy, and (5) a statement of teaching philosophy. Applicants should also arrange for 
at least three letters of recommendation to be sent to . Questions regarding the position and search 
should be directed to . Applications completed by November 1, 2019 will be given full consideration, 

Purdue University’s Departments of Physics and Astronomy and Chemistry are committed to advancing diversity in all areas 
of faculty effort, including scholarship, instruction, and engagement. Candidates should address at least one of these areas in 
their cover letter, indicating their past experiences, current interests or activities, and/or future goals to promote a climate that 
values diversity and inclusion. A background check will be required for employment in this position.

Purdue University is an EEO/AA employer. All individuals, including minorities, 
women, individuals with disabilities, and veterans are encouraged to apply. 
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Focus on materials, semiconductors,
vacuum, and cryogenics

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 the product description. For

all new products submissions, please send to ptpub@aip.org.

Andreas Mandelis

Fast neutron detectors 
Inrad Optics has unveiled a suite of 1- to 5-inch- diameter Scintinel stilbene
radiation detectors for fast neutron detection. They integrate a stilbene scin-
tillation crystal into a photomultiplier tube with voltage divider electronics
in it. The main advantages of Scintinel stilbene are its high sensitivity to neu-
trons and ability to discriminate with high efficiency between neutrons and
gamma-ray radiation. According to the company, those properties allow
users seeking special nuclear material to avoid false calls caused by benign
gamma sources. Because of its lower energy thresholds and higher neutron
efficiency, stilbene—a solid-state, nonhazardous material—performs better
than liquid and plastic scintillators. Applications for stilbene are found in
nuclear security and applied physics research. Inrad Optics, 181 Legrand Ave,
Northvale, NJ 07647, www.inradoptics.com

Plasma deposition platform
Oxford Instruments Plasma Technology
has designed a high- volume manufac-
turing solution that uses plasma atomic-
 layer deposition to address key chal-
lenges, such as a consistently high- quality
gate passivation, in the gallium nitride
power- device industry. To enable de-
manding device performance in areas
such as 5G networks and renewable 
energy conversion, the Atomfab single-
 wafer platform delivers excellent passi-
vation and dielectric properties, according
to the company. A patent- pending fast
remote- plasma source yields reduced
cost per wafer. Remote plasma delivers 
a reproducible GaN interface; Atomfab
precisely controls the plasma to protect
the underlying sensitive GaN substrate,
and its high- deposition-rate process de-
livers high throughput. Oxford Instru-
ments Plasma Technology, N End, Yatton,
Bristol BS49 4AP, UK, https://plasma
.oxinst.com

Cryogenic temperature sensor
Lake Shore Cryotronics has introduced its Rox
RX-102B-RS ultralow- resistance temperature de-
tector for operation below 10 mK. Suitable for 
advanced dilution- refrigerator applications, the
RX-102B-RS builds on the capabilities of Lake
Shore’s previous- generation Rox sensor. The com-
pany has refined the package to improve thermal connections and has added optical
radiation shielding to reduce unwanted sensor heating. When paired with Lake Shore’s
model 372 AC resistance bridge and temperature controller, the RX-102B-RS can be
used for simplified monitoring or control in any application below 50 mK. Certain
calibration configurations allow temperature readings down to 5 mK. Lake Shore
Cryotronics Inc, 575 McCorkle Blvd, Westerville, OH 43082, www.lakeshore.com

Compact energy-efficient vacuum pumps
Pfeiffer Vacuum has launched its HiLobe series of
Roots pumps for low- and medium- vacuum applica-
tions, such as electron-beam welding, vacuum furnaces,
coating, and freeze drying. With a new drive concept
and frequency converters, the series achieves approx-
imately 20% shorter pump-down times than Pfeiffer’s

conventional Roots pumps. That fast evacuation capability makes the pumps suitable
for load-lock chambers and leak- detection systems. The HiLobe pumps’ energy-
 efficiency class IE4 drive, special rotor geometries, and sealing concept combine to
yield maintenance and energy costs more than 50% lower than standard Roots
pumps. Flexible air cooling allows the pumps to operate at ambient temperatures 
of up to 40 °C and thus avoid the need for costly water cooling. Pfeiffer Vacuum Inc,
24 Trafalgar Sq, Nashua, NH 03063, www.pfeiffer-vacuum.com
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Epoxy for chip coating
Featuring a combination of ther-
mal conductivity and electrical
insulation properties, Master
Bond Supreme 3CCM-85 is a
single- component epoxy for
glob top and chip- coating ap-
plications. It can also be used
for encapsulation and bonding.
Supreme 3CCM-85 cures in 
2–3 h at 80–85 °C, which is ad-
vantageous for use on heat-
 sensitive components and substrates. The toughened adhesive system has a
thixotropic paste-like consistency and bonds well to various similar and dissimilar
substrates. It has a volume resistivity of more than 1014 Ω-cm, a thermal conductivity
of 0.72–1.44 Wm−1K−1, and is serviceable from −73 °C to 177 °C. Because Supreme
3CCM-85 is neither premixed nor frozen and remains usable for a long time at room
temperature, it is more convenient to handle and store than typical two- component
glob top systems. Master Bond Inc, 154 Hobart St, Hackensack, NJ 07601-3922,
www.masterbond.com

Thin-film coating material
Indium Corporation has announced IndiOx
(In2O3) for use in the manufacture of indium
tin oxide (ITO) for thin-film coating. When
doped with tin oxide, IndiOx—a stable, ce-
ramic-like material—forms ITO, which is
suitable for making transparent, conduc-
tive oxide layers in flat- panel displays and
touch sensors for mobile devices. The ITO
layer is deposited onto glass from a sputter-

ing target manufactured from the ITO powder by sintering. IndiOx can also be used
for glass coloring, gassing suppression in alkaline batteries, and as an anti- arcing ad-
ditive in high- current electrical switches and contactors. It is available in three pow-
der types, each with a different particle-size distribution range (D10–D90): Type A is
crystalline, range 0.8–38 μm; Type B is fine, range 0.5–6 μm; and Type T is target
grade, range 0.1–7.5 μm. Indium Corporation, 34 Robinson Rd, Clinton, NY 13323,
www.indium.com PT

Semiconductor wafer 
metrology
Semilab has released a new set of appli-
cations for its existing EIR instruments.
Models EIR-3000 and EIR-2200 use non-
destructive Fourier- transform IR spec-
troscopy to perform thick dielectric mon-
itoring in the semiconductor industry.
The new offering includes dielectric
composition of borophosphosilicate and
fluorosilicate glass and silicon nitride,
which, according to the company, can
help reduce wafer requirements and con-
ditions for measurement. For example,
backside wafer finishing is not required,
and production wafers can be used.
Semilab claims that the new capability
will help users of its EIR tools to simplify
their calibration routines, improve over-
all long-term stability, and reduce mon-
itoring costs. Semilab USA LLC, 10770 
N 46th St, Ste E700, Tampa, FL 33617,
www.semilab.hu

Meeting Chairs
Qing Cao  University of Illinois at 
Urbana-Champaign 

Miyoung Kim  Seoul National 
University

Rajesh Naik  Air Force Research 
Laboratory

James M. Rondinelli  
Northwestern University

Hong Wang  Southern University 
of Science and Technology

April 13–17 , 2020  |  Phoenix, Arizona   

2020           SPRING MEETING & EXHIBIT

CALL FOR PAPERS
Spring Meeting registrations include MRS Membership July 1, 2020 – June, 2021

  Nanoscale and Quantum Materials
  Soft Materials and Biomaterials

  Characterization and Theory
  Electronic and Photonic 
  Energy, Storage and Conversion

Abstract Submission 
May 13 - June 13, 2019 
mrs.org/spring2020

®

Follow the Meeting!
  #S20MRS   
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KNF leak-tight pumps are designed 
to transport and evacuate costly, high 
purity, and/or dangerous gases. Ultra-
low leak rates of <6x10-6 mbar L/sec, 
plus a safety back-up diaphragm and 
other safeguards to prevent external 
contamination. Flow rates from 4.5 
– 300 L/min. Options include inter-
diaphragm monitoring, explosion-proof 
motors, and fl ow path material choices.

Secure Transfer of Costly and Dangerous Gases

KNF Neuberger, Inc.   •   knfusa.com/noescape

UC Components RediVac®
Fasteners and Seals for Science

UC Components Inc offers lines of Vented, Plated, Coated, Baked and Cleaned 
RediVac® Fasteners and Cleaned and Vacuum-Baked O-Rings for semicon-
ductor, laser, vacuum and other extreme environments.  UC Component’s Re-
diVac® products are precision cleaned and packaged for immediate vacuum 
service.  Now offering vacuum bake-out on the full RediVac® Fastener line!

content not found in the  
magazine, direct to your inbox.

FRee
sign up Today! Phys i c s t oda y. o r g / a l e r t s

Where did the
“New Books” go?

Physics Today Online now features a monthly 

online catalog listing newly published books in 

the physical sciences. Available at:

https://physicstoday.scitation.org/

department/commentary-and-reviews
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  ±100 VDC range

  True 6-digit resolution

  1 ppm/°C stability

  0.0025 % accuracy (1 yr)

  Triggerable voltage scans

  Low-noise design

  Linear power supply

Ultra-stable  DC Voltage Source 
                                         DC205 ... $1995 (U.S. list)

Stanford Research Systems
Tel: (408)744-9040    www.thinkSRS.com

thinkSRS.com
/D

C
205

When you need a quiet, stable, high-resolution 
bias voltage, the DC205 is the right tool. Its 
bipolar, four-quadrant output delivers up to 
100 volts with microvolt resolution and up to 
50 mA of current. In 4-wire mode (remote 
sense), the instrument corrects for lead resistance 
delivering accurate potential to your load. The 
DC205’s output stability is a remarkable ±1 ppm 
over 24 hours. With its linear power supply, there 
is no need to worry about high-frequency noise.

The DC205 can generate triggerable scans when 
voltage ramping is required. It is also fully 
programmable over RS-232 and USB, and there’s 

Optical Interface Controller.
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Zhores Ivanovich Alferov

Nobel laureate Zhores Ivanovich
Alferov, whose work led to room-
temperature semiconductor lasers

and other groundbreaking devices,
died on 1 March 2019 in Saint Peters-
burg, Russia.

Alferov was born on 15 March 1930 in
Vitebsk, Belarus. He was 11 when the
Nazis invaded the Soviet Union. His
older brother, Marx, whom he adored,
was killed in combat in 1944. After that
traumatic experience, Alferov became a
fighter for international understanding
and peace. 

Despite the chaos of the war and its
aftermath, Alferov finished school in
Minsk on time. He was accepted to the
Leningrad Electrotechnical Institute and
graduated with a physics degree in 1952.
The next year Alferov went to the
Physico-Technical (now Ioffe) Institute in
Leningrad. Its founder, Abram Ioffe, had
already begun systematic studies of
semiconductors in the 1930s. Alferov
was the institute’s director from 1987
until 2003.

Alferov also took over another brain-
child of Ioffe’s. Convinced of the impor-
tance of educating teenagers in science,
Ioffe established in the 1930s what be-
came known as his “kindergarten.” After
the Soviet Union collapsed and many
young people believed they should
study economics for a better life, Alferov
founded a lyceum in 1997 to teach sci-
ence and foreign languages to 15- to 17-
year-olds. In 2002, building on a core of
young scientists, he started what is now
the Saint Petersburg Academic Univer-
sity. He served as its rector until his death.

Russian president Dmitry Medvedev
launched a modernization program in
2009. One initiative was the merging of
current teaching and applied research
in Skolkovo, a new science and technol-
ogy district outside Moscow, and en-
abling the transfer of knowledge and
technology to high-tech startups. From
2010 to his death, Alferov served as sci-

entific advisory council cochair of the
Skolkovo Foundation.

In 1960, 43 years after Albert Einstein
predicted stimulated emission, Theodore
Maiman demonstrated optical lasing in
ruby. Within 18 months, lasing had been
produced in other media, including
semiconductor diodes based on gallium
arsenide homojunctions. At that time,
solid-state and gas lasers operated at
room temperature, whereas semiconduc-
tor lasers operated only at 4 K. Researchers
soon found numerous applications for
300 K lasers. Many recognized the im-
portance of developing room-temperature
semiconductor lasers.

In p–n homojunctions, the wide spread
in space of the charge carriers leads to
huge threshold current densities of
roughly 105 A/cm2. In 1963 Alferov and
Rudolf Kazarinov applied for a Soviet
patent; it proposed the confinement of
carriers in a double heterostructure that
would produce a higher carrier density
by several orders of magnitude. Herbert
Kroemer made a similar proposal in a
publication shortly afterward. For their
work, Alferov and Kroemer were awarded
a share of the 2000 Nobel Prize in Physics.

Alferov pointed out in 1966 the ad-
vantages of double heterostructures, in-
cluding efficient carrier injection, local-
ization, and guidance of the emitted
light, which exploits the larger steps in
the index of refraction at interfaces. He
and others first attempted to realize such
structures by pairing semiconductors of
indirect and direct bandgaps, such as
gallium phosphide with gallium ar-
senide, but those early efforts failed.

The next year Alferov observed that
aluminum gallium arsenide layers
grown lattice-matched to gallium ar-
senide had great chemical stability. He
used liquid-phase epitaxy to grow dou-
ble heterostructures without any dis -
locations, made lasers from them, and in
1968 observed them operating at room
temperature in pulsed mode. Two years
later he published his results on such
lasers operating at room temperature in
continuous mode. 

Semiconductor lasers are now omni -
present in daily life; they form the back-
bone of our optical communication sys-
tems and data centers. In 1988 Alferov
and colleagues fabricated what was then
the lowest-threshold laser diode with a
gallium arsenide quantum well. One of

us (Bimberg) and his team at the Techni-
cal University of Berlin realized in 1994
the first indium gallium arsenide quan-
tum-dot injection lasers, which were
based on molecular-beam epitaxy struc-
tures grown in Alferov’s lab in Russia.
They achieved the highest temperature
stability and longest-ever wavelength for
such lasers. Quantum-dot lasers are used
today in large-scale applications in gal-
lium nitride–based photonics and semi-
conductor single-photon sources.

Double heterostructures were the
basis of many other new devices such
as heterobipolar transistors and het-
erostructure solar cells. In 1986 the space
station MIR was partially powered by
solar cells developed by Alferov’s lab at
the Ioffe Institute.

Alferov had a brilliant, fascinating per-
sonality that sparkled with humor. He
endured in pushing his ideas, no matter
the obstacles. And he was faithful to his
many friends around the world.

Dieter Bimberg
Changchun Institute of 

Optics, Fine Mechanics and Physics
Changchun, China

Technical University of Berlin
Berlin, Germany

Sergey Ivanov
Ioffe Institute

Saint Petersburg, Russia

Viktor Vekselberg
Skolkovo Foundation

Moscow, Russia
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TO NOTIFY THE COMMUNITY
about a colleague’s death, 

send us a note at
http://contact.physicstoday.org 

Recently posted notices and select
online obituaries will appear in print.

Zhores Ivanovich Alferov
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Charles Kittel

Solid-state physicist Charles Kittel, a
professor emeritus at the University
of California, Berkeley, passed away

peacefully at his home in Berkeley on 
15 May 2019, two months before his
103rd birthday.

Born in New York City on 18 July 1916,
Charlie entered MIT in 1934. He moved
to Cambridge University in 1936 and re-
ceived his BA there two years later. He
earned his PhD degree in 1941 from the
University of Wisconsin–Madison, where
his adviser was Gregory Breit. From
1940 to 1942, Charlie worked on problems
in degaussing and magnetic mine war-
fare at the Naval Ordnance Laboratory.
He served in the US Navy as a research
physicist at a British Admiralty research
establishment in Scotland and as a naval
attaché at the US Embassy in London; he
went on to work on anti submarine war-
fare and operations research in Wash-
ington, DC, and London. In 1945 he re-
turned to MIT, taking a position in the
Research Laboratory of Electronics.

Charlie was a research physicist in the
solid-state physics group at Bell Labs in
Murray Hill, New Jersey, from 1947 to
1951. His work ranged over much of
solid-state theory, including magnetism,
ultrasonics, and thermal properties. His
association with the physics department
at Berkeley began in 1950 with a visiting
associate professorship. He joined the
faculty as a professor of physics the next
year and became emeritus in 1978.

Among Charlie’s many honors were
the American Physical Society’s Oliver E.
Buckley Condensed Matter Physics Prize
in 1957, the University of California Dis-
tinguished Teaching Award in 1970, and
the Oersted Medal from the American
Association of Physics Teachers in 1978.

Charlie is credited with building the
solid-state (now condensed-matter)
physics component of Berkeley’s physics
department. He played a central role in
hiring new faculty, and he worked
closely with experimentalists who con-
ducted groundbreaking research on cy-
clotron resonance in semiconductors.
Charlie assembled an outstanding theo-
retical group of faculty, postdoctoral re-
searchers, and graduate students, and
he established and developed under-
graduate and graduate courses in con-
densed-matter, thermal, and introduc-
tory physics. His texts in those areas are
classics. In particular, his Introduction to
Solid State Physics, originally published
in 1953, was not only the dominant text
for teaching in the field, it was on the
bookshelf of researchers in academia
and industry throughout the world. In
many ways, his choice of content defined
solid-state physics.

For much of his career, Charlie fo-
cused his research on topics related to
determining material properties. They
included semiconductors, magnetic be-
havior, ferroelectrics, optical properties,
electron-spin and nuclear magnetic reso-
nance, and superconductivity. In 1946
he showed that technologically impor-
tant fine-particle ferromagnets had high
coercivity because the particles remained
single domain when fine enough. Later
in 1946 James Griffiths found that the fer-
romagnetic resonance frequency in thin
films is proportional to the square root
of the product of magnetic induction B
and the external field strength H instead
of to H alone, as is the case in nuclear and
paramagnetic resonance. Three months
after Griffiths’s paper appeared, Charlie
published his proof that the dependence
arose from the demagnetizing field. That
and Charlie’s related early work sub-
stantially strengthened our theoretical
understanding of ferro- and ferrimagne -
tism. He pointed out that glasses had low
thermal conductivity because their struc-
tural disorder reduced the phonon mean
free path to the atomic scale, an early
recognition of the importance of strong
disorder for transport.

In a classic paper on cyclotron reso-
nance in p-type germanium, Charlie,
Gene Dresselhaus, and Arthur Kip re-
ported the first direct measurement of
the kinematics of electrons in solids.
They confirmed in quantitative detail the

correctness of band theory and demon-
strated the importance of including
spin–orbit coupling. In private commu-
nication to one of us (Morrel), Enrico
Fermi recognized the significance of
their findings.

With Malvin Ruderman, Charlie ini-
tiated the development of a model for
what today is known as the RKKY inter-
action, now understood to explain giant
magnetoresistance in layered materials.
With Kip, Paul Levy, and Alan Portis,
Charlie carried out one of the earliest
studies of electron-spin resonance in
color centers. Such centers are now of in-
terest for quantum computing.

Charlie will be remembered not only
by his family but also by the colleagues
whom he worked with and by the stu-
dents and postdocs whom he mentored.
Members of the physics community
and readers of his texts will remember
Charlie for his amazing ability to look at
complex properties of matter and come
up with simple models and accurate de-
scriptions that defined the essence of
the physics.

Marvin L. Cohen
University of California, Berkeley

Morrel H. Cohen
Rutgers University

New Brunswick, New Jersey
Princeton University

Princeton, New, Jersey PT

RECENTLY POSTED NOTICES AT
www.physicstoday.org/obituaries

Gottfried Jens Feder
31 January 1939 – 15 February 2019

Edgar Pearlstein
3 March 1927 – 15 January 2019

James Donald Louck
13 December 1928 – 21 November 2018

Peter M. Levy
10 January 1936 – 20 November 2018
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O
ne usually imagines a vacuum as empty space devoid
of any matter. That picture isn’t quite accurate when
quantum mechanics is taken into account. Emptiness
turns out to be an illusion: The real vacuum is full of ac-
tivity in the form of quantum fluctuations—sometimes
thought of as virtual particles that appear and disap-

pear so quickly that they don’t violate Heisenberg’s uncertainty
principle. In this Quick Study, I discuss how electromagnetic
fluctuations can give rise to forces and even torques between
macroscopic objects without the need for any other interac-
tions. Indeed, the quantum mechanics of a vacuum may prove
to be an exciting tool for engineering nanoscale devices.

Forces from nothing
In the late 1940s while working at Philips Laboratory Eindhoven
in the Netherlands, Dutch physicist Hendrik Casimir devel-
oped a theory to describe the interaction forces he observed
in colloidal suspensions. Intrigued by the notion of quantum
fluctuations of electromagnetic fields and by conversations
with Niels Bohr, Casimir considered what would happen in
a different scenario involving two parallel, uncharged, metal-
lic plates. 

In a classical vacuum, nothing happens. But in a quantum
vacuum, he realized, the presence of the closely spaced
plates—essentially an optical cavity—would influence the fluc-
tuating fields (see, for example, the Reference Frame by Daniel
Kleppner, PHySICS ToDay, october 1990, page 9, and PHySICS
ToDay, November 2011, page 14). More specifically, conductive
plates force the electric and magnetic fields to go to zero at the
boundaries, and only a subset of the fluctuations can exist be-
tween the plates; the largest wavelengths are excluded simply
because they do not fit.   

The plates effectively reduce the energy density, often called
the zero-point energy, associated with those quantum fluctua-
tions. The closer the plates, the lower the zero-point energy. Be-
cause nature likes to minimize the energy of a system, the two
plates should be attracted to each other—an interaction re-
ferred to as the Casimir effect. 

Within 10 years of Casimir’s prediction, an experiment by
Dutch physicist Marcus Sparnaay confirmed the existence of
the Casimir force between two parallel plates. In Sparnaay’s
own words, the experiments “do not contradict Casimir’s the-
oretical prediction.” That humble phrasing reflected the diffi-
culty of measuring such small forces while keeping the plates
parallel and in close proximity—typically below a micron—
and removing electrostatic interactions and other artifacts. 

around the same time, 1956, Russian chemist Boris Derjaguin

realized that replacing one of the plates with a sphere would
simplify the measurement: Researchers would no longer need
to worry about keeping the plates parallel. although the
sphere–plate geometry did improve detection, not until the
1990s did modern measurement techniques usher in a new
wave of Casimir force experiments. (See the article by Steve
Lamoreaux, PHySICS ToDay, February 2007, page 40, and
PHySICS ToDay, February 2009, page 19.)

From forces to torques
Casimir’s theory describes the force between metal plates. But
what happens when the plates are not perfect conductors? The-
orists Igor Dzyaloshinskii, Evgeny Lifshitz, and Lev Pitaevskii
answered that question in 1961 when they generalized
Casimir’s result to the case in which the plates are described
by arbitrary, isotropic dielectric functions. Today their theory
is used in comparisons to experiment; the optical properties of
the actual metals used in the experiments are incorporated as
variables into the theory.

In the 1970s a new configuration was considered: What if
the optical properties of the plates are anisotropic—for exam-
ple, when using birefringent crystals such as calcite? In that
case, the total free energy of the system depends not only on
the separation between the two parallel plates but also on the
angle θ that defines their relative orientation. The system
should exhibit a torque that causes the plates to rotate into a
position of minimum energy—a Casimir torque.

Minimum energy is reached when the optical axes with the
highest refractive index align. The theory for that idea was
worked out by adrian Parsegian and George Weiss and in -
dependently by yuri Barash. For relatively small separations,
generally less than a few tens of nanometers, they found that
the torque has a sin 2θ dependence and is inversely propor-
tional to the separation squared.

as with the Casimir force, several technical issues compli-
cate measuring the Casimir torque. Two relatively large-area
plates need to be kept parallel and at submicron separations.
one plate also needs to freely rotate relative to the other, and
that rotation must be detectable above background noise and
artifacts. a way to perform such an experiment is to suspend
one birefringent plate above another using a torsion rod.

The twisting of the rod induced by the Casimir torque could
be measured optically or electronically to determine the rota-
tion angle. But parallelism, dust removal, and surface imper-
fections turn out to be difficult to control in that setup. another
possibility is to perform experiments in which one plate is lev-
itated above another either using optical tweezers in vacuum

Jeremy Munday is a professor in the department
of electrical and computer engineering at the
University of California, Davis.
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A new twist on the quantum vacuum
Jeremy N. Munday

A subtle macroscopic effect in the space between two birefringent plates produces a measurable
Casimir torque. 
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or using electrostatic or dispersion forces in a fluid. Unfortu-
nately, those setups suffer from many of the same problems as
experiments involving torsion rods.

To circumvent those problems, my group developed an al-
ternative experiment that enabled the first quantitative mea -
surement of the Casimir torque. The trick was to replace one
of the birefringent plates with a liquid crystal, as shown in the
figure. Liquid crystals contain birefringent molecules that can
have local and long-range order. They behave much like solid
birefringent crystals but can also wet another surface and ro-
tate at the molecular level. 

For our experiment, we used a solid birefringent crystal on
which we deposited a thin—less than 30 nm—optically
isotropic layer of aluminum oxide. That layer separates the
solid crystal from the liquid crystal, much like the vacuum gap
in Casimir-force experiments. Once the liquid crystal is placed
atop the aluminum oxide, it wets the surface to form a three-
layer stack: a solid birefringent crystal, aluminum oxide, and
liquid crystal. The thickness of the spacer layer determines the
distance between the solid and liquid crystals, and it can be
varied by making multiple samples. The Casimir torque then
rotates the liquid crystal so that its optical axis aligns with that
of the solid crystal. We detected the rotation by measuring the
polarization rotation of an incident light beam using an optical
microscope.

The experiment, published in 2018, confirmed many of the
predictions made by Parsegian, Weiss, and Barash. It showed
that the torque decays with a power-law dependence on the
separation and has a sin 2θ dependence on the angle. The op-
tical properties of the crystal substrate and of the liquid crystal
affect the magnitude of the torque and its sign (clockwise or
counterclockwise rotation). My lab has measured torque den-

sities as small as a few nanonewton meters per meter squared
on surfaces separated by tens of nanometers. 

Quantum effects in the real world
Beyond a confirmation of a quantum effect predicted decades
ago, the measurement of the Casimir torque sets the stage for
engineering vacuum fluctuations to modify how nanoscale and
microscale devices work. In the world of microelectromechan-
ical systems (MEMS), the Casimir force and the related van der
Waals force are thought to have an important effect on surface-
adhesion phenomena that cause devices to break. Reducing,
eliminating, or even reversing the Casimir force among MEMS
devices could ameliorate the problem.  

Rather than being hindrances, the Casimir force and torque
may perhaps give rise to more sensitive accelerometers and tor-
sion sensors. What’s more, the fact that the Casimir torque can
affect liquid crystals—a staple of modern display technolo-
gies—suggests that liquid-crystal applications may also be on
the horizon. Among the possibilities is ultralow-power switch-
ing that requires merely a tiny voltage to break the alignment
of the liquid crystal and allow light to pass or be absorbed
when the crystal is placed between crossed polarizers. 

Additional resources
‣ V. A. Parsegian, Van der Waals Forces: A Handbook for Biologists,
Chemists, Engineers, and Physicists, Cambridge U. Press (2005).
‣ D. Iannuzzi et al., “The design of long range quantum elec-
trodynamical forces and torques between macroscopic bod-
ies,” Solid State Commun. 135, 618 (2005).
‣ D. A. T. Somers et al., “Measurement of the Casimir torque,”
Nature 564, 386 (2018). PT

IMAGING THE TWIST FROM VACUUM. (a) When two optically anisotropic plates form a narrowly spaced optical cavity, the energy associ-
ated with quantum fluctuations between them depends on their orientation. To minimize the free energy of the system, the Casimir torque
rotates one plate relative to the other until their optical axes align. (b) This configuration illustrates my group’s recent experiment to measure
the Casimir torque between a liquid crystal and a solid birefringent crystal. A thin isotropic layer of material separates the crystals by a variable
distance d. The yellow rods illustrate the extent to which the liquid-crystal sample twists from top to bottom; the green and red arrows show
the average direction of the liquid at the two endpoints. The dark gray arrow in the birefringent crystal depicts the crystal’s optical axis. (c) Shin -
ing polarized light through the liquid and solid crystals offers a way to reveal the Casmir torque. A sample is prepared with three spacing-layer
thicknesses that separate the liquid crystal from the solid birefringent crystal. Viewed between crossed polarizers, the image brightness is pro-
portional to the strength of the torque. A thinner spacing layer d results in a stronger torque and hence a brighter image.

pt_quick-study1019_quick study  9/6/2019  11:10 AM  Page 75



76 PHYSICS TODAY | OCTOBER 2019

TO SUBMIT CANDIDATE IMAGES FOR BACK SCATTER VISIT http://contact.physicstoday.org.

In the brain, the network of  neuron- to- neuron connections somehow con-
verts myriad signals into thoughts, memories, and actions. Connectomics, the
study of that network, is a huge, active undertaking (see PHYSICS TODAY, May
2018, page 26, and December 2013, page 20). Before tackling the human con-
nectome, which comprises more than 86 billion neurons and 100 trillion
synapses, several research groups worldwide have set their sights on a smaller
target, the mouse brain. Even so, combining the microscale perspective of in-
dividual  neuron- to- neuron connections with meso- and macroscale pictures
of the links between the brain’s different regions remains formidable.

At École Polytechnique Fédérale de Lausanne in Switzerland, researchers
with the Blue Brain Project have bridged that gap with a new method to gen-
erate a statistical model of the complete  micro- connectome of the mouse
neocortex, containing 10 million neurons and 88 billion synaptic connections.
The method incorporates the current knowledge of  region- to- region connec-
tions, the neocortex’s laminar patterns, the structure of topological mapping
between regions, data from 100 reconstructions of individual neurons that
span multiple regions, and a comprehensive mesoscale model of connections
between regions. The resulting constraints and organizing principles yielded
a highly nonrandom,  scale- invariant connectivity structure down to the sub-
cellular level of individual synapses. Shown in detail here, the result is a base
model that can be refined as future experiments yield additional constraints
on neural connectivity. (M. W. Reimann et al., Nat. Comm. 10, 3903, 2019.
Image courtesy of Blue Brain Project/EPFL.)   —RJF

A microscale  mouse- brain model

BACK SCATTER
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The life and times of a mountain glacier...

High above the Chamonix Valley in the French Alps 
sits a glacier called the Mer de Glace (or ”Sea of Ice”). 
Although it is known for its expansive size, the glacier 
is losing about 5 meters in thickness and 30 meters 
in length each year. CFD simulation can be used to 
analyze the dynamics of ice and glacier flow to better 
understand this environmental phenomenon.

The COMSOL Multiphysics® software is used for 
simulating designs, devices, and processes in all fields 
of engineering, manufacturing, and scientific research. 
See how you can apply it to the study of ice and glacier 
dynamics.

comsol.blog/glacier-dynamics

The viscous flow and observed 
velocities of a glacier.
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With MATLAB® you can use clustering, 
regression, classification, and deep  
learning to build predictive models 
and put them into production. 

mathworks.com/machinelearning
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