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Photons and atoms are both described
by a wavefunction, whose phase de-
fines a natural ruler that can be used

for measuring fields and forces. But when
made ultracold, atoms can offer far
greater precision. They also have gravita-
tional signals imprinted on their interfer-
ence pattern, which can resolve changes
in Earth’s gravity to one part in 1011. That’s
sensitive enough to detect such features
as oil wells, caves, and tunnels; changes in
the local water table; and glacial melting.
(See the article by Markus Arndt, PHYSICS
TODAY, May 2014, page 30.)

Conventional atom interferometers
measure gravity by throwing atoms up-
ward and watching them fall. Light
pulses tuned to particular resonance fre-
quencies in the atoms serve as beamsplit-
ters and mirrors. The pulses deliver mo-
mentum kicks that split the atoms into

two wavepackets, send them along sepa-
rate paths, and then recombine them. At
a detection port, the matter waves inter-
fere according to the phase difference be-
tween the kicked and unkicked wavepack-
ets—the two arms of the interferometer.

But that approach has two related
limitations. An atomic fountain takes up
a lot of space—the atoms are launched to
a height of several meters in a vacuum.
Even with such heights, the duration of
the atoms’ free fall, which determines
the interferometer’s sensitivity, lasts
only a few seconds. In 2013 Stanford
University’s Mark Kasevich and collabo-
rators reached a milestone, obtaining 
2.3 seconds of interrogation time using a
10-meter fountain.1 Work is now under-
way to build fountains measuring up to
300 m. But their sensitivity to vibrations,
exacerbated by the increased height, re-

quires elaborate inertial stabilization.
Holger Müller and his group (shown

in figure 1) at the University of California,
Berkeley, have now demonstrated an al-
ternative method2 that extends the inter-
rogation time to as long as 20 seconds—
the longest coherence time ever obtained
for a spatially separated quantum super-
position. The achievement came from
holding the two wavepackets in an opti-
cal lattice after the matter waves were
split and separated by light pulses. With-
out the lattice to hold the atoms against
gravity, interrogating them for that long
in free fall would require a vacuum sys-
tem a half kilometer tall.

The Berkeley system takes just 1
meter of vertical space in the researchers’
lab. The compact geometry makes it at-
tractive for a mobile atomic gravimeter
that can take data in the field. Indeed,
Müller already has a project planned to
place the system on a drone.   

An optical lattice in an optical cavity          
A schematic of the new interferometer is

After 20 seconds in an  optical lattice, the  gravitational
 potential- energy difference between two wavepackets
 separated by micrometers generates megaradians of phase.
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A powerful interferometer works by holding,
not dropping, its atoms 

FIGURE 1. HOLGER MÜLLER (right) leads the University
of California, Berkeley, group of (from left) Victoria Xu,
Cristian Panda, and Matt Jaffe, who developed and now
run the atom interferometer. (Photo by Sarah Wittmer.)
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shown in figure 2. To make a gravity
measurement, the researchers launch a
cloud of cesium atoms chilled to 300 nK
upward a few millimeters into the center
of an optical cavity. As in conventional
interferometers, the atoms can be steered
in free fall by using Raman transitions:
Two counterpropagating laser beams,
whose frequency difference corresponds
to a hyperfine transition, irradiate the
atoms and transfer momentum to them,
with each pulse’s intensity tuned to kick
the atoms with 50% probability. 

Four of those π/2 pulses accompany
the atom cloud through the interferome-
ter. The first pulse places each Cs atom
into a coherent superposition of two
states—one that receives a momentum
kick and one that doesn’t. The two clouds
form localized partial wavepackets trav-
eling along distinct trajectories at differ-
ent momenta, and the two trajectories
form the upper and lower arms of the in-
terferometer. 

The second pulse provides another
kick, designed to rematch the wavepack-
ets’ momenta as they continue rising. At
their apex, an optical lattice is turned on
to suspend the wavepackets in vacuum.
In the lattice, only the two wavepackets’
different heights and thus potential-
 energy difference in the gravitational
field distinguish them. After a time t, a
second pair of π/2 pulses steers the
wavepackets so that they can interfere ac-
cording to the phase difference accumu-
lated between the upper and lower arms.

Placing a vertical optical lattice inside
an atom interferometer isn’t new. Yan-
nick Bidel, now at the French aerospace
lab ONERA, and coworkers built nearly
the same configuration in 2012. So did
Guglielmo Tino and his group four years
later at the University of Florence. In
both cases the optical lattice trapped the
clouds of cold atoms, but imperfections
in the free-space laser beams limited the
interrogation times to just 0.1 seconds
and 1.0 second, respectively.3

What makes the experiment so chal-
lenging—and the newly achieved 20-
 second hold time so astonishing—is that
the trapping potential must be strong
enough to overcome gravity but gentle
enough to preserve the atoms’ de Broglie–
wave phase. Says NSF program director
Alex Cronin, “Before this demonstration,
I was skeptical that an atom interferome-
ter could ever work with traps turning on

and off in the middle of it.” The trap has
to grab the spatially separated compo-
nents of each atom’s wavefunction with-
out ever changing its quantum state.
“Catching matter waves midflight with-
out scrambling their coherence is an ex-
quisite example of quantum mechanical
engineering,” he says.

Even at 300 nK, the atoms shake in the
antinodes of the standing waves that
hold them. To minimize the light scatter-
ing and avoid exciting any atoms above
the ground state, the researchers de-
tuned the frequency of their trapping
lasers to 866 nm, far from any of the
atoms’ transition frequencies. Even so, a
realistic laser beam can never generate
an optical lattice with perfect transla-
tional invariance. To solve that problem
they incorporated a key feature in their
setup—an optical cavity that bounds the
optical lattice between two highly reflec-
tive mirrors.  

The marriage between atom interfer-
ometry and cavity optics was made four
years ago by Müller, his then postdoc
Paul Hamilton (now at UCLA), and his
current postdoc Matt Jaffe4 (see PHYSICS
TODAY, April 2015, page 12), and the cav-
ity’s presence is paramount for achiev-
ing long coherence times. For one thing,
the cavity mirrors spatially filter the

trapping light because only the funda-
mental Gaussian mode of the cavity is
resonant with it. The hundred or so re-
flections between the mirrors reinforce
that mode and improve the uniformity
of the optical traps. They also suppress
the effect of laser speckle, mirror dust,
and any other inhomogeneities in the
laser’s wavefront.

What’s more, the reflections enhance
the power of laser light in the cavity by
some 40-fold. Years earlier the enhance-
ment led to the group’s discovery that grav-
ity measurements could be made at a pre-
cision comparable to that of conventional
atom interferometers but with far less
power—milliwatts instead of watts. The
lower power demand helps keep the sys-
tem compact and reduces stray light gen-
erated at external lenses and mirrors that
could otherwise distort the lattice sites.

Toward state of the art
Being able to sustain the coherence of the
wavepackets for long times confers an-
other advantage to the new interferome-
ter: vibration suppression. Whereas
atomic fountains measure the wavepack-
ets’ phase at just three positions—at the
beginning of their trajectory, at their
apex, and when they interfere—the
Berkeley interferometer integrates the
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FIGURE 2. SPLITTING ATOMS. The Berkeley interferometer uses two pairs of so-called
π/2 light pulses to manipulate a cloud of ultracold cesium atoms in an optical cavity.
Each pulse splits the cloud and produces a superposition of entangled electronic and
momentum states. The first pair divides the cloud into four distinct wavepackets and
four potential paths (red solid and black dashed lines). The red paths are blocked, leav-
ing two wavepackets at different heights but with the same ground state and momen-
tum, ∣g2, p + 2ħk〉. The second pair of pulses recombine the wavepackets so that they
interfere and are detected. At the apex, atoms are held for a time t in an optical lattice
formed by the mode of an optical cavity and detuned far from resonance with any
atomic transition. (Adapted from ref. 2.)
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phase continuously as long as the atoms
are suspended in the lattice. 

The longer the hold time, the more
the vibrations average out. The 20 sec-
onds that Müller achieved reduces the
interferometer’s phase sensitivity to vi-
brations by up to four orders of magni-
tude. He was surprised to discover that
as the lattice hold times kept increasing,
his team stopped needing any vibration
isolation.

Despite its advantages, the new de-
vice still falls short of state-of-the-art
atom interferometers. In the Berkeley
group’s proof-of-principle demonstra-
tion, the gravitational potential-energy
difference from just 4 μm of vertical sep-
aration generates 1.6 megaradians of
phase accumulated in the two arms. But
there’s room to improve that perfor -
mance. An interferometer’s precision in-
creases with both longer hold times and
larger wavepacket separations. 

The 4 μm separation between the arms

was achieved using the momentum kick
from just a single two-photon Raman tran-
sition. In a separate experiment, Müller
and coworkers have demonstrated laser
pulses strong enough to generate 10-
 photon momentum kicks and almost 9
mm of separation. No fundamental bar-
rier limits increasing the separation and
hold times, but maintaining the coherence
of such large spatial superpositions re-
mains a huge technical challenge. 

The compact nature of the new inter-
ferometer makes it ideal for measuring
short-ranged interactions, such as
Casimir forces and those hypothesized
to be responsible for dark energy. And
the different nature of the new ap-
proach—holding atoms to probe the po-
tential-energy difference rather than
dropping them to measure accelera-
tions—has Müller particularly intrigued.

Measuring the phase of atoms from
different gravitational potentials but in a
gravitational-force-free setting—for ex-

ample, inside a spherical shell of uniform
mass—would be tantamount to observ-
ing the gravitational analogue of the
Aharonov–Bohm effect. The experiment,
which Müller proposed with the Univer-
sity of Vienna’s Anton Zeilinger in 2012,
would constitute the first demonstration
of a force-free gravitational redshift.5 It
would also provide a new measurement
of Newton’s constant G, the least accu-
rately known fundamental constant in
nature.                

Mark Wilson
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Human bodies have a narrow range of
temperatures at which they function
properly. Proteins behave similarly:

At ambient temperatures they fold as
needed for their biological purposes, but
if they get too hot or too cold, their struc-
tures unravel. The details of what hap-
pens to proteins away from their confor-
mational sweet spot and how or why
they denature could provide insight into
how they manage to find their functional
forms at physiological conditions in the
first place.

Proteins found in nature don’t exist in
a vacuum, and the molecules surround-
ing them affect their behavior (see the ar-
ticle by Diego Krapf and Ralf Metzler,
PHYSICS TODAY, September 2019, page
48). It’s therefore not enough to consider
only how interactions within a protein
change with temperature; to fully under-
stand a protein’s behavior, the dynamics
and structure of the solvent—typically
water—must also be taken into account.

At the intersection of protein folding
and water’s molecular dynamics Daniel

Kozuch, Frank Stillinger, and Pablo
Debenedetti of Princeton University no-
ticed something unexpected in their sim-
ulations.1 Earlier work2 led by Debenedetti
had investigated the cold denaturation of
Trp-cage, a 20-amino-acid model protein,
in liquid water supercooled to 210 K.
Those simulations, as expected, had
shown a peak in the fraction of folded pro-

teins at room temperature followed by a
steep drop-off as the temperature de-
creased. But when the researchers low-
ered the temperature even further in their
latest study, they found a surprising re-
sult: At 194 K, the proteins refolded.1

The well-tempered ensemble
Experimental studies of protein folding

A small simulated peptide’s
structure is shaped by the
surrounding water’s
 anomalous dynamics.  

A supercooled protein refolds unexpectedly

Ambient temperature Cold denatured

FIGURE 1. AMBIENT AND LOW-TEMPERATURE STRUCTURES for the protein 
Trp-cage reflect its cold denaturation. The α-helix (purple) remains stable, but the 310-
helix (blue) seen at ambient temperatures unfolds at 224 K. A tryptophan amino acid
(red) sits in the protein’s core. (Adapted from ref. 1.)


