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You don’t weigh the same in Boston
as you do in Berlin. Granted, the dif-
ference—a consequence of Earth’s

rotation and unevenly distributed
mass—is minuscule, but it’s easily de-
tected with state-of-the-art gravimeters.
In fact, atom interferometers can detect
Earth’s gravitational pull to better than
one part in 1011, which makes them sen-
sitive enough to register the change in
gravity due to a change in elevation of
just a few millimeters.1

The interferometers exploit the wave
nature of matter: Pulses of light are used
to deliver momentum kicks that split a
free-falling atom into two wavepackets,
steer them along separate paths through
space, and recombine them. The con-
structive or destructive nature of the
wavepackets’ interference reveals infor-
mation about the respective distances
they traveled and the acceleration they
experienced. 

The resulting ultraprecise
measurements are more than cu-
riosities. They can be used to lo-
cate buried mineral deposits and
to monitor aquifers, and they
could conceivably provide a basis
for global positioning systems
that work underground. (For
more on matter-wave interferom-
etry, see the article by Markus
Arndt, PHYSICS TODAY, May 2014,
page 30.)

Atom interferometry was still
relatively new when Holger
Müller joined the field as a post-
doc more than a decade ago.
Müller, now at the University of
California, Berkeley, recalls an off-
hand suggestion that his PhD ad-
viser, Achim Peters, made around
that time: “Someday, somebody
should put an atom interferome-
ter inside an optical cavity.” 

The idea had been floating
around for a while. Because opti-
cal cavities amplify certain reso-
nant modes of light, they can, in
theory, be used to deliver bigger
momentum kicks using lower-
energy pulses. Because they sup-
press nonresonant modes, they can
also narrow a pulse’s linewidth and
refine its wavefront, which would
make each kick more precise.

Realizing the proposal, however,
was fraught with technical stumbling
blocks. Now, some 10 years later, Müller
and coworkers at UC Berkeley have
succeeded in operating a cesium atom
interferometer inside a half-meter opti-
cal cavity.2 In a proof-of-principle ex-
periment, they demonstrated that the
interferometer, pictured in figure 1, can
achieve precision comparable to that of
conventional atom interferometers while
using far less power—microwatts in-
stead of milliwatts. The work could lead
to new classes of compact, portable
gravimeters and accelerometers.

Cavity gravimetry
As in conventional atom interferome-
try, the Berkeley group manipulates
atoms using two-photon Raman transi-
tions. If two incident photons have a
frequency difference that corresponds
to a hyperfine transition, they can trans-

fer their momenta to the atom via a 
sequence such as the one illustrated in
figure 2a: The atom recoils from the ab-
sorption of the first photon, recoils
again from the emission stimulated by
the second, and in the process is pumped
into a new angular momentum state F.
If the two incident photons are counter-
propagating, both recoils are in the
same direction and the atom receives a
momentum kick equal to twice the av-
erage photon momentum ħk. 

To build an interferometer based on
those transitions, one needs to orches-
trate a succession of pulses known as a
Mach–Zehnder sequence. Figure 2b
shows a Mach–Zehnder sequence based
on a transition between the F = 3 and
F = 4 angular momentum states in the
Cs ground level. A first pulse places the
freefalling Cs atom in a coherent super-
position of two states—one that re-
ceived a momentum kick and another
that didn’t. The two components form
distinct localized wavepackets travel-
ling along distinct trajectories. A second

pulse inverts the wavepackets’
states, and a third mixes them
and causes them to interfere. 

The pulse sequence, analo-
gous to the Ramsey sequence
(see the article by Serge Haroche,
Michel Brune, and Jean-Michel
Raimond, PHYSICS TODAY, Janu-
ary 2013, page 27), has become
commonplace in quantum op-
tics. But pulling it off inside an
optical cavity is tricky. The two
laser frequencies must simulta-
neously meet two strict criteria:
Their frequency difference must
be tuned precisely to the atomic
transition, and their absolute fre-
quencies must each be tuned to a
cavity mode. In essence, Müller
and his colleagues had to custom
tailor their cavity to ensure that
the cavity length was an integer
multiple of half wavelengths for
both frequencies used in the
transition.

An optical cavity also seem-
ingly presents a degeneracy
problem. In an atom interferom-
eter, a particular Raman transi-
tion needs to produce a kick in 
a particular direction. That’s
straightforward to accomplish in
free space: If one wants to en-
sure, for instance, that promo-

Matter-wave metrology meets cavity optics 

Figure 1. In the atom interferometer pictured here,
a cloud of cesium atoms inside a vacuum chamber
(center cylinder) is coherently manipulated with light
reflected between mirrors positioned inside the
metal chambers at top and bottom. (Photo courtesy
of Brian Estey.)

Placed between two mirrors, an atom interferometer gains potency
and precision.
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tion from the F = 3 to the F = 4 state gen-
erates an upward kick, one simply di-
rects the higher-frequency pulse up-
ward and the lower-frequency one
downward. In an optical cavity, how-
ever, both modes necessarily propagate
in both directions as they reflect be-
tween the cavity mirrors. To first approx-
imation, any two-photon transition is
just as likely to yield a downward kick
as an upward one.

As it turns out, however, the Doppler
shift experienced by a free-falling atom
can lift the degeneracy. By detuning the
pulses’ difference frequency by an
amount equal to the Doppler shift, the
researchers can choose to kick the atom
either upward or downward. The cav-
ity itself is just forgiving enough to per-
mit that; the linewidths of the cavity
modes are large enough that the re-
searchers can detune the pulses from the
atomic transition and still keep them res-
onant with the cavity. 

To make a gravity measurement, the
researchers release a cloud of 108 cold
Cs atoms into a vacuum chamber inside
the optical cavity and then implement
the pulse sequence illustrated in figure 2.
Because the atoms accelerate under
gravity during the course of each mea -
surement, the detuning required to off-
set the Doppler shift changes, at a con-
stant rate, between the first and last
pulses. Through trial and error, the re-
searchers identify the sweep rate that
best compensates for the atom’s acceler-
ation—that is, the sweep rate for which
the atoms’ final state is independent of
the time T between pulses. From that

rate they can use a simple formula to
back out the acceleration due to gravity.

Size matters
In their proof-of-principle experiment,
Müller and his coworkers showed that
they could match the sensitivity of 
similar-sized conventional atom inter-
ferometers using orders-of-magnitude
less power—just 50 μW. That could pave
the way to energy-efficient interferom-
eters that can ride aboard satellites and
space probes, where they could be
used, for instance, to test predictions of
general relativity.

In addition to using the cavity to
save power, the researchers could also
use it to gain precision. An interferom-
eter becomes more precise as the sepa-
ration between its arms—in this case,
the wavepacket trajectories—grows. In
an atom interferometer, that means in-
creasing either the time the atom spends
in freefall or the magnitude of the mo-
mentum kicks it receives. The former
calls for increasing the instrument’s
length; so far, the record is a 10-m-tall
interferometer, built at Stanford, that per-
mits more than two seconds of free fall.1

The Berkeley team seeks to enhance
precision by implementing bigger mo-
mentum kicks. The intracavity amplifi-
cation of a moderately strong laser
pulse should yield fields intense enough
to instigate many-photon atomic transi-
tions. Instead of exploiting two-photon
transitions, says Paul Hamilton, the
paper’s lead author, “we’d like to push
it to 50 or 100 photons.”

To do that, however, they’ll first
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Figure 2. Running interference. Two incident photons (a) whose frequency 
difference is tuned to the transition between the F = 3 and F = 4 angular momentum
states in a cesium atom can initiate a Raman transition. If the photons are counter-
propagating, the atom with initial momentum p receives a momentum kick equal 
to twice the photon momentum ħk. (b) Implemented in what’s known as a Mach–
Zehnder sequence, Raman transitions can cause a free-falling atom to interfere with
itself: A first pulse splits the atom into two wavepackets by placing it in a superposi-
tion of a state, ∣4, p + 2ħk〉, that received a kick and a state, ∣3, p〉, that didn’t; a 
second pulse at time T inverts the wavepackets’ states, and a third pulse at time 2T
mixes them. The probabilities of finding the atom in the ∣3〉 and ∣4〉 states depend on
the relative phase of the wavepackets at time 2T and can be used to infer the local
gravity field. (Adapted from ref. 2.)
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X-ray crystallography and electron
microscopy can each provide a
wealth of structural information

about proteins and other biomolecules.
But neither technique can operate
under physiologically relevant condi-
tions, so they’re unable to observe the
dynamic processes that are central to
proteins’ biological function. Atomic
force microscopy, on the other hand,
can work in water. Now Duckhoe Kim
and Ozgur Sahin of Columbia Univer-
sity have used that capability to create
a specialized atomic force microscope
(AFM) that can locate specific chemical
groups in a protein under biological
conditions.1

From their AFM tip the researchers
dangle two single-stranded DNA hexa-
mers, shown in figure 1 in red and
green. The complementary strands,
shown in like colors, are attached to a

protein’s chemical groups of interest
and serve as imaging labels. Whenever
one of the hexamers comes into contact
with its complement, the two strands
briefly bind, and the AFM cantilever is
observed to deflect—a signal that one of
the chemical groups has been found.

The information provided from a
single scan with the device is fairly
sparse: just the positions of the two la-
bels. But in principle, one could re-image
the same protein again and again, with
different chemical groups labeled each
time, and build up a full chemically spe-
cific three-dimensional structure from
the resulting pairwise distances. To
study dynamic conformational changes,
on the other hand, detailed structural
information might not be necessary.
Tracking the positions of two labels
over time may suffice.

Tip taps
Outfitting AFM tips with biomolecules
has been done before.2 But previous ap-
proaches have used large, bulky mole-
cules—such as whole proteins and their
antibodies—that bind so strongly that
they have to be ripped apart by the
force of the AFM cantilever. In contrast,
vertically hanging DNA has a small
horizontal footprint. And paradoxi-
cally, the new method’s success lies in

Dangling DNA pinpoints a protein’s
chemical groups
A short, single-stranded nucleic acid chain attached to the tip of an
atomic force microscope can locate its complement with high 
resolution and specificity.

need to devise a method to cool their
atom clouds substantially below the
roughly 2 μK achieved in their proof-of-
principle demonstration. “When you’re
applying really big momentum kicks,”
explains Hamilton, “the atoms’ initial
velocity needs to be very well defined.” 

“It’s a technical hurdle,” Müller adds.

“But it’s the type of hurdle we’ve over-
come many times in the past.”

Ashley G. Smart
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Figure 1. An atomic force microscope
outfitted with two DNA hexamers, shown
in red and green, one dangling from the
end of the other. The complementary
strands, shown in like colors, are attached
to chemical groups of interest in a protein
(blue). When one of the hexamers at the
end of the tip locates its complement
(and thus the associated chemical group),
the two strands briefly bind, and the 
T-shaped cantilever is seen to twist.
(Courtesy of Ozgur Sahin.)

the weakness of the binding force be-
tween the DNA hexamers. A stronger
force, even between slightly longer
DNA strands, could induce distortion
in the protein that would muddy the
signal. But shorter strands bind only
when they’re precisely aligned, and
they readily unbind as the cantilever is
moved away.

To give each hexamer the chance to
find its complement—and to allow the
tip itself to acquire a conventional AFM
image—the researchers operated the
microscope in tapping mode, with the
cantilever set to vibrate up and down at
its resonance frequency. Binding of the
two hexamers would occur at different
parts of the oscillation cycle, so they can
be distinguished.

But with a standard cantilever, a
binding event induces a vertical pulling
force—that is, a force along the direc-
tion in which the cantilever is already
vibrating. That collinearity makes it
hard to separate the soft tug of the DNA
from the baseline sinusoidal oscillation
of the cantilever. To better distinguish
the different components of the motion,
Kim and Sahin used a T-shaped can-
tilever, as shown in figure 1, that Sahin
and his colleagues had devised a few
years ago.3 The tip still vibrates verti-
cally, but now DNA binding causes the
cantilever to twist. With the vertical and
twisting motions tracked separately, the
binding of the two hexamers can be
more readily detected.

To test the technique’s resolution, the
researchers attached many copies of the
complementary hexamers directly to a
solid substrate, then searched for them
with the AFM. They found that binding
events formed clusters less than 0.5 nm
in diameter, so they took that value to
be an estimate of the microscope’s res -
olution. “That means,” explains Sahin,
“that two spots separated by more 
than 0.5 nm are likely to represent two
objects.”

Finding biotin
For their proof-of-principle experi-
ment, Kim and Sahin looked at the
streptavidin–biotin complex. Strepta-
vidin is a bacterial protein that accom-
modates four copies of the small non-
protein molecule biotin, also known as
vitamin B7. The system is advantageous
for two reasons. First, the structure of
the whole complex has been well deter-
mined by x-ray crystallography. Sec-
ond, biotin molecules with custom
DNA sequences already attached are
commercially available. Says Sahin,
“That makes sample preparation rela-
tively simple.” Kim and Sahin bought




