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results of WIMP searches at the LEP and
Tevatron colliders. In experiments like
CDMS II, a few recoil energies can’t
specify the WIMP mass. But the fact that
both CDMS II events had relatively low
recoil energies, near 15 keV, suggests a
mass somewhat lower than 60 GeV.

The only definite claim of WIMP-
collision sightings to date was first an-
nounced in 2000 by the DAMA collabo-
ration, whose sodium iodide detector
sits in Italy’s Gran Sasso underground
laboratory.3 DAMA’s disputed results
have for some years conflicted with the
elastic-scattering upper limits reported
by CDMS and the XENON10 collabora-
tion, whose 15-kg liquid-xenon detector
also sat at Gran Sasso (see PHYSICS
TODAY, August 2007, page 16). But the-
orists David Tucker-Smith, Neal
Weiner, and coworkers have been sug-
gesting since 2001 that the DAMA
events might be inelastic collisions in
which WIMPs are raised to a putative
excited state perhaps 100 keV above
their ground state.4

Such collisions would be rarer with
germanium than with the heavier io-
dine or xenon nuclei. But now the
CDMS collaboration, looking for evi-
dence of such inelastic collisions in the
CDMS II run, claims to have largely
ruled out what little of the range of

WIMP mass splitting had not already
been excluded by XENON10. “But I
think,” says Weiner, “we’ll have to wait
for the new xenon experiments to know
whether WIMP excitation explains
DAMA.”

The CDMS II detector is now being
upgraded at Soudan to SuperCDMS, a
15-kg array with larger germanium
crystals. The collaboration’s longer-term
goal is a 100-kg detector more than a
mile underground at SNOlab in Sud-
bury, Ontario. In the ongoing quest to
elucidate dark matter, a key issue being
addressed in the current round of un-
derground detector experiments is:
Which of the competing detector tech-
nologies is best suited for upscaling to
detectors massive and sensitive enough
to yield a convincing WIMP sighting—
or the demolition of a promising theory? 

Bertram Schwarzschild

References 
1. Z. Ahmed et al. (CDMS collaboration),

http://arxiv.org/abs/0912.3592.
2. J. Ellis et al., Phys. Rev. D 71, 095007

(2005); L. Roszkowski, R. Ruiz de Austri,
R. Trotta, J. High Energy Phys. 7, 075
(2007). 

3. R. Bernabei et al. (DAMA collaboration),
Eur. Phys. J. C 56, 333 (2008).

4. S. Chang et al., Phys. Rev. D 79, 043513
(2009).

  Cryogenic 
        Materials 
     Characterization 

Advanced Research  
Systems, Inc. 

 
www.arscryo.com 

Tel: 610-967-2120 
Fax: 610-967-2395 

E-mail:  ars@arscryo.com 

Cryogenic  

Probe Station  

Helium Free 

ARS Manufactured 

Closed Cycle 

3 K  800 K 

UHV 10-11 Torr 

Ultra Low Vibration  

3-5 nm 

Mixed Gas Cooler 

Low Cost  

80 K 

Neutral atoms are entangled 
in hyperfine states via 
Rydberg blockade
An interaction between highly excited atoms can be used to 
engineer a superposition of low-energy quantum states, as 
two research groups now demonstrate.

Ions and neutral atoms held in
electromagnetic traps are two of many
candidates that may one day become
the qubits in a quantum computer:
Their hyperfine states could serve as the
computer’s ones and zeroes. Ions inter-
act via long-range Coulomb forces,
which can facilitate creation of the en-
tangled states that are the prerequisite
for quantum computation. But that
same Coulomb interaction gives rise to
collective motions that can disrupt a
qubit array. Atoms aren’t susceptible to
such disruptions. But they’re also more
difficult to entangle.

Last year two research groups inde-
pendently demonstrated a long-range
interaction, called Rydberg blockade,
between trapped neutral atoms; they
published their results in a pair of back-
to-back papers. (See PHYSICS TODAY,
February 2009, page 15.) One group, led

by Mark Saffman and Thad Walker at
the University of Wisconsin–Madison,
showed the blockade in its simplest
form: When two atoms were separated
by several microns, exciting one into a
Rydberg state—an energetic state with
a large, delocalized electronic wave-
function—prevented the other from
being similarly excited.1 The blockade
works because the energy of two Ryd-
berg atoms with respect to the ground
state is less than twice the energy of one
Rydberg atom, so the second Rydberg
excitation is shifted out of resonance
with the excitation laser. The other
group, led by Philippe Grangier and
Antoine Browaeys of the Université
Paris–Sud, the Institute d’Optique, and
CNRS, used Rydberg blockade to en-
tangle two atoms, with one in the 
Rydberg state and the other in the
ground state.2
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Again publishing their results back
to back, both groups have now used
Ryd berg blockade to entangle pairs of
atoms in two hyperfine levels of the
atomic ground state. The Paris re-
searchers did it by transforming their
ground–Rydberg entangled state into a
hyperfine–hyperfine entangled state.3

The Wisconsin researchers constructed
a quantum logic gate called a con-
trolled-NOT, or CNOT, gate: a sequence
of laser pulses, involving excitations to
the Rydberg state, that changes the state
of a target atom if and only if a control
atom is in a particular hyperfine state.4

Applying the CNOT gate when the con-
trol atom is in a superposition of states
entangles the two atoms. A perfectly
working CNOT gate, plus the ability to
manipulate single qubits, can be the
basis for all the qubit interactions that
are needed in a quantum computer.

The Paris protocol
In their work last year, the Paris re-
searchers blasted a pair of rubidium-87
atoms with a Rydberg-exciting laser
pulse. Only one atom was excited, but
the excitation was delocalized over the
pair—that is, the pulse created a super-
position of the two-atom states ∣0r〉 and
∣r0〉, where 0 is the ground state and r is
the Rydberg state. Since such a super-
position can’t be represented as a prod-
uct of two wavefunctions, one localized
on each atom, it is an entangled state.

But the Rydberg states themselves

aren’t suitable for use as qubits. Ryd-
berg atoms aren’t confined by the opti-
cal traps, and they readily undergo
spontaneous emission. More troubling,
the entangled state was actually
(∣r0〉 + eiϕ∣0r〉)/√2–, where the phase ϕ de-
pended on the positions of the atoms in
their traps, which varied randomly
from one repetition of the experiment to
another. That uncontrollable variation
hampered the researchers’ efforts to

verify that the atoms were really entan-
gled and made it impossible to exploit
the entanglement.

Now they’ve added a second laser
pulse that moves the Rydberg atom
into a different ground-state hyperfine
level—call it ∣1〉. That pulse also im-
parts a phase to the system, but since it
stimulates an emission rather than an
absorption, and since the atoms don’t
move much in the 200 ns between the
start of the first pulse and the end of the
second, the two phases are nearly
equal in magnitude and opposite in
sign. To a good approximation, they
create the symmetric superposition of
∣01〉 and ∣10〉.

The Madison method
The Wisconsin researchers considered
two different pulse sequences for their
CNOT gate. Figure 1 shows both, with
the numbers indicating the order in
which the pulses are applied. Most of
the pulses are π pulses, which have ex-
actly the right duration to move an
atom from one state to the other. There
is also a 2π pulse (which returns the
atom to its initial state and imparts a π
phase shift to it) and π/2 pulses (which
can leave the atom in a superposition of
states).

Figure 1a shows a CNOT sequence
based on Hadamard (essentially π/2)
pulses plus a controlled π rotation
about the z axis, or H-CZ CNOT. One
can imagine it applied to control and
target atoms that are both initially in
state ∣1〉. The first pulse moves the target
atom into a superposition of states ∣1〉
and ∣0〉. The second excites the control
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Figure 1. Two sequences of laser pulses that function as controlled-NOT, or CNOT,
quantum gates by making use of Rydberg blockade. Both protocols flip the target
atom’s state when the control atom is in hyperfine state ∣1〉. The blue numbers
indicate the order in which the pulses are applied, and all pulses are π pulses (of
exactly the right duration to induce an excitation or de-excitation) except for those
marked as 2π or π/2 pulses. (a) In the H-CZ CNOT sequence, pulse 3 imparts a
phase shift that changes the net effect of pulses 1 and 5. But if the control atom is
excited to the Rydberg state ∣r〉, then pulse 3 is blocked. (b) In the A-S CNOT
sequence, when the control atom is excited to ∣r〉, pulses 2, 4, and 6 are all blocked,
so pulses 3 and 5 together leave the target atom state unchanged apart from a
phase shift. But if the control atom is in state ∣1〉 and is not excited to ∣r〉, then 
pulses 2–6 have the net effect of swapping the target’s hyperfine amplitudes.
(Adapted from ref. 4.)

Figure 2. Entanglement can be verified by irradiating both atoms with a pulse of
duration t and measuring the oscillation in the parity signal Π = P00 + P11 − P10 − P01,
where Pk is the probability of observing the system in state k. Here, the oscillation
mainly occurs at twice the Rabi frequency, 2Ω10, as expected for an entangled pair of
atoms. The slight superposed oscillation at a frequency of Ω10 is due to iterations of
the experiment in which one of the atoms was lost from its trap. (Adapted from ref. 3.)
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When Jean-Dominique Cassini discovered Saturn’s moon Iape-
tus in 1671, he was surprised to find it visible on just one side of
its orbit around the planet. The moon’s orbit had to be synchro-
nous, he correctly inferred, with its leading hemisphere far 
darker than its trailing one. Some clever Earth-based IR radiome-
try 300 years later confirmed the extreme albedo difference, and
images from the Voyager mission in the early 1980s revealed
charcoal dark and frosty bright surfaces that interleave, like two
halves of a tennis ball. But the origin of the pattern and sharp-
ness of the dark–bright boundaries remained mysterious. 

As early as 1974, Asoka Mendis and Ian
Axford had proposed a plausible explana-
tion: With its mean density close to that of
water, Iapetus is a dirty ice ball. Dust from
micrometeorites hitting the leading hemi-
sphere, the pair theorized, might darken it
enough to trigger the thermal migration
of ice: sublimation from dark, warmer
patches centered around the moon’s
equator and recondensation at bright,
colder areas near the poles and on the
trailing side. The brief proposal, over-
looked by subsequent researchers, lay
dormant for 33 years. 

Data collected since 2004 by the 
Cassini–Huygens spacecraft offer the most
compelling evidence yet for Mendis and
Axford’s view. In two companion papers,
John Spencer of the Southwest Research Institute in Boulder,
Colorado, Tilmann Denk of the Free University of Berlin, and their
colleagues analyze Cassini’s visible and IR data of Iapetus’s sur-
face and present computer simulations that reproduce the
observed albedo pattern and its likely 2.4-billion-year evolution
from a modest initial dusting.1,2

Although shades of color are difficult to discern here, visible-
spectrum images such as these photographs reveal a material
coating Iapetus’s leading side that is redder than the dirt pre-
sumed intrinsic to the moon there and on its trailing side. The for-
eign dust is thought to be swept up, like bugs on a windshield, as
Iapetus orbits Saturn at 3.3 km/s. That idea gained additional sup-
port last year when the University of Virginia’s Anne Verbiscer and
colleagues, using the Spitzer Space Telescope, detected an enor-
mous gossamer ring of particles tracking the retrograde orbit of
Saturn’s distant moon Phoebe.3 Particles from the ring could spi-
ral into Iapetus at 6.5 km/s, effectively sandblasting its leading
side. 

Iapetus’s piebald appearance at low latitudes on the trailing
side is clear evidence for the thermal segregation of ice from dirt.

Thanks to the long exposure to the Sun during Iapetus’s slow, 79-
day axis rotation, the dark material reaches 129 K, warmer than
any surface in the Saturn system except for internally heated
fractures on Enceladus, while bright material remains a cooler
113 K. As micrometeorites impact the moon’s surface, they “gar-
den” it, churning up material to expose virgin ice crystals that can
then sublime and recondense at cold traps elsewhere. Bright
areas become brighter and dark areas become darker, probably
to a thickness of tens of centimeters over a couple billion years,
Spencer estimates. 

The process happens both locally and globally. Ice can
migrate from warm equator-facing crater walls to cool pole-
facing ones, for example, or from one side of the moon to the
other, giving rise to its two-faced appearance. Just 1500 km in
diameter, Iapetus is small and lacks an atmosphere, which allows
water molecules to follow ballistic trajectories up to hundreds of
kilometers in range. 

Still unresolved is the precise origin of the infalling dust. The
dark surface components of Phoebe and Iapetus are both com-
posed of coal-like hydrocarbons and are spectrally similar, but
with an important distinction: Phoebe is gray—or, more pre -
cisely, neutral, with a flat spectrum in the visible and near-IR—
not red. Planetary scientists are now puzzling over what might
account for the difference.

Mark Wilson
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Explaining the two-toned nature of Iapetus 

atom to a Rydberg state ∣r〉. The third,
applied to the target atom, has no effect
because of Rydberg blockade. The
fourth returns the control atom to ∣1〉,
and the fifth, acting on a superposition
of states, completes the target atom’s
journey to ∣0〉.

However, if the control atom starts
in ∣0〉, pulse 2 is of the wrong energy to
raise it to ∣r〉. So pulse 3 takes the ∣1〉
component of the target atom on a
round trip to ∣r〉 and back and changes
its phase, which means that pulse 5 re-

turns the atom to ∣1〉 rather than lower-
ing it to ∣0〉. Similarly, if the target atom
starts in ∣0〉, its state is flipped if and
only if the control atom starts in ∣1〉. The
other CNOT gate, shown in figure 1b, is
the controlled amplitude swap, or A-S.
It accomplishes the same thing using
only π pulses.

Applying a CNOT gate when the
control atom is in a superposition of
states produces an entangled state. For
example, when the control atom is in
(∣0〉 + i∣1〉)/√2– and the target is in ∣0〉, the

CNOT gate yields (∣01〉 + ∣10〉)/√2– , the
same as the Paris researchers produced.
Different initial conditions yield other
entangled states. 

Entangled webs we weave
“The most challenging part,” says the
Paris group’s Browaeys, “was to ana-
lyze the amount of entanglement we
produced in the experiment.” To deter-
mine how faithfully their schemes pro-
duced the desired entangled state
(∣01〉 + ∣10〉)/√2– , both groups started by
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A carbon halo. In most nuclei the protons and neutrons form a
roughly spherical core of approximately uniform density. But
along the edges—the so-called drip lines—of the chart of
nuclides, a handful of light nuclei have more nucleons than can
be accommodated in the nuclear core. The excess, usually one or
two neutrons, form a dilute distribution called a halo that extends
far beyond the core. At the RIKEN Nishina Center for Accelerator-
Based Science, a Japanese team has studied the reaction of heavy
carbon nuclei with hydrogen and identified the extremely neu-
tron-rich carbon-22, with its 6 protons and 16 neutrons, as a halo
nucleus, the heaviest one yet found. Nuclear radii generally scale
as the cube root of the total number of protons and neutrons, yet
based on their cross-section data, the researchers calculated the
radius of 22C to be twice that of the much more common isotope
12C; indeed, at 5.4 fm it exceeds the radius of lead-208. The halo of
22C comprises two valence neutrons; determining their distribu-
tion and other aspects of the halo structure will require experi-
ments with different target nuclei and different beam energies.
(K. Tanaka et al., Phys. Rev. Lett., in press.)  —RJF

A template for microwire self-assembly. Several methods exist
for growing nanowires, whether attached to a substrate or dis-
persed in a liquid. Using those wires to make designated electrical
connections in a circuit, however, has been difficult. Yves Galerne

and his colleagues at the University of Strasbourg, France, now
demonstrate a procedure that produces conducting wires across
a gap between two electrodes. The chemical physicists first paint
the electrodes with a polymer so as to create “anchors” in prede-
termined locations; when the gap is filled with nematic liquid
crystals, an isolated defect line—a disclination—connects the
anchors and therefore the electrodes. Next, silica particles coated
with a conducting polymer are introduced and gather along the
disclination like beads on a necklace. In the third step, a voltage
across the electrodes welds the necklace beads together into a
robust wire. Although ragged with extra polymer aggregates, the
central region of a 150-micron-long wire, shown in the photo,
demonstrates the team’s initial result. The researchers note that
the wire’s size, smoothness, and conductivity can be improved—
for example, by decreasing the silica particles’ size and concentra-
tion and by electroplating them. (J.-B. Fleury, D. Pires, Y. Galerne,
Phys. Rev. Lett. 103, 267801, 2009.)  —SGB

Imaging light with electrons. In recent years, notions of the
ultrafast, the ultraintense, and the ultrasmall have been recur-
ring themes in physics as those envelopes have been relentlessly
pushed to reveal new phenomena. Caltech’s Brett Barwick, David
Flannigan, and Ahmed Zewail have com-
bined all three notions into a new tech-
nique they dub photon-induced near-field
electron microscopy. PINEM exploits the
fact that free–free interactions of electrons
and photons are greatly enhanced when a
third body, like a nanostructure, is present
and when the electrons are more energetic
than the photons. The physicists illumi -
nated a carbon nanotube with an intense
femtosecond laser pulse that generated an
evanescent plasmonic field at the CNT’s sur-
face. Simultaneously, a similar-duration
pulse of 200-keV electrons from an electron
microscope passed through the sample.
During the few-hundred-attosecond inter-
action time, some of those electrons
absorbed energy quanta from the 2.4-eV photon field. By select-
ing only those electrons that gained energy, the researchers
could image the evanescent surface field with the spatial resolu-
tion of electron microscopy. That field extends about 50 nm 
into the vacuum from the dark surface of the roughly 

These items, with 
supplementary material, 
first appeared at 
http://www.physicstoday.org.

30 µm

repeatedly preparing the state and
measuring the states of both atoms.
Usually (but not always, because the ex-
periments were imperfect), when the
first atom was in ∣0〉, the second was in
∣1〉, and vice versa. But that observation
is not enough to prove entanglement.
The atoms could have been produced
half the time in the unentangled state
∣01〉 and half the time in ∣10〉.

A quantum statistical ensemble is
characterized by the density matrix ρ.
The matrix’s diagonal elements ρk,k
are the probabilities Pk of finding the
system in state k, where in this case k is
one of the four pure states ∣11〉, ∣10〉,
∣01〉, and ∣00〉. The off-diagonal element
relevant to verifying the entangled

state (∣01〉 + ∣10〉)/√2– is ρ10,01. Called 
the coherence between ∣10〉 and ∣01〉, 
it’s a measure of how tightly the phase
is constrained between those two 
components.

The fidelity, F = (P01 + P10)/2 + ρ10,01,
quantifies both how close a process
comes to reliably producing the state
(∣01〉 + ∣10〉)/√2– and how much entangle-
ment it produces. When F > 1⁄2, the
atoms are entangled in the sense that
their state can’t be represented as a sta-
tistical ensemble of products of local
wavefunctions. (An accessible proof is
given in reference 5.) There’s a second
threshold at F > √2–/2, corresponding to
violation of Bell’s inequalities. 

In an experiment that entangles the

spins of two particles, off-diagonal ele-
ments can be measured, and entangle-
ment verified, by measuring the spins
in multiple directions. A process that
prepares the state (∣↑↓〉 + ∣↓↑〉)/√2–, where ↑
and ↓ are the spins in the z direction,
produces particles that are opposite in
spin in every direction. But if the
process randomly produces either ∣↑↓〉 or
∣↓↑〉, the spins measured in the x direc-
tion would appear uncorrelated.

The two-state system that comprises
the relevant hyperfine states is mathe-
matically equivalent to a spin-1⁄2 parti-
cle. Coherent pulses of light do the
equivalent of rotating the spins to allow
them to be probed in different direc-
tions. The Wisconsin researchers ap-
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150-nm-diameter CNT. As shown in the images, Zewail and col-
leagues also monitored the temporal decay of the surface field
by varying the delay times between the exciting laser pulse and
the probing electron pulse, from zero (top) to 400 fs (bottom)
and beyond. With tunable and temporally controlled light 
pulses, PINEM enables visualization of dynamical optical
responses of various nanostructures. (B. Barwick, D. J. Flannigan,
A. H. Zewail, Nature 462, 902, 2009.) —SGB

From polarization entanglement to color entanglement. The
strangeness of the quantum world is epitomized by entangled
states, whose nonintuitive correlations cannot be mimicked by
any classical system. These days experimenters routinely create
two-photon states in which the photons’ polarization is entan-
gled. Now, starting with such a state, Sven Ramelow and Lothar
Ratschbacher (Institute for Quantum Optics and Quantum Infor-
mation and University of Vienna) and colleagues have entangled
the frequencies of two photons. It’s not the first demonstration
of frequency entanglement, but earlier protocols relied on fre-
quency filtering. In the Vienna work, only the two frequencies to
be entangled are present in the initial state. The accompanying
figure depicts the technique. Initially, the “red” photon in fiber 1
has a definite frequency, as does the “green” photon in fiber 2.
The two photons have entangled polarizations—both are either
horizontal or vertical. The key step is implemented by a polariz-

ing beamsplitter that shunts the red photon into fiber 3 if it is
horizontally polarized and into fiber 4 if it is vertically polarized.
The PBS performs a similar operation on the green photon. The
resulting intermediate state is passed through diagonal polariz-
ers and, voila, the output has entangled frequencies. With a suit-
able initial state, report the Vienna researchers, their technique
can transfer polarization entanglement onto any desired photon
degree of freedom. (S. Ramelow et al., Phys. Rev. Lett. 103,
253601, 2009.)   —SKB

Synthetic magnetic fields. An ultracold gas of atoms known as
a Bose–Einstein condensate (BEC) is a nearly ideal system for cre-
ating new states of matter or studying many-body quantum
phenomena at macroscopic scales. (For one example, see the
article on Anderson localization by Alain Aspect and Massimo
Inguscio in PHYSICS TODAY, August 2009, page 30.) The BEC’s
charge neutrality, though, hinders its use as a probe of phenom-
ena that arise from Lorentz forces on electrons in a magnetic
field; magnetic fields
produce only Zeeman
shifts. Researchers at
the Joint Quantum Insti-
tute, a collaboration of
NIST and the University
of Maryland, have now
removed that limitation.
The researchers, led by
Ian Spielman, began
with a BEC of roughly
250 000 rubidium-87
atoms held at 100 nK. By illuminating the atoms with a suitable
pair of laser beams close to resonance, they imprinted an effec-
tive vector potential A* on the system. In the presence of a
detuning gradient, the vector potential depends on position in
the trap. The spatial dependence can thus be engineered to 
give a nearly uniform synthetic magnetic field B* = ∇ × A*
that does couple to neutral atoms. A signature of that field is the
formation of vortices—the spots shown in this time-of-flight
image of the BEC—that mark points about which the atoms
swirl. Spielman and colleagues plan to add to their system a two-
dimensional optical lattice, which may allow them to create, 
for example, exotic quantum Hall states of bosons. (Y.-J. Lin, 
R.  L. Compton, K. Jiménez, J. M V. Porto, I.  B. Spielman, Nature
462, 628, 2009.)  —RMW ■
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plied π/2 pulses to both atoms with a
variable delay between them; the Paris
group irradiated both atoms with a 
single pulse of variable duration. In
both cases, ρ10,01 was revealed as the am-
plitude of oscillation of the parity sig-
nal Π = P00 + P11 − P10 − P01 as a function
of that delay or duration. Figure 2
shows the oscillation for the Paris
group’s experiment.

The Wisconsin group found that
their best results came from the H-CZ
CNOT gate, which prepared states with
a fidelity of F = 0.48 ± 0.06, just below
the threshold for entanglement. The
Paris group measured a fidelity of
F = 0.46 ± 0.06. But both groups’ atoms
escaped their traps a significant fraction

of the time—17% for the Wisconsin
group and 39% for the Paris group—so
the measured probability for the system
to be in any state was less than one.
(That’s a problem that experimenters
who work with ions just don’t have to
worry about, since loss from ion traps is
negligible.) Both groups therefore nor-
malized their results to give the fidelity
for only those repetitions of the experi-
ment in which no atoms were lost. For
that a posteriori entanglement fidelity,
the Wisconsin researchers obtained
0.58, the Paris researchers 0.75.

Both groups are working on opti-
mizing their experiments—stabilizing
their lasers, further cooling the atoms
within their traps, and improving their

vacuum systems—in order to suppress
atom loss and increase fidelity. In addi-
tion, the Wisconsin researchers have
their sights on the multiqubit entangle-
ment necessary for basic quantum com-
puting. Says Saffman, “A primary goal
for the next five years or so is running
quantum programs on 10 to 20 qubits
and studying error correction.”

Johanna Miller
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