Quantum logic at a distance

A quantum gate is realized by optically coupling trapped

atoms separated by 60 meters

By David Hunger

uantum computers could revolu-

tionize how specific computational

problems are solved that remain un-

tractable even for the world’s best

supercomputers. However, although

the basic elements of a quantum
computer realizing a register of qubits that
preserve superposition states, controlling
and reading out qubits individually, and per-
forming quantum gates between them have
been scaled to a few dozen qubits, millions
are needed to attack problems such as inte-
ger factorization. One approach for scaling
up quantum computers is to “divide and
conquer” Kkeep individual processing units
smaller and connect many of them together.
This approach leaves local processing nodes
tractable but requires generation of entangle-
ment and performance of quantum gates on
qubits located at distant nodes to keep the
advantages of quantum processing. On page
614: of this issue, Daiss et al. (I) made substan-
tial progress toward this goal by performing
quantum-logic operations on two distant qu-
bits in an elementary network.

Entangling distant qubits in quantum
networks can enable distributed computing
and secure data transmission. Basic quantum
networks have been demonstrated with a few
different systems such as ultracold atoms (2),
trapped ions (3), color centers in diamond
(4), and superconducting qubits (5). By using
schemes to improve the quality of initially
imperfect entanglement, e.g., by so-called en-
tanglement distillation (6), it should be pos-
sible to build noise-resilient, error-corrected
quantum networks that perform better than
their individual components (7). The addi-
tional benefits of improved qubit address-
ability, reduced cross-talk, and improved con-
nectivity between arbitrary qubits controlled
through the network connections suggest
that a distributed quantum computer could
outperform one large computing core.

Daiss et al. realized a quantum gate be-
tween two separated qubits in independent
setups connected by a 60-m-long optical fi-
ber. The qubits are implemented by internal
spin states of two atoms that are trapped in-
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side optical cavities. The qubits become con-
nected when a single photon sent through the
two setups is successively reflected from the
two cavities and then detected (8). The pres-
ence of an atom strongly coupled to a cavity
changes the reflection phase of the photon. A
photon reflected off an empty resonant cav-
ity undergoes a w phase shift. However, an
atom strongly coupled to a cavity causes a
frequency shift of the cavity resonance. This
shift prevents photon entry upon reflection,
and the reflected-photon phase remains un-

Large-scale quantum circuits
Daiss et al. created quantum processors with
single photons guided by optical fibers that were
reflected successively by two atom-cavity devices.
Scaling to multiple qubits could be achieved with
large-scale photonic networks connecting optical
cavities containing multiple atomic spin qubits.
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changed. One qubit state of the atom, but
not the other, couples strongly to the cavity,
so one state does not change the photon re-
flection phase, and the other adds a m phase
shift. An atom in a superposition state of its
qubit levels will produce a corresponding su-
perposition of the photon phase and create
an atom-photon entangled state. When such
an entangled photon is bounced off a second
cavity and undergoes another atom-photon
entangling operation with the second atom, a
final state can be produced that corresponds
to a NOT-gate operation.

The full scheme is actually more compli-
cated and requires encoding through polar-
ization states, a measurement of the resulting

combined atom-atom state based on the pho-
ton polarization, and a conditional change
of the first atom’s state that depends on the
measurement result. Daiss et al. realized a
controlled-NOT gate with <15% deviation
from the ideal gate performance. Together
with the simpler single-qubit gates, this re-
sult represents a complete toolbox to imple-
ment any kind of quantum logic operation.
The scheme is heralded, meaning that it
produces a measurable signal when the gate
operation is successful and becomes immune
against photon loss as an error source.

At a first glance, the scheme requires sur-
prisingly few resources only a single photon
that is reflected successively by two atom-
cavity devices. Indeed, strong atom-cavity
coupling makes the scheme efficient as it
increased the probability that the photon is
reflected rather than lost through processes
such as spontaneous emission. However, re-
alizing such strongly coupled atom-cavity
systems requires overcoming hurdles that
include atom control, cavity performance,
atomic coherence, and minimized photon
loss. Also, the experiment was not yet oper-
ated with single photons but with attenu-
ated laser pulses, which is easier to do but
introduces errors caused by the presence of
two-photon contributions and enforces low
average photon numbers.

Although all of these issues limit the effi-
ciency and fidelity of the gate demonstrated
by Daiss et al., none of them introduce funda-
mental limits and could be improved in the
future. Thus, it should be possible to scale up
the system (see the figure). For example, mul-
tiple atoms coupled to a single cavity could
allow the reflection of a single photon to im-
mediately produce an N-qubit Toffoli gate
(8), an element of the Grover’s search algo-
rithm. Also, elegant ways for scaling multiple
cavities in interferometer-type configurations
have been proposed (9) in which a single pho-
ton can generate an entangling quantum gate
between any selected qubits in a network.
Although formidable challenges remain,
it is intriguing to imagine the possibilities
when distributed quantum computers form
a quantum internet (10, II).
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