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Optical switching with cold atoms
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Loading cold atoms into a hollow-core optical fiber enables all-optical switching with just several hundred
photons.
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At room temperature and atmospheric pressure,
atoms travel hundreds of meters per second and collide
frequently with one another and their surroundings. Al-
though this unceasing thermal motion keeps us warm,
it causes serious problems for anyone trying to probe
the internal state of an atom. To reduce the deleteri-
ous effects of atomic motion, experimentalists often rely
on optical fields to trap and cool atoms [1]. In a pa-
per appearing in Physical Review Letters[2], Michal Bajscy
and colleagues at the Harvard-MIT Center for Ultracold
Atoms demonstrate a system that is capable of trapping
and cooling atoms and shuffling them into the tiny core
of a hollow optical fiber (Fig. 1) The confined atoms are
then in prime position to interact with beams of light
guided by the fiber. This simultaneous confinement of
light and atoms leads to increased optical nonlinearities
with which the Harvard group can create an all-optical
switch: a few hundred photons are capable of control-
ling the transmission of a weak (∼ 1 pW) probe beam.

In a prototypical quantum information system, single
photons transmit information. The control of one pho-
ton by another is typically mediated by a nonlinear in-
teraction with atoms [3, 4] and for this light-matter cou-
pling to be strong requires a long interaction length and
a high optical intensity. An optical beam in free space
can only remain focused for a distance on the order of
the Rayleigh range, given by zR = πw2

0/λ, where λ is
the wavelength of light and w0 is the narrowest radial
size of the beam. This relationship shows that a large
interaction length (large zR) and a high intensity (small
w0) are not simultaneously possible with focused beams
in free space. Waveguides, such as optical fibers, offer
a straightforward way to increase both the interaction
length and the optical intensity. The challenge for de-
signing a quantum information system is therefore to
combine a microscopic waveguide with a medium that
exhibits large optical nonlinearities.

Photonic crystal fibers are a type of optical fiber where

FIG. 1: Rubidium atoms are loaded into and trapped within a
hollow-core photonic crystal fiber. A cross section of the hol-
low fiber is shown in the upper right. A dipole trapping beam
(large red arrow) serves to localize the atoms (red, not drawn
to scale) within the hollow core of the fiber. Additional probe,
coupling, and switch fields (red, green, and blue wave packets,
respectively) can then control the atomic state and implement
all-optical switching and electromagnetically induced trans-
parency. The relevant atomic levels are indicated as states |1〉,
|2〉, |3〉, and |4〉 in the upper left. Note: the actual experimen-
tal orientation of the fiber is vertical to enable loading from a
magneto-optical trap (not shown). (Illustration: Alan Stone-
braker)

the core and cladding are a geometric arrangement of
hollow voids that extend down the length of the fiber
[5]. The voids are designed to satisfy the conditions
for total internal reflection of light within the core.
Hollow-core photonic crystal fibers, such as the one il-
lustrated in the upper right inset of Fig. 1, are inter-
esting because it is possible fill the few-micron-wide
light-guiding core with a nonlinear optical material (see
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Ref. [6] for a recent review). Atomic vapors are par-
ticularly useful fiber mediums because optical nonlin-
earities can be enhanced near atomic resonances. The
drawback is that resonant light experiences significant
absorption. Electromagnetically induced transparency
(EIT) is an improved technique based on quantum in-
terference that renders the atomic medium transparent
to resonant light while retaining the large and desir-
able nonlinear properties associated with the resonant
response [7]. EIT has become a workhorse for quantum
optics research, allowing slow- and fast-light [8], low-
light all-optical switching [9, 10], controlled storage and
retrieval of single optical beams [11] and transverse im-
ages [12], among many other notable results.

In 2006, a group at Cornell showed that the optical in-
tensity required to observe EIT decreases dramatically
when warm rubidium atoms are confined within a fiber
waveguide [6]. Of course, the thermal motion of warm
atoms leads to Doppler broadening. Bajcsy et al. extend
this prior work by loading cold rubidium atoms into an
optical fiber. The loading process begins with a cloud
of atoms confined by a magneto-optical trap, which is
located above one end of a vertically aligned hollow-
core fiber. An atom funnel, consisting of four current-
carrying wires that create a magnetic field, guides the
atoms, aided by gravity, from the initial cloud into the
fiber.

Guiding atoms into the fiber is only part of the story.
If the fiber were empty, the atoms would quickly ad-
sorb to the fiber walls [13]. In order to prevent atomic
adsorption, and to keep the atoms localized within the
waveguide, Bajcsy et al. implement a dipole trap along
the fiber axis (Fig. 1). This trap exists throughout the
length of the fiber and extends upward toward the ini-
tial atom cloud. Dipole traps operate by applying an
intensity-dependent force on each atom, which is at-
tractive when the optical frequency is tuned below an
atomic resonance (red-detuned). Within the waveguide,
the region of large optical intensity is along the axis of
the fiber, attracting the atoms away from the walls.

There are two drawbacks to using a dipole trap: the
intense off-resonance field broadens the atomic reso-
nance line shape and shifts the resonant frequency. For-
tunately, both effects can be avoided by pulsing the
dipole trapping field with a pulse period that is shorter
than the time a typical atom will spend in the trap: the
trap is rapidly turned off and on before the atoms have
a chance to leave. The probe beams are then modulated
in a similar way, but out of phase, so as to only sample
the atoms when the dipole-trapping field is off.

With atoms loaded into the waveguide, Bajcsy et al.
demonstrate several nonlinear optical effects. First, they
show that light resonant with one atomic transition in-
creases the absorption on a separate transition. The ef-
fect is simply due to the movement of atoms between
the accessible energy levels. Atoms initially in the
ground state |1〉 (left inset of Fig. 1) are excited to the
state |3〉. Once excited, the atoms can decay to a lower

energy state |2〉 that is not the original ground state, in-
creasing the population of state |2〉 and the absorption of
light resonant with the |2〉 → |4〉 transition (we will re-
fer to such resonant light as having frequency ω24). The
transmission of a signal—specifically a beam of light
with frequency ω24—can be reduced by 50% by inject-
ing 300 photons of frequency ω13

In addition to demonstrating an all-optical switch
based on incoherent population transfer, Bajcsy et al.
observe EIT with similarly low light levels. EIT uti-
lizes a strong field with frequency ω23 to create a quan-
tum interference between states |2〉 and |3〉 that pre-
vents single-photon absorption between levels |1〉 and
|3〉. This quantum interference opens a transparency
window for optical frequencies near ω13. With a cou-
pling field pulse containing ∼ 6000 photons, 60% trans-
mission can be achieved in the EIT window.

EIT can also be the basis for creating an all-optical
switch. Initially proposed in 1998 by Harris and Ya-
mamoto [14], the EIT-switching scheme has been suc-
cessfully implemented in several systems [9, 10, 15, 16].
By adding a fourth energy level |4〉 to the EIT scheme
described above, light incident on the atoms with fre-
quency ω24 will destroy the quantum interference be-
tween states |2〉 and |3〉, and thus allow absorption of
light with frequency ω13. Injecting “switch” photons
with frequency ω24 can therefore control the absorption
of an optical signal with frequency ω13. With 700 switch
photons, Bajcsy et al. demonstrate a 50% reduction of
the initial transmission. Previous work on EIT switch-
ing in cold atoms has achieved this level of control using
∼ 20 photons per pulse, but at the cost of significantly
more powerful coupling fields [10]. The most notable
difference between these results is that with an atom-
filled fiber the coupling fields can be very weak—on the
order of several thousand photons.

There are a number of other different approaches to
all-optical switching, such as those based on controlling
the orientation of patterns generated in nonlinear op-
tical systems. A recent review of this approach shows
that a pattern-based device implemented in rubidium
vapor may not be able to operate below ∼ 400 switch
photons, and requires ∼ 2000 switch photons to achieve
50% signal reduction [17]. The fact that this result is sim-
ilar to that obtained by Bajcsy et al. with such a different
system may indicate a fundamental limit to all optical
switching, but it is reasonable to expect that a modest
improvement in the atom loading process will improve
the sensitivity of an atom-filled fiber system in the near
future.

The possibility of tightly confining atoms and pho-
tons to a small region of space will allow a wide range
of nonlinear optical experiments. One particularly ex-
citing possibility is the opportunity to observe novel
many-body effects where individual photons interact
with one another via nonlinear interactions in atomic
media. Even though photons are bosons, one recent
proposal suggests that they may undergo “fermioniza-
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tion” if they are confined to a one-dimensional waveg-
uide such as the one discussed here. This transition cor-
responds to a novel state where photons behave as im-
penetrable particles and optical pulses separate into a
crystal of nonoverlapping photons [18]. There is much
new physics to be explored as atoms and photons are
forced to interact strongly, and we may soon see single
photons interacting with one another in nonlinear opti-
cal systems.
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