Slowing a beam of light to a halt may pave the way
for new optical communications technology,
tabletop black holes and quantum computers

Frozen

EVERYONE KNOWS OF THE SPEED OF LIGHT AS
one of the unshakable properties of the universe.
It’s not surprising, then, that experiments to rad-
ically alter light’s speed require some serious
equipment and hard work. Running such an ex-
periment requires first a careful tune-up and op-
timization of the setup and then a long period of
painstaking data-gathering to get a consistent set
of measurements. At the Rowland Institute for
Science in Cambridge, Mass., our original ultra-
slow-light experiments took place in stints last-
ing 27 hours nonstop. Instead of breaking for
meals, we learned to balance a slice of pizza in
one hand, leaving the other clean to flip mirrors
in and out on the optics table during 38 seconds
of total darkness at a crucial stage of each run.
Our goal was to drastically slow down light,
which travels through empty space at the uni-
verse’s ultimate speed limit of nearly 300,000
kilometers a second. We saw the first sign of light

pulses slowing down in March 1998. As hap-
pens so often in experimental physics—because
it can take so many hours to get all the compo-
nents working together for the first time—this
occurred in the wee hours of the morning, at
4 AM. By July we were down to airplane speed.
At that time I had to go to the Niels Bohr Insti-
tute in Copenhagen to teach a class. [ remember
sitting in the plane marveling that I was travel-
ing “faster than light”—that I could beat one of
our slow pulses to Denmark by a full hour.
Needless to say, I was restless during the week
in Copenhagen and eager to get back to Cam-
bridge to continue the light-slowing experiments.
In the next month we reached 60 kilometers
an hour and decided that it was time to publish.
The real payoff for the hard work, prior to those
results, was sitting in the lab in the middle of
the night and observing the slow-light pulses,
knowing that we were the first in history to
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transparent to a second laser beam.

FREEZING OF LIGHT beg




Co mpressmg a kllometer -long laser pulse

to one millionth of a meter

in sodlum atoms near absolute Zero.

see light go so slowly that you could outpace it on a bicycle.

In the summer of 2000 we brought pulses of light to a com-
plete halt within tiny gas clouds cooled to near absolute zero.
We could briefly keep the pulses on ice, so to speak, and then
send them back on their way.

As well as being of great intrinsic interest, slowing and freez-
ing light have a number of applications. At sufficiently low tem-
peratures the ultracold clouds of atoms used in our slow-light
experiments form Bose-Einstein condensates, remarkable sys-
tems in which all the atoms gather in a single quantum state and
act in synchrony. Further uses could involve sending a light
pulse through a condensate as slowly as a sound wave, which
we expect would cause a wave of atoms to “surf” on the light
pulse, setting off oscillations of the entire condensate.

The slow and frozen light work also opens up new possi-
bilities for optical communications and data storage and for
quantum-information processing—that is, for quantum com-
puters, which would utilize quantum phenomena to outper-
form conventional computers. The freezing-light system essen-
tially converts between motionless forms of quantum informa-
tion and photons flying around at the usual speed of light.

Getting Atoms into a State

MANY ORDINARY MATERIALS slow down light. Water, for
instance, slows light to about 75 percent of its velocity in a vac-
uum. But that type of speed reduction, associated with a mate-
rial’s refractive index, is limited. Diamond, which has one of
the highest refractive indices of a transparent material, slows
light by a factor of only 2.4. Reducing light’s speed by factors
of tens of millions requires new effects that depend on quan-
tum mechanics. My group produces the conditions for these ef-
fects in a cigar-shaped cloud of sodium atoms—typically 0.2

Nothmg trave!s fasterthan light in a vacuum, but even light
is slowed down in many media. Scientists have manipulated
_clouds of atoms with lasers so that pulses of light travel
 through the clouds at one 20-millionth of their normal
speed—slower than highway traffic.

- ® Asimilar tschmque completely halts the pulses, turning

~ theminto a quantum imprint on the atoms. Later, another
~ laserbeam converts the frozen pulse back into a moving

~ light pulse with all the properties of the original.

® The process of slowing and stopping light has many

- research and technological applications.
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millimeter long and 0.05 millimeter in diameter—trapped in a
magnetic field and cooled to within a millionth of a degree of
absolute zero.

Sodium belongs to the family of alkali atoms, which have
a single outermost, or valence, electron. The valence electron
produces almost all the action: Different excited states of a sodi-
um atom correspond to that electron’s being promoted to larg-
er orbits around the nucleus, with higher energies than its usu-
al lowest energy state, or ground state. These states determine
how the atom interacts with light—which frequencies it will ab-
sorb strongly and so on. In addition, both the valence electron
and the atom’s nucleus are magnets, in effect acting like tiny
compass needles. The electron’s magnetism is associated with
its intrinsic angular momentum, or spin, a little like the associ-
ation of the earth’s rotational axis with magnetic north but with
exact alignment. The precise energies of an atom’s excited states
depend on how the spins of the nucleus and the valence elec-
tron are aligned.

Although an atom can assume many states, we use just three
to slow light. When we finish preparing and cooling the atom
cloud, every atom is internally in state 1, its ground state: the
valence electron is in its lowest orbit, and its spin is exactly op-
posite, or anti-aligned, with the nuclear spin. Also, the total
magnetism of each atom is anti-aligned with the magnetic field
that we use to hold the cloud in place. State 2 is very similar,
only with the electron and nuclear spins aligned, which raises
the atom’s energy a little. State 3 has about 300,000 times more
energy than state 2 (with state 1 as the reference level) and is
produced by boosting the valence electron up to a larger orbit.
Atoms relaxing from state 3 down to state 1 or 2 generate the
characteristic yellow glow of sodium streetlights.

The pulse of laser light that we wish to slow (the “probe”
pulse) is tuned to the energy difference between states 1 and 3.
If we sent a pulse of that light into the cloud without doing any
other preparation, the atoms would completely absorb the pulse
and jump from state 1 to state 3. After a brief time, the excited
atoms would relax by reemitting light, but at random and in all
directions. The cloud would glow bright yellow, but all infor-
mation about the original light pulse would be obliterated.

To prevent this absorption, we use electromagnetically in-
duced transparency, a phenomenon first observed in 1990 by
Stephen E. Harris’s group at Stanford University. In electro-
magnetically induced transparency, a laser beam with a care-
fully chosen frequency shines on the cloud and changes it from
being as opaque as a wall to being as clear as glass for light of
another specific frequency.

The transparency-inducing laser beam, or coupling beam,
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is tuned to the energy difference between states 2 and 3. The
atoms, in state 1, cannot absorb this beam. As the light of the
probe laser pulse, tuned to state 3, arrives, the two beams shift
the atoms to a quantum superposition of states 1 and 2, mean-
ing that each atom is in both states at once. State 1 alone would
absorb the probe light, and state 2 would absorb the coupling
beam, each by moving atoms to state 3, which would then emit
light at random. Together, however, the two processes cancel
out, like evenly matched competitors in a tug of war—an effect
called quantum interference. The superposition state is called a
dark state because the atoms in essence cannot see the laser
beams (they remain “in the dark”). The atoms appear trans-
parent to the probe beam because they cannot absorb it in the
dark state. Which superposition is dark—what ratio of states
1 and 2 is needed—varies according to the ratio of light in the
coupling and probe beams at each location. But once the sys-
tem starts in a dark state (in this case, 100 percent coupling
beam and 100 percent state 1), it adjusts to remain dark even
when the probe beam lights up.

A similar cancellation process makes the refractive index ex-
actly one—like empty space—for probe light tuned precisely to
state 3. At very slightly different frequencies, however, the can-
cellation is less exact and the refractive index changes. A short
pulse of light “sniffs out™ this variation in the index because a
pulse actually contains a small range of frequencies. Each of these
frequency components sees a different refractive index and there-
fore travels at a different velocity. This velocity, that of a contin-
uous beam of one pure frequencys, is the phase velocity. The pulse
of light is located where all these components are precisely in sync
(or, more technically, in phase). In an ordinary medium such as
air or water, all the components move at practically the same ve-
locity, and the place where they are in sync—the location of the
pulse—also travels at that speed. When the components move
with the range of velocities that occurs in the transparent atoms,
the place where they are in sync gets shifted progressively farther
back; in other words, the pulse is slowed. The velocity of the pulse
is called the group velocity, because the pulse consists of a group
of beams of different frequencies.

This process differs in a number of important respects from
the usual slowing of light by a medium with a refractive index
greater than one: the group velocity is slowed, not the phase ve-
locity; a steep variation of the refractive index with frequency,
not a large value of the index itself, causes the slowing; and the
coupling laser beam has to be on the entire time.

Ultracold Atoms for Freezing Light
THE MORE RAPIDLY the refractive index changes with fre-
quency, the slower the pulse travels. How rapidly the index can
change is limited by the Doppler effect: the incessant thermal
motion of the atoms in the gas smears out each atomic state
across a small range of energies. The Doppler effect is like the
change in tone of a siren moving toward or away from you.
Imagine the cacophony you would hear if many police cars
were racing toward and away from you at various speeds.
My research group uses extremely cold atoms (which move
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slowly) to minimize this Doppler spreading. Consequently, the
energy states are sharply defined, and the variation of refractive
index can be made very steep. Slow light in hot gases has since
been obtained by Marlan O. Scully’s group at Texas A&M
University and Dmitry Budker’s group at the University of Cal-
ifornia at Berkeley. The use of hot atoms removes the need to
produce ultracold atoms, but it puts severe constraints on, for
example, the geometry of the setup; the probe and coupling
beams must propagate in exactly the same direction.

We chill our sodium atoms with a combination of laser
beams, magnetic fields and radio waves. The atoms first emerge
from a hot source as an intense beam, traveling about 2,600
kilometers an hour. A laser beam hits the atoms head-on and
in a millisecond slows them to 160 kilometers an hour—a de-
celeration of 70,000 times gravity produced by a laser beam
that wouldn’t burn your finger. Further laser cooling in an op-
tical molasses—six beams bathing the atoms from all sides—
chills the atoms to 50 millionths of a degree above absolute
zero. In a few seconds we accumulate 10 billion atoms in the
molasses. Next we turn off the laser beams, plunging the lab
into total darkness, and turn on electromagnets, whose com-
bined field holds the atom cloud like a trap. For 38 seconds we

WAYLAYING LIGHT: Before the light pulse (yellow) reaches the cloud of
cold atoms (purple) that will freeze it, all the atoms’ spins (small arrows)

are aligned and a coupling laser beam (red] renders the cloud transparent
to the pulse (1, 2). The cloud greatly slows and compresses the pulse
(3), and the atoms’ states change; an imprint of the pulse is created in
the cloud, and it accompanies the slow light. When the pulse is fully
inside the cloud (4), the coupling beam is turned off (5], halting the
imprint and the light; at zero velocity the light vanishes but the imprint
stays. Later the coupling beam is turned on (6}, regenerating the light
pulse and setting the imprint and the light back in motion.
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OPTICAL PROPERTIES induced in a cloud of atoms by a carefully tuned
laser beam are the key to the light-slowing process. A coupling laser
beam passing through the cloud makes it transparent to light of a
precise frequency (top) and causes an associated sharp variation of its
refractive index (bottom). The transparency allows properly tuned light
to pass through the cloud without being absorbed, and the steeper the
change in the refractive index, the slower the light travels.

cool the atoms through evaporation, kicking out the hotter
atoms and leaving the cooler ones behind. Specially tuned ra-
dio waves help to speed the hot atoms on their way. This whole
process—from hot atom beam to cold, trapped atoms—takes
place inside a vacuum chamber pumped out to 10-'* (10
quadrillionths) of atmospheric pressure.

When we cool the cloud to about 500 billionths of a degree,
it forms a Bose-Einstein condensate, a very odd state of matter
in which the several million atoms left after the evaporative
cooling behave in a completely synchronized fashion [see “The
Coolest Gas in the Universe,” by Graham P. Collins; SCIENTIFIC
AMERICAN, December 2000]. These ultracold atom clouds, freely
suspended in the middle of a vacuum chamber by a magnetic
field, are the coldest places in the universe. And yet the rest of
the experimental setup, within one centimeter of the cloud, is
at room temperature. Vacuum-sealed windows on the cham-
ber let us see the atoms directly by eye during laser cooling: a
cold atom cloud in the optical molasses looks like a little bright
sun, five millimeters in diameter. Such easy optical access al-
lows us to massage the atoms with laser beams and make them
do exactly what we want.

When our cigar of cold atoms is in place, we illuminate it
from the side with the coupling laser. Then we launch a probe
pulse along the axis of the cigar. To measure the speed of the light
pulse, we do the most direct measurement imaginable: we sit be-
hind the atom cloud with a light detector and wait for the pulse
to come out, to see how long it takes. Immediately after the pulse
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has gone through, we measure the length of the cloud with yet an-
other laser beam, shone from below to project the cloud’s shad-
ow onto a camera. That length divided by the delay of the pulse
gives us the velocity. The delays are in the range of microseconds
to milliseconds; this might sound short, but it is equivalent to
light taking a detour through kilometers of optical fiber wound
in a coil—and our clouds are only 0.1 to 0.2 millimeter long.

When we slow a light pulse down by a factor of 20 million,
more happens than just a change of speed. At the start our pulse
of light is a kilometer long, racing through the air at nearly
300,000 kilometers a second. (Of course, our laboratory’s
length is much less than a kilometer, but if we could place our
laser that far away, its pulses would be that long in the air.) The
pulse’s leading edge crosses the glass window into the vacuum
chamber and enters our levitating speck of sodium atoms. In-
side this tenuous cloud the light travels at 60 kilometers an hour.
A cyclist on a racing bike could overtake such sluggish light.

Through the Gas, Darkly

WITH THE FRONT of the light pulse traveling so slowly and
its tail still going full tilt through the air, the pulse piles into the
gas like a concertina. Its length is compressed by a factor of 20
million to a mere twentieth of a millimeter. Even though the
atom cloud is small, the pulse compresses so much that it fits
completely inside—important for stopping light. One might ex-
pect the light’s intensity to increase greatly because the same
amount of energy is crammed into a smaller space. This am-
plification does not happen, however; instead the electromag-
netic wave remains at the same intensity. To put it another way,
in free space the pulse contains 50,000 photons, but the slow
pulse contains /400 of a photon (the factor of 20 million again).
What has happened to all the other photons and their energy?
Some of that energy goes into the sodium atoms, but most of
it is transferred to the coupling laser beam. We have monitored
the intensity of the coupling laser to observe this energy trans-
fer directly.

These transfers of energy also change the states of the sodi-
um atoms where the pulse is passing by. At the front of the pulse
the atoms are changed from their original state 1 to a superpo-
sition of states 1 and 2, the dark state. This state has the largest
proportion of state 2 at the central, most intense part of the
pulse. As the rear of the slow pulse leaves a region of atoms, the
atoms revert to state 1. The spatial pattern of atomic dark states
in the cloud mimics the shape of the compressed slow-light pulse
and accompanies it through the gas as an imprint. When this im-
print and the light pulse reach the end of the gas cloud, the light
pulse sucks energy back out of the atoms and the coupling beam
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to dash away through the air at its customary 300,000 kilome-
ters a second, restored to its original kilometer of length.

The velocity of the slow light pulse depends on several pa-
rameters. Some of these are fixed once we choose our atom spe-
cies and which excited states to use, but two of the variables are
under our control: the density of the atom cloud and the in-
tensity of the coupling laser beam. Increasing the cloud’s den-
sity decreases the light’s speed, but we can push that only so far,
in part because very dense clouds leak atoms out of the mag-
netic trap too rapidly. The pulse speed is also reduced if the cou-
pling laser beam is weaker. Of course, if the coupling laser is
too feeble, the cloud will not be transparent and will absorb the
pulse. Nevertheless, we can still achieve the ultimate in slowing
without losing the pulse to absorption if we turn off the cou-
pling laser beam while the compressed slowed pulse is con-
tained in the middle of the gas.

In response, the light pulse comes to a grinding halt and

turns off. But the information that was in the light is not lost.
Those data were already imprinted on the atoms’ states, and
when the pulse halts, that imprint is simply frozen in place,
somewhat like a sound recorded on a magnetic tape. The stop-
ping process does not compress the pattern of states, because the
imprinted atoms in unison force the light pulse to turn off, un-
like the earlier stage in which the pulse gradually entered the gas.

The frozen pattern imprinted on the atoms contains all the
information about the original light pulse. We effectively have
a hologram of the pulse written in the atoms of the gas. This
hologram is read by turning the coupling laser back on. Like
magic, the pulse reappears and sets off in slow motion again,
along with the imprint in the atoms’ states, as if nothing had in-
terrupted it.

We can store the light for several milliseconds, long enough
for a pulse to travel hundreds of kilometers in air. The pulse does
degrade the longer it is stored, because even though the gas

A BENCHTOP GUIDE TO STOPPING LIGHT

EXPERIMENTAL SETUP
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Three laser beams and an ultracold cloud of sodium atoms (size exaggerated) in
a high vacuum lie at the heart of the slow-light experiment. The coupling beam
interacts with the cloud, making it transparent but molasseslike to a pulse of the
probe beam. A photomultiplier tube measures the pulse’s time of arrival to better-
than-microsecond precision. The imaging beam then measures the length of the -—Ppulse /\/pu‘se
cloud by projecting its shadow onto a camera. Not shown are the system that 0 FEak

delivers and cools a new ultracold cloud for each pulse, electromagnets whose 0 20 40 60 80
combined field holds the atoms in place, and additional details of the optics.
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WHAT STOPPED LIGHT LOOKS LIKE

The precise times of detection of light pulses
reveal the slowing and stopping of light. With
no atom cloud present, the input pulse is
detected at time “zero” (top). Slowing of the
pulse by a cloud is revealed by the pulse’s
delay (dotted curve). To stop a pulse, the
coupling beam (bottom) is turned off while the
slowed pulse is inside the cloud. The time that
the pulsé is stopped—about 40 microseconds—
adds to its delay. The slowed pulse loses
intensity because the cloud is not perfectly
transparent, but the pulse is stopped and
revived with 100 percent efficiency.
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CREATING QUANTUM SHOCK WAVES

IT TAKES A HURRICANE

FROZEN LIGHT can be used to examine the nature of superfluids, which flow without
friction when close to absolute zero. To probe a Bose-Einstein condensate—a sodium
superfluid—a light pulse was stopped at a roadblock within the condensate (at the
large black hemisphere in micrographs), compressing a kilometer-long pulse to 0.001
millimeter. Within the compressed light pulse region, the sodium atoms were
converted from their ground state to a slightly energized state, which leaves a narrow
void in the condensate. This action causes density “dimples” that propagate out
toward the boundaries, at the speed of sound in the condensate, which almost
immediately forms quantum shock waves (moving to the right, at time 0 milliseconds).
The fronts of the shock waves curve up (at 0.5 millisecond), creating quantized
vortices with zero atom density at their centers (two white voids at 2.5 milliseconds)—
the superfluid analogue of the eye of a hurricane. At 5 milliseconds there is a long
sausage-shaped region (black) with high atom density, which relaxes over time and
represents the presence of a large collective excitation of the condensate.

0 milliseconds

atoms are very cold they still move a bit, causing the pattern of
dark states to diffuse slowly. In addition, collisions between
atoms can disrupt the dark superposition states. After some mil-
liseconds, the revived output pulse will begin to be weaker than
the original. Yet these limits show that cold atoms allow for long
storage times of immensely compressed optical information.
And storage times are maximized with condensates in which
atom collisions tend not to destroy the dark states.

We can also play some tricks. If the coupling beam is turned
back on at a higher intensity, the output pulse will be brighter
but shorter than the one we sent in. Turning the coupling beam
on and off quickly several times regenerates the stored pulse in
several pieces. Such manipulations demonstrate the degree of
control that we have over stored pulses and may be extremely
useful in future applications.

Since our initial observation in 2000 of stopped light, it has
been obtained in a hot gas by Ronald L. Walsworth and Mikhail
D. Lukin of the Harvard-Smithsonian Center for Astrophysics
in Cambridge, Mass., and in a cooled, doped solid by Philip R.
Hemmer, then at the Air Force Research Laboratory in Hans-
com, Mass.

Quantum Shock Waves

SLOW AND STOPPED LIGHT open up many interesting ex-
periments. In our latest trial we turned everything around: rather
than using cold atoms and condensates to slow light, we used
slow light pulses to probe the odd properties of Bose-Einstein
condensates.

A condensate is a superfluid—it flows through a tube with-
out friction, just as electric current flows through a supercon-
ductor without resistance. Helium turns superfluid when it is
cooled to very low temperatures. Once a superfluid gets going,
it flows forever with no need for further energy input. Super-
fluids are described by a characteristic length scale called the
healing length, the minimum distance over which a superfluid
can adjust (heal itself) to an external perturbation. In our con-
densates, the healing length is about 0.001 millimeter. So if we
can compress our light pulses to that scale, we should be able
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to cause dramatic excitations of the superfluid, helping us to
learn about the superfluid state.

We have succeeded in compressing a light pulse this drasti-
cally by creating a “roadblock” that forces the pulse to stop at
a particular point in space, where it becomes totally compressed
and localized. This is possible because when the probe light pulse
is propagating at right angles to the coupling laser, we can spa-
tially manipulate the intensity of the coupling laser along the
propagation direction of the incoming light pulse. The speed of
the pulse is controlled by the coupling laser intensity: the lower
the intensity, the lower the speed.

To create the roadblock, we illuminate only the front half of
the condensate with the coupling laser. When the light pulse en-
ters the atom cloud, it slows to bicycle speed as before. Then,
as the pulse runs into the roadblock region in the middle of the
condensate, the pulse really slows down and compresses. With-
in the light pulse region at the roadblock, the atoms are almost
entirely in state 2 (the dark state) because the coupling intensi-
ty is very low. Outside, the atoms are all in state 1. So we have
a way of creating very localized defects in the condensate. We
have taken direct images of this process in our laboratory.

As described earlier, for an atom in state 2, the spin of the
valence electron is aligned opposite to the electron spin of an
atom in state 1. This has severe consequences, because the elec-
tromagnet is used to trap atoms and hold them in place; atoms
in state 2 will get kicked out of the magnet, as if a magnetic north
pole was facing another north pole. So the localized defect of
atoms in state 2 will zip out of the magnet in less than 0.5 mil-
lisecond. That process is by itself interesting and gives rise to
what is called a pulsed atom laser.

Let’s concentrate, however, on what is left in the trap. We
end up with a condensate of state 1 atoms, with a hole punched
in the middle. As you might imagine, condensates do not like
holes punched in their middles, and the response we observed
is fascinating. Two density “dimples” are created. They start
propagating out toward the condensate boundaries, at the
speed of sound in the condensate, about 1 to 10 millimeters a
second. During this process, the back edge of the dimples steep-
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ens because there is a dramatic variation of the atom density
and thus the sound speed across the dimple structures. The back
part of each dimple, where the density is high, will catch up to
the central part, where the density is the lowest. Such a steep-
ening of the back edge is what in a normal fluid, like water,
would lead to shock wave formation. But because a condensate
is a superfluid, the steepening forms the superfluid analogue of
that phenomenon—a quantum shock wave, a quantized rota-
tion pattern, a quantized vortex shaped like a smoke ring.

Our lab has photographed this process [see illustration
above]. The central parts of the quantized vortices appear as
white dots. In these places there is no atom density and the light
just goes right through the condensate, as in the eye of a hurricane.

This process shows how the superfluid nature of the con-
densate will break down during the formation of these dramat-
ic excitations. The vortices even seem to have a life of their own:
they move around and sometimes bounce off one another like
billiard balls. At other times they collide and seem to explode
into a bunch of sound waves. Because a slow light pulse always
creates vortices in pairs of opposite circulation, they are very
much like particle and antiparticle pairs that can annihilate. We
are excited about probing this rich system further.

Black Holes and Computers

CONDENSATES CAN BE PRODUCED in a vortex state
wherein the gas rotates, reminiscent of water going down the
drain. Ulf Leonhardt of the University of St. Andrews in Scot-
land has suggested that a pulse of slow light traveling through
a vortex would find itself dragged along with the gas—very sim-
ilar to a phenomenon believed to occur near black holes. With
slow light, we can perhaps study this and some other black hole
phenomena in the laboratory.

Slow light also enables a new kind of nonlinear optics that
occurs, in particular, when one laser beam alters the properties
of another beam. Nonlinear optics is a huge field of research,
both of fundamental interest and with applications from imag-
ing to telecommunications. Extremely intense beams are usual-
ly needed to achieve nonlinear optical effects, but with slow light
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the corresponding phenomena can be produced with a very
small number of photons. Such effects could be useful for cre-
ating ultrasensitive optical switches.

Another application for slow and stopped light could be
quantum computers, in which the usual 1’s and 0’s are replaced
with quantum superpositions of 1’s and 0’s called qubits. Such
computers, if they can be built, could solve certain problems that
would take an ordinary computer a very long time. Two broad
categories of qubits exist: those that stay in one place and inter-
act with one another readily (such as quantum states of atoms)
and those that travel rapidly from place to place but are difficult
to make interact in the ways needed in a quantum computer
(photons). The slow-light system, by transforming flying pho-
tons into stationary dark state patterns and back, provides a ro-
bust way to convert between these types of qubits, a process that
could be essential for building large-scale quantum computers.
We can imagine imprinting two pulses in the same atom cloud,
allowing the atoms to interact and then reading out the result by
generating new output light pulses.

Even if frozen light doesn’t prove to be the most convenient
and versatile component for building a quantum computer, it
has opened up more than enough research applications to keep
us—and other groups—Dbusy for many more all-night sessions in
the years to come.
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