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There are five different kinds of
wave velocities1:

• phase velocity, which is the speed at
which the zero crossings of the carrier
wave move;

• group velocity, at which the peak of a
wave packet moves;

• energy velocity, at which energy is
transported by the wave;

• signal velocity, at which the half-maxi-
mum wave amplitude moves;

• front velocity, at which the first appear-
ance of a discontinuity moves.

All five velocities can differ from each
other. However, in linear passive dispersive
media, the group, energy, signal, and front
velocities coincide and are usually less
than the phase velocity. Recent experi-
ments demonstrate2 that the group veloci-
ty of light can be reduced by 10-100 mil-
lion compared with its velocity in vacuum
because of the very steep frequency disper-
sion in the vicinity of the narrow reso-
nance associated with electromagnetically
induced transparency (EIT).3

To recall the concept of group velocity,
consider two waves of the same amplitude,
E1 and E2, where Ei= E0cos(kiz –vit) with
i=1,2. Superposition of these waves gives
rise to the modulation shown in Fig. 1 

E = E0(cos(k1z –v1t) +cos(k2z –v2t))=
2E0cos(�kz –�vt)cos(kz –vt)   (1)

where �k =(k 1–k2)/2, �v =(v1–v2)/2,
k=(k1+k2)/2, and v=(v1+v2)/2. The super-
position of these two waves creates an in-
terference pattern consisting of a rapid os-
cillation propagating with the so-called
phase velocity,

v�phase = – , (2)
k

and a slowly varying envelope propagating
at the group velocity,

�v�g = — . (3)
�k

Usually, the group velocity of wave packets
consisting of more than two harmonics is
given by transforming the ratio �v/�k into
dv/dk.1

Slow light in a � system
A three-level system involving one upper
level with allowed transitions to two lower
levels is called a � system. In the conven-
tional usage, the two lower levels are cou-
pled to the upper level with two lasers.
One of the lasers is strong and is called the
drive laser; the other is weak and is called
the probe laser. It has been shown that the
susceptibility of this medium has very
steep dispersion without absorption.3,4

This is shown in Fig. 2.
In multi-level systems, coherent excita-

tion of more than one transition can dra-
matically alter the group velocity. Previous
direct and indirect measurements of in-
creasingly low group velocities in coher-
ently prepared media have ranged from
c /13 to c /(2�107) (17 m/s observed for a
pulse of light in a Bose condensate of ul-
tracold sodium atoms).2

Recently it has been shown that by a
proper choice of experimental parameters
such as atomic density and optical intensi-
ty, large group delay [corresponding to a
slow group velocity of c /(3�106)] of light
can be observed in a cell of hot (360 K)
87Rb atoms. On the other hand, the dy-
namics of resonant light propagation in
rubidium vapor in a cell with anti-relax-
ation wall coating was investigated by
change of the polarization of the input
light and measurement of the time de-
pendence of the polarization after the cell.
Delays of up to 13 ms were observed, cor-
responding to a group velocity of
c /(4�107). Other studies also show that it
is possible to achieve slow group velocity
of the order of c /(6�106) in solids.2

Ultraslow light
To demonstrate ultraslow light effects in a
hot vapor, Kash et al. performed an exper-

iment2 with a thermal ensemble of rubidi-
um atoms [Figs. 3(a) and 3(b)]. A group
delay (Tg) of 0.26 ms for propagation
through a 2.5-cm-long, optically thick,
EIT medium was observed [Fig. 3(c)].
The corresponding group velocity is 100
m/s, much less than the mean thermal
speed of the atoms.

The measurements were done for the
D1 resonance line (�=795 nm) of 87Rb.
The drive laser was tuned to the
52 S1/2(F =2)→52 P1/2(F =2) transition; a
co-propagating probe laser was tuned to
the 52S1/2(F =1)→52P1/2(F =2) transition.
Both were external cavity diode lasers, and
were phase locked with a frequency offset
near the ground-state hyperfine splitting
of 6.8 GHz, which was fixed by a tunable
microwave frequency synthesizer. The
probe laser power was 5% of the drive
laser power. A cell containing isotopically
pure 87Rb and 30 Torr of Ne buffer gas was
heated to about 80° C to obtain atomic
density ~1012cm-3. Laser beam diameters
were 2 mm, and the ground-state coher-
ence relaxation rate �bc /(2�) was found to
be about 1 kHz.

In the experiment, both the drive beam
and probe lasers were transmitted through
the cell, and because of nonlinear optical
processes, additional frequencies were
generated by the medium. To isolate the
amplitude of the transmitted probe, the
drive laser was split before the cell, and fre-
quency shifted down by a small amount
(50 MHz). This shifted beam bypassed the
cell and was combined on the detector
along with the transmitted drive and
probe and any generated fields. This pro-
duced a beat on the detector at all frequen-
cy differences present. Because the ampli-
tude of the shifted field is constant, the
amplitude of the beat between the shifted
and any individual transmitted or generat-
ed fields is proportional to that field.

Storing and retrieving
quantum information
Photons are the fastest—and perhaps the
simplest and most robust—carriers of
quantum information, but they are diffi-
cult to store and process. Manipulation of
single photons is not an easy task. For ap-
plication to quantum cryptography, quan-
tum teleportation, and quantum compu-
tation, it is necessary to achieve a strong
coupling between electromagnetic waves
and a large nonlinear susceptibility with
small losses. Resonant coherent media was
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Figure 1. Interference of two monochromatic
waves with different frequencies results in a
wave modulated in time and space.
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considered to be very promising
for this task.6

Recently, new coherent and re-
versible methods for transfer and
manipulation of photons and
their quantum information have
been suggested theoretically.7

These techniques are based on the
phenomenon of EIT. Quantum
states of photons are trapped in
coherently driven atomic media in
which the group velocity adiabati-
cally has been reduced to zero. The
methods allow for an ideal trans-
fer of quantum correlations be-
tween light fields and metastable
states of matter and have interest-
ing applications, such as quantum
state memories and quantum in-
formation processing, including
transporting and time reversing
the state of light.

Proof-of-principle experiments using
classical laser fields have been conducted
in support of these ideas.8 In the experi-
ments, control and signal light pulses
propagate in a gas of three-level � type
atoms and excite a spatial profile of a long-
lived coherence of ground spin states. This
spin coherence profile contains quantum
information about the “writing” pulses.
Switching the control field on again results
in the restoration of the signal pulse via
Raman scattering on the atomic coher-
ence. Ideally, the scattered pulse is identical
to the input signal pulse, i.e., it can possess
the same frequency, profile, propagation
direction, and quantum statistics.

Another proof-of-principle experi-
ment9 with classical light fields shows that
we can use different reading pulses (rather
than switching the same control pulse
back) to obtain a wide range of new tools
for quantum information storage and pro-
cessing (Fig. 4). Time reversing, teleporta-
tion, color switching, and multiplexing of
the signal pulse of light have all been
demonstrated. These new operational pos-
sibilities arise as a result of reading the
stored information with a light pulse
that—as compared to the signal beam—is
spatially separate, has a different frequency,
and propagates in the opposite direction.

In these experiments,9 one pair of con-
trol and signal pulses (the “writing” fields)
prepare a spin coherence of the lower lev-
el. When a third field (a second control
pulse, or “reading” field) scatters from this
coherence, a new, or “recovered” field is

generated. The recovered field, being a Ra-
man-scattered component of the reading
pulse, acquires some properties of the
reading field. If the reading field pulse is
centered about a frequency other than that
of the writing fields and propagates in the
opposite direction to the writing fields,
then the recovered field propagates in the
same direction as the reading field and has
a different frequency from the incident
writing fields. The scattering effect persists
even if the writing and reading pulses are
separated in space as well as in time. The
atomic center of mass motion allows the
transport of the coherence grating to an-
other point in the atomic cell.

Under ideal conditions, (when the sig-
nal pulse profile and quantum statistics
are exactly stored by the atomic coherence
grating7), reading by a backward propa-
gating pulse results in a backward propa-
gating generated pulse that represents an
exactly time-reversed copy of the signal
pulse. In other words, the physical process
of “restoring” pulse propagation in the – �z
is as if the pulse were recorded on film,
and the film were run backwards. Similar-
ly, atomic motion in the direction trans-
verse to the light propagation moves the
coherence grating to another spatial posi-
tion. Reading the light by means of a spa-
tially shifted laser results in a “teleporta-
tion” of light by atoms which is compara-

ble to the teleportation of atoms by
light (i.e., atomic state) that has
just been discussed. What’s more,
the frequency of the “restored”
pulse can be easily switched by
shifting the frequency of the read-
ing pulse. Finally, the use of a fre-
quency comb of reading pulses
propagating along different spatial
channels should result in multi-
plexing of the signal light.

It emerges from the discussion
above that no actual stopping of
light occurs in the experiments on
long-lived coherence information
storage, and that the atomic coher-
ence stores the light signature in
the medium. As has been demon-
strated in the experiments, this
provides high flexibility in manip-
ulation of stored information us-

ing different reading pulses. In principle,
as is discussed below, it is possible to actu-
ally stop a pulse of light as opposed to just
storing and retrieving information about
the pulse.

Frozen light:
the ultimate slow light 
The minimum possible group velocity
slowed by the steep dispersion in EIT is
given by

8�	2
�g  = ——— >0. (4)

3�2N�

The driving field 	 should be strong
enough to meet the condition 	2>>��bc

for coherent effects. It can be shown that
the group velocity approaches its 
minimum �g min=8��bc /(3�2N ) when
	2 ≈ ��bc .

Now, consider a laser pulse propagat-
ing through such a medium while the
medium itself is moving with some veloc-
ity � in the opposite direction to the direc-
tion of laser pulse propagation. Let us de-
note as ~�g the group velocity of the light in
the frame moving with the atoms. In this
frame, atoms are at rest, and hence, there is
no spatial dispersion. The Galilean trans-
formation to the laboratory frame, k=k

~
,

v = ~v – k
~

� where � is the atomic velocity,
yields the group velocity �g =Re(dv/dk)=
~�g – � . This simple transformation shows
that moving atoms produce a “dragging”
effect on a light pulse. If the velocity of the
atoms with respect to the laboratory frame
is just equal and opposite to the velocity of
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(a)

Figure 2. Real (solid line) and imaginary parts
(dashed line) of the susceptibility as functions of
the frequency of the probe laser for (a) three-
level �–type atoms, and (b) two-level atoms.
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light in the frame where atoms are at
rest, then we get “frozen light” in the
laboratory frame (�g=0), or we may
even make the group velocity nega-
tive so that the propagation direction
is opposite to the wave vector (that is,
that �g <0). The simplest example of
spatial dispersion is the so-called drift
dispersion corresponding to a mono-
velocity atomic beam or moving
sample with velocity �.

Slow light experiments in warm
gases allow group velocities that are
two to three orders of magnitude
lower than the mean thermal speed of
the atoms in a thermal sample. This
means that the realization of frozen
light does not actually require mov-
ing the atomic sample.

When the experimentally ob-
tained group velocity is less than or
about equal to the mean thermal
speed of the atoms, a pulse of light
can be stopped in a stationary cell
(see Fig. 5).

Moreover, in this case the delay
time for a pulse passing through the
medium would tend to infinity (con-
trary to the case of the finite atomic
beam) in the sense that the pulse
would never leave the cell, but would
live and die there.

The idea of freezing light in a cell10 is to
use a single velocity group from the
Maxwellian thermal distribution of atom-
ic velocities, adjusting the frequency of the
driving field. Suppose the driving field is
on resonance with the velocity group of
atoms moving into the light with speed
equal to ~� , and that the intensity of the
drive is strong enough to provide EIT for
the resonant velocity group of atoms, i.e.,

	2 >�bc� (Fig. 5) but at the same
time weak enough to avoid interac-
tion with off-resonant atoms mov-
ing 
at the “wrong” velocities (i.e.,
	<k �T √—�bc—� ). In this case, it is mainly
the atoms in this single velocity
group that support the ultraslow
group velocity as a slow EIT polari-
ton; the atoms then act as an effec-
tive atomic beam. Under these con-
ditions, �g = ~� �g – �d , where ~� �g is the
group velocity of the light defined
by the effective atom beam if those
atoms were at rest, and �d is the ve-
locity of the moving atoms that is
resonant to the laser fields.

If we compare a mono-velocity
beam with a hot gas at �d = � and the
same density N � as the total density
N in a beam to provide the same
group velocity, ~�g = ~� �g , we find that
the EIT width and the residual decay
in a hot gas are G=	�√—–

�bc� times
less than in a beam.

To minimize the critical density
Ncr , the drive intensity should be as
low as possible to avoid power
broadening and to avoid EIT contri-
bution from the atoms with the
“wrong” (positive) velocities. That

is, the drive intensity should be just larger
than the threshold of EIT at resonance,
	2>�cb�.

For realistic parameters relevant to the
experiments with 87Rb vapor,2 the critical
density is Ncr~1011 cm-3. Although the
density of drifting atoms is small,
(N�<<N) their resonant contribution
dominates. This allows us to make the
group velocity zero or even negative 
(Fig. 6). To observe freezing or backward
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Figure 4. (a) Scheme of the experiment. (b)
Results of simulations showing laser pulses en-
tering the cell, and the restored pulses leaving
the cell under different regimes of quantum
storage.

(a)

(b)

Reading
Restored

Writing

��1

�k1

�k 2 ����2
�E2

�k 2

�ε1 ��1

�E1
�k 1

�ε2 ��2

a2

a1

c b

in out

In
te

ns
ity

Non
ad

iab
ati

c

Ad
iab

ati
c

Time

�T

100

10

1

0

Figure 3. (a) Levels. (b) Experimental setup. (c) Data.

(b)(a) (c)



light, one can look, e.g., for scattered lumi-
nescence, very long delay times, or en-
hanced nonlinear mixing caused by the ul-
traslow pulse.

Conclusion
The reduction of the group velocity of
light down to a few meters per second in

coherently driven atomic systems is a ma-
jor breakthrough.

This achievement is based on the phe-
nomenon of electromagnetically induced
transparency for two resonant atomic
transitions under the condition of two-
photon resonance. It is accompanied by

steep, normal dispersion of the medium
with vanishing absorption.

Slow, ultraslow, and frozen light via
atomic coherence have already found
many important applications in low-in-
tensity nonlinear optics and metrology.
Novel applications in quantum nonlinear
optics and quantum information process-
ing seem feasible. The coherence allows
the storage of information about the
probe light, its transportion in space, time
reversing, and multiplexing. Moreover, the
coherence allows an increase of the cou-
pling between light fields so that it be-
comes possible to study the interaction be-
tween single photons.

There are already many other applica-
tions for atomic coherence, and the list is
growing rapidly.
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Figure 5.Velocity distribution of atoms in a cell
(solid line). Effective drifting beam (dotted line)
selected by drive laser.

Figure 6. Ultraslow and negative group veloci-
ty of EIT polariton vs. detuning of drive laser;
	=0.25�, kd�T=100�, �cb=0.001�, (a) N=0.6Ncr ;
(b)  N=Ncr ; (c) N=1.5Ncr .
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