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Ronald Walsworth, Susanne Yelin, and Mikhail Lukin
 Opaque media can be made transparent by use of quantum mechanical interference, enabling fascinating phenomena with potential
 applications in both classical and quantum information processing.In particular, recent laboratory demonstrations have shown that light
 pulses can be slowed down and effectively brought to a standstill in coherently prepared atomic ensembles, thereby reversibly transferringinformation between light and matter with potentially high efficiency.
 The Story Behind
 “Stopped Light”
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1047-6938/02/05/0050/5-$0015.00 © Optical Society of America
 T he speed of light is intriguing: it isfast beyond human imagination,and yet its finite value sets the ulti-
 mate speed limit for the communicationof information. Recently, laboratorydemonstrations have shown that lightpulses can be greatly slowed down, andeven effectively halted and re-started, us-ing coherently prepared atomic media.Here, we discuss the story behind this so-called “stopped light.” In particular, we de-scribe how the recent demonstrationsused nonlinear optical spectroscopy tech-niques, developed in the optics communi-ty over the past several decades, to map theinformation carried by a light pulse into acloud of atoms by controlling the groupvelocity of the pulse. It is now possible toenvision some potential applications of“slow” and “stopped” light, particularly inthe area of quantum information process-ing. This emerging field is based on theidea of exploiting the basic laws of quan-tum mechanics to enable dramatic im-provements in computing speed and com-munication security. Surprisingly, per-haps,“slowing” and “stopping” light pulsesmay serve to enhance the processing of in-formation.
 Electromagnetically induced transparencyQuantum interference can be used tomake an opaque medium transparent.Usually, the propagation of a pulse orbeam of light through a resonant mediumis strongly affected by absorption. Howev-er, when two light beams are used, it ispossible to create a window of transparen-cy which allows both beams to propagatewith (almost) no absorption. A typicalmodel of such “electromagnetically in-duced transparency” (EIT) is shown inFig. 1(a).
 An atomic medium has two lowerstates, |g1 and |g2 , which are often Zee-man or hyperfine levels. Each of these low-er levels is coupled to a common electron-ically excited state, |e, by one of the twolight beams (often called “signal” and“control” beams). The light beams drivethe atoms into an intensity-dependent an-tisymmetric superposition of the lowerstates, such that the two absorption paths|g1→|e and |g 2→|e interfere destruc-tively, and the atoms can never reach theexcited state.1 For this reason, the two lightbeams can propagate through the mediumwithout absorption. We will refer to |g1
 and |g2 as “spin states,” since they usuallyrepresent atomic states with different an-gular momentum, or spin.
 The interference effect resulting inatom-light decoupling is extremely fragile.Even a very small mistuning of the laserscan destroy it, causing large absorption.The width of the transparency window[“” in Fig. 1(b)], i.e., the light frequencyrange for which transparency is created, isusually considerably narrower than thewidth of the original absorption line.(This is particularly true for an opticallydense or Doppler-broadened medium.)
 The robustness of the interference can,however, be improved by increasing theintensity of the control field. In particular,the width of the transparency window forthe signal light is proportional to the con-trol beam intensity. Also, the center of thetransparency window is at the exact two-photon resonance of the two light fields,with the transition between the lower lev-els, i.e., h- signal–h- control=Eg2
 –Eg1.
 “Slow light” in EIT mediaSpeaking of a single “speed of light” is in-correct. There are actually different speedsof propagation for the different aspects ofa light pulse. For example, the phase veloc-ity is the speed at which each maximum ofthe rapidly oscillating electric field travelsfor each frequency component that makesup a light pulse. In the atomic vapor EITexperiment we will discuss in this article,the phase velocity is very close to the well-known “speed of light,” c = 3 x 108 m/sec.On the other hand, the group velocity is thespeed at which the peak of a macroscopicpulse of light moves, and is usually rele-vant to the speed of information transfer.The group velocity vg can be quite differ-ent from c. Whereas the phase velocity vph
 is slowed only by the index of refraction ofa medium through which light moves,vph=c/n, the group velocity is inverselyproportional to the dispersion of themedium, i.e., the variation of n() withthe light frequency . The very narrowtransparency window created by EIT alsocreates a large variation of n() with fre-quency [see Fig. 1(b), red curve]. It followsthat vg can be very small in an EIT
 THE STORY BEHIND “STOPPED LIGHT”
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 Figure 1. (a) Prototype atomic system for EIT. (b)Spectrum of transmission and refractive index cor-responding to EIT. Rapid variation of the refractiveindex (red curve) causes a reduction of group ve-locity.“” signifies the width of the transparencyfrequency window.
 Figure 2.A light pulse enters an EIT medium andexhibits a spatial compression due to a reductionin group velocity,while photons are converted intoflipped spins. The “slow light” pulse (red curves)and spin waves (green circles) then propagate to-gether. From top to bottom: pulse before enteringmedium, shortly after entering, shortly before exit-ing, after exiting.
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medium. The width of the transparencywindow, and thus vg, is a function of theatomic density and the control beam in-tensity, and is therefore under experimen-tal control. In particular, vg decreases near-ly linearly with both quantities.
 A signal pulse of light entering anatomic EIT medium undergoes the fol-lowing dynamics (see Fig. 2). The atomsare pumped into one of their groundstates and coupled by the control beam.Upon entering the atomic storage cell, thefront edge of the signal pulse abruptlyslows down because of the medium’s lowgroup velocity. Since the front edge isslowed first and the rear edge last, the sig-nal pulse ends up considerably com-pressed by a factor of c/vg once it is fully inthe EIT medium. However, the peak am-plitude of the signal pulse is unchanged bythis spatial compression. Consequently,the signal pulse contains much less energywhen in the EIT medium. Since the atom-ic gas gains only negligible amounts of en-ergy (the excited state is never populated!),the excess energy must be carried awaysomehow: this job is performed by thecontrol beam. A fraction of the photonsthat make up the signal pulse are convert-ed into a “spin wave” via a two-photon
 transition that maps the signal pulse into acoherent superposition of the atomicstates, |g1 and |g2 . In so doing, the excessenergy of the signal photons is expendedin the creation of new control beam pho-tons. The resulting atomic spin wave trav-els together with the signal pulse at the re-duced vg in a coupled excitation known asa “dark-state polariton.” Upon reachingthe far end of the cell, the signal pulse isfully reconstituted via the reverse process:i.e., pulse expansion and acceleration of vg
 back to c. The only difference between thisreleased signal pulse and a pulse which haspropagated only through vacuum is thatthe EIT medium has induced a delay in thereleased pulse of = (1/vg-1/c)L , where Lis the cell length. This pulse delay processis often referred to as “slow light.”
 The subject of slow light attracted greatattention with the remarkable experimentconducted by Lene Hau and co-workers in1999, in which an ultracold gas of Naatoms was used to slow light pulses to agroup velocity of 17 m per second. Fur-thermore, this work made use of a largeoptical density to compress the pulse en-tirely into the medium. Soon thereafter,the groups of Marlan Scully and DmitryBudker demonstrated very slow group ve-
 locities using warm atomic vapor. All theseexperiments built upon important earlierwork on EIT,2 which had observed pulsedelays considerably exceeding the pulseduration.1
 Even in an ideal EIT system, however,there is an important limitation to theslow light technique. Only signal frequen-cies that lie within the narrow transparen-cy window can propagate unabsorbedthrough the medium. Since the windowwidth, as well as the group velocity, areproportional to the control intensity, themaximum pulse delay is inversely propor-tional to the pulse length to be slowed.(The proportionality constant depends onthe optical density of the EIT medium.) Itis therefore not possible to reduce thegroup velocity to zero with the techniquedescribed above. One more twist to theEIT bag of tricks is needed.
 “Stopping light”To bring a light pulse to a complete stop(i.e., vg=0), “dynamic EIT” is employed.2,3
 Once a light pulse is compressed into anEIT medium and propagating as a dark-state polariton, its properties can be mod-ified by simply changing the intensity ofthe control beam: if the control beam in-tensity is decreased, then the group veloci-ty is further slowed. This also implies thatthe contribution of photons to the polari-ton state is reduced. In particular, if thecontrol beam is turned off after the signalpulse has been compressed into the EITmedium, two things happen: the polaritonbecomes purely atomic, and its group ve-locity is reduced to zero. At this point, in-formation originally carried by the pho-tons (pulse shape, amplitude, length, po-larization, etc.) is fully mapped onto thelong-lived ground or spin states of theatoms, |g1 and |g2 . As long as this “light-storage” or “trapping” process is sufficient-ly smooth, the frequency spectrum of thepolariton will narrow continuously as thepulse slows, so that it always remains with-in the transparency window. The storedlight pulse can be easily retrieved by sim-ply turning the control beam back on andre-accelerating the stopped dark-state po-lariton. For this reason, there is, in princi-ple, no loss associated with the trappingprocedure.
 The light-storage process is illustratedin Fig. 3, which shows the evolution of thesignal light pulse, spin coherence, and po-lariton, when the control beam is turned
 THE STORY BEHIND “STOPPED LIGHT”
 52 Optics & Photonics News May 2002
 Figure 3.A dark-state polariton can be stopped and re-accelerated by ramping the control field intensi-ty as shown in (a).The broken line shows the mixing angle between photonic and spin states .The co-herent amplitudes of the polariton , the electric field E of the photon, and the spin coherence S, are plot-ted in (b-d).
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off and on. The amplitude of the sig-nal pulse decreases as it is decelerat-ed, while the spin coherence grows.The amplitude of the polariton isconstant, but its speed is changed,even slowing to zero. The procedureis reversed when the control beam isturned back on.
 The smoothness (i.e., adiabatic)conditions for storing light are assimple as they are crucial: the entirelight pulse should be within the EITmedium at the beginning of the trap-ping procedure; and the light pulse'sfrequency spectrum before it entersthe EIT medium should be con-tained within the transparency win-dow before the control beam isturned off.
 An essential characteristic of thedynamic EIT technique is that almostno photon energy or linear momen-tum is stored in the EIT medium. In-stead, both are transferred into (orborrowed from) the control beam insuch a way that all other informationthat describes an entire light pulse iscoherently converted into a low-energyspin wave. This near-perfect information-mapping efficiency is a key feature thatdistinguishes the dynamic EIT approachfor storing light from earlier optical tech-niques such as photon echoes, and poten-tially enables applications in quantum in-formation science.
 A second distinguishing feature of thetechnique discussed here is that it involvesmany atoms in an optically dense system.This result can be compared to thoseachieved in the fascinating experimentscarried out by the groups of Jeff Kimbleand Gerhard Rempe, which involved sin-gle atoms coupled to a high-Q cavity toenhance the effective photon absorptioncross-section. In our case, the atom-lightcoupling is enhanced by the number ofatoms (N ~ 1010 in atomic vapor experi-ments to date). Since it is not knownwhich atom scatters a photon, the signallight pulse couples to collective spin states;that is, a whole ensemble of atoms“guards” a single spin excitation. For thisreason, if one atom is lost from the collec-tive atomic state in which the light-pulseinformation has been stored, the resultingstate differs from the initial state only by avery small factor, which scales as 1/N.
 But this description represents an idealscenario. In practice, several loss or “deco-
 herence” mechanisms must be taken intoaccount. For this reason, the lifetime of thecoherence created between the two atomicground states, (|g1 and |g2), is always fi-nite. This implies that after a characteristiclength of time, coh, the atoms will end upeither in state |g1 or in state |g 2 , ratherthan in the “dark-state” superposition ofthe two; the transparency will then be lostand the dark-state polariton will dissipate.
 Experimental demonstrationsRecent experiments have demonstratedthat weak pulses of laser light can be“stopped” in coherently prepared atomicmedia, and then released after a storage in-terval of up to ~1 ms. Hau and co-workerstrapped light pulses using ultracold atom-ic sodium slightly above the point of Bose-Einstein condensation.3 A stored-light ex-periment carried out at the same time byour group used warm rubidium vapor.4
 Very recently, similar effects in solid-statemedia have been reported.5
 In our warm rubidium experi-ments, the control beam and the sig-nal pulse were represented, respec-tively, by the two helicities of circu-larly polarized light (+ and –), de-rived from a single laser beam bycarefully controlling the light polar-ization. These light fields couple pairsof Zeeman sublevels, (|g 1 , |g 2 ), ofelectronic ground state (52S1/2) 87Rbatoms, with magnetic quantumnumbers differing by two, via the ex-cited (52P1/2) state. In this configura-tion, the effective two-photon detun-ing of the control beam and signalpulse can be controlled by applyingan external magnetic field, whichcauses Zeeman level shifts between|g 1 and |g 2 . (For comparison, thestored-light experiments involvingultracold Na atoms employed hyper-fine sublevels, with control and sig-nal beams separated in frequency byabout 1.7 GHz.) Since the controlbeam in our system was always muchstronger than the signal pulse, most
 of the relevant atoms were in the52S1/2, F=2, MF = +2 magnetic sublevel. Inthis case, the states |g1 , |g2 of the simpli-fied three-level EIT model correspond, re-spectively, to |F=2 , MF=0 and |F=2,MF=+2 . By use of a fast Pockels cell, weslightly rotated the polarization of the in-put light to create a weak pulse of – signallight out of the strong + control beam.The light-storage experiments were car-ried out with a glass cell containing rubid-ium at temperatures of ~ 70–90°C, whichcorresponds to atomic vapor densities of~ 1011–1012 cm–3. To ensure long lifetimesof the atomic Zeeman coherences, wemagnetically shielded the Rb cell and filledit with about 5 torr of He buffer gas.
 Typical input ∑-signal pulses had a du-ration of ~10–30 s, corresponding to aspatial length of several kilometers in freespace. Upon entrance into the Rb cell, thesignal pulse was spatially compressed to alength of a few centimeters because of thereduction in group velocity. To trap, store,and release the signal pulse, we used anacousto-optic modulator to turn off thecontrol beam, over about 3 s, whilemuch of the signal pulse was contained inthe Rb cell. After a certain interval, weturned the control field on again, therebyreleasing the stored portion of the signal pulse.
 THE STORY BEHIND “STOPPED LIGHT”
 May 2002 Optics & Photonics News 53
 Figure 4. Observed light-pulse storage in a 87Rbvapor cell. Examples are shown for storage timesof (a) 50 s, (b) 100 s, and (c) 200 s. Shownabove the data in each graph are calculated repre-sentations of the timing of the applied control field(dashed line) and input signal pulse (dotted line).
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An example of the observed storageprocess is shown in Fig. 4. Typically, twotime-resolved – signal pulses were regis-tered by the photodetector. First, a fractionof the signal pulse left the cell before thecontrol beam was turned off, which result-ed in an observed signal that was not af-fected by the storage operation (peak I ineach plot of Fig. 4). Because of the slowgroup velocity in the Rb vapor (vg ~ 1 km/s), as compared to free-space propa-gation, this untrapped light was delayed byabout 30 s. The second observed signalpulse was light that was stored in atomicexcitations for a time interval store. Notethat the released signal pulse was detectedonly after the control beam was turnedback on (peak II in each plot of Fig. 4). Inour experiments, up to 50% of the inputlight pulse has been trapped for short stor-age times. We observed that the amplitudeof the released signal pulse decreased asstore increased due to various loss mecha-nisms, such as atomic diffusion out of thelaser beam. We could resolve released lightpulses without signal averaging for storageintervals of up to store ~ 0.5 ms.
 An important feature of the light-stor-age technique is that it is a coherent
 process, that is, phase information is pre-served in the mapping of information be-tween light and atoms. As described in Ref.6, we demonstrated this property by ap-plying a pulsed magnetic field during thelight-storage interval to vary controllablythe phase of the collective Zeeman coher-ence in the Rb vapor. We then convertedthe spin excitations back into light andused optical interferometry to show thatthe phase shift had been mapped onto thelight. To form an interferometer for thetwo fields, we adjusted our optics (a /2plate) such that a small fraction (< 10%)of the control beam was mixed into thesignal light detection channel.
 Figure 5 shows 20 stored light experi-ments for which we increased the Zeemanphase shift by approximately 0.2 for eachsuccessive run. Trace A in Fig. 5 shows theresult for ~ 0, i.e., maximum construc-tive interference between the output signallight and the control beam. As we in-creased the pulsed magnetic field tochange the phase by , we observed de-structive interference (e.g., trace B). As weincreased the pulsed magnetic field fur-ther, we alternatively observed construc-tive and destructive interference as expect-
 ed at ~ 2, 3, 4, etc. (traces C-E inFig. 5). We observed up to 10 periods ofphase accumulation (i.e., ~ 20) with-out loss of coherence.
 Potential applications of “slow” and “stopped” lightEIT has already had a major impact on thefield of optical science, although commer-cial applications have yet to emerge. Onepotential area of application is all-opticalswitching and signal processing in opticalcommunication. The most serious road-blocks on this front are materials andspeed issues. Good optical control requireslong coherence times, and for this reasonthe majority of experiments have madeuse of atomic vapors that have relativelyslow response. For practical communica-tion systems, solid-state devices are desir-able because of their low cost and the pos-sibility of integration with existing tech-nologies. Work in this area is being pur-sued by many groups.1
 In the exciting, emerging field of quan-tum information processing, “slow light”and “stopped light” may have key roles toplay. We note that once a dark-state polari-ton is converted into a purely atomic exci-tation in a small sample, logic operationscan be accomplished by promoting atomsinto excited states with strong atom-atominteractions. In this case, the ability to in-terconvert quantum information betweenphotons and atoms is essential for per-forming operations involving distantunits, as well as for the scalability of suchsystems. Likewise, potential applicationsin the communication of quantum infor-mation over long distances might be im-plemented by combining an EIT-basedquantum memory and linear optical ele-ments.
 In coming years, experiments will un-doubtedly shed new light on the opportu-nities and practical limitations for classi-cal signal processing and for quantum-state manipulation using EIT and its re-markable manifestations, including“stopped light.”
 AcknowledgmentsOur work has been supported by NSF,ONR, and NASA.
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