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Quantum memory for light
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We propose an efficient method for mapping and storage of a quantum state of propagating light in atoms.
The quantum state of the light pulse is stored in two sublevels of the ground state of a macroscopic atomic
ensemble by activating a synchronized Raman coupling between the light and atoms. We discuss applications
of the proposal in quantum information processing and in atomic clocks operating beyond quantum limits of
accuracy. The possibility of transferring the atomic state back on light via teleportation is also discussed.

PACS numbeps): 42.50.Lc, 03.67a, 42.50.Dv, 42.50.Ct

Light is an ideal carrier of quantum information, but pho- —k)L<1, whereL is the length of the atomic cloud,is the

ment a Storage device for quantum information transmitte@vave vectors of “quantum” and “Strong” fie|dS, respec-
as a light signal, it is necessary to faithfully map the quantumively] [2,3],

state of the light pulse onto a medium with low dissipation,
allowing for storage of this quantum state. Depending on the ¢ . e . . R
particular application of the memory, the next step may be g;Q(z0)=~ixk1Eq(zZDES () -I'Q(z)+F(z1),

either a(delayed measurement projecting the state onto a (18
certain basis, or further processing of the stored quantum

state, e.g., after a read-out via the teleportation process. The p 9\ A

delayed projection measurement is relevant for the security (EJr Eﬁ) Eq(z,1) = —ixQ(Z,1)Eg(2Z,1). (1b)

of various quantum cryptography and bit commitment
schemeg1]. The teleportation read-out is relevant for full- I is the dephasing rate of the-13 coherence which also

SC?:]etﬂiusanztiuZrcvsgnplrjgngée a method that enables uanturih1CIUdes the ~stong field power — broadenind's
pap prop d = %% k3|E4?/(3c®) due to spontaneous Raman scattering

state transfer between propagating light and atoms with an . > ] ; )
efficiency up to 100% for certain classes of quantum states2): F(z:t) is the associated quantum Langevin force with
The long-term storage of these quantum states is achieved Igprrelation function(F*(z,t)F(z',t"))=2I/né(z—2") &(t
utilizing atomic ground states. In the end of the paper we—t'), andxy=3iuqiug [(A?A)), k;=2mnhwk, /c, where
propose an atom-back-to-light teleportation scheme as &ii are dipole moments of the atomic transitions arid the
read-out method for our guantum memory. density of the atoms. A one-dimensional wave equation is

We consider the stimulated Raman absorption of propa-
gating quantum light by a cloud df atoms. As shown in the
inset of Fig. 1, the weak quantum field and the strong clas-
sical field are both detuned from the upper intermediate
atomic statés) by A which is much greater than the strong
field Rabi frequencyl,, the width of an upper leve};, and
the spectral width of the quantum light;. The Raman in-
teraction “maps” the nonclassical features of the quantum ™M
field onto the coherence of the lower atomic doublet, distrib- o.s}
uted over the atomic cloud.

We use a linearized theory to describe the absorption of a
light field in a gas of atoms. It is warranted by the fact that
our model does not make explicit use of the atomic nonlin-
earity to obtain the desired effect. The incident field already
possesses its quantum character, obtained, e.g., in an optical
parametric oscillator, and the role of the atoms is only to ©.2
serve as linear absorbeflinear in the quantum field, given
that the strong field is treated asaaumbey.

In our analysis we eliminate the excited intermediate 2 o % 80 1o
Statgs, apd we treat the a}toms by an effective two-level ap- FIG. 1. Mapping efficiencyy of light onto atoms for the Gauss-
proxmjatlon. We start with the quantum MagweII-BIoch ian quantum field states as a function of optical deptlsolid line,
equations in the lowest order for the slowly varying operatofinfinite pand squeezing; dash-dotted lifg, /T’ = 50; dashed line,
Q:Q=0ge (va- I *ilkakI [it will be assumed thatk,  T',/T'=10. Inset, schematic representation of atomic levels.
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sufficient to describe the spatial propagation of light in atogether with an emission event of the pump, the total rate of
pencil-shaped sample with a Fresnel numBerA/AL near change of the pump field is estimated by the flux of the
unity (A is the cross-sectional area of the sample mnslthe  quantum field, which is, in comparison, really negligible.
optical wavelength[3]. Neglecting the change of the strong field and change in the
Since “gquantum” photon absorption events always occuratomic population, Eqg1a and(1b) can be integrated to get

Q(z,n=e""Q(z,0) - e—“fozdz’(g(z' 0/ :fz),Jl(Zx/a( 7(z-2"))

—iKlJ‘OTdT’e_F(T_TI)lAEq(O,T')ES(T')JO(Z\/Z[a(T)—a(T’)])-I— jOTdT'e_F(T_T,)IE(Z,T')

- deT’J’Zdz’e*F(T”’)rz(Z',T') \/Mh(&/[a(T)—a(r’)](Z—Z’)), (2a)
0 0 Z—Z

Eq(z,7) =Eq(0,7) =i koEq T)e—“fzdz’(g(z, ,0)Jo(2Va(7)(z—2))
0

— K] KZES(T)JTdT’efr(Tfrr)lAEq(O,T')E;‘(T’) \/;,Jl(Z\/Z[a(T)—a(T’)])
0 a(r)—a(r’)

—iKk,Eq(7) JOTdT' f:dz'e-w-f’)ﬁ(z' ) Jo2V[a(n)—a(r)](z—2")), (2b)

wherer=t—2z/c, a(7) =« ko[ 5d7"|Es(7")|?, Q(z,0) is the initial atomic coherence, adg andJ; are Bessel functions of
the first kind.

Integrating Eq.(2a) over space, we obtain the collective atomic spin operator, which is the atomic variable on which the
quantum light field is mapped,

~ L ~
QL(T)EHJO dzQ(z,7)

=ne*“dez'Jo(zx/a(T)(L—z')Q(z',0)+ndeT'e*”f*T’)dez'Jo(zJ[a(T)—a(T')](L—z'))ﬁ(z’,T’)
0 0 0

T a / L
—inkljodr'e_F“_T)Eq(T’)ES(T’) mJl(Z\/a(T)—a(r')L). ®)

Equation(3) is the main result of this paper. The first term the quantum field puls&,(r) and the overlapping classical
represents the decaying memory of the initial atomic COherpuIseEs( 7) are long enough so th&tr> 1, the initial atomic

ence in the sample, the second term is the contribution fromtate decavs and the state determined ) emerges in-
the Langevin noise associated with the decay of the coher® y . By 9 .
ead. After the light pulses are turned off, the atomic

ence, and the last term represents the contribution from th§t > state d lowlv with th ®
absorbed quantum light. It is thus the last term that describegN€MOry" state decays siowly wi € rat.

the quantum memory capability of the atomic system. Note As an example.of S‘°”r?9 a quantum feature of I.|ght In
that the strong classical fiel,(+') can be turned on and atoms, let us consider storing a squeezed state, which plays

off, s that only the value of the quantum field in a certain” important role in quantum information with continuous

time window is mapped onto the atomic system, where it iSvariables[4]. For infinitely broadband squeezed light, the

subsequently kept. We assume that the fats dominated —duadrature operatoX,(z,7)=ReEy(z,7) on the entry face
by the power broadening contributidiy when the classical ©f the sample is characterized by the correlation function
field is turned on, and it can be quite smEK-T'y when the  (X4(0,7)X4(0,7"))=2mhw/c(X3)(7—7'), where (X§) is
classical field is turned off to ensure long storage times. lthe dimensionless light noiséX2)=1 in the case of broad-
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band vacuum. In steady state the variance of the atomic noisehereA is the detuning from the two-photon resonance and
X=ReQ, becomes k(A) is the Lorentzian absorption profilk(A)=—a/(T
N . —iA). The atomic noise varianagX?) = fdAX(A)X(—A)
(X9=nL{e “Uo(a)+1i(a)]} gives the same result as Ed). e
+nL(X§>{1—e‘“[I0(a)+Il(a)]}, (4) The simplest approach to quantum field propagation in a
medium is the model of scattering by a collection of
where a=aL/l" is the optical depth of the sampl&  frequency-dependent beam splittef$4,15. Each beam
= ki k5|E¢|%, andl andl; are modified Bessel functions of splitter removes a small fraction of a propagating light beam
the first kind. In the case of vacuum incident on the sampleand it simultaneously couples in a small fraction of vacuum
we recover the atomic vacuum noi&é%)=nL, the number into the beam. The result for the noise spectrum of the trans-
of atoms per unit area. The second term in @j.represents mitted light in our model coincides with such a simplified
the light contribution to atomic noise; it is reduced when thetreatmenf14] and is given by
light is squeezed, and in the case of ideally squeezed light
<X(2,.)=O only the first term contributes to the atomic noise <')"(2(A)>:<XS(A)>e7aFL/(F2+A2)+(1_e,aFL/(F2+A2)).
variance. We define the dimensionless expression in the (6)
curly brackets as a mapping efficiency for the Gaussian fields

7=(1—(X?)/nL)/(1—(X5)). 7 is a measure of the quality For infinite bandwidth squeezed incident light, this spectrum
of the mapping, obtained as the ratio between field and spigpproaches the vacuum value 1, for the frequencies where
variances. If» is unity, the mapping is good. For incident |ight is strongly attenuated. The width of this noise region
squeezed light, (¥ »), on the other hand, measures the spingrows with optical depth of the system. It is within this spec-
variance—"“the amount of spin squeezing,” i.e., the spintral region that quantum features of the light field are trans-
squeezing is perfect if ( ) vanishes. The results are plot- ferred onto atoms.

ted in Fig. 1(solid line) as a function of the optical deptha Ideal infinite bandwidth squeezed light is well mapped if
Storing squeezing in atoms with an efficiency higher thanthe sample is optically thick, thus the solid line in Fig. 1
90% requires an atomic sample with an optical depth of the&onverges to unity. In the case of the finite bandwidth of
order of =60. Note that by absorption of EPR beams injqqq) squeezing 16,17 <5( (0,9 X (0,7))=2mhwlc[ 8(r
separate atomic samples, we may, e.g., prepare entangle_dT,)_F /Ze,rq‘f,”] cali:ulatior(:s based on either Bg)
atomic gases, see alfB]. If I'~I"g, and the decoherence is d '

dominated by the strong field that is required for the operapr Eq. (5) have to be carried out numerically and the map-

: . 2 . . ping efficiencies for different spectral widths of squeezing
tional memory, therw=(3/2m\"nL, i.e., the optical depth 'q are shown in Fig. 1. When the squeezed light has a finite

is the same as for a resonant narrowband field. The depeg . o ) .
dence on the optical depth arises because the more squeezeacPdW'dth’ itis absorbed in the first part of the sample, and

light is absorbed in the sample, the more the atoms becomré1aklng the sample deeper only mtroduc_es atoms exposed to
. : A nonsqueezed vacuum. Thus the mapping of a narrowband

squeezed. If only a fraction of the light field is absorbed, thefield is degradeddash-dotted and dashed lines in Fig. #—

atomic spins will not only be correlated with each other but rops for largex), and the squeezing effect is reducéd

also with the field leaving the sample, and thus the squeezin% 'IPhe macrgsco]oic numbe?of aton?s in our atomic sémple

will be degraded, see al46]. which most remain in the ground state, allows us to re-
Various schemes for quantum state exchange betwee 9 '

light and atoms based on cavity QED Raman-type interacliace _the sum ofjermionicI atomic opera_tors by an effective
tions have been proposed in the p&#t-10. Quantum posor_uc operatoQ,__ m_atchmg the boson_lc operator of the
memory with a microwave cavity field as storage mediumlight field. This restriction should be kept in mind when com-
has been demonstrated|ihl]. The fact that the present pro- Paring our results to other analyses of spin-squeezing with a
posal does not utilize high finesse cavities significantly simfinite number of atom§18-20. o
plifies the experimental realization. The above result can be A Suitable experimental setup for realization of the stor-
compared with the proposfl2] and its experimental verifi- 29 pf fl_eld correlations in atoms and an immediate practical
cation[13] for squeezing the collective spin of an optically @Pplication of the proposed scheme is the cold atom foun-
thick sample ofV-type excited atoms via the interaction with t&in, €.g., as used in a frequency standard. A recent paper
squeezed light. As opposed to the theoretical bound of 500?21 reports operation of a laser-cooled cesium fountain
mapping efficiency found ifil2], the present proposal offers clock in the quantum limited regime meaning that the vari-
in principle a perfect transfer of the state of light onto atomsance(X?)=nL of the collective atomic spin associated with
A steady-state analysis in frequency domain similar tothe F=4m=0-F=3m=0 two-level systematomic shot
that in[12] leads to the following expression for the spectraln0is@ has been achieved. Further improvements of the

collective atomic Spin Operator: atomic clock standard via an increase of the number of atoms
_ in a fountain face difficulties due to the increasing collision
~ n i ~ rate and atomic decoherence. The clock s€Rlpis suitable
__ _ alk(a)L _ .
Q(d) (1-e JEq(4) for the observation of squeezing 6X?). The decoherence

K2ES

time I'y * of the order 61 s reached in the atomic standard
+ JLdz n. eik(A)(L—z)T:(Z A) (5) (well resolved fringes after a flight time of 1/2 s where ob-
o [I'—iA Y served in principle allows quantum memory on this time
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scale. We thus propose to prepare atoms inRke3,m=0 collective spin onto a light beam, we suggest an approach
state(our state 1; the levef =4,m=0 plays the role of our similar to teleportation of lighf24—26 with EPR correlated
state 3 and to illuminate them by a Raman pulse containinglight beams and a beam-splitter type interaction between one
the squeezed vacuum and the strong field as described abowé.the beams and the atomic collective spin. Making a ho-
After the pulse and after some delay, the atoms are interranodyne measurement of the light quadrature and a Ramsey
gated in a microwave cavity where their collective spin stateneasurement of the atomic, spin, we may employ the proto-
is analyzed. The resulting atomic interference fringes will becol used for light teleportatiorj24—26 and restore the
(atomig subshot-noise-limited18-20, verifying that the atomic state in the other light beam.
memory works. To realize the “beam splitter” we send a short pulse
We now wish to address the experimental requirement$r,,d <1, so that dissipation processes do not take place
for our proposal. For our two-level analysis to be valid, weof one of the EPR beams through our atomic sample in the
assume thatA>T"y,I's,y; and og> oo eves Where og  small optical depth regimea(— apysd-<1). In our scheme
=(6m)*c®12,{(2I';Sw :°A?) is the stimulated Raman the switching from high to small optical depth is made sim-
cross section for the quantum fielfi= 14/, is the satura- ply by adjusting the intensity of the coupling field . In the
tion parameter, andlg,= % (97c®) = uqius is the satura- weak-coupling regimésmall optical depth the interaction
tion intensity for the strong field for &i, 3«<i transitions, between light and atom@b)—(3) can be described by a lin-
Otwo level™ 3)\2%2/(877-A|2) is the spontaneous two-level cross ear approximation Ieading toa “beam-splitter” type interac-
section. In order to carry out the steady-state solution of Eqdion. Introducing a new rescaled atomic operatqr
(1a) and (1b), we assumd’ > 7., Whereryyseis the du-  =(nL)~¥29, and the field “area” operator @
ration _of the Raman pulse.. Fmally,ﬁ;che condition on the:m SpulsedTIEq(T/), we obtain
bandwidth of the quantum fiellf ;> 7. ensures that the
pulse is long enough to contain all relevant correlations of - A a
the quantum state of the field. It is possible to satisfy all out=Gin 1T Bin. (7a)
those conditions with the following set of parameters;
=10" Hz, A=10° Hz, S>4, 7,510 msec. With the
resonant optical depth of 20 achievable fox 50° atoms, a
mapping efficiency exceeding 80% is possititey. 1. After ~ The condition for such a linearization is a weak interaction,
the pulse is switched off, the memory tirﬂg?l is set by the  hence our “beam splitter” is highly asymmetric,=+/a
free evolution of the==4m=0-F=3m=0 system and as = \Jog7p,sd-/Ty<1. Teleportation with asymmetric beam
mentioned above it can be as long as 1 s. splitters is possible but it requires a higher degree of corre-
We would like to emphasize that, although the generalation in the EPR beams. A simple estimate suggests that the
equation Eq.(3) is valid for a broad variety of the input residual noise in the EPR pair must be smaller thaifione
states of light, the steady-state solutiét) is particularly  assumes a stronger coupling in order to approach the sym-
efficient for storage and manipulations of continuous quanmetric beam-splitter case, the field probes a component of
tum variables, i.e., states in a high dimension Hilbert spacethe atomic coherence, which deviates from the uniform inte-
The efficiency of storing of a single g-bit would be low due gral in Eq.(3) due to the spatial variation of the probe light.
to the fact that the quasi-steady-state requirement for the cask for example, the probe is damped by a factor of order 2, it
of a single photon leads to a narrdWourier limited band-  is reasonable to decompose the probed atomic coherence as a
width state, which, in turn, leads to a low mapping efficiencymu(‘:]my even mixture of the uniform integrad, and a
(see Fig. 1 Storing of a g-bit state in a Raman transition of «5ige” operator which we, for simplicity, may assume to
a macroscopic atomic ensemble thus requires taking into agse the standard vacuum noise. This noise is comparable to
cognt t_he fu[l tgmporal dynamics of the process, which, alyhe “quduty” of noise [25] of a direct detection of the
beit being within the reach of our model, represents a sepayomic ensemble and reconstruction of a corresponding field

rate problen{22]. o _ state(“classical teleportation’.
We have analyzed the possibility to transferite down

a quantum state of light onto an atomic sample, and we have We are grateful to Professor Sam Braunstein for stimulat-
suggested how to perform a delayed measurement of theag discussions of the atomic teleportation. This research has
guantum state. We will now briefly discuss how to map thebeen funded by the Danish Research Council and by the
atomic state back onto a light field by interspecies teleportaThomas B. Thriges Center for Quantum Information. A.K.
tion [23]. To realize an effective teleportation of an atomic acknowledges support of the ESF-QIT Program.

Oout= bin_ ir(:'iin- (7b)
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