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We generalize the concept of dark-state polariton in multilevel electromagnetically induced transparency
systems. We show that the quantum states of light for the pulses can be mapped onto more than one collective
atomic polarization states of the multilevel atomic system, which can act as a quantum state copier or divider.
Such dark-state polaritons potentially have applications in quantum information processing.
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Optical memories using classical techniques of spin anding the coupling beam. The concept of DSP was first intro-
photon echoes are quite powerful as far as the high capaciguced in Raman adiabatic passage by Mazets and Matisov
of data storage is concerngt-6]. However, direct applica- [15] and then formulated for the three-level EIT system by
tions of these techniques for quantum memories are verfleischhauer and Lukifil6]. Recent experiments have dem-
much limited as the number of photons required is largeonstrated photon storage using the EIT system consisting of
than number of atoms in the system. Quantum memories atbree-level atoms i\ configuration due to dynamic group-
essential in quantum information processing, which involvesselocity reduction via adiabatic following in DP].
physically transporting or communicating quantum states be- In this work we extend the concept of a simple DSP to a
tween different nodes of a quantum netw@rk. It has been generalized dark-state polaritofGDSP for a multilevel
well recognized[8] and now experimentally demonstrated atomic system having more than one dark state. One such
[9] that photons can be used as ideal carriers of quanturexample is the inverted-Y configuration involving four
information and ensembles of atoms can act as long live@tomic levels that can easily be realized in rubidium atoms
storage and processing units. The basic requirement for [d7]. As one will see in the following paragraphs that such a
reliable quantum memory system is its capability of storingsystem can preserve quantum states of light in two different
and releasing quantum states on demand at the level of indgollective atomic polarization states of the same atomic me-
vidual qubits, which puts stringent conditions on coherentdium and thus provide channelization or bifurcation of pho-
transfer of information among photons and atoms. ton memory. The two different collective atomic polarization

Among many methods for coherently controlling the channels contributing to GDSP can be used to retrieve back
photon-atom interactions, the techniques based on electrdhe light pulses on demand at different times or at the same
magnetically induced transparendiIT) [10] have been time. In a way this system acts as a copier or divider of the
shown to be very promising in quantum state manipulationgjuantum memory.

[11] and enhanced nonlinearity applicatiofi®]. EIT sys- A schematic diagram of the closed four-level atomic sys-
tems can be transparent for the probe light beam at certaitem in inverted-Y configuration is depicted in Fig. 1. Levels
frequencies due to quantum interference and provide a larde), |b), and|c) are in a three-level-type configuration and
variation in linear dispersion within the transparency windowlevels|b), |a), and|d) form a three-level ladder-type configu-
[13]. The sharp change in linear dispersion can lead to sukration. The transition fromb) to |a) (with frequencywgp)
stantial group-velocity reduction of ligHtl4] to preserve interacts with a signal field of amplitudgz,t) [defined be-
guantum states of the slowed down light pulses, thus allowlow in Eq. (4)] and frequencyr. A coupling field of fre-

ing the atomic medium to act as a temporary storage or buffquencyv,. (considered to be classigalrives the transition
ering device for the quantum states of light. Physically, thec) to |a) (frequencyw,.) with Rabi frequency(z,t), while
photon storage in an EIT system is due to the formation of s@ pumping field of frequency,g4, which is also considered to
called dark-state polaritofDSP), which is a mixture of elec-  pe classical, drives the transitidga) to |d) (frequencyw,y)
tromagnetic signal field and the collective polarization of thewith Rabi frequency(4(z,t). If there is no couplingpump-
atomic system, controlled by the strong coupling beam. It is
the mixing angle of the signal field and the collective atomic
polarization, which determines the group velocity of the sig-
nal pulse propagating in the atomic medium. By adiabatic
following of DSP it is possible to reduce the group velocity
of light pulses and to convert the photon states into the meta-
stable atomic-polarization state. The stored light field in the
collective atomic polarization can be recovered by manipu-
lating the mixing angle of the DSP components by control-

FIG. 1. Schematic diagram of a four-level atomic system in
*Electronic address: ajoshi@uark.edu inverted-Y configuration. Heres, ., and Q4 define signal, cou-
"Electronic address: mxiao@uark.edu pling, and pumping fields, respectively.
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ing) field, i.e., Q(z,t)=0 [Q4(z,1)=0], then this system re- 7',dd: — Y4 — Q€Y% — H.a) + Fy,
duces to a standard ladder-type-type) three-level EIT con- B B g o "
figuration driven by the signal and the pumpifapupling Taa™ Yd0dd~ YaOaa~ Yo0aa+1(Qg€ 04— H.a)
fields. This four—Ieng ||_1verted-Y configuration acts as a _ i(Q’;e—iAkcza.ca_ H.a) - ig('5,,— H.a) + [:a,
double EIT system with independent controls of the two EIT ) .
windows by, and Qq, respectively. b= Y0 aat 19(8T0,,— H.a) + Fy,

We consider a collection of N four-level atoms in . O cink R
inverted-Y configuration interacting with three single-mode Tcc= YcOaati({2E oca—H.a) +F,

optical fields as described above. The system can be modeled

. . SN ] : e S i0A (S = 10 dAKZE i) @Akgzs
by the interaction Hamiltonian in the dipole and the rotating- 7?2 Z’Da‘rbaﬂgs("bb Taa) + 10T + 1€ F0g

wave approximations under the condition that the carrier fre- + Fpar
guencies of the electromagnetic fieldsv,.,, and v,4 coin- . ke~ e ke
cide with the atomic resonanced., ., and w,g Tea= = Yea0cat 1QEM AT~ Taa) + 98T + Q€T
respectively, and it is given by +E

car
V=- pzj‘, [a{abE(*)(zj) +H.a]- ﬁ; [OJaCS)C(Zj,t)e'(k’c)zj_Vact) é&bc: iQ;e—iAkcza_ba_ 98T .0,

+H.al]- ﬁE [a'iad‘Qd(ijt)ei(kgzi_Vadt) +H.a], 1) ECd == cheiAkcz&ad + iQ:Je_iAkdza'cav
j

N&bd =- Ig?:?&ad + iQ;e'iAde&ba,
in which g is the dipole-matrix element of the signal transi-

tion and thejth atom is located at the positian The atomic A
ladder operators are defined as — Qe85 4 + Fag, (7)

L e o ARz~ =\ oAt
Oad =~ YadOad + 1Q4€ “ (05— 0y4q) — 198 Opq

Ty = DXyl (2 in which %= 9+ ¥ Y& ¥ 7. are longitudinal decay rates
of levels|d) to |a), |a) to |b), |a) to |c), respectively, andy,

The projections of the wave vectdiig, ky), corresponding to pre transverse decay rates related to longitudinal rates. The

the coupling and pumping fields on the propagation axis o

the quantun(signa) field, are given by frequency detunings are kept zero. The ten%r;(sand ﬁxy
o_p 2 o_p a correspond tos-correlated noise operatofwith correlation
ke =Ke &= (vadC)cod o), ky=Kq-€,=(vadC)cOL by, functions (F ()F4(t'))=D,zd(t-t"), where D,; are time-

3) independent functions
) Lo In order to solve the atomic equations we assume that
where . (¢) is the angle between wave vectkyr(ky) and  photon number density of the signal pulse is much smaller
€, ande, is the unit vector in the signal propagation direc- than the number density of atoms and the Rabi frequency
tion. Next, we write down the signal field and the ladder 3ssociated with the signal field is also much weaker an

operators in slowly varying variables and Q4. With these approximations, one can consideas
- hv _ perturbation in the atomic equations and these equations can
+ — - g (vlc)(z—ct) . ~ . K
E'(zt) = - QS(ZJ) , be treated perturbatively & In zeroth-order approximation,

. i opp=1 and all other atomic elements are set to zero. In the
A =] —|(wx)/c)(z—ct) i’ . .
Oyy = Oxy€ ) (4) first-order approximation, we have

whereVg represents the quantizatiginteraction volume. If
the amplitudes of the slowly varying variables remain con-

) . . N ~
QG0 + 075 = - ga(z,t) - |(5 + yba) Tba
stant in the propagation direction in an intenda containing

N,(>1) atoms then we have + |‘:ba,
~ 1 ~i d . e
Oyy(Z,t) = N, 2 T, (5) —(Gh) =iQee MY,
ZZJ'ENZ ot
. . . 0’) . o
arllld the sum can be replaced by the mtegral in (Eﬂ'.l.e.., —(oﬁ) = Iﬂde"“dz&éﬁ- (8)
Ej:1—>(N/L)f dz Therefore, the interaction Hamiltonian at

n r tin th ntin form . . . . .
can be recast in the continuous fo The propagation equation of the signal pulse in the atomic

R dz R _ _ medium takes the form
V=- f f[ﬁgl\l&ab(z,t)s(z,t) + 1O (Z,1) T2, 1) €4K2

(% + c§2>§(z,t) —igNGL(2,0), )

+ Q42,0 T4z e + H.a], (6)
in which we have used=g\v/2f€Vg as the atom-signal where 3(z,t) on the right hand side of Eq9) can be
field coupling constant andk;=kP—k;=(w,;/c)[cod ¢;) — 1], expressed in terms 6}&) and"&fﬂ. Under the adiabatic con-
(i=c,d). The evolution of the atomic variables can be givendition, i.e., Q). and 4 change sufficiently slowtheir time
in terms of Heisenberg-Langevin equations as variations are smallor more explicitlyLp> \'y,cL/g?N and
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> ybvg/gzNC, wherelL,, is the length of pulse in medium (which is controlled by(). and(}y) increases. For the EIT
andL is the total length of mediuni is the characteristic Mmedium,73=nyl/c, then it is easy to write

time corresponding to turn on and turn off times of the Aw :\@/T (16)
coupling/pump field, ana is the initial group velocity of ” &
the signal pulsédefined in Eq.(12)], which brings depen- Clearly, a large delay due to largg will cause the transpar-
dence of the adiabatic condition on the Rabi frequenciesency window to be narrower than the spectral width of the
quadrature sunf18]. Normalizing the time td=t/T, then pulse, violating the adiabatic condition, and part of the signal
expanding the right hand side of the first equation&fin pulse will be absorbetf. This limitation can be overcome by
powers of 1T and retaining the lowest nonvanishing order, making use of the time-dependent coupling and pumping

we obtain: fields. For spatially homogeneous and time-depend@apt
chiAkCza_LJg n QdeiAkdza_gIg =—gi(z1), =Qc(t) an_d deﬂd(_t)] fie_lds we can sqlve the prop_agation
. equation in a quasi particle picture using a GDSP in such a
W - c ge k3 (2,1) system following the procedure used in Rgf6)].
e 2+ Qg2 Y We define GDSRassuming(). and Q4 to be real and
O dropping superscripts on atomic polarization comporeags
~(1) - _ d FiAkgza
Ophd — ge S(Z,t) . (10) N — .
[l +104* VY(z,t) = cosd(t)e(zt) - sin a(t)\N< ﬁabc(z, t)elAke?
The Langevin noise operators do not contribute and the pulse Ve ™2
propagation Eq(9) under the adiabatic and perturbative con- _ .
ditions [using Eqs(8) and(10)] is given by 02+ taﬂod(z.'f)emkdZ : (17)
. v d
g d\. g’N | 9 Q. . . ‘ . . :
—+c— |e(zt)=—-— | 2\ 0B 10 5e(z,1) Essentially, the quanturgsigna) field £(z,t) and the atomic
a0z Qe+ QgL A\ Qo + [0 spin coherence operatotg(z,t) and oy,(z,t) form a joint
P Q space of evolution with a mixing angl#t) defined as
+ —(—2 d zé(z,t)) . (11) s —
I\ [l + [ € coslt) = et sin (1) = gVN
P ’,—, - [~ 1
With the assumption thafl.(z,t) and Q4(z,t) remain con- VO2+ Q3+ g?N VO2+ 03+ g°N
stant in time, we can have an expression for the modified (18)
group velocityv, of the signal field as and
(o gzN :| 2N
Vg=——, | Ng=———5 |- (12 9N _
g 1+n, [ 97102 +[Q42 tar? 6(t) Q§+Q§ Ng. (19

The slowing down of the signal pulse does not change it
temporal profile. Also, the photon storage tirfyg) in such

an EIT medium is set by the finite lifetimes of the two dark
states or the dephasing times of the two transitions. The four-(i)

level inverted-Y atomic double EIT system can be character-
ized by the susceptibility of the mediufi9]

%Ne call \if(z,t) GDSP and another quantum fie@(z,t) a
generalized bright-state polarit¢@BSP can be defined as

— Q f
(z,t) =sinA(t)&(zt) + cosﬁ(t)\N( ——— Gz, 1)erkz
\’95 + Qg bc!

QO )
2 ~ Akyz
g°N/ke + ————04(z, 1) e ) 20
X~ 5 5 , (13) \”Q§+Q§ bd( ) ( )
ST Y T
TP (A -AY)  ya—i(Apt+AY The components o¥(z,t) andd(z,t) are the quantunsig-

whereA,, A, andAq are the detunings of probe, coupling, nal) electromagnetic fielct(z,t) and the collective atomic

and pumping lasers from their respective atomic transitionsSPin OPeratord,((z,t) andayy(z,t), which can be controlled
Under resonance conditiods,=0, A4=0, we have by adjusting é(t) through coupling and pumping field
5 5 strengths. Both of these generalized polaritons can be de-
Eg_ (|Qc| + |Qd| )Ap - P < ikz
=~ KO+ 10D — VA — A2’ (14 composed using the plane waves, i¥.(z,t)=2,¥(t)€
+ —_ _— ~ ~ .

CU2+ ) ~i7adp— Ay and ®(z,t) ==, ®y(t)€*2 In the limit of photon number den-

in which A,=v-w,, The transparency function under the sity to be much smaller than the atomic density, i@,

homogeneous field condition is =1,5.=0,7,=0, andd’,,=0, etc. It is straightforward to
A2 show that the mode operators obey the following commuta-
T(Ap,2) = exp(— kzIm[x]) ~ exp| - A—% , tion relations:
Wy A A A A A A
A [ c Q2+ |Qd|2}1’2 P of o [V W] = [, )] = 64, [P D]=0. (2D
- = — ’ ~ N
Yal Mg Ya\B Therefore, the operatot, and ®, behave like bosonic op-

whereg is related to absorption without EIT. From Ed5)  erators. One can transform propagation Bd) in terms of
above, it is clear that the transparency width decreaseg as new variablesV and® easily in a low intensity approxima-

041801-3



A. JOSHI AND M. XIAO

tion (where we assumeééd/dz=0). In the adiabatic limit it

can be shown using these equations that 0 and W obey
the simple equation of motion

J d |~
{E +ccod G(t)ﬁ—z}\lf(z,t) =0. (22)
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tion to stationary atomic excitation in two different channels
just by adiabatically changing from 0 to 7/2. The state of

the polariton and its spatial shape do not change because of
the linearity of Eq.(22) [16]. The stored light pulse in the
two stationary spin wave channels can be simultaneously
retrieved to signal electromagnetic field by applyilg and

This equation gives a shape preserving, as well as quantuﬁd simultaneously and adiabatically, so that GDSP will be

state preserving, solution propagating with a veloaity
=v4(t)=c cos (t).
After obtaining our central resulf&qgs.(17)—(22)] we can

discuss the “stopping({converting photons into collective

spin polarizations of atomsnd “reacceleration{converting

“reaccelerated” to the vacuum speed of light to give back the
pure signal pulse in the forward direction. In such a system,
the signal field is bifurcated and stored in two stationary spin
waves with a weight factor governed by the two classical
fields as given in Eq(10) for the respective spin polarization

collective spin polarization of atoms back into optical pho-components. Interestingly, if one puts the pumpifgu-
tong of the photon wave packet, i.e., quantum memory bypling) field Q4. =0, then the system reduces to a three-

using GDSP as defined in E(L7), in this four-level atomic
system by manipulating the mixing angleWhen6=0, i.e.,
cosf#=1, meaning strong coupling and pumping field¥

level A (ladde)-type system as evident from Eq4.0) and
(17) in which o (op,g) provides the quantum storage chan-
nel. The main advantage of the four-level system is the abil-

f95> g°N), then GDSP has a purely photonic character, i.€.ity to channelize the quantum memory into two different spin
¥ ~¢g, which propagates with the velocity of light in waves which can then be retrieved on demand either simul-

vacuum. On the contrary, i#==/2, i.e., co$6) =0, then

taneously or with a certain time del&lyy adjusting the time

GDSP becomes spin-wave like and is composed of two spidelay betweern(), and Q4 pulse$. One can also simulta-

components as

C
VO2+04

A — Q -
P~ — \N( —do.bdelAkdz> _

o0}

This is achieved wherf);—0 and (43— 0, and the pulse

neously monitor what is being stored @s— 0 adiabatically
so the spin waveér, will be activated for quantum memory
purposes. However, by keepifgy# 0 (but small in magni-
tude one can monitor the fraction of the signal pulse.

To summarize, we have formulated the generalized dark-

propagation Ve|ocity goes down to zero. Mappmg the trave|$ta.te polariton in the four-level inverted-Y atomic system_,
ing quantum field and the atomic spin polarization compo-which can be used for two-channel quantum memory. This

nents can be stated as

- c__~ iAk.Z' Qg - iAkyz'
e TT——— be(Z') e + W("bd(z/)eI L
VQC + Qd \”Qc + Qd

(23)

wherez' =z+ [gdrc cos 6(7). Now from photon wave pack-

system behaves like a copier, divider, or multiplexer for
quantum states of photons, which are essential for quantum
information processing and quantum networking. The above
derivations can be easily modified to apply to more than
four-level systems to form multiple memory channels.
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