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Group velocity of a probe light in an ensemble ofA atoms under two-photon resonance
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We study the propagation of a probe light in an ensembl&-tfpe atoms, utilizing the dynamic symmetry
as recently discovered when the atoms are coupled to a classical control field and a quantum prifenfield
et al, Phys. Rev. Lett91, 147903(2003]. Under two-photon resonance, we calculate the group velocity of
the probe light with collective atomic excitations. Our result gives the dependence of the group velocity on the
common one-photon detuning, and can be compared with the recent experiment of E. E. Mikhailov, Y. V.
Rostovtsev, and G. R. Welch, e-print quant-ph/0309173.
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Electromagnetically induced transparendiT) [1] has consists ofA-type atomsexactlyresonantly coupled by the
become an active area of theoretical and experimental rezuantum probe light and the classical control light, possesses
search[2—4]. Since the discovery of EIT, a host of new ef- a hidden dynamic symmetry described by the semidirect
fects and techniques for light-matter interaction has ocproduct of quasispin S(2) and the boson algebra of the
curred; e.g., the propagation of ultraslow light pul$8$],  excitons. Here, we will further prove that the same hidden
the storage of light in atomic vapof8,8] or in an “atomic  gynamic symmetry persists in the more general two-photon
crystal”[9], the cooling of ground-state atoms, and the giantesonant case. This observation allows us to build a dynamic
cross-Kerr nonlinearity10]. _ _equation describing the propagation of the probe light in this

A conventional EIT system consists of a vapor cell with 5¢5mic ensemble with atomic collective excitations. We cal-
3-level atoms near-resonantly coupled to two classical fieldg |ate the group velocity of the quantum probe field, and
(from the control and probe lasgfd,5,11. To investigate its  jnyestigate how it depends on the detuning of the control and
application as a quantum memory, or for transferring quanyohe fields. Putting aside the influence of atomic spatial
tum information between lightphotons and atoms, several mqtion, atomic collisions, and buffer gas atoms, our results
groups[12-1€ replaced the classical probe laser field with a5 consistent with some of the recent experiment of
weak quantum field. By adiabatically changing the couplingRef_[ZZ]_
strength of the classic control field, it was shown that the \yie consider an ensemble Bf three-levelA-type atoms,
propagation of the quantum probe field can be coherentlyqpied to a classical control field and a quantum probe field
controlled via theso-calleddark states and dark-state polari- 55 shown in Fig. 1. The atomic levels are labeled as the
tons. The recent experimer{t,8] on light storage have fur- - ground statéb), the excited statéa), and the final statéc).
ther demonstrated t_he poss_lblllty of using this system fofrhe atomic transitiorja) < |b) with energy level difference
storage of quantum information. wap=w,— wyp, is coupled to the quantum probe field of fre-

In most studies of quantum memory based on EIT sysyyencyw with the coupling coefficieny and the detuning
tems[9,13], both thg probe and control fields are rngred tOAp=w—wab, while the atomic transitiofe) < |c) with energy
be on resonance with the relevaphe-photon atomic tran-  |eye| differencew,. is driven by a classical control field of
sitions. We note, however, on-resonance EIT is in fact not drequency v with the Rabi frequency and the detuning
prerequisite for achieving significant group-velocity reduc-Ac: V= e
tion [17]. More generally, the EIT phenomenon occurs when “ the “interaction picture, the interaction part of our
the probe and control fields are two-photon Raman resonanjgmiitonian read$fi=1)
with the A-type atoms. Referenc¢$8-21 reported theoret-
ical and experimental results on significant group-velocity H, :_Ap5+(gV'NaAT+ei(Ap-Ac)tQT++ He), (1)
reduction when both fields are classical and two-photon reso-
nant with the atoms. A more recent experimg2®] demon-  in terms of the collective quasispin operators
strated the dependence of ultraslow group velocity on the N . N N
probe light detuning under two-photon resonance, with or _ i B i _ ;
without a buffer gas. Some of their experimental results are, S= 21 Ol A'= \_ﬁzl ol Tz 21 ok @
however, difficult to explain using the conventional EIT I = =
theory with a single atom. Here, o)) =|u);(1| is the flip operator of thgth atom from

In this article, we revisit the above two-photon resonantstatemgj to |v); (u,v=a,b,c), anda' (a) is the creation
EIT system with the dynamic symmetry analysis as develiannihilation operator of the probe light. In the largéfimit
oped earlief9]. In Ref.[9], we find the EIT system, which ith |ow atomic excitations, only a few atoms occupy states

|a) or |c) [23], and the atomic collective excitations of the

atoms behave as bosons since in this case they satisfy the
*Electronic address: suncp@itp.ac.cn bosonic commutation relatiofiA,A"]=1. When at two-
TURL: http:// www.itp.ac.cilsuncp photon resonance defined ly,=A., the Hamiltonian(1) is
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C=—==Xa, C'=©", (3
VINj=1

is introduced here to form a closed algebra. In the low exci-
tation limit, when a few atoms occupy state$ and|c), the
corresponding atomic collective excitations also behave as
bosons since they satisfy the bosonic commutation relation
[C,C"=1. These atomic collective excitations are indepen-
dent of each other in the same limit because of the vanishing
commutation relation$A,C]=0,[A,C"—0 by a straight-
forward calculation. Together with the above commutators,
the following basic commutation relations:

[SC'=0, [AS]=A,

4
[T—!CT] = Or [T+1CT] = AT,

define a dynamic symmetry hidden in our dressed atomic
ensemble described by the semidirect-product algebra con-
|b> taining the algebra S(2) generated byf_ andT,.
We now calculate the probe field group velocity from the
FIG. 1. (Color onling A three-levelA atom coupled to classic tme-dgpendent HamHtomaﬂ). With the. help of the ab9ve
control and quantum probe fields with respective detuningand ~ dynamic algebra, we can write the Heisenberg equations of

Ap. WhenAp=A,, the system satisfies the two-photon resonancé@PeratorsA andC as
EIT condition.

A= - (Tp-iAp)A-igVNa-ig®20C + fA(1),

_ 5)
time independent and thus there exists the same dark state C=-T'cC—ie"® QA+ (1),
and dark-state polariton as shown before for the one-photofy, .o e have phenomenologically introduced the decay

resonant casg9,13). ratesI', andI'¢ of the stateda) and|c), andf(t) andfq(t)

We note that the above Hamiltonian is expressed in termg,q the quantum fluctuation of operators with,(H)f,(t'))
of the collective dynamic variable A, AT, T_=(T,)", and but(f_(1))=0, (a=A,C)

T... To properly describe both the probe light propagation and 1, fing the steady-state solution for the above motion

the cooperative motion of the atomic ensemble stimulated by, ations of atomic coherent excitation, it is convenient to
the two fields, we consider the closed Lie algebra generategsmove the fast-changing factors by making a transformation

t i i i -
ggll':::tﬁ\/e' (I)Z(l:i;rt]i?)r?(.) L?afur(;lrss end, a new pair of atomic ~_& ia,-80t The steady-state solution can be achieved
P ' from the transformed equations

A=-(Tp-iA)A-igVNa-iQC+fa(t),

(a1) (a2)
> 0.02 0 — > o.02 i (6)
ha ) Y\ 3 gt 5 ~ ~ ~
E \ AN F AN C=-TcC+i(Ap—AJC-iQA+T(1),
4 4 \ ’ 4 e Seae
& 0 e & o ~ .
o o . y il . . .
3 -0.01 \/ 3 -0.01 V \/ by letting A=C=0. The mean expression éfexplicitly ob-

-3-2-10 1 2 3 -3-2-10 1 2 3 tained iS

2-photon detuning 2-photon detuning

—
(b1) (b2) —igyV -1 -
B o027 2 0.0z T~ (A) = IgVN[T'c —i(Ap — A K@) . %
n | Y —1 —_ —_ '
g 0.01 7& ‘\\ "\‘ ;3 0.01 Al AN (Ta=iAp[Ic—i(Ap= A ]+ Q
Se Pid 4 . . . .

E“ 0 k' HLLEEE fgi A d It is noted that the single-mode probe quantum light is
S 5.5 V % .01 \, described by
2 -3-2-10 1 2 3 ° -3-2-10 1 2 3

2-photon detuning 2-photon detuning ®

. . o E(t)=ee '+ H.c.= ae''+H.c., (8)

FIG. 2. (Color onling Real party; (solid) and imaginary parg, Ve,

(dashegl of the linear susceptibility vs two-photon detuning . . . . .
A(=A,~A,) in normalized units according taal) 0=2, A.=0; whereV is the effective mode volume, which for simplicity

(@2 0=1/2, A,=0; (b1,b2 Q=1/2, A;=%1.5. Other parameters 1S chosen to be equal to the interaction volume. Its corre-
are given ad'a=1, ['c=10%, gVN=100, andw,=1F. sponding polarization is
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] 18l , observed clearly from Fig.(a1) (whereA.=0, Q=2) com-
0.8 3 0.8} [ 200 3 pared with Fig. 2a2) (whereA.=0, 1=1/2).
g el & g i e £ Next, we consider the properties of refraction and absorp-
> 0.2 > 0.2 - s0 > tion of the single-mode probe light in the atomic ensemble
0 100 200 300 400 -10-5 0 5 10 medium in more detail. To this end, we analyze the complex
Rabi frequency Detuning refractive index
FIG. 3. (Color onling The probe light group velocity vs (a) n(w) = Ve(w) =1 + Y, (15)

Rabi frequency() (in normalized units for A =5, andgyN=100
(blue, solig or gyN=80 (red, dashey (b) the detuningi. (in nor-  and generally the real and imaginary partg,andn,, of n
malized unity for (1=2gVN=200 (green, dotted-dashgcr are, respectively,
=gVN/2=50 (green, dotteﬂ or 0=0.04 andgVN=100 (blue,

solid), or 2=0.04", andgVN=80 (red, dashed where the green, CIA+x)?+ XM+ (L + x)
dotted-dashed, and dotted lines are related to the left axis, and the n = 2 ! (16)
blue, solid and red, dashed lines are related to the right axis. Other
parameters are given &5=1, [c=10"* and w,,=1C".

[(1+x2)?+ X512~ (L +x0)
(P)=(p)e '+ H.c.= ex(e)e“ +H.c.,  (9) 2

sgrixz),

17
where y=(p)/ ({&)¢p) is the susceptibility. Lex denote the (7

dipole moment between staté® and|b). The average po- Where sgfi,)=+1(-1) if x,>0(<0), n, represents the re-

larization fractive index of the medium ann, is the associated ab-
sorption coefficient. Together with the formulas for the
N N group velocity of the probe light
N
P=p\ o) [ V=R (10)
- (Ap A0 ° & (18)
1) y = =

can be expressed here in terms of the average of the exciton PP Ren+ wdn/de] - w%
operatorsA. Since the coupling coefficierd=-u\w/2Ve, ! dw

the susceptibility can be obtained as ) ) o )
(wherec is the light velocity in vacuumdepending on the

2ig°N(T¢ - i(Ap—Ap) frequency dispersion, one can obtain the explicit expression
w[(FA iA)(Te—i(Ap=Ag) +07 (11) for the group velocityv, from Egs.(12)—<16) .for arbitrary
reasonable values df, andA.. Now, we consider the group
The real and imaginary parfg and y, of this complex sus- velocity of the probe light for the two-photon resonance,

ceptibility y=x1+ix, can be explicitly expressed as where y; and y, are almost zero. We find approximately
[(A,—A)® -TEIF n=1+x/2—1, np=x,—0,
X1= 02+ =2 ' (12) . .
~= anduy is given briefly[25] as
[Te® + (A, - A)ETF _ c
X2= < @2 _E =2 : ! (13) vg(AC) dnl
w
whereF=2¢°N/» and
c
@ =Talc—Ay(A,— A + 02, = dn - (19
(14) 1+ e
E=ATa+Ta(A,—A)). @ lag=a,

It is well-known thaty, and y, are related to dispersion It is worth pointing out that, in the calculation of the term
and absorption, respectively. In Fig. 2, and x, are plotted  dx1/dw, Ay(=w—-wyy) is a function ofw. In what follows
versus the two-photon detuning\(=A,~A,). In Figs. ~we should perform a numerical calculation mJ(AC) by
2(a2,b1,b3, A.=0,+1.5, respectively, and other parametersmeans of Eqs(12) and(19) (and/or Eqs(12)—(18)) since
are fixed. WherA—>0 both x, and y, are almost equal to its analytical expression is redundant. According to Eq.
zero. This result is consistent with that in the case of onet12), the group velocityvy(A;) of the weak probe field
photon on-resonance EIM1,14. This fact shows that the depends om\, ), andg®N when given the other relevant
medium indeed becomes transparent when driven by thparameterstypically, [o=1, Tc=10"% w,,=10).
classical control field as long as the system is prepared in the Figure 3a) shows the dependence ©f(A.) on the Rabi
two-photon resonanc@A=A,-A.=0). We also notice that frequency (2, where the blue, solidred, dashegdline is
the width of the transparency wmdo@whmh is determined drawn forg\N 100 (g\N 80). This provides one with a
by x,) also depends on the Rabi frequenQy It can be technique that can be used to accomplish the storage and
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retrieval of the probe pulse. Initially, when the probe field be negative or superluminal in othAratoms systems as in
enters the atomic_medium, the Rabi frequerieyis very  Refs.[24,25. Different from our EIT system, a system con-
large(relative togyN) andvy— c. When one reduce@ adia-  sjsting of A atoms coupled to three optical fields is studied in
batically to zeropq reduces to zero accordingly and one canRef. [24], and it is the issue of coherent-population trapping
then store the pulse in the medium. Conversely, if one wantg,ot £1T) that is considered in Ref25]. A theoretical work

to retrieve the probe pulse, he needs only to incréhselia- [21] about theA-atoms EIT system shows that a negative

batically so as to increasg,. Figure 3b) shows the depen- . ; . .

dence ofy(A,) versus the common detuning, (=A,) under group velocity can appear since the effect of atomic spatial

two-photogn resonance EIT Whed~ gV, o ha?dly ge. Mmotion (and/or the buffer gasgdn the hot atoms is consid-
: N, vg

pends on the detuningy, and is close to the simplified result €réd- Contrarily, the group velocity is always withid,c) in
c/(1+g2N/Q?) given in Ref.[14]. However, wherﬂ<gv’ﬂ, our EIT system. In our opinion, this difference is mainly due
as denoted by the blue, solid and red, dashed curves in Fi¢@ our ignoring the effect of the atomic spatial motion and
3(b), vy becomes very small and depends/n In the sym-  the buffer gases in this work.
metric spectral configuration we find that the group velocity In conclusion, based on the algebraic dynamics method,
vg Of the quantum probe light takes its minimum near theour theoretical studies on the light propagation in an atomic
zero detuning, and, increases whefA,| increases in the ensemble with two-photon resonance EIT show a similar
case of two-photon resonance. This theoretical result is corphenomenon as discovered in the experiment in .
sistent with the experimental phenomena as discovered i@ur analysis ignores the generated Stokes field, which is also
Ref. [22] when no buffer gases are used. detected in the above experiment and described in Refs.
Finally, we notice that, in our model, the density of the [26,27. We also neglect the influence of atomic spatial mo-
medium is proportional to the atom numbigr Figure 3@  tion, atomic collisions, and the effects of buffer gases, since
and 3b) demonstrates how, depends on atomic density. In in principle these effects can be taken into account as the
Fig. 3@ and 3b), the blue, solid curve is plotted for a denser perturbations in our present study when the atomic ensemble

medium(gyN=100 andg is given as constanthan that of s prepared under low enough temperature.
the red, dashed curgyN=80). We also find that a denser

medium leads to a slowery, consistent with our physical We acknowledge the support of the CN$Erant No.
intuition. 90203018, the Knowledge Innovation Progra(KIP) of the
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