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Improving coherent atomic vapor optical buffers
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We report on a theoretical study of the influence of incoherent optical pumping and beam profiling on slow
light propagation in three-level atomic vapor. The pumping reduces the residual unwanted absorption of the
signal while destroying the atomic coherence and increasing the group velocity of light. We show that the
pumping enhances the resulting group delay for a certain range of parameters. We also examine changing the
cross section of the beam of light along the propagation direction by, e.g., focusing the beam, for the purpose
of maintaining the drive intensity to effectively counter its absorption.
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I. INTRODUCTION

In practical optical buffers an optical pulse is delayed for
a period of time that exceeds the pulse duration (large frac-
tional delay), while the absorption and distortion of the de-
layed pulse is kept reasonably small [1,2]. Such delays were
demonstrated in cold coherent atomic vapors [3]. This, gen-
erally, is not the case in slow light experiments with hot
coherent atomic vapors [4,5], where the measured time de-
lays are smaller than the pulse duration. The incomplete
compensation of the probe absorption by the atomic coher-
ence as well as the high order dispersion of the electromag-
netically induced transparency (EIT) resonance is the reason
in some cases [1,6]. In other cases, the performance of the
optical buffer becomes limited by the high nonlinearity of
the atomic media [7] and the wave mixing processes [6].
Nonetheless, it was shown theoretically that through optimi-
zation it should be possible to delay a pulse by very many
pulse lengths in a slow light coherent atomic medium [8] that
is naturally broadened.

Large fractional delays were realized in hot atomic vapors
without involvement of low frequency atomic coherence. For
instance, delays exceeding seven pulse durations with 3 dB
absorption were realized in hot °Rb atomic vapors [9] when
carrier frequency of the pulses was tuned to be halfway be-
tween the D, line hyperfine resonances. The pulses were
delayed because their frequency was tuned to the transpar-
ency window limited by two strongly absorbing resonances
[10]. An optical buffer based on spectral hole-burning and
characterized with fractional delay on the order of three at
3 dB absorption was realized in hot rubidium vapor [11].
Again, no EIT-like effects were involved in the experiment.
The disadvantage of those delays compared with EIT-based
delays is in the slow tunability of the buffers.

The possibility of achieving large tunable delays arises
also in experiments with stopped light [12,13]. Tt was shown,
however, that the light storage experiments have several
limitations similar to those of slow light experiments [6]. To
the best of our knowledge, there have been no realizations of
storage and release of an entire arbitrary optical pulse in a
hot atomic vapor cell; only a part of a pulse is generally
stored and retrieved. Moreover, atomic cells with a buffer
gas are frequently used in the experiments. Diffusion pro-
cesses in such cells [14,15] alter the shape and the phase of
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the released pulse, making the operation of the system dif-
ferent from the original proposal. Very recently a dynamic
control of the driving light power was proposed to realize an
efficient storage of the probe pulses [16]. However, this tech-
nique is suitable only for particular wave forms of the probe.
A similar optimal control strategy for storage and retrieval of
a photon wave packet of any given shape by dynamic control
of the drive field was proposed in [17]. Finally, an optimum
quantum optical memory based on the off-resonant Raman
interaction of a single photon, with the optimization based on
the same principle as mentioned above, was studied in [18].

The goal of the present contribution is to study possible
ways of improving delay lines based on a hot coherent
atomic medium to approach the ideal performance predicted
in [8]. Residual absorption of light in the medium is one of
the main reasons for the small relative group delays observed
experimentally. To suppress the residual absorption of the
probe light we propose using incoherent pumping (Fig. 1). It
is worth noting that the idea of improving the performance of
slow light optical buffers with incoherent pumping has a cer-
tain overlap with Raman-based slow light systems [19-21].
However, studies considering those systems did not quanti-
tatively answer the question if the electromagnetically in-
duced transparency (EIT) medium with Raman gain is supe-
rior when compared with a passive EIT medium.

It is known that incoherent pumping results in suppression
of absorption or even amplification [22] of the probe on one
hand, and in the destruction of the atomic coherence and
broadening of the EIT resonance on the other. The suppres-
sion of absorption improves the delay line, while the destruc-
tion of the coherence degrades its performance. We calculate
the susceptibility of a A level configuration (Fig. 1), find the
group delay in the system for the case of inhomogeneous
broadening, and determine the region of parameters where
the overall result of the incoherent pumping is beneficial.

Let us find the maximum value of the product N
=T7,(L) g7(L) for a case of a finite absorption of the drive
field. We assume that the Rabi frequency of the drive ex-
ceeds the minimum required for the EIT value [Q(z)?
= yv,. Here L is the length of the interaction region, 7,(L) is
the group delay, Jg;7(L) is the width of the EIT resonance,
Q(z) is the Rabi frequency of the driving field, 2y is the
radiative decay rate, and v, is the coherence decay rate. N
determines the maximum fractional delay of a pulse by the
medium.
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FIG. 1. (Color online) Three-level A scheme. Solid blue arrow
stands for the drive field, solid red arrow stands for the probe field,
and dashed orange arrow stands for the incoherent optical pump.
The selection of the external pump (R=17,/2) and decay (1) rates
for the atomic levels is required to maintain the normalization con-
dition for the level populations in the particular open level system
(in the steady state we have p,,+ pp,+pe.=1). Physically, the equal-
ity of the external decay rates for all the levels (y,) means that an
atom in any state has equal probability to exit the interaction region.
Equal external pumping rates for the ground states R=y,/2 mean
that an atom has equal probabilities to enter the interaction region
either in state |b) or |c). In addition to the external decay there is the
radiative decay rate, y, which has to be selected independently. The
details of the model are discussed in [23].

II. HOMOGENEOUSLY BROADENED THREE LEVEL
SYSTEM

A. No incoherent pumping

For the case of a resonant homogeneously broadened A
system and no incoherent pump the absolute value of the
Rabi frequency of the driving field obeys the equation (see
Appendix B)

- J (1)

2 _ 2
Q)| = QL) {1 + K|Q(L)|2

where k=3/N\?/(8). Group velocity is given by expression
[8]
Q@)
V(@) = 2
Ky

We find from Egs. (1) and (2),

(L) = Jv@

QL) P,(0)/P,(L)
Y% Pp(o)/Pp(L) -1

{P@] (3)

P,(L)
172
) Yo> (4)

)

5EIT(L) = (2 In2

PO _ L Y
P,(L)

where P,(L)/P,(0)=P(L)/P(0) is the relative probe (drive)
power transmission through the cell [P(z) is the power of the
drive and P,(z) is the power of the probe]. If we restrict the
relative probe absorption by e times [P,(L)/ Pp(0)=e‘1],
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then N,,..=|Q(L)|/\'yy,. The width of the EIT resonance
has been found from the usual expression for the full width
at half maximum (&8,) of the Gaussian distribution
exp(-4 In268%/ é?v)

An important result following from Eq. (4) is that the
width of the EIT resonance cannot be less than the coherence
decay rate vy, even in the optically thick media. We should
emphasize that the width can easily be subnatural (less than
v) [24]. Tt is important to note also that an active system,
e.g., a maser based on the low frequency transition
|cy— |b), could have a narrower linewidth than v, [25].

B. Incoherent pumping is present

To obtain useful results we have to restrict the space of
the free parameters of the system. We assume that (i)
the drive field is strong enough, |Q*>>(y,+r)y and
|Q)?>> (yp+7)A, and (ii) the value of the incoherent pump
rate r is chosen in such a way that a,,(6=0)=0, i.e., that the
system is transparent at zero two-photon detuning. We find
(see Appendix B)

_ 7 290
r=vy p+ 1+ YOAz—l.

Let us consider two opposite cases with respect to the
ratio of the incoherent pump r and coherence decay rate .
As follows from Eq. (6) 7y,>r is possible only if
A%y, 9| Qf? and A?>> %

7, 0P

(6)

The group velocity does not depend on the power of the
drive in this case,

A2
nz%?, 8)

and drive is absorbed exponentially

1Q(2)]* = [Q(0) eXP<— K2§>, )

i.e., the EIT effect is absent. The group delay is not tunable
and this is an apparent disadvantage of the selected regime.
Interestingly, using Egs. (8) and (9) we arrive at an expres-
sion for the group delay that is identical to the expression (3)
obtained for the case of EIT and no Raman gain:

P(0) }

0 (10)

(L) =1n [

with the difference that the probe light is not absorbed
[P,(0)=P,(L)]. Increasing the relative absorption of the
drive field results in the increase of the maximal group delay
beyond the previously obtained limit.

The width of the transparency resonance in this case is
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2 -1 |12
2'?2?' {2lnz<ex 2";"2—1) } (1)

The fractional delay N=2.4|Q(L)[*/|A|7y, is maximal for
small absorption of the drive and approaches unity for strong
absorption of the drive (large group delay).

In the opposite case when r>> 1, and y|Q[*>> A%y, we
have r=(2y,7)"?|Q|/A,

Org(L) =

|0
~—, (12)
Ky
and
~[ro] 1
L) = I{P(L)Low' (19

The absorption of the drive is linear, hence the EIT effect is
present. The width of the EIT resonance is
12
) (yo+7).

QWL)]>  P0)/P(L)
(14)

Oerr(L) = (2 2 Yo+ POVP(L) 1

The only difference with the case of zero incoherent pump
[Egs. (3)—(5)] is that we have substituted 7y, with 7,
+7>>v,. Such a modification reduces the value of the group
delay if the absorption of the drive is small. However, the
fractional group delay increases because the probe is not ab-
sorbed and at the same time drive can be absorbed much
stronger compared with the case of no incoherent pump.

An advantage of the considered scheme is that it allows
cascading the delay lines to increase the probe delay. More-
over, if a cloud of cold atoms has a prolonged shape the drive
light could be sent perpendicularly to the probe light propa-
gating along the longest direction of the cloud. It reduces
drive absorption but keeps group velocity at the smallest
possible level through entire cloud.

III. INHOMOGENEOUSLY BROADENED THREE LEVEL
SYSTEM

Let us now turn to the inhomogeneously broadened
atomic vapor. We consider a quasi-Doppler-free configura-
tion which is characterized by a copropagating drive and
probe. The configuration can be considered as Doppler-free
if @u,vpe! Ap>> wy,., where Ap, the single-photon frequency
Doppler width. We approximate the Doppler distribution
f(A,) by a Lorentzian function, following [23,27],

1

f( k) Az Az» (15)

where A, is the atomic velocity dependent single-photon de-
tuning.

A. No incoherent pumping

The resulting EIT resonance shape is not Lorentzian. As-
suming, for the sake of simplicity, that the probe light and
the drive light are resonant with motionless atoms, we ap-
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proximate the dispersion of the medium in the vicinity of
zero two-photon detuning:

()5
Ve=—"| 1+
Ky

While Eq. (16) is valid for any intensity of the drive light
that obeys to |Q>>> yy,, the expression for the absorption
profile of the EIT resonance is rather involved [27]. We

—
Am%) (16)

Q1\y

present  this _ expression in  the  approximation
Ap\2y,>[Q[\2y:
—
o 0 1Oy Yy a7
D = — .
r 2|Q|2 ADN/'}’() 2'}’OAD|Q|2

The dispersion B and absorption « coefficients at the
drive transition are

B=0, (18)
Y Ap\y |
(1—K2|Q|2<1+ |Q|\q/> (19)
Using the expressions presented above we derive
P(0)
i [P(L)] 20
QW] _[POyP@)]"
Oer(L) = {21 2 Ve POPOT2-1[

(21)

PO _ | x| |
P(L) [1 ’ IQ(L)I} ' 22

Interestingly, the width of the EIT resonance (21) depends on
the drive intensity very weakly. The expression for the group
delay (20) is the same as Eq. (3) derived for the case of a
naturally broadened system.

B. Incoherent pumping is present

Let us now consider the case of an inhomogeneously
broadened system with the incoherent pumping field turned
on, r # (0. We obtain an equation for the absolute value of the
Rabi frequency of the driving field assuming that
Ap\yo+712>| QL) |\'y and [QL)*> y(yy+r) and solve it
(see Appendixes for details):

_ 2y Hy+r)
Iﬂ(z)I—IQ(L)I+\/—2%”—%} k(L -z),

where Ap is the width of the Doppler distribution. Using Eq.
(23) we derive the equation for the absolute value of the Rabi
frequency of the probe light. We solve this equation and
select the incoherent pump term r such that the absorption of
the probe light is compensated by the Raman gain at the exit
of the atomic cell for zero two-photon detuning (5=0),

(23)
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and obtain

7 (L) =

QL)

Opyr(L) = + 2In2———
EIT() (')’O r){ n \’m

XX\/W [PO)/P(L)]'? |
2y + ) [POVPL]2 -1

(26)

PO _ { . mw} an
P(L) 280y, +121Q0L)] |

To derive Eq. (25) we have used the expression for the group
velocity of the probe light propagating in the Doppler broad-
ened medium at the condition of zero two-photon detuning.

In the case of no incoherent pumping (r=0) we always
have P,(0)/P,(L)=P(0)/P(L), and it is reasonable to as-
sume that P(0)/P(L)=e, which limits the value of the group
delay 7,= yal. In the case of the proper Raman gain we can
allow drive absorption P(0)/P(L)=100 with no probe ab-
sorption. This allows us to achieve a fivefold increase in the
group delay.

Moreover, Egs. (25) and (26) result in N,
=5.7[1QL)| /(yyy)"*]"* if yy=r and, e.g., P(0)/P(L)
=100. On the other hand, we obtain N,
=2[|Q(L) | /(yy)"*]" if r=0 and P(0)/P(L)=e. Hence the
incoherent pumping also results in an increase of the frac-
tional group delay achieved in the inhomogeneously broad-
ened atomic system.

IV. FOCUSING OF DRIVE AND PROBE BEAMS TO
COMPENSATE FOR THEIR ABSORPTION

The basic limit of the atomic group delay with Raman
amplification of the probe is set by the absorption of the
drive that results in a gradual decreasing of the width of the
EIT resonance along the propagation direction. One possible
approach to compensation of the absorption is to focus the
light in such a way that its intensity does not change inside
the atomic cell. Such a compensation leads to longer frac-
tional group delays as compared with the atomic group delay
lines utilizing collimated light. However, as we will see be-
low, a special focusing technique is required.

A. Ideal case

Let us study propagation of the focused drive light in the
atomic medium (see, e.g., Fig. 2). The equation for the ab-
solute value of the drive Rabi frequency for the collimated
light beam propagating in an inhomogeneously broadened
atomic vapor is
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Drive & Probe
light —

Rb atomic
cell

Photodiode
Focusing lens

FIG. 2. (Color online) A slow light scheme with changing beam
profile. A long-focus thin lens is inserted on the front of the atomic
cell.

QI Av+n | 2y

28
dz 2A, (28)

2)/0+r'

The power of the drive changes in accordance with equation

dP(z K +r 2

)__ Yy +7) Y b (29)
dz Q)| Ap 2yp+r

where |Q(z)| is proportional to P'?(z). Let us assume now

that both the drive and probe are focused such that [Q(z)|
=|Q(0)|, then

Kz Yo +7) 2y
00)]  Ap

The condition |Q(z)| =|Q(0)| is fulfilled only if the area of
the drive beam changes as

P(z) = P(O)exp( ) (30)

2% +r

kz Yyy+7r) 2y )
- . (31
Q0] 4, Vapsr) @Y

The width of EIT resonance does not change while the group
delay is built up with the distance if such a focusing is
achieved. This would allow one to increase the fractional
delay and make it independent on the drive power N
=2(kLyl/Ap)">.

If both the drive and the probe beams are focused and
incoherent pump r is not equal to zero, than the Rabi fre-
quency of the probe increases, while the Rabi frequency of
the drive stays intact. It is worth noting that in the experi-
ment with a changing beam profile, parameters 7y, and r de-
pend on the coordinate z. However, this dependence is slow,
especially if the atomic cell contains some buffer gas, so we
neglected it in our calculations.

S(z) = S(O)GXP<

B. Thin spherical lens

A realization of the condition (31) is challenging. Let us
find the improvement that can be achieved with the usual
thin lens. Thin spherical lens with focal distance f changes

the beam profile as
s ~\'7p) G2

where condition z <f is assumed to be valid. Hence selecting
the focal distance as

C2A5Q0)] 247
Kk Y(yo+7) 2y

(33)

we can suppress the linear decrease of the intensity of the
drive field. However, such focusing does not result in a sig-
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nificant improvement of the group delay as well as fractional
group delay. The focusing is too fast to exactly compensate
the linear absorption arising in Eq. (23). We have performed
numerical simulations and found that the focusing does not
provide any advantage in the case of no Raman amplifica-
tion. In the case where Raman amplification is present, the
additional focusing does not change the group delay [Eq.
(25) is valid], but increases the EIT width by approximately
a factor of 2. Taking all of the above into account we con-
clude that focusing of light by thin lenses in the geometrical
optics limit is useless for improving the delay time-
bandwidth product of the EIT optical buffer. Applications of
more complicated optical systems are required. The useful-
ness of this approach in the wave optics limit, or with thick
caustic lenses that possibly provide for a slower changing
beam profile, remains to be analyzed.

V. CONCLUSION

In conclusion, we have shown that the application of in-
coherent optical pumping in a slow light experiment with
inhomogeneously broadened A-type atomic vapor results in
an increase of the achievable optical delay due to the com-
pensation of the absorption of the probe light at the expense
of the drive light. We also show that a proper profiling of the
probe and drive beams would be beneficial for increasing the
slow light delay.
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APPENDIX A: BASIC EQUATIONS

Let us consider the scheme shown in Fig. 1. The drive and
probe light waves interact with |c) — |a) and |b) — |a) transi-
tions, respectively. The incoherent pump with the rate r is
applied to the probe transition. We neglect the four wave
mixing process and any possible new field generation in the
atomic vapor.

We introduce the drive () and the probe (), Rabi frequen-
cies as Q=Egp/h and Q,=E,p,/h, where E and E, are the
slow amplitudes of the electric fields, assuming the probe
and drive atomic transitions have the same matrix elements
9,=%. We introduce the radiative decay 2y for level |a). The
matrix elements are connected with the radiative decay of the
corresponding transition as y=4wf502/ (3%c3), where o, is the
circular frequency of the transition. The Rabi frequency of
the probe is much less than the Rabi frequency of the drive,
|| >]€Q,|. The probe and drive fields have (one-photon)
detunings A and A+ § from the corresponding single-photon
resonances. The coherence has a decay rate 7y, (y,< ) re-
sulting from the finite time of interaction of an atom with the
light.
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Propagation of the drive and probe is described by equa-
tions

10E O0E 2mv (AD)

= = e i

cdt 0z : ¥ Pac
10E, OJFE 27y,
——F+—E=i—FNppy, (A2)
c ot Jz c

where N is the atomic density, v and v, are the carrier fre-
quencies of the drive and probe light, respectively, p,. and
pap are the density matrix elements describing drive and
probe atomic transitions, and c is the speed of light in the
vacuum. The density matrix p=2p;;|i){j| is calculated from
[26]

i1
b=——[H.p]- ~{L.p} A3
p==1H.p1- {5} (A3)

where H is the Hamiltonian of the atomic system; matrix r
stands for the relaxation mechanism of the atomic popula-
tions and polarizations. We solve Egs. (A3) in steady state
and substitute the solutions for polarizations into a steady
state version of Egs. (A2) and (Al).

APPENDIX B: HOMOGENEOUS BROADENING

Set (A3) can be presented in a more explicit form if the
atomic system is homogeneously broadened:

pab == Fabpab - iQp(paa - pbb) + iQpcb? (B 1)
pac == 1—‘acpac - iQ(paa - pcc) + iQppbm (Bz)
pcb == 1-‘cbpcb + lepab - iﬂppcm (B3)

pbb = 70(1/2 - pbb) + r(paa - pbb) + YPaa — i(Qppba - Q;pab)’
(B4)

pcc = 70(1/2 - pcc) + YPaa — i(Qpca - Q*pac)a (BS)

Paa=— (70 + 27)paa - r(paa - pbb) + i(Qpra - Q:pab)
+ i(Qpca - Q*pac); (B6)

where

Cop=v+y+r+ilo,—v,)=y+y+r+i(A+9),
Fp=v+v+r2+i(w,.—v)=7y+ v+ /2 +iA,

Lop=y+r2+i(wy,—v,) —i(w,.—v) =y +r/2+i6.
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We solve Egs. (B1)—(B6) in the steady state and substitute
the solutions for polarizations into the steady state version of
Egs. (Al) and (A2),

Q)
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), .
Eﬁ = IKYPap = — (ZBp + C(,,)Q s

where k=3N\%/(87).

(B8)

— =ikyp,. = - (iB+ a)Q, (B7) ' 'The' dispersion and absorption of light at the probe tran-
9z sition is described by
J
B =« QP A28y = (r+ ) ATQL — 8(A + ) + Yy + r/2)] (B9)
P AAQP + (v + 12)(A% + PIHIQP = 8(A + ) + Yy + r/2) P+ [8y+ Alyo + 112) P}
QP A2y W lIQF - A +6) + y(yo + 172)] + 48y - A%} (B10)
a, = K >
P AP + (v + 2) (A% + A RIOQP - 8(A + ) + y(yo + 112)F +[Sy+ Alyo + r/2) 1P}
where we have assumed that y>r, .
The dispersion and absorption of the medium at the drive frequency are given by
K Ay(yo+7)
B=- Y% 0 > , (B11)
(0 + 112) + A|Q* + ¥y + 1/2)]
+
o 7 (% 2r) . (B12)
2 A% (yy + 112) + A|Q* + Yy + 172)]
|
The EIT condition (linear attenuation of the drive power with B, -1
the propagation distance) is fulfilled when y|Q|*>>>A%(vy, V= 95 o (B17)

+7/2) and [Q|*>>> y(y,+7/2), and the absolute value of the
Rabi frequency of the drive obeys the equation

I Ay+r)
oz 200 (B13)
that can be easily solved,
Ny +7)
Q)] = IQ(L)IZ{I + Kﬁ@ —z)} . (Bl4)

Similarly, we derive the equation for the absolute value of
the probe

Q)| 5( 28

9z 2\ Q@ 1eE!*

assuming that A=0 and r=0, for the sake of simplicity. The
solution of the equation can be presented as

0,0 oW [_ 28Kl
12,07~ [20F TP [wPRieoP

)m,,(z) . (B13)

], (B16)

from where we immediately get Egs. (4) and (5).

Let us now consider propagation of the probe if the inco-
herent pump is present. Solving equation a,=0 with respect
to r, where @, is given by Eq. (B10), we get Eq. (6). Finally,
we use the formula

to find the group velocity.

APPENDIX C: INHOMOGENEOUS BROADENING AND
INCOHERENT PUMP

The absolute value of the Rabi frequency of the drive field
can be presented in the form

Q)| Yy +7) 2y
=—K
az 2A,

s Cl1
29+ 71 1

for the case of a nonzero incoherent pump and inhomoge-
neously broadened system. The solution of Eq. (C1) is

_ 2y vw+rn)
Q@) = Q@)+ \N2ysr 24, K(L=2),

where we assumed that Apyy>|Q|y and [Q(L)| > yy.
We next derive the equation for the probe absorption

30,() { o ( 0@)N\2y - )
=T K 2 ] -
dz 2101\ ApV2y+r Yo

v

+ K
290+ NApIQ2)?

(C2)

]|Qp(z)|~

Selecting gain term r such that (),(L)=€,,(0) we derive Eqs.
(6)—(27).

013806-6



IMPROVING COHERENT ATOMIC VAPOR OPTICAL BUFFERS

[177J. B. Khurgin, J. Opt. Soc. Am. B 22, 1062 (2005).

[2] R. W. Boyd, D. J. Gauthier, and A. L. Gaeta, Opt. Photonics
News 17, 19 (2006).

[3] L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behroozi, Nature
(London) 397, 594 (1999).

[4] M. M. Kash, V. A. Sautenkov, A. S. Zibrov, L. Hollberg, G. R.
Welch, M. D. Lukin, Y. Rostovtsev, E. S. Fry, and M. O.
Scully, Phys. Rev. Lett. 82, 5229 (1999).

[5] D. Budker, D. F. Kimball, S. M. Rochester, and V. V. Yash-
chuk, Phys. Rev. Lett. 83, 1767 (1999).

[6] A. B. Matsko, D. V. Strekalov, and L. Maleki, Opt. Express
13, 2210 (2005).

[7] D. Strekalov, A. B. Matsko, and L. Maleki, J. Opt. Soc. Am. B
22, 65 (2005).

[8] R. W. Boyd, D. J. Gauthier, A. L. Gaeta, and A. E. Willner,
Phys. Rev. A 71, 023801 (2005).

[9] R. M. Camacho, M. V. Pack, and J. C. Howell, Phys. Rev. A
73, 063812 (2006).

[10] B. Macke and B. Segard, Eur. Phys. J. D 23, 125141 (2003).

[11] R. M. Camacho, M. V. Pack, and J. C. Howell, Phys. Rev. A
74, 033801 (2006).

[12] D. F. Phillips, A. Fleischhauer, A. Mair, R. L. Walsworth, and
M. D. Lukin, Phys. Rev. Lett. 86, 783 (2001).

[13] C. Liu, Z. Dutton, C. H. Behroozi, and L. V. Hau, Nature
(London) 409, 490 (2001).

[14] A. S. Zibrov, 1. Novikova, and A. B. Matsko, Opt. Lett. 26,
1311 (2001).

[15] Y. H. Xiao, I. Novikova, D. F. Phillips, and R. L. Walsworth,

PHYSICAL REVIEW A 76, 013806 (2007)

Phys. Rev. Lett. 96, 043601 (2006).

[16] I. Novikova, A. V. Gorshkov, D. F. Phillips, Y. Xiao, M. Klein,
and R. L. Walsworth, Proc. SPIE 6482, 64820M (2007).

[17] A. V. Gorshkov, A. Andre, M. Fleischhauer, A. S. Sorensen,
and M. D. Lukin, Phys. Rev. Lett. 98, 123601 (2007).

[18] J. Nunn, I. A. Walmsley, M. G. Raymer, K. Surmacz, F. C.
Waldermann, Z. Wang, and D. Jaksch, Phys. Rev. A 75,
011401(R) (2007).

[19] M. Kozuma, D. Akamatsu, L. Deng, E. W. Hagley, and M. G.
Payne, Phys. Rev. A 66, 031801(R) (2002).

[20]J. Q. Liang, M. Katsuragawa, F. L. Kien, and K. Hakuta, Phys.
Rev. A 65, 031801(R) (2002).

[21] F. Caruso, 1. Herrera, S. Bartalini, and F. S. Cataliotti, Euro-
phys. Lett. 69, 938 (2005).

[22] A. S. Zibrov, M. D. Lukin, L. Hollberg, D. E. Nikonov, M. O.
Scully, H. G. Robinson, and V. L. Velichansky, Phys. Rev.
Lett. 76, 3935 (1996).

[23] Y. Rostovtsev, 1. Protsenko, H. Lee, and A. Javan, J. Mod. Opt.
49, 2501 (2002).

[24] C. L. Bentley, J. Liu, and Y. Liao, Phys. Rev. A 61, 023811
(2000).

[25] A. Godone, F. Levi, and S. Micalizio, Phys. Rev. A 65,
031804(R) (2002).

[26] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge
Univ. Press, Cambridge, UK, 1997).

[27] A. Javan, O. Kocharovskaya, H. Lee, and M. O. Scully, Phys.
Rev. A 66, 013805 (2002).

013806-7



