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Abstract—We consider adiabatic propagation of a pair of quantized light pulses in a coherently prepared
atomic medium with the tripod level configuration. We find that under conditions of electromagnetically
induced transparency, two distinct polariton modes are simultaneously formed in the medium. These polaritons,
represented by certain coherent superpositions of the quantized fields, have different group velocities; the fast
one propagates at essentially the speed of light, while the group velocity of the slow polariton can be dynami-
cally reduced to zero. The state mapping between the electromagnetic field and atomic ensemble is also dem-

onstrated.
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Shape-preserving adiabatic propagation of electro-
magnetic pulses, often termed adiabatons, in three-
level atomic media has been studied over the last
decade [1-3]. The underlying effect is the coherent
population trapping phenomenon [4] that is the accu-
mulation of atoms in a coherent superposition of states,
which is immune to excitation by the given frequency-
split laser radiation. Its extension to atomic or molecu-
lar systems containing more than just three levels, such
as four-level atoms with the tripod level configuration,
is becoming an active topic of current research [5].

The related effect of electromagnetically induced
transparency (the manifestation of coherent population
trapping in optically dense media) [6] is the basis for
several recent groundbreaking achievements, such as
reduction of the group velocity of weak light pulses to
remarkably low values [7] or even down to a complete
stop [8, 9], single-photon pulse generation [10], and
reversible quantum memories [11], which may eventu-
ally be employed to realize deterministic quantum
computation with single-photon qubits [12].

In recent paper [13], we studied the adiabatic pulse
propagation in a medium of atoms with the tripod level
scheme (hereinafter called a tripod medium). We there
considered strong coherent pulses of large amplitudes,
describable by the semiclassical approach. Weak quan-
tum pulse propagation in such a system was studied in
[14], where the possibility of achieving a quantum
phase gate between a pair of single-photon pulses was
demonstrated. Parametric generation of light in a
medium of tripod atoms prepared in a certain coherent

1 The text was submitted by the author in English.

superposition of ground states was recently discussed
in [15].

The main result of the semiclassical analysis in [13]
is that a classical three-component light pulse propagat-
ing in a tripod medium under adiabatic conditions
asymptotically (at large propagation times or distances)
evolves into a pair of nonlinear, shape-preserving
pulses propagating at different group velocities. The
fast pulse propagates at the speed of light ¢, whereas the
group velocity of the slow pulse is dynamically reduced
with respect to ¢, in accordance with the standard for-
mula for slow-light velocity [1]. Remarkably, such an
adiabatic propagation is essentially governed by the
off-diagonal geometric phase that develops in the
atomic state in a self-consistent way under the action of
the light pulse. Before generalizing the treatment based
on geometric-phase effects to a system where all the
electromagnetic fields are quantized, it is reasonable to
first extend the polaritonic theory of slow light propa-
gation [8] to the case of a tripod medium.

In the present paper, we consider the interaction of
two quantized optical fields and a strong classical driv-
ing field with a medium of atoms having a tripod con-
figuration of levels (see figure). The lower states [1), |2),
and |3) are the relevant Zeeman sublevels of the elec-
tronic ground state of the atoms. The optically excited
state of the tripod scheme is denoted by |0). The transi-
tion |3) — |0) is driven by a classical, time-dependent
in the general case, electromagnetic field with a Rabi
frequency Q. The quantized fields £, ,j = 1, 2 excite the
corresponding atomic transitions [j) — |0). All the

fields are tuned exactly to resonance with the corre-
sponding atomic transitions.
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10)

12)

Level scheme of tripod atoms interacting with two weak
fields E}, E, and a strong driving field of a Rabi frequency Q.

The interaction Hamiltonian is given by

= N J.dz[Q(t)Gm+ZgJ ,GOJ}+HC (1)

j=1

where N is the total number of atoms in the quantization
volume AL, A being the cross-sectional area and L
being the length of the medium;

Oy = [UXVI

are the atomic operators; and

ck;
8i = 4o}, 376 AL

are the atom-field coupling constants, with d;; being the
optical transition dipole moments. We neglect thermal
motion of atoms; i.e., we set the atomic velocity to zero.

The field operators £, admit the mode decomposition

E; = ZA(k)(t)exp[ik(Z—ct)],

where ézﬁ-k) (1) is the photon annihilation operator obey-
ing the usual bosonic commutation rules. In the slowly
varying envelope approximation, the propagation equa-
tions for the quantum field operators are given by

0 0\ . A .
(a—t+ca—Z)Ej = ig;NG;y, j =1,2. 2)

On the other hand, the atomic operators G,,, in the inter-

action representation satisfy the evolution equation

a A A | A A ~
500 = VO 2V 6+ s )
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where v, are the relaxation constants and F,y are the
corresponding d-correlated Langevin noise operators.
In particular, Egs. (3) explicitly yield
0 . N SN A
atcl() = —Y10010+ 18 E1(G11 — Goo) @

+ ig2E2612 + iQ&B + ﬁ](),

d,. N LA A N
ETtGZO = —Y20020 + i82E2(G2 — Gop)
)
+ig1E1621 +i9623+F2(),
‘8'61'3 = —7136j3—ingj603+i9*610+ﬁj3,
ot (6)

=1,2.

Let |Q| be the largest frequency in the system.
Assuming that it changes slowly enough,

Q) < |qf?,
ot

we can use the standard approximations commonly
used in adiabatic pulse propagation analysis [1, 8]. We
can then neglect the noise terms for atomic coherences
(L #v) and use Eqgs. (4)—(6) to obtain

~ 1 04
Gj = —5;&0,'3, Gj3

>

2
1 P
= 52 8E6. ()
I=1
For simplicity, we assume €(¢) and G, to be real; we
recall that the number of photons in weak fields E; is
so small that the populations of the atomic levels |1) and

|2) and the coherence between them remain practically
unchanged throughout the evolution. We can therefore

replace the operators 6;;, [, j = 1, 2 by constant c-num-
bers 6. Then, propagation equations (2) for the quan-
tized fields are reduced to

s:(;)at Q) (8)

(a a)/\
- 1,2.

We consider two linear combinations of the operator

g;N a ZgIElsz

variables £; having the form

P, = (sinociffl + cos OCiEQ), 9

1
cos V(1)
where
Q(1)

JQP (1) + P3

are the mixing angles and o, and P, are certain con-
stants to be determined. We now prove that the above

cosV,.(t) = (10)
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polariton operators W= satisfy the corresponding prop-
agation equations

d 2 2 \g _
(é—t+ccos ﬁi(t)é—z)‘l‘i =0, (11)

where
ccoszﬁi(t) =v,
evidently play the role of group velocities. Through the

direct substitution, using Eq. (8), and temporarily drop-
ping the subscripts “t,” we obtain

2.0 ¢ 24(0 . 9\ _
sin ﬁa—t‘I‘+ cos ﬁ(a—t+cé—z)‘l’ =0,

or, in other words,

367

Recalling Eq. (10), we transform Eq. (12) into

(P sino — glG”Nsmoc g,gzclecos(x)agt(El)

2 2 .
+ (P cosO — 8,0, Ncostl — g,8,0,NsinQt)

d(E)\ _
Xm(g) 0.
Because £, and £, are arbitrary and linearly indepen-

dent, Eq. (13) results in the following set of equations
for the unknown variables sino and cosou:

13)

(P’ - g6,,N)sina — g,8,0, Ncoso. = 0,  (14)

—¢,8,NG,sino+ (P° - g36,,N)cosa = 0. (15)
The solvability condition for set of Eqgs. (14), (15),

2 2 2 2 2 2 2.2
(P"—gio N)(P —gzczzN)—g182|612|N =0,

. 2.0 (sinocz?l + cosaf?z)
sin” U= . . .
ot cos ¥ yields the eigenvalues of P, given by
b) P = N 2 2
— (sinoE, +cosocE2)—cosﬂ + = §[g1611+g2622 (16)
12) J 2 2 2 2 2 2
8N (801 E +g,0,E T N(81011 +8205) —48182(0,,05,-01) ]
—cos¥ smocﬁa— a
Recalling that
,N Gy E1 + 8,65 F Imo, =0
+(:0soc—2(g1 271 T 8202 2)} = 0. . . N
Qo9 Q by assumption, we obtain
2 o
tano, = 818 L. . (17)
2 2 2 2 2 2 2
820 - 810 * «/(81011 +820y) —4818,(0,105,— 01p)
We note that tion in a tripod medium studied in [13], we find that in
the quantum case, the fast mode also propagates at c,
tano, tano = —1. (18)  provided the medium is prepared in a pure state. Alter-

In what follows, we assume that the medium is pre-
pared in a pure state [13, 15], such that

G2 = A0 1102.

Also, we neglect the spatial dependence of the Rabi fre-
quency, assuming that it is a function of the time vari-
able only, Q = Q(¢). By setting Q = Q(#), we neglect the
propagation effects linear in the ratio of the pulse prop-

19)

agation velocity to c. This ratio is small for the ¥, (z, 1)

polariton, but approaches 1 for the W¥_(z, 1) polariton.
However, in analogy with the classical pulse propaga-
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natively, we can assume that the classical driving field
propagates in the direction perpendicular to the propa-

gation direction of the quantized fields E;.

We then have

(¢
tano, = — 824/022 P2

gl’\/_ .

meaning that the group velocity of the W_(z, ) polari-
ton is equal to the speed of light,

=0, cosd_(1) =1, (20)

¥ (z1) = W(z-ct,0) = (0, 1-2z/c).
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For the ¥, (z, t) polariton, we obtain

81«/_

2
tanol, , P
824/022

2 2
= N(g10y; + &,02),

21
Q) 2D

Join + P

The group velocity of the ¥, (z, 1) polariton can there-
fore become much smaller than c if the driving field
Rabi frequency satisfies

Q<P,

The corresponding solution is then given by

cosV, (1) =

t
iz, 1) = ‘i’+[z—jv+(t')dt‘, O],
0

where
v,(f) = ccos 0,(t)

is the time-dependent group velocity. Thus, once the

W, polariton has been fully accommodated in the
medium, one can stop it completely by rotating the
mixing angle ¥, defined in Eq. (10) from its initial
value 0 < %, < /2 to ¥, = w2, which amounts to
switching off the Rabi frequency . In the case of a
constant Rabi frequency €2, the above solution can be
rewritten as

Pz, 1) = Pu(z-v,1,0) = P.(0, 71—
From Eq. (9), using Eq. (18), we obtain

z/v,).

E, = sino_cos6 W_+ cosoc,cosﬁﬁ’h (22)

E, = coso_cos®_W_ - sina._cos 6+‘i’+. 23)

At large times ¢ > L/c, when the fast polariton runs away
from the medium and only the slow polariton remains
inside the medium, the quantized field operators are
expressed as

Ei(z, 1) = coso_cos®, (1)

(cos o k- sinoc_Ez) (24)
X b
COSA8+ 0,t-z/v,
Ex(z, 1) = —sina_cos 9, (1)
(25)

coso_E; - sina_E,
X
cos,

0,t-z/v,

We introduce the field operator for atoms in the state

|3) via
ba(e ) = |6z (26)
(O
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Their plane-wave decomposition is given by

(k) zkz

bs(z,1) = Z(lh (e

A (k)

L
(1) = 161 ne™
0

From Eq. (7), we find for large ¢ that

N JN “ “
03 = —H(glvanl + 82400 E>2)

A/Ncosfh(t)
Q@)

. (27
(g14/011COSO_— g,./0,,SIN0)
X ‘il+(Z’ t)a
which finally yields
(f)g(z, t) = —sin19+(t)‘i’+(0, t—z/v,). (28)

The plane-wave decomposition operator coefficients of
Eq. (28) are expressed via the photon annihilation oper-
ators a( ' as

(k)

(,1\)3 = G‘J\;(a t)
X (cosol_ A(k)(t—z/v+)— sino_a )(t—z/v+)), (29)
F(z1) = sin¥, (1) .
cosV, (t—z/v,)
We now assume that
cosa = =, sino. = = (30)
J2 J2
Then
63 = F(znal,
where
Lo _ 4 Eay
a, =

5
Thus, if a pair of incident quantized fields is generated

by the down-conversion process and therefore contains
equal numbers of 1 and 2 photons,

A(K)T A (K)T\
zz(en(al a’)

n=0 k
NI IR NN
22(@(_@1()% 2a(_)a(_)T)’
n=0 k

then stopping the W, polariton makes the number of
atoms in the state |3) even.
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To summarize, we have considered adiabatic propa-
gation of a pair of quantized light pulses in an atomic
medium with the tripod level configuration under con-
ditions of electromagnetically induced transparency.
We have identified the fast propagating and slowly
propagating polariton modes of the system, and showed
that the latter can be used for a state mapping between
the electromagnetic field produced in a nondegenerate
parametric down-conversion process and the coher-
ently prepared atomic ensemble. A remarkable conse-
quence of the large difference between the group veloc-
ity of the two polaritons is the possibility to create
atomic subensembles with the definite (even) parity of
the particle numbers.

The author is grateful to Dr. D. Petrosyan for draw-
ing the author’s attention to the problem considered
here and for many helpful discussions.
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