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This paper investigates the absorptive reduction and the width narrowing of electromagnetically induced trans-
parency (EIT) in a thin vapour film of A-type atoms confined between two dielectric walls whose thickness is comparable
with the wavelength of the probe field. The absorptive lines of the weak probe field exhibit strong reductions and very
narrow EIT dips, which mainly results from the velocity slow-down effects and transient behaviour of atoms in a con-
fined system. It is also shown that the lines are modified by the strength of the coupling field and the ratio of L/A,
with L the film thickness and A the wavelength of the probe field. A simple robust recipe for EIT in a thin medium is
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achievable in experiment.
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1. Introduction

Electromagnetically induced transparency (EIT)
termed by Harris and co-workers is a quantum inter-
ference effect introduced by driving the upper two lev-
els of a three level atomic system with a strong coher-
ent field. Under appropriate conditions, the medium
becomes effectively transparent (zero absorption) for
a probe field.!=3] The importance of EIT stems from
the fact that it gives rise to greatly enhanced nonlinear
susceptibility in the spectral region of induced trans-
parency of the medium and is associated with steep
dispersion, this gives ultraslow group velocities and
the storage of light which may be used in quantum in-
formation processing.>4 Various mediums have been
used in previous investigation of EIT, the first obser-
vation of EIT was in an optically thick medium of a
strontium vapour,!*) then in solids,! vapour cells, 67!
atomic beams,® laser cooled atoms,) and even Bose
Einstein condensates.['?]

In this paper, we examine the EIT effect discussed
in Ref.[7], and extend to a system with atomic vapour
confined between two A/2 or A separated dielectric

walls. The difference from Ref.[7] is that we give
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an analytical solution of the density matrix element,
by which we investigate the EIT features in a thin
atomic vapour film modified by L/\ and the strength
of the coupling field. By using such a system, a simple
recipe is achievable for strong absorptive reductions
and width narrowing in EIT. This indicates a per-
fect EIT and ultraslow group velocities, which could
be used in light storage and the quantum information
processing.

2. Formulation

A vapour of A-type three-level atoms confined in
an ultrathin cell of thickness L with two antireflection
coated windows (i.e., the Fabry—Perot effects are ne-
glected) is considered here. The atomic level scheme
is presented in Fig.1, three unperturbed levels |1), |2)
and |3) have energies E7, Fy and Ej3, respectively. The
transition frequency of |1) —|3) is w31, and wsg for the
transition |2) — |3). Two laser fields are applied to the
system, wy, is the frequency of the probe field E|, (with
a detuning A, = wp — ws31) and w, is the frequency of
the coupling field E. (with a detuning A, = we —w32).

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn
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For simplicity, the initial phases of E}, and E, are as-
sumed to be the same.

3d)
A |2d>

— D
(b)

Fig.1. Configuration in a A-type three level system for

1)

(a) level diagram, and (b) dressed-state picture.

The state of the atoms in the vapour is deter-
mined by the density matrix p(v, z,t), which yields
the master equation

The diagonal elements of the Hamiltonian H are the
energies Eq, Ey and Ej of levels |1), |2) and |3) re-
spectively, whereas the off-diagonal ones represent the
interaction energies with the radiation field. In the
rotating-wave approximation, these off-diagonal ele-
ments are given by the expressions

Hs1 = — hilpexp[—i(wpt — kpz)],  Hiz = Hg,
H3p = — h.QCGXp[_i(wct - k‘CZ)], Hys = H§27
Hy; =Hj, = 0. (2)

Where (2, and {2, are Rabi frequencies defined as
2, = pz1Ep/h and 2, = ps1Ec/h respectively with
p31 and sz the transition dipole moments, ky, and k¢
are wave vectors of the probe and the coupling fields
respectively.

The term —I'p in Eq.(1) describes spontaneous
decay in atomic system, in our situation, only follow-

ing transverse relaxations are considered

- (FP)21 = —721pP21,
— (I'p)s2 = —yp32,
—(I'p)s1 = —yps1- (3)

Where the average decay rate is given by v = (y32 +
v31+721)/2, 731 and 732 are the decay rates from level
[3) to levels |1) and |2) respectively. It is assumed
that the transition between level |1) and level |2) is
dipole forbidden, as is the case for hyperfine sublevels
of an atomic ground sate. The nonradiative decay rate
(including transient effects and collisional dephasing)
between these two lower levels is denoted by 1.

We introduce time-reduced form density matrix o
by introducing transformations

p31 = og1exp|—i(wct — kc2)],

p32 = o3gexp[—i(wpt — kp2)],
ke)z]}, (4)

together with conjugate expressions of Eq.(4). Here in

p21 = oarexp{—if(wp — we)t — (kp —

our model for a co-propagation regime &, and k. are in
the same sign, for simplicity we assume kp . > 0. For
such a three-level system, we consider only following
equations obtained by combining Eqgs.(1)—(4):

8031/816 = —A31031 + iQp(Uu — 0'33) +if2.091, (5&)
80'21/825 = —/1210'21 — i.QpO'23 + iQCO';gl, (5b)
(9(723/(9t = —/1;20'23 — idegl — iQC(O'QQ — 0'33). (5(3)
Where we have used Doppler-shifted detuning defined
as

Az1 =y —i(4p — kpv),

Azg =y — i(Ac — kev),

A21 =721 — 1[(Ap — kp’U) — (AC — kc’l))].

Assume that the very weak absorption in the thin

vapour is satisfied, then the relative absorption A is
given in Ref.[7] by

LBt
A=""10) */0 (2)dz. (6)

Where the intensity of the probe field I,(z) is propor-
tional to |E,|?, the local absorption « of the medium
is defined as

a = 4k, Im <PE(5)> . (7)

If the atomic thermal motion is taken into ac-
count, which is assumed to obey the Maxwell distribu-
tion W (v) = (uy/7) texp(—v?/u?) with u being the
probable velocity, the medium polarization in Eq.(7)
is given by

P,(z) =Nus1 /:’O W (v)[O(v)os,
+ O(—v)og;]dv. (8)

Where O(v) and O(—v) are Heaviside functions, N
is the density of atoms in the vapour, o and oy,
are the density matrix elements for v > 0 and v < 0
respectively.

One then gets the absorption averaged over the
velocity distribution from Eqs.(6)—(8) as

(A) :47rk:pN,u31/ W (v)dv

o [ [t oG],
0 EP

(9)
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We consider here that only the first order solu-
tion of 031 for the probe field is much weak than the
coupling field, and the population in the high level is
assumed much less than that in the ground level. Thus
2, in Eq.(5b) can be neglected, and an approximation
can be done

0 0 0
ng) ~ 1,052) = 053) =0. (10)
By using Laplace transform, Egs.(5a) and (5b) can be
expressed as

(s + As1)Llosy] =if2, /s + i Loy, ],
(11a)

(s + Ag1) Lo, =102 L]o3,]. (11b)

To get Egs.(11a) and (11b), we have assumed o3, (t =
0) = o1, (t = 0) = 0 for the initial conditions. Solving
Egs.(11a) and (11b), one has

]7 lQp(8+A21)
—s[(s + Agr) (s + Az1) + 022]

Liog (12)

The first order solution o3; can be obtained by using
inverse-Laplace transform to Eq.(12), and expressed

as
031)1(75) =i2,[Do + Dyexp(—A1t)
+ Daexp(—Aqt)]. (13)
Where
Aay =M1+ Aoy
Dy = D, = 21T fn
DY FTNO0 )
—Ao + Aoy
Dy= 2702
S VY S PR V|
with
N, — Pr2— (A1 + Ag1)
1,2 — 9

2

p1.2 = £1/|q| {cos[Arg(q) /2] + isin[Arg(q)/2]},

and
q= (31 — Ag1)* — 022

c-

Atoms experience inelastic collisions with the
walls, during these collisions they lose optical exci-
tation and all memory about the previous state, then
it is justified to assume that atoms get de-excited at a
collision with the wall, and are in the ground states at
the instant that they leave the wall after a collision.
Thus we use t = z/v for v > 0 and ¢t = (2 — L) /v for
v < 0, substituting Eq.(13) into Eq.(9) and changing

the integrate orders of z and v, one then get

(A) =47 N3, /h / kp|v|W(u)dva{iD0L

+ iz Di“vl 1- exp(—)\jL/|U|)}}7

(= 1.2). (14)

Equation (14) is the main result of our calcu-
lation. The form is similar to the formulation we
obtained and discussed in previous papers.'t:12] Tt
is apparent that the absorption and the phase shift
are modified by the thickness of the vapour film, i.e.,
Dicke-narrowing induced by atom—wall collision and
the transient effect of atoms confined between dielec-
tric walls are important factors which contribute to
EIT effect just as it is in a usual thin vapour spec-

troscopy.

3. Numerical results and conclu-

sion

Equation (14) is used for numerical calculation
of the absorption lines of the probe field, where pa-
rameters are chosen to correspond to D; line of 3"Rb,
the coupling beam couples level [2) (F = 2,525 5) to
level 3) (F =2,5%P;5), and level 1) (F = 1,55 5)
to level [3) (F = 2,5°P;;;) for the weak probe
beam. Other selected values are v3; = 2w x 4.79 MHz,
Y32 = 27 x 2.87TMHz, 721 = 27 x 10kHz, and
w32 & wzy = 2w X 377.11THz (a Doppler free con-
figuration). For a typical vapour cell we assume that
N =6x10'2/cm?, u = 274 m/s (assuming the vapour
is heated to 120°C). In all cases the coupling field ac-
curately detuned to the transition |2) —|3) is assumed,
ie. A.=0.

As is shown in Fig.2, the absorption lines ver-
sus A, /v are obtained for different coupling strength.
Where only two typical thickness half A and A are con-
sidered. We find that EIT effect is manifest for both
L = X\/2 and L = X cases when the resonant strong
coupling field is applied to the system. This is similar
to a usual macroscopic vapour cell for EIT resulting
from a combination of the ac-Stark splitting and the
interference between two dressed states (Fig.1) created
by the coupling laser.!! The different points for EIT
in a thin cell are the strong absorptive reduction, the
much narrow width of EIT dips. This mainly results
from two factors, one is the slowest atoms trapped
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in a dark state in the thin vapour which do not con-
tribute to absorption, and another is the strength of
the coupling field. With a stronger coupling field ap-
plying to the system, more atoms with a relatively
small velocity are trapped, which enhance the absorp-
tive reduction and the very narrow EIT width. How-
ever when the coupling field is much strong, the power
broadening is also induced, which increases the width
of EIT dips. As the strength of the coupling field in-
creases, a perfect EIT can be found in Fig.2, e.g., 2(c)
and 2(d). Atom-wall collision also contributes to the

0.3 (c)

0.2

- 0-0-0 0000
=0~0-0-0 00

0.1+

R A A
Ap [y

width narrowing of EIT, for only the slowest atoms
are responsible for the EIT effect, and the ground lev-
els’ coherence relaxation time for these atoms is very
large, thus very narrow EIT dips are obtained.[”) An-
other point should be noted is that, the magnitude but
not the width of lines are strongly modified by L/\.
The Dicke type narrowing phenomena appear both for
L =)\/2and L = ), this is because both Doppler free
and Dicke-narrowing regime contribute to line shape

narrowing as has been discussed in Ref.[12].

-3 2 -1 0 1 2 3

Fig.2. Absorption lines as a function of Ay /7, solids for L = A/2 and circles plus dashed lines
for L = X, (a), (b), (c), and (d) for 2. =0, 0.17, 0.3, and 0.9y respectively.

A surface plotting given in Fig.3 shows the ab-
sorption of confined atoms as a function of A,/ and
£2./v for (a) L = A/2, and (b) L = X respectively.
The similar shape clearly shows that the ratio L/A
modifies mainly the absorptive deepness rather than
lines width in such a two photon case. As increasing
the strength of the coupling field, the absorptive re-
duction enhances, and the width of the dips of EIT
gets weaker. Keeping the probe field much weak than
the coupling field, in this case when (2. > 0.3, the
complete transparency can be easily achieved.

In conclusion, we investigate EIT in a thin vapour
film of A-type atoms confined between two dielectric
walls whose thickness is A/2 or A, with A the wave-
length of the probe field. Strong absorptive reduc-
tions, very narrow EIT dips resulting from the slow-
est atoms and the transient effects in such a confined
system indicate a simple robust recipe for EIT ex-
periment in a thin vapour medium. Comparing with
expensive cold atom technology, we easily implement
ultraslow group velocities and the storage of light.
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Fig.3. Absorption as a function of A, /v and 2./~ for (a) L = A/2, and (b) L = A.
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