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We propose and analyse an efficient Raman scheme for suppressing the absorption of a weak probe beam in a

typical four-level atomic system with a nearly hyperfine doublet structure of two higher-lying excited levels for the two

cases of transient regime and steady-state process. For the transient process, using the numerical calculations by a nice
MATHEMATICA code, we find that the magnitude of the probe absorption at line centre of the probe transition is

small compared to the standard three-level atomic system based on electromagnetically induced transparency (EIT).

In particular, our results show that the probe absorption can be completely eliminated under the condition of Raman

resonance, i.e. we only require that two-photon detuning is zero within the range of the hyperfine two-level frequency

gap for the case of the steady state. In contrast to the standard three-level EIT scheme, one of the key advantages of

our four-level Raman scheme is that under the Raman resonance condition we can observe one transparency window

without the need of exact vanishing of one- and two-photon detuning. As a consequence, the atomic hyperfine structure

cannot be a hindrance for obtaining EIT.
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1. Introduction

Quantum coherence and interference have led
to the appearance of many new effects and tech-
niques in quantum optics and atomic physics, such
as non-absorption resonances, electromagnetically in-
duced transparency (EIT) and wultraslow optical

solitons.[1—19]

There have been many theoretical and
experimental studies in the literature dealing with
the absorption and amplification of light. Repre-
sentative papers are cited in Refs.[5-16]. Agarwal
and Harshawardhan [®! showed that in a four-level
ladder-type system, two-photon absorption could be
selectively suppressed or enhanced. In a recent ex-
periment, Yan et al demonstrated that EIT in a
standard A-type configuration could be used to sup-
press both single-photon and two-photon absorptions

(6.7 Harris et al proposed the use of

simultaneously.
EIT to suppress absorption of the short-wavelength
light generated in a four-wave mixing (FWM) scheme
and showed that the FWM efficiency could be greatly

enhanced.® Quite recently, Deng et al reported the

first theoretical investigation of optical coherent four-
wave mixing (OCFWM) with a weak coherent probe
laser field based on EIT and showed that such a
scheme could lead to many orders of magnitude en-
hancement in the amplitude of the generated wave in
a typical four-level atomic system.['®! Later on, on the
basis of the proposal of Deng et al, Wu et al analysed
and discussed a FWM scheme in a five-level atomic
system and hyper-Raman scattering (HRS) in reso-
nant coherent media by the use of EIT, which led
to suppressing both two-photon and three-photon ab-
sorptions in both FWM and HRS schemes and en-
abling the FWM to proceed through real, resonant
intermediate states without absorption loss.[!5:16] In
particular, with the advent of Bose—Einstein conden-
sate in an atomic gas there has been much interest
in studying ultra-low light speed propagation with
EIT,[2? coherent optical information storage based on
EITB! and FWM with matter wave both experimen-
tally and theoretically in the framework of nonlinear

atomic optics.[20-26]
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In this paper, we analyse and discuss the probe-
absorption properties in a typical four-level atomic
system with a nearly hyperfine doublet structure of
two higher-lying excited levels for the two cases of
transient process and steady-state process. This pa-
per is organized as follows. In Section 2, the model is
described and the density-matrix equations of motion
describing the atom—field interaction for the system
under consideration are derived when a strong coher-
ent coupling field and a weak probe field are applied.
In Section 3, we investigate numerically the transient
absorption properties via a simple MATHEMATICA
code. It is shown that the magnitude of the probe ab-
sorption at the line centre is sufficiently decreased as
compared with the usual three-level EIT scheme due
to the fact that the additional hyperfine level is in-
cluded. In Section 4, we examine the probe absorption
under the steady-state condition. Our results show
that the probe absorption can be completely elimi-
nated under the condition of Raman resonance, i.e.
we only require that the two-photon resonance be sat-
isfied within the range of the hyperfine two-level fre-
quency gap for the case of the steady state. In contrast
to the standard three-level EIT scheme, our four-level
Raman scheme can result in one EIT window without
the need of exact vanishing of one- and two-photon de-
tuning. To conclude it is worthwhile emphasizing that
the atomic hyperfine structure cannot be a hindrance
for obtaining EIT. Section 5 is a brief summary of our

main results.
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2. The atomic model and equa-

tions of motion

Let us consider a closed four-level atomic sys-
tem coupled with two laser fields as depicted in
Fig. 1, which includes a nearly hyperfine closely spaced
doublet labelled |3) and |4) with a frequency dif-
The transition [2) <« [3)(]4)) of

frequency wsa(ws2) is driven by a strong-coupling

ference of 2A.

laser of angular frequency w. with Rabi frequency
33(42) = M32(a2)Ec/(2Rh). A weak probe laser of an-
gular frequency w;, with Rabi frequency (251(41) =
ts1(a1)Ep/(2h) is applied to the transition [1) <«
13)(]4)) of frequency wsq(41). Level |4) is the nearly hy-
perfine level with respect to the standard EIT-based
three-level atomic configuration; u;; stands for the
matrix element of the dipole moment between levels
|#) and |j), and 2+;; is the spontaneous decay rate from
levels [2) to |7).

In the present analysis we make the following as-
(1) Here we assume that the Rabi fre-
quencies are real and that pss = p42 = p. and
31 = H41 = Mp.
dephasing rate <21 between levels |2) and [1). (3)
We assume that the excited levels |3) and [4) are
closely spaced, but the corresponding frequency dif-

sumptions.

(2) As usual, we will ignore the

ference 2A is large as compared to the decay rates
2v3; and 2v4;(j = 1,2). This approximation allows
us to neglect the decay-induced coherence terms (pro-
portional to \/’W) in the following density matrix

equations of motion.
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Fig.1. (a) Schematic diagram of the four-level atomic system under consideration. In the Dp line of 3”Rb

(nuclear spin I = 3/2) cold atoms, states |1) and |2) correspond to the ground-state Zeeman sublevels |5 S, /5,
F=1, Mg = £1), states |3) and |4) correspond to the excited-state Zeeman sublevels |5 Py /5, F' = 1, Mp = 0)
and |5 Py/a, F=2, Mp = 0), respectively. In this case the Rb atom is driven by a right circularly polarized

coupling light o4 with amplitude E. and angular frequency wc and a left circularly polarized probe light o_

with amplitude E}, and angular frequency wp. (b) Corresponding dressed-state picture for the A. = 0 case.
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In Schrodinger’s picture and in rotating-wave ap-
proximation, the semiclassical Hamiltonian describing
the atom-field interaction for the system under study

can be written as

4
H =" B|5)(i] - h(2ee™"[3)(2]
j=1
+ Qe e |4) (2] + Zpe Tt |3)(1]
+ Q,e7“r!|4)(1] + h.c., (1)

where h.c. means Hermitian conjugation. The quan-
tities §2,(n = ¢,p) denote one-half Rabi frequency of
the coupling and probe lasers, i.e. 2, = p,E,/(2h)
and 2. = p.E./(2h), with p., = Hep €L (er, is
the polarization unit vector of the corresponding laser
field) denoting the dipole moment for the transition

)

between levels |i) and |j), and EJ(.Q = hw; is the en-
ergy of the atomic state |j). For simplicity of analysis,
in what follows we will take wy = 0 (for ground state
[1)) as the energy origin. Turning to the interaction

picture, the Hamiltonian can be rewritten as follows

pag =102:(pas — paz) +1025(p14 — par) — (2741 + 2742) P44, (4)
p33 =102.(pa3 — p32) +12,(p13 — p31) — (2731 + 2732) P33, (5)
paz =i02:(p32 — p23) +102c(paz — p24) + 27v32033 + 274244, (6)
Paz = — (Va1 + Yaz + v31 + Y32 +124) pag + 102 pa3z — 102:paz + 102, p13 — 12,41, (7)
Paz = — (Va1 + a2 + 1A —1Ac)paz + 125 p12 — 12 paz + 192 (p22 — paa), (8)
pa1 = — (Va1 + vaz + 1A —1A}) par + i2cp21 — 182, pa3 +102,(p11 — paa), (9)
P32 =— (31 + v32 — 1A —1Ac)pa2 + 12,012 — 192 p34 + 102 (p22 — p33), (10)
P31 =— (31 + v32 — 1A —14,)ps1 + if2epa1 — 192, p34 +192,(p11 — p33), (11)
p21 = —i(Ac — Ap)p21 +1i02ep31 + i02epar — 182, p23 — 192, p24. (12)

Closure of this atomic system requires that p11 +
p22+p33+pas = 1 and p;; = pj;. By a straightforward
semiclassical analysis, the above matrix elements can
be used to calculate the total linear complex suscep-

tibility x of the probe transition, i.e.

_ N0|Hp|2(931 + pa1)
2h€0.9p

X p31 + pa1, (13)

where Ny is the atomic number density in the medium
and eq is the permittivity of free space. Therefore, in
the limit of a weak probe field, the gain-absorption co-

efficient for the probe laser coupled to the transition

(taking h = 1):

Ho =(wp = we)[2)(2] + wp3) (3] + wp|4) (4], (2)
Hing =(Ac — 4p)[2)(2[ = (4p + 4)13) (3]
+ (4= 4p)[4)(4]
— (9213)(2] + £2:|4)(2|
+ 02,13)(1] + 2,]4)(1| + h.c.), (3)

where

A =we —wp, Ap = wp — wo,

1 1
A= §(w4 —ws3) and wp= §(w4+w3).

Ay, and A are the related frequency differences be-
tween the driven-laser field and the two-level transi-
tion, as shown in Fig.1(a).

Under the electro-dipole and rotating-wave ap-
proximations, by the standard approach, we can easily
obtain the following density matrix equations of mo-

tion:

|1 <> |3)(]4)) is proportional to the term Im(p31 + pa1).
If Im(p31 + pa1) > 0, the probe laser will be absorbed.
In contrast, the probe laser will be amplified. In the
following, in order to investigate the absorption prop-
erties of such a weak probe beam for the transient
and steady-state processes, we begin by solving nu-
merically the density matrix equations (4)—(12) using
a nice MATHEMATICA code with the initial condi-
tions p11(0) = 1, p22(0) = p33(0) = p44(0) = 0, and
pi;(0) = 0 for ¢ # j(i,j = 1 —4). Note that, in this
paper, parameters (2., Acp, vi; and A are in units
of 7.
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3. The transient absorption of the
probe field

In this section, we present several absorption
spectra under the condition of using different sets of
parameters, as shown in Figs.2—4. From Fig.2 one can
conclude that at the line centre of the probe transition
(Ap = 0), the magnitude of the transient absorption
of the probe field at point A corresponding to A =~y
is much smaller than the magnitude of the transient
absorption of the probe field at point B for the stan-
dard three-level EIT corresponding to A = 0. From
the above analysis, we can see that the probe absorp-
tion at the line centre (A, = 0) can be considerably
suppressed due to the fact that the additional hyper-
fine level is introduced for the transient process. The
calculated probe absorption coefficient [Im(ps1 4 pa1)]
of such a weak probe laser versus the hyperfine two-
level frequency gap A between levels |4) and |3) for
the probe and coupling laser detunings A, = A, =0
is shown in Fig.3. Note that, in Fig.3, the dot-dashed
straight line stands for the magnitude of the probe
absorption for the standard three-level EIT and the
positions A — F' correspond to the minimum of the
probe absorption. We observe that the magnitude of
the transient absorption of the probe field with the in-
clusion of the additional hyperfine level is always lower
than the magnitude of the probe absorption with the
standard three-level EIT at A, = A, = 0. In Fig.4,
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Fig.2. The probe absorption as a function of dimen-
sionless probe detuning Ay /v for the transition pro-
cess. Solid curve: A = 0; dot-dashed curve: A = ~.
Other fitting parameters used are Ac = 0, 2, = 0.01~,
£2c = 27y, ya1 = va2 = 31 = v32 = 0.57.

we plot the probe absorption profile as a function of
probe detuning A, under the condition of Raman res-
onance A, = A. For this case, we find that the maxi-
mal absorption peak is always located below the probe
absorption of the standard three-level EIT.
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Fig.3. The probe absorption as a function of dimen-
sionless hyperfine two-level frequency gap A/~ for the
transient process. The dot-dashed straight line stands
for the magnitude of the probe absorption for the stan-
dard three-level EIT at A, = A. = 0.The fitting
parameters used are A, = 0, Ac = 0, 2, = 0.01~,
2 =27, ya1 = ya2 = v31 = v32 = 0.57.
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Fig.4. The probe absorption as a function of dimen-
sionless probe detuning Ay, /~ for the transient process
under the Raman resonance condition A, = Ac. The
dot-dashed straight line stands for the magnitude of
the probe absorption for the standard three-level EIT
at Ap = Ac = 0. Other fitting parameters used are
2, = 0.01y, 2c = 27, ya1 = va2 = 31 = Y32 = 0.57,
A =~.
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4. The probe absorption under

the steady-state condition

The general steady-state solutions to Eqgs.(4)—(12)
can be derived analytically (for the analysis with two
resonant coupling and probe lasers), but the tedious
expressions for the solutions corresponding to the sit-
uation of an off-resonant coupling laser offers no clear
physical insight. We therefore present a numerical cal-
culations here. The present process is most clearly
understood in terms of the so-called dressed states
produced by the strong coupling field: that is, the
|2) <+ |3) and |2) <> |[4) transitions together with the
coupling field are treated as a global “atom+field” sys-
tem forming the dressed states as shown in Fig.1(b).
It is obvious that, under the action of the strong co-
herent coupling field, levels |3) and |4) should be split
into three dressed-state sublevels |+) and |0). The
energy eigenstates of the three semiclassical dressed

states for the A, = 0 case are written as

) = - e __pg)
VA% + 202
1
: —1)3)
2 <\/A2 + 202 >
1
+3 A2 =0 + 1> 4), (14)
T S S L T
VAT 12022 VAT + 2022
{2
+ WM% (15)

2

VA2 + 202
+1<A+1>|3>
2\ /A% +2022
1 A
— = ———-1]14). 16
5 e ) (16)

The corresponding energy eigenvalues are given

|-) = 12)

by

Ao =0, and Ai=H/AZ12022  (17)

With the above results, the dressed-state transition

dipole moments are derived as follows:
ppr = (F[P[1) = pp,
o1 = (O|P|1) = 0,
po1 = (=|P1) = pp, (18)

where P = pu,(|3)(1] + |4)(1]) represents the atomic

polarization operator of the probe transition.

On the basis of the above analysis, it is straight-
forwardly shown that the transition between dressed-
levels |0) and |1) is not allowed because of the com-
plete interference cancellation between the transitions
of [1) + |3) and |1) « [4).

serve two symmetric absorption peaks with equal am-

From Fig.5, we can ob-

plitude on the probe spectra in the case of A, = 0
because of the relation g3 = p_;. The two absorp-
tion peaks correspond respectively to the dressed-state
transitions |1) > |+) and |1) <> |—), so the peaks are
A% 42022 (see Fig.5),

and the difference between them becomes larger with

always located at A, =

increasing §2.. Due to the fact that the transition
|1) <> |0) in the dressed-state picture is interference-
cancelled out and this interference always makes a neg-
ative contribution to the probe absorption, thus it is
easy to understand that the probe absorption at the
line centre can be approximately equal to zero, i.e.
the probe absorption can be completely suppressed,
such that the absorption peak at the line centre is too
small to be observed. In Fig.6, under the condition
of Raman resonance (A, = A.), we plot the probe
absorption profile as a function of the probe detun-
ing A,. We find that the probe absorption is always
approximately equal to zero within the range of the
hyperfine two-level frequency gap 2A. This means
that if the two-photon Raman resonance is satisfied,
we can observe the transparency window without the
need to make one- and two-photon detunings exactly

vanish.

Probe absorption

Fig.5. The probe absorption as a function of dimen-
sionless probe detuning Ap /v for the steady-state pro-
2c = 2.
Dot-dashed curve: 2. = 4. The corresponding peaks

cess. Dashed curve: 2. = 0, solid curve:
are located at Ap = v, Ap = 37y and Ap ~ 5.7y, re-
spectively.
0.0ly, A =7, Ac =0, ya1 = y42 = ¥31 = v32 = 0.57.

Other fitting parameters used are {2, =
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Fig.6. The probe absorption as a function of dimen-
sionless probe detuning Ay /+ for the steady-state pro-
cess under the Raman resonant condition A, = Ac.
Other fitting parameters used are 2, = 0.01ly, 2. =
27, va1 = va2 = 31 = v32 = 0.5, A = .

5. Conclusion

In summary, in the present paper, we have anal-
ysed and discussed the probe-absorption properties in
a typical four-level atomic system with a nearly hyper-
fine doublet structure of two higher-lying excited levels

for the transient regime and the steady-state processes

by using the detailed numerical simulations based on
the density matrix equations (4)—(12) and analytical
calculations in the dressed-state picture. For the for-
mer regime, it is shown that the magnitude of the
probe absorption at the line centre of the probe tran-
sition A, = 0 is greatly decreased as compared with
the usual three-level EIT scheme due to the fact that
the additional hyperfine level is included. For the lat-
ter, our results show that the probe absorption can
be completely eliminated under the condition of Ra-
man resonance, i.e. we only require that two-photon
resonance be satisfied within the range of the hyper-
fine two-level frequency gap 2A for the case of the
steady state. In contrast to the standard three-level
EIT scheme, one of the key advantages of our four-
level Raman scheme is that under the Raman reso-
nance condition we can observe one EIT window with-
out the need to make one- and two-photon detunings
exactly vanish. In conclusion it is worthwhile empha-
sizing that the atomic hyperfine structure cannot be

a hindrance for obtaining EIT.
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