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We present a theoretical study of quantum coherent effects in a A-three-level system with a strong bichromatic

coupling field and a weak probe field. When one component of the strong bichromatic coupling field is resonant with a

corresponding transition and the other is detuning with an integer fraction of the Rabi frequency of the resonant field,

the absorption spectrum exhibits a series of symmetrical doublets. While two frequencies of the strong bichromatic

coupling field are symmetrically detuned from the transition, the position and the relative intensity of the absorption

peak are both affected by the coupling field intensity and detuning. An explanation of the spectrum is given in term of

the dressed-state formalism.
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1. Introduction

Quantum coherence and interference is one of the
most interesting topics in laser physics and quantum
optics. It has been shown that the quantum coher-
ence can induce many new effects, such as lasing with-
out inversion (LWI),[} enhancement of the nonlin-
ear process,[>3 electromagnetically induced absorp-
tion (EIA)™9! and electromagnetically induced trans-
parency (EIT).5=9 The EIT has attracted consider-
able attention both theoretically and experimentally.
In an EIT system, the absorption and the dispersion
can be significantly modified by a coupling field, so the
EIT can be used for controlling optical characteristics
of materials.[!% In addition, it also possesses potential
applications in quantum information storage,™!) ul-
traslow light,['213] susceptibility enhancement,6:14:15]
and quantum communication.['6=18] The simplest case
of EIT is the A-three-level scheme interacting with a
coupling field and a probe field, and such a A-three-
level scheme has been studied extensively.['9~21 Re-
cently there has been interest in controling the EIT by
using an additional electromagnetic field.[22-28] The
remarkable feature revealed by these studies is the
multipeak spectrum.

In this paper, we consider a A-three-level scheme
interacting with a bichromatic coupling field and a
probe field. The scheme is studied for the case where

one of the coupling fields is weak, and the other is
strong, in which the absorption spectrum exhibits an
EIT and an EIA. In this paper we study the case where
the bichromatic coupling fields can be strong. We con-
sider two particular cases. In the first case, one of the
strong coupling fields is resonant with the |2) — |3)
transition, and the second strong coupling field is de-
tuned from the |2) — |3) transition with chosen de-
The detuning of the
second field is close to an integer fraction of the Rabi

tunings as shown in Fig. 1(a).

frequency of the first field. The spectrum obtained
by probing a third level is dominated by a series of
doublets. Greentree et at.*! reported on an experi-
mental observation on a V-three-level scheme driven
by two coupling fields and probed by a weak probe
field. Although their configuration is different from
ours, the fundamental principle and the interpretation
of dressed state are the same. The general feature of
our calculated spectrum is consistent with experimen-
tal observation.??! In the second case, two frequencies
of the strong bichromatic coupling fields are symmet-
rically detuned from the |2) — |3) transition as shown
in Fig. 1(b). It is found that the spectrum exhibits a
series of symmetrical peaks. There is a relevant exper-
imental study by Wang et all’% where a three-peak
spectrum was obtained. Due to experimental difficul-
ties, there is no study on the general pattern of absorp-
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tion spectrum under various Rabi frequencies of the
coupling field. In both of the cases mentioned above,
our calculated absorption spectra can be conveniently
explained in terms of dressed-atom description.
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Fig. 1. Energy level diagram for a A-three-level quantum
system interacting with a bichromatic coupling field and
a probe field.

2. Theory

We consider a A-three-level scheme with a couple
of ground states (|1) and |2)) and a common excited
state (|3)) interacting with two bichromatic coupling
fields and a probe field as shown in Fig. 1. Both the
coupling fields, separately, with frequencies w.; and
wez interact with the transition between |2) — |3) and
the probe field with frequency wj, interacts with the
transition between |1) — |3). The effects of the cou-
pled fields are monitored by the probe field. The Rabi
frequencies of the bichromatic coupling fields and the
probe field are denoted as f2;, {2.o and {2, respec-
tively.

The density matrix equation of motion in the
rotating-wave approximation can be written as fol-

lows:

P11 = ixp (p31 — p13) + [31p33 + T21p22 — [2p11,
P22 = ixc1 (P32 — p23) + ixe2 (,032 e — pos e_iét)
+ I32p33 + 12011 — L21p22,
P33 = —ixp (P31 — p13) — iXe1 (P32 — p23)
— iXe2 (sz ! — pos e_iét) — I’3ps3,
P31 = —dzipz1 +1 (Xcl + Xe2 671&) P21
— ixp (p33 — p11),
P32 = —dzapzz — 1 (Xcl + Xe2 6715t> (P33 — pa2)
+ ixppi2,
p21 = —do1pa1 +1 (Xcl + Xe2 e15t> P31 — iXpp23,
where Xc1, Xc2 and xp are the parameters intro-
duced for convenience and they are equal to half the
Rabi frequencies (xe1 = 2c1/2, Xe2 = §22/2 and

Xp = {2,/2) correspondingly; dsi1, dse2 and do; are
the complex detunings defined as ds; = iAp + 31,

dsg = iAci + 32 and do; = i (A — Ap) + Y21 Te-
spectively; Aq1, Ace and A, are coupling detunings
that are defined as Ac1 = w3o — we1, Qe = W32 — Wea
and A, = w31 — wp respectively; § denotes the probe
detuning which is defined as § = wes — wer; I3; is
the population relaxation rate from level |i) to level
|75 7vi; is the coherent relaxation rate from level |7) to
level |7). An ideal system is considered here, so it has
Iyp =TIy, Io1 = T2 =T, 31 = (I31 + I32 + [12)/2,
Y32 = (I31+ I32 + 112)/2, and vo1 = (I'12 + I1)/2.
For simplicity we assume that I's = [5; + I3 = 1
and I" = 10~%. All parameters are normalized to I%.
The absorption of the probe laser is proportional to
the imaginary part of p3; and the dispersion is pro-
portional to the real part of p3;. In this paper we
are interested primarily in the absorption spectrum of
probe laser.

3. Result and discussion

First, we consider the case where one bichromatic
coupling field has frequency w.; and exactly resonates
with the |2) — |3) transition and another one has fre-
quency wez and detunes from the |2) — |3) transition.

In the absence of coupling fields, the absorption
spectrum of a weak field probing the |1) — |3) tran-
sition is shown in Fig. 2(a), which is the absorption
spectrum of a two-level scheme scanned by a weak
field. In the presence of a resonant coupling field only,
it can be seen that the resonant coupling field induces
an Autler—Townes doublet. The splitting degree is de-
termined by (2.1 as shown in Fig. 2(b). This is similar
to the scenario of a A-three-level scheme. When the
off-resonant components of the bichromatic coupling
field are applied, the results are shown in Figs. 2(c)—
2(f). The first coupling field with Rabi frequency
2.1 = 30 is resonant with the |2) — |3) transition,
and the second coupling field with Rabi frequency
2. = 15 is detuned from the |2) — |3) transition
with detunings corresponding to the first to fourth
subharmonic resonances of £2.1(Ace = £21/k).

It can be found that there are two pairs of Autler—
Townes doublets in Fig. 2(c) and there are three pairs
of Autler-Townes doublets in Fig. 2(b). In Fig. 2(b)
there appears one more pair of peaks than that in
Fig. 2(c), which is because the number of Autler—
Townes doublets increases with k. This situation can
be interpreted well by dressed states!?! as shown in
Fig. 3.
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Fig. 2. Absorption spectra of weak probe field: (a) absorption spectrum in the absence of coupling field,
(b) absorption spectrum with only resonant coupling field, and (c)—(f) absorption profiles in the presence of
bichromatic coupling field with 2.1 = 30, {2c2 = 15, and A2 = —30, —15, —10 and —7.5, respectively.
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Fig. 3. Dressed state levels for the first, second and third
subharmonic resonances. In the first column wéé) is res-
onant with a transition between the single field dressed
state levels, and a limited number of the doubly dressed
states are shown on the right. The equivalent situations
for the second and third subharmonic resonances are also

(2)

shown. w5’ is resonant with a two-photon transition be-

tween the single field dressed states and wg)

with a three-photon transition between single field dressed

is resonant

states.

Secondly, we consider the case where both com-
ponents of the bichromatic coupling fields have the
same Rabi frequencies and the same detunings from
the |2) — |3) transition but with the opposite signs
Agp = —Ace = A as shown in Fig. 1(b). In this case,
the spectral characteristic of the probe field is exam-
ined as a function of coupling field strength and the
result can be interpreted well by dressed states( as

shown in Fig. 5.
It can be found that the number of peaks in-

creases in pairs correspondingly when the coupling
field strength increases from Fig. 4(a) to Fig. 4(e). The
positions of peaks are determined by A. The dressed
states associated with the coupling field consist of an
infinite ladder which results in multiple peak absorp-
tion spectrum corresponding to the dressed transition
|1) — |m) as shown in Fig. 5.
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Fig. 4. Absorption spectra of a weak field probing the
|1} — |3) transition, with off-resonant bichromatic cou-
pling field applied to the |2) — |3) transition. Panels (a)—
(e) show absorption profiles for different coupling field in-
tensities, Rabi frequencies 2.1 = 2.2 = 2.0, 6.0, 8.0, 13.0,
17.0, and A = 4.

In Fig. 4, trace (a) exhibits three peaks, corre-
sponding to the dressed state transitions |1) to |m =
0) and |m = +£1), and trace (b) exhibits five peaks,
corresponding to the dressed state transition |1) to
|m = 0), |m = £1) and |m = £2), etc., respectively.
The neighbouring levels of the dressed states have an
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equal separation |A|, which determines the interval

between two peaks, that is, the interval equals |A|.

= m
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Fig. 5. Dressed state picture of the three-level system
driven by strong bichromatic coupling field.
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Fig. 6. Absorption spectrum of a weak field probing the
|1) — |3) transition, with strong bichromatic coupling
field applied to the |2) — |3) transition. Traces (a)—
(d) are for a given field intensity and Rabi frequencies
21 = Q2 = 8.0, 9.6, 13.0, 15.4.

Figure 6 shows that the variation in intensity of
absorption peak depends on the Rabi frequency of
coupling field. With the increase of the Rabi fre-
quency of coupling field the peaks disappear alter-
nately. Firstly, by comparison with Fig. 6(a), the
Then with the
further increase of the Rabi frequency, the intensity

central peak disappears in Fig. 6(b).

of the central peak begins to rise, and the intensities
of the second-order peaks near the centre peak be-
gin to decrease. In Fig. 6(d), the second-order peaks
disappear, etc. We believe that these new spectral
absorption features result from the overlap of dressed

states.

4. Conclusion

In this paper, we presented a theoretical study on
a A-three-level scheme driven by a bichromatic cou-
pling field and provided the absorption profiles of a
weak probe field in special circumstances. The spec-
trum is characterized by a series of doublets and an
explanation is presented in terms of dressed states.
When one bichromatic coupling field is exactly res-
onant with the transition and the other is detuning
with Aco (Ac2 = 821 /k for integer k), the spectrum
displays a series of doublets and the number of peaks
changes regularly with detuning Ao varying. When
the bichromatic coupling fields are both symmetrically
—Aea, the
spectrum also displays a series of doublets, but the

detuned from the transition, that is, A¢ =

number of peaks changes regularly with intensity of
the coupling field increasing. The results are found to
be in excellent agreement with experimental expecta-
tions for a doubly driven system.
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