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This paper studies the narrow spectral feature appearing in a four-level system coupled by two strong coherent

fields and probed by a weak laser field. The linewidth is examined as a function of the Rabi frequencies of coupling

fields, and the result is explained by using the dressed-state formalism.
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1. Introduction

Atomic coherence and quantum interference ef-
fects have been studied extensively in recent years
and in particular electromagnetically induced trans-
parency (EIT)2 in A three-level system with two
ground levels, an excited level has attracted consider-
able attention due to its sub-natural width. The nar-
row spectral width is of great interest for potential ap-
plications such as slow light and quantum information
processing[® and hence has been a subject of many re-
cent studies where the power broadening effect of EIT
resonance has been investigated as a function of vari-

ous parameters . [4-9]

The quantum interference between multiple
atomic transitions pathways also gives rise to the nar-
rowing of absorption spectral lines. It has been shown
that the spectral feature with sub-natural width can
be obtained in an EIT system by introducing detun-
ing between the coupling field and the atomic transi-

[19] have predicted the possibility of

tion. Vemuri et al
obtaining sub-Doppler resolution in a Doppler broad-
ening system or inhomogeneous broadening media by
utilizing an intense control field, and this has been ob-
served experimentally by Zhu et al.''] We have stud-
ied the absorption feature with sub-natural width in
an ideal A three-level atomic system, where the den-
sity matrix equation of motion in dressed-atom basis
is derived to give an intuitive physical picture of the
sub-natural width spectral feature.['?) Narrow spectral

features have also been studied previously in other re-
lated systems. For example, Buzek['3l showed the ex-
istence of a very narrow line in the spectrum emitted
by a system of N two-level atoms in which only one
atom is initially excited, when the separation between
the atoms is very small but nonzero. The presence
of extremely sharp structures in the fluorescence of
a three-level V system with one metastable excited
level was demonstrated by Hegerfeld et all'4 for the
resonance fluorescence spectrum and in absorption by
Plenio.[”) Zhou et al have shown that the quantum
interference can result in very narrow resonance of

absorption profile for a V-type atom.!16:17]

Recently,
it has been shown for a variety of four level systems
driven by two coupling fields that the probe absorption
spectrum is characterized by a double dark resonance,
consisting of two EIT windows, separated by a sharp
absorption peak.[18—23]

In this paper, we study the sub-natural spec-
tral feature in a four-level system consisting of triplet
ground levels and an excited level interacting with two
lasers and one radio frequency (RF) field as shown in
Fig.1(a).
work[??! where the dynamic Stark effect of the narrow
spectral dip (EIT) feature subjected to the RF driv-

ing field is studied. The new aspect of present work

This paper is an extension of our previous

is the investigation of the absorption peaks with sub-
natural width. We derive the density matrix equation
of motion in dressed-atom basis and give the intuitive
physical picture of the sub-natural spectral feature. In
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contrast to the A three-level EIT system where narrow
spectral peaks occur in the presence of an off-resonant
coupling field, the sub-natural spectral peaks in cur-
rent four-level system can be obtained for resonant

coupling fields. It is shown that the sub-natural spec-
tral lines can be manipulated by controlling the rela-
tive strengths of the coupling laser and RF field.
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Fig.1. Energy-level diagram.

2. The probe absorption spec-

trum

We investigate a four-level atom with a triplet
ground state |1), |2) and |3) and an excited state |4)
as shown in Fig.1(a), where a RF field excites |2) — |3)
transition and one laser referred as the coupling field
excites the |3) — |4) transition. The absorption spec-

i (dordsy + x%) (pfﬁ) - pg?) — XXty + Xedo1py

trum is obtained by scanning the frequency (wp) of
the second laser, which is referred as the probe field,
through the |1) — |4) transition. The Rabi frequen-
cies of the coupling field, RF field and probe field are
denoted as f2., f&¢ and 2, respectively. As we are
interested in effects of coupling and RF field on the
absorption spectrum, it is sufficient to consider a weak
probe field case. The first order steady state solution
for ps1 can be written as (see Eq.(3) in Ref.[24]):

P41 = Xp

where the zero order solution is also given in Ref.[24].
The parameters xc, Xp and x,¢ are introduced for

convenience and are equal to half the Rabi frequencies
'Qrf

2. 0) .
(xc =5 = 71’ and Xt = 2)- dij = 10ij —ij

are complex detunings. The detunings d;; are given
by

0 =041 = wWp — W41, 043 = We — W43,
032 = Wyf — w32, 031 = 041 — da3,

042 = 043 + 032, 021 = 041 — 032 — 43.

We denote the population relaxation rate from ex-

do1dsyday + x2da1 + x%da

: (1)

cited state level |4) to ground state level |i) (i = 1,2, 3)
by Wy;, and Wy = Wy + Wy + Wys. We denote
the population relaxation rate between the hyperfine
levels by I', for simplicity we have assumed that the
population relaxation rates between different hyper-
fine levels have the same value. The coherence relax-
ation rate between level |7) and |j) is denoted by ;.

In this paper we consider ideal case 7;; = 5(% + ),
where v4 = Wy and v = yo = 3 = 2I".

The absorption profile of the probe field wy, prob-
ing the |1) — |4) transition can be obtained by plot-
ting Im(ps1) as a function of probe detuning 6 =

wp — wa1. In the following section we present the re-
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sults of numerical calculations. For simplicity we as-

W,
sume that Wy = Wy = Wy = ?4. In most real

atomic systems the hyperfine transition decay rates
are much smaller than those of the excited state and

r
in this paper a ratio of — = 10~ is used. The Rabi

frequencies ({2, 2. and fo) and the detunings d;; are
also normalized to Wy.

Figure 2 shows probe absorption profile for var-
ious intensities of RF field and coupling field. Un-
der resonant coupling and RF laser there is a triplet
splitting of the absorption including a central one and
two sideband peaks. The line narrowing effect of the

AT
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two side peaks can be seen as the RF field intensity
increases while keeping coupling laser intensity con-
stant (see, Fig.2(a)). It is interesting to note that the
width of the optical transition approaches the width
of the hyperfine transition at the extreme cases. Like-
wise, the line narrowing effect of the central peak can
be seen as the coupling laser intensity increases while
keeping RF field intensity constant (see, Fig.2(b)).
Again the width of an optical transition approaches
that of a hyperfine transition. The dependence of
linewidth normalized to Wy of the narrow absorption
line as a function of strength of RF field and coupling
field are shown in Fig.3.

A

Abs./arb. units
T
w
¢

Probe detuning

Fig.2. The probe absorption spectrum for various intensities of (a) RF field and (b) coupling field. In case
(a) the coupling field has a fixed Rabi frequency 2. = 1 and in case (b) the RF Rabi frequency is 2,y = 1.

The probe detuning and Rabi frequencies have been normalized to Wjy.
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Fig.3. Dependence of the linewidth of the spectral line upon the Rabi frequency of coupling (or RF) field.
(a) The linewidth of sideband peaks as a function of the Rabi frequency of RF field for 2. = 1. The diamonds
correspond to the numerical results. Solid line is plotted according to the Eq.(8a). (b) The linewidth of
central peak as a function of coupling field Rabi frequency for (2 = 1. The diamonds correspond to the

numerical results and the solid line is plotted according to the Eq.(8b). The linewidth of the spectral line

and the Rabi frequencies of coupling and RF field have been normalized to Wjy.
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3. Origin of spectral line narrow-
ing

To understand the dynamics of narrowing of ab-
sorption peaks, we introduce the dressed-state picture
to reveal the mechanisms which are responsible for
coupling of |2), |3), and |4). For the above mentioned
four level system we identify two distinct coupling
mechanisms. One of these mechanisms is responsi-
ble for mixing all three states, one-photon coupling,
and the other for mixing |2) with |4) through |3),

g.12526] In the case of

two-photon or Raman couplin
Raman coupling the state |3) acts only as an interme-
diate state. The manifestation of these mechanisms
in the probe absorption profile of the |1) — [4) transi-
tion is the development of the triplet spectra as seen
in Fig.2. The central peak here is associated with
the two-photon coupling mechanism. The state as-
sociated with this coupling process can be an anti-
symmetric superposition of |2) and |4). Under reso-
nant coupling condition, the dressed-state associated

with two-photon coupling is given by!26]

r) = —(sin 8)|4) + (cos 8)[2), (2)
with
H'|ry = 0. (3)

lQrf

Here tan g = . H' is the total interaction Hamil-

tonian of the fields with the atom.

Equation (3) shows that the peak corresponding
to the two-photon coupling process should occur at
the same position as that of the uncoupled line cen-
tre, which is in agreement with spectra shown in Fig.2.
On the other hand, the one-photon coupling process
is associated with the sideband peaks. The state asso-
ciated with this process is a linear superposition of all

|

three coupled states. Under resonant coupling condi-
tion the dressed states corresponding to this process
can be written as!?°l

5) =
1) =

[(cos B)|4) +[3) + (sin B)[2)],  (4)

[(cos B)|4) = [3) + (sin B)[2)],  (5)

Sl Sl

where

h$2
H/|3>:7|8>, and H’|t>:—7|t>, (6)
and 2 = /022 + 2. This shows that the peaks cor-
responding to the one-photon coupling process are lo-

cated at —— and +— from the central peak, which
is also in agreement with spectra shown in Fig.2.

In dressed state basis the two sideband peaks cor-
respond to the transitions |s) — |g) and [t) — |g), re-
spectively, where |g) = |1). Above dressed state wave
functions can be used to gain physical insight of the
narrowing of the absorption peaks shown in Fig.2(a).
We note that the ratio £2¢/2 determines the wave-
function mixing of dressed-state. When (2;¢ increases
while keeping (2. constant so that {2y > (2. the states
|s) and [t) become independent of [4) and are domi-
nated by hyperfine levels |2) and |3). This gives rise
to the spectral feature of sidebands whose linewidths
are mainly governed by the ground state coherence
relaxation rate 721 and <31, which can be of many
orders of magnitude smaller than that of the optical
transition. Similarly the 2+ < (2. case as shown in
Fig.2(b), where the state |r) is dominated by hyper-
fine levels |2), gives rise to a narrow central peak whose
linewidth is also mainly governed by the ground state
coherence relaxation rate vyo1.

We derive the density matrix equations of motion
in dressed state basis, and for convenience only write
the associated equations of the off-diagonal elements

Prg = [—Vrg +16] - prg + \/5]} (Psg + ptg) +iaB(prr — pgg) — ia(prs + pri)
psg = [_'YSg + 1(6 + Q)] *Psg — Iy - Ptg + I - Prg — iaA(pss - ng) + iaBpsr - iaApst7

ptg = [_'Ytg + 1(5 - “Q)] “Ptg — Lst - Psg + I Prg — iaA(ptt - ng) +iappy — iaapis-

Where
1
I, = —sin B cos — ,
\/§ B ﬁ(%l ’721)
1 .
Ty = = (741 cos® B+ 21 sin® B — 731),

)

1
ap = Xpﬁ cos f3,

ap = Xpsin 3.
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And the coherence relaxation rates between
dressed state transitions are given by

1 .
Ysg = Vtg = §[fy41 cos?  + Y21 sin® 8 + v31],  (8a)

Yrg = Va1 8in* B + Y21 cos® B. (8b)
In dressed state basis, the central absorption peak cor-
responds to the transition |r) — |g), the sideband
peaks correspond to the transitions |s) — |g) and
[t) — |g). Therefore, Eq.(8a) describes the linewidth
of the sideband absorption lines and Eq.(8b) describes
the linewidth of the central absorption line. They are
plotted in the Fig.3(a) and Fig.3(b), respectively. It is
seen that there is a good agreement between the nu-
merical results and the dressed state derivation. With
the help of dressed state picture, it is readily seen that
the coupling laser induces a wave function mixing of
the ground state, which results in line narrowing of
the absorption feature.

4. Conclusion

In this paper we study the absorption feature with
sub-natural linewidth in a four level system driven by
two strong coupling lasers. It is shown that the ab-
sorption spectrum of an optical transition can be sig-
nificantly modified due to quantum interference be-
tween two transitions driven by a laser field and a
RF field. The spectrum exhibits a Mollow-like triplet,
the central absorption peak occurs at the same fre-
quency as that of the uncoupled peak line centre, and
the two sidebands are located at —/£22 + 2%/2 and

22 + 22/2 from the central peak. The most in-
teresting phenomenon is the spectral features with
sub-natural linewidth. The mechanism of narrow-
ing of spectral features is explained in terms of the
dressed-state model. In the extreme case of the ratio
of (2¢/ 12, the corresponding dressed states decay very
slowly to the ground level |g). It is the slow decay that
gives rise to the narrow spectral profile.

References

[1] Boller K J, Imamoglu A and Harris S E 1991 Phys. Rev.
Lett. 66 2593
[2] Arimondo E 1996 Progress on Optics 35 257
[3] Kash M M, Sautenkov V A, Zibrov A S, Hollberg L, Welch
G R, Lukin M D, Rostovtsev Y, Fry E S and Scully M O
1999 Phys. Rev. Lett. 82 5229
[4] Erhard M, Nussmann S and Helm H 2000 Phys. Rev. A
62 061802 (R)
[5] Javan A, Kocharovskaya O, Lee H and Scully M O 2002
Phys. Rev. A 66 013805
[6] Ye CY and Zibrov A S 2002 Phys. Rev. A 65 023806
[7] Kuznetsova E, Kocharovskaya O, Hemmer P and Scully
M O 2002 Phys. Rev. A 66 063802
[8] Yang L J, Zhang L S, Li X L, Feng X M, Fu G S and Han
L 2004 Proc. of SPIE 5631 196
[9] Yang L J, Zhang L' S, Guo Q L and Fu G S 2007 J. of
Lumin 122-123 552
[10] Vemuri G, Agarwal G S and Nageswara B D 1996 Phys.
Rev. A 53 2842
[11] Zhu Y and Wasserlauf T N 1996 Phys. Rev. A 54 3653
[12] Zhang L S, Yang L J, Li X L, Zhuang Z H and Guo Q L
2007 Opto-FElec. Lett. 3 388

[13] Buzek V 1989 Phys. Rev. A 39 2232

[14] Hegerfeld G C and Plenio M B 1995 Phys. Rev. A 52 3333

[15] Plenio M B 1996 J. Mod. Opt. 43 753

[16] Zhou P and Swain S 1997 Phys. Rev. Lett. T8 832

[17] Zhou P and Swain S 1997 Phys. Rev. A 56 3011

[18] Lukin M D, Yelin S F, Fleischhauer M and Scully M O
1999 Phy. Rev. A 60 3225

[19] Paspalakis E and Knight P L 2002 Phys. Rev. A 66 015802

[20] Yelin S F, Sautenkov V A, Kash M M, Welch G R and
Lukin M D 2003 Phys. Rev. A 68 063801

[21] Goren C, Wilson-Gordon A D, Rosenbluh M and Fried-
mann H 2004 Phys. Rev. A 69 063802

[22] LiJ H, Yang W X and Peng J C 2005 Chin. Phys. 14 758

[23] Yang L J, Zhang L' S, Li X L, Li X W and Guo Q L 2006
Acta phys. Sin. 55 5206 (in Chinese)

[24] Yang L J, Zhang L' S, Li X L, Han L, Fu G S, Manson N
B, Suter D and Wei C 2005 Phys. Rev. A 72 053801

[25] Sadeghi S M, Meyer J and Rastegar H 1997 Phys. Rev. A
56 3097

[26] Manka A S, Doss H M, Narducci L M, Ru P and Oppo G
L 1991 Phys. Rev. A 43 3748



