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We investigate the features of the spontaneous emission spectra in a coherently driven cold five-level atomic
system by means of a radio frequency �rf� or microwave field driving a hyperfine transition within the ground
state. It is shown that a few interesting phenomena such as spectral-line narrowing, spectral-line enhancement,
spectral-line suppression, and spontaneous emission quenching can be realized by modulating the frequency
and intensity of the rf-driving field in our system. In the dressed-state picture of the coupling and rf-driving
fields, we find that this coherently driven atomic system has three close-lying levels so that multiple sponta-
neously generated coherence �SGC� arises. Our considered atomic model can be found in real atoms, such as
rubidium or sodium, so a corresponding experiment can be done to observe the expected phenomena related to
SGC reported by Fountoulakis et al. �Phys. Rev. A 73, 033811 �2006��, since no rigorous conditions are
required.
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I. INTRODUCTION

In the last few decades there has been intensive interest in
the study of spontaneous emission originating from the inter-
action of the atomic system with the environmental mode.
The theoretical approach to the control and modification of
spontaneous emission is widely discussed �1–15�. The poten-
tial applications for such a spontaneous-emission control
cover from lasing without inversion �16–19�, high-precision
spectroscopy and magnetometry �20–22�, transparent high-
index materials �23,24�, quantum information and computing
�25–27�, etc. As is well known, for atoms in free space,
atomic coherence and quantum interference are the basic
phenomena for controlling the spontaneous emission �28,29�.
However, it should be noted that the existence of this quan-
tum interference, which is usually referred to as spontane-
ously generated coherence �SGC� or vacuum-induced coher-
ence �VIC�, requires that two close-lying levels be nearly
degenerate and that the atomic dipole moments be nonor-
thogonal when the atom is placed in free space. Unfortu-
nately, it is very difficult, if not impossible, to find a real
atomic system with SGC to experimentally realize these phe-
nomena because the rigorous conditions of nearly degenerate
levels and nonorthogonal dipole matrix elements cannot be
simultaneously satisfied. As a result, few experiments have
been performed to achieve these interesting phenomena
based on SGC. Recently, Li et al. investigated quantum in-
terference between two decay channels of a V-type three-
level atom in a multilayer dielectric medium and found that
in the anisotropic vacuum, quantum interference could ap-
pear even if the two dipole moments were orthogonal to each
other �30,31�. More recently, Wu and his coworkers studied
the spontaneous-emission properties of a coherently driven

four-level atom, and showed a few interesting phenomena,
such as fluorescence quenching, spectral-line narrowing,
spectral-line enhancement, and spectral-line elimination.
They also pointed out that these phenomena could be ob-
served in the experiment since the rigorous condition of
nearly degenerate levels with nonorthogonal dipole moments
was not required �32�. In the following research �33�, Li et
al. studied a different four-level atomic model and arrived at
similar conclusions. In Ref. �34�, Fountoulakis et al. theoreti-
cally investigated coherent effects in a multilevel quantum
system that interacts with a single laser pulse and exhibits
vacuum-induced coherence effects. They showed that the
system possessed two dark states and these dark states could
lead to complete population trapping and controllable time-
dependent populations. To the best of our knowledge, no
further theoretical or experimental work has been carried out
to study such atomic spontaneous decay properties in a five-
level atomic system in the presence of the double-dark reso-
nances that motivate the current work.

In recent years, a variety of four-level atomic systems
driven by three fields have also shown that the probe absorp-
tion can be characterized by double-dark resonances
�35–43�. For the presence of double-dark resonances, there
are basically two different kinds of atomic configuration.
One kind is a �-configuration system where the final state
has twofold levels; the other kind is a tripod atomic system.
The interaction of double-dark states has given rise to some
original and significant effects. For example, Lukin et al.
have shown that in a �-configuration system where the final
state has twofold levels, the interaction of double-dark states
can result in a splitting of dark states and the appearance of
sharp spectral features �35�. Recently, Gong and his cowork-
ers have shown that in the above �-configuration four-level
system the presence of double-dark states makes it possible
to prepare arbitrary coherent superposition states with equal
amplitudes but inverse relative phases, even though the con-
dition of multiphoton resonance is not satisfied �37�. More
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recently, they have also proposed high efficiency four-wave
mixing induced by double-dark resonances in a five-level
system �38�. Yelin et al. experimentally show and theoreti-
cally confirm that double-dark resonances lead to the possi-
bility of extremely sharp resonances, prevailing even in the
presence of considerable Doppler broadening �40�. Alterna-
tively, Goren et al. have studied the sub-Doppler and sub-
natural narrowing of the absorption line induced by interact-
ing dark resonances in a tripod system �42�. Paspalakis et al.
have analyzed coherent propagation and nonlinear genera-
tion dynamics in a coherently prepared four-level tripod sys-
tem �43�.

In this paper, we investigate the spontaneous emission
spectra of a coherently driven five-level atomic system with
no close-lying levels by means of a radio-frequency �rf� or
microwave field driving a hyperfine transition within the
ground state. Of particular interest is the application of an rf
�or microwave� driving field, as the rf �or microwave� source
is more readily available and easier to control in comparison
with an extra laser field, and this is the situation considered
in this paper. The interesting results are obtained as follows.
�i� We show that such interesting phenomena such as
spectral-line narrowing, spectral-line enhancement, spectral-
line suppression, and spontaneous emission quenching can
be realized by modulating the frequency and intensity of the
rf field in our system, which are well understood by qualita-
tive explanations in the dressed-state picture of the coupling
and rf-driving fields. �ii� We find that this coherently driven
atomic system has three close-lying levels in such a dressed-
state picture, so that multiple SGC arises. The reason for this
is that, with the presence of the coupling and rf-driving
fields, before atoms spontaneously decay to the final level,
they can go through three different pathways when they are
pumped into the uppermost level from the initial level. Thus,
the observed singular spontaneous emission spectra can be
viewed as results of multiple SGC in the dressed-state pic-
ture. Our considered atomic model can be found in real at-
oms, such as rubidium or sodium, therefore, a corresponding
experiment can be done to observe the expected phenomena
related to SGC reported by Fountoulakis et al. �34�, since no
rigorous conditions are required again.

It should be noted that the experimental arrangements in
our scheme, such as two optical fields, arranged in the form
of the �-type system, and the rf/microwave driving field
connecting one of the ground states with the third state, are
similar to those for the double-dark resonances �40�, but one
of the main differences of these two techniques is the detec-
tion method adopted. In a double-resonance technique the
optical properties of one of the optical fields are modified,
but here the population of the excited state is probed using a
spontaneous emission to the fourth ground state. On the
other hand, it is noted that the two schemes are for totally
different purposes.

Compared with the conventional methods of achieving
narrow resonances in the three-level atomic system via opti-
cal pumping and electromagnetically induced transparency
�EIT� �41�, the interaction of dark resonances in our studied
system is disturbed by introducing an additional rf or micro-
wave driving field. For the former, EIT width due to optical
pumping can be varied via changing the intensities of the

driving field and the sharp line can be achieved under the
exact condition of the coherent population trapping �CPT�.
For the latter, the width and amplitude of spectral lines due
to spontaneous emission in our present scheme can be
changed by tuning either the intensities or frequencies of the
microwave driving field, and ultra-narrow lines with greatly
enhanced amplitude can be obtained without the above-
mentioned CPT condition, which may improve the control-
lability of the spectral line features with respect to the
former. Secondly, our experimental scheme may provide a
possibility for realizing multiple SGC in the dressed-state
picture because the SGC scheme is hardly realized in real
situations.

The paper is organized as follows. In Sec. II, the model is
presented. The basic dynamics equations of motion, and their
solution for the spontaneous emission spectra are derived. In
Sec. III, we analyze our results and discuss in detail the
influence of the rf-driving field and the initial probability
amplitudes on the spontaneous emission spectra. In Sec. IV,
we introduce the dressed-state description of the coupling
and rf-driving fields, and demonstrate the possibility for the
realization of multiple SGC. Finally, we conclude with a
brief summary in Sec. V.

II. MODEL AND SOLUTION

Consider a medium of five-level atoms with one upper,
excited level �3� and four lower, ground or metastable levels
�g�, �1�, �2�, and �e� as depicted in Fig. 1�a�. The excited level
�3� is simultaneously coupled to the ground levels �g� and �2�
by the coherent probe and coupling laser fields with carrier
frequencies of �p, �c, and Rabi frequencies of 2�p, 2�c,
respectively; while the transition from the excited level �3� to
the metastable level �e� is assumed to be coupled by the
vacuum modes in the free space. The interaction of driven
transitions with the vacuum modes is neglected. The new
aspect of the present work is the introduction of an extra
coherent field with respect to the model proposed by Wu et
al. �32�, which drives a hyperfine transition between two
hyperfine levels �1� and �2�. This additional level �1� is also in
the ground-state hyperfine structure, therefore the extra field
is an rf field with a carrier frequency �rf and a Rabi fre-
quency 2�rf through an allowed magnetic dipole transition.
In the rotating-wave and electrodipole approximations, the
whole Hamiltonian describing the atom-field interaction for
the system under study in the Schrödinger’s picture, is given
by

H = �
j=1

3

�� j�j��j� + ��g�g��g� + ��e�e��e�

+ �	�pe−i�pt�3��g� + �ce
−i�ct�3��2� + �rfe

−i�rft�2��1�

+ �
k

gke
−i�ktbk�3��e� + H.c.
 , �1�

where the symbol H.c. means the Hermitian conjugate. The
quantities �p, �c, and �rf are one-half Rabi frequencies for
the relevant laser and rf-driven transitions, i.e., �p
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=�3gEp / �2��, �c=�32Ec / �2��, and �rf=�21Erf / �2��, with
�mn=�� mn ·e�L �e�L is the unit polarization vector of the corre-
sponding laser field; m, n=g ,1–3�, denoting the dipole mo-
ment for the transition between levels �m� and �n�, and Ej

�a�

=�� j �j=g ,1–3, e� is the energy of the atomic state �j�. bk
†

and bk are, respectively, the creation and annihilation opera-
tors for the kth vacuum mode with frequency �k; k here
represents both the momentum vector and the polarization of
the emitted photon. gk stands for the coupling constant be-
tween the kth vacuum mode and the atomic transition
�3�↔ �e�. For the sake of simplicity, in the following analysis
we will take �g=0 for the ground state �g� as the energy
origin. Turning to the interaction picture, the free and inter-
action Hamiltonian can be rewritten as follows �taking �=1�
�44,45�

H0 = �p�3��3� + ��p − �c��2��2� + ��p − �c − �rf��1��1�

+ ��p − �k��e��e� ,

HI = �p�3��3� + ��p − �c��2��2� + ��p − �c − �rf��1��1�

+ ��p − �k��e��e� + 	�p�3��g� + �c�3��2� + �rf�2��1�

+ �
k

gkbk�3��e� + H.c.
 , �2�

where we have defined the frequency detunings of the driv-
ing fields and the vacuum modes �p=�3−�p, �c=�3−�2
−�c, �rf=�2−�1−�rf, and �k=�3−�e−�k, as shown in Fig.
1�a�.

The wave function of the atomic system, at a specific time
t, can be expanded in terms of the bare-state eigenvectors
such that

�	�t�� = �ag�t��g� + a1�t��1� + a2�t��2� + a3�t��3����0��

+ �
k

ak�t��e��1k� , �3�

where aj�t� �j=g ,1–3, k� stands for the time-dependent
probability amplitude of the atomic state. ��0�� represents the

absence of photons in all vacuum modes, and �1k� indicates
that there is one photon in the kth vacuum mode.

Making use of the well-known Schrödinger equation in

the interaction picture i
��	�t��

�t =HI�	�t��, the coupled equa-
tions of motion for the probability amplitude evolution of the
atomic wave functions can be readily obtained as

�ag�t�
�t

= − i�p
*a3�t� , �4a�

�a1�t�
�t

= − i��p − �c − �rf�a1�t� − i�rf
* a2�t� , �4b�

�a2�t�
�t

= − i��p − �c�a2�t� − i�c
*a3�t� − i�rfa1�t� , �4c�

�a3�t�
�t

= − i	�p − i



2

a3�t� − i�pag�t� − i�ca2�t� , �4d�

�ak�t�
�t

= − i��p − �k�ak�t� − igk
*a3�t� , �4e�

where 
=2��gk�2D��k� is the spontaneous-decay rate from
level �3� to level �e�, and D��k� is the vacuum-mode density
at frequency �k in the free space.

Carrying out the Laplace transformations ãj�s�
=0

�e−staj�t�dt �s is the time Laplace transform variable� for
Eqs. �4a�–�4e�, we have the results

sãg�s� − ag�0� = − i�p
*ã3�s� , �5a�

sã1�s� − a1�0� = − iw1ã1�s� − i�rf
* ã2�s� , �5b�

sã2�s� − a2�0� = − iw2ã2�s� − i�c
*ã3�s� − i�rfã1�s� , �5c�

sã3�s� − a3�0� = − iw3ã3�s� − i�pãg�s� − i�cã2�s� , �5d�

sãk�s� = − iw4ãk�s� − igk
*ã3�s� , �5e�

FIG. 1. �a� A schematic diagram of five-level atoms in a coherent medium interacting with a probe laser with Rabi frequency 2�p, a
coupling laser with Rabi frequency 2�c, and a rf-driving field with Rabi frequency 2�rf �the transition �1�↔ �2� is an electric dipole
forbidden transition with magnetic dipole allowed�. The atomic levels are labeled as �g�, �1�, �2�, �3�, and �e�, respectively. This configuration
�1�→ �2�→ �3�→ �g� owns the property of double-dark resonances �see Refs. �35,40��. �p, �c, and �rf are the frequency detunings of the
corresponding probe, coupling, and rf-driving fields, �see text for details�. �b� A corresponding dressed-state description of the coupling and
rf-driving laser fields.
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where we have introduced the definitions w1=�p−�c−�rf,
w2=�p−�c, w3=�p− i 


2 , and w4=�p−�k, respectively. aj�0�
�j=g ,1–3� is the probability amplitude at the initial time
t=0.

Equations �5a�–�5d� can be solved directly in terms of
ag�0�, a1�0�, a2�0�, and a3�0�. Therefore, the solution to the
probability amplitude ã3�s� can be found as

ã3�s� =
fg�s�ag�0� + f1�s�a1�0� + f2�s�a2�0� + f3�s�a3�0�

f�s�
,

�6�

with

fg�s� = − i��s + iw1��s + iw2� + ��rf�2��p,

f1�s� = − s�c�rf,

f2�s� = − is�s + iw1��c,

f3�s� = s��s + iw1��s + iw2� + ��rf�2� ,

f�s� = s�s + iw3���s + iw1��s + iw2� + ��rf�2�

+ ��s + iw1��s + iw2� + ��rf�2���p�2 + s�s + iw1���c�2.

As is well-known, the spontaneous emission spectra is
the Fourier transformation of �E−�t+�E+�t��t→�, and can be
expressed as the form S��k�= 


2��gk�2
�ak�t→���2 for our stud-

ied atomic system. According to the above equation �5e�, we

have ãk�s�=
−igk

*ã3�s�

s+iw4
. Also, substituting the expression �6� of

ã3�s� into the expression of ãk�s�, then using the inverse
Laplace transformation aj�t�= 1

2�i�−i�
�+i�estãj�s�ds �where � is a

real number chosen so that s=� lies to the right of all the
singularities �poles and branch cut points� of function ãj�s��
and the final-value theorem �46�, we can obtain

S��k� =



2��gk�2
�ak�t → ���2 =




2�
�ã3�s = − iw4��2 =




2�
� fg��k�ag�0� + f1��k�a1�0� + f2��k�a2�0� + f3��k�a3�0�

f��k�
�2

, �7�

where the coefficients are given by

fg��k� = �p��w4 − w1��w4 − w2� − ��rf�2� ,

f1��k� = �c�rfw4,

f2��k� = �cw4�w4 − w1� ,

f3��k� = w4��w4 − w1��w4 − w2� − ��rf�2� ,

f��k� = w4�w4 − w3���w4 − w1��w4 − w2� − ��rf�2� − ��p�2��w4 − w1��w4 − w2� − ��rf�2� − ��c�2w4�w4 − w1� ,

where Eq. �7� is the main result of the present study.
Under the conditions ag�0�=1, a1�0�=a2�0�=a3�0�=0, and �p=�c=�rf=0, we then have w1=w2=0, w3=−i
 /2, and w4

=−�k in order that the spontaneous emission spectra S��k� in Eq. �7� can be explicitly expressed in the following form

S��k� =

��p�2

2�

1

�G − ���p�2 + ��c�2 − ��rf�2� − ��c�2��rf�2G−1�2 + 
2�k
2/4

, �8�

where G=�k
2− ��rf�2.

III. RESULTS AND DISCUSSION

In this section, we present a few numerical results about
the spontaneous emission spectra S��k�. All parameters used
in the following calculations are scaled by �, which should
be in the order of MHz for rubidium or sodium atoms.

First of all, we will analyze how the frequency detuning
of the rf-driving field modifies the spontaneous emission
spectra S��k� via the numerical calculations based on Eq. �7�.
In Fig. 2, we plot the spontaneous emission spectra S��k�
versus the detuning �k by modulating frequencies of the rf-
driving field under the condition of ag�0�=1 and a1�0�
=a2�0�=a3�0�=0 when the probe and coupling driving fields

are both tuned to the resonant interaction with the atomic
transitions �g�↔ �3� and �2�↔ �3�. It is clearly shown that,
when the rf-driving field is tuned to level �2� �i.e., �rf=0 in
Fig. 2�a��, two ultranarrow lines with approximately equal
height can be observed on both sides of zero detuning of �k.
Alternatively, two fluorescence-quenching points are located
at �k= ±0.2�. As a matter of fact, it can be easily seen from
Eq. �7� that the generated two fluorescence-quenching points

are always located at �k=
�rf±��rf

2 +4��rf�2

2 , which suggests that
the rf field detuning affects the fluorescence-quenching posi-
tion. From Figs. 2�b�–2�d�, we find that the left ultranarrow
line can be greatly enhanced, while the right ultranarrow line
can be significantly suppressed with the increase of the fre-
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quency detuning �rf of the rf-driving field and vice versa.
Figure 3 shows the effect of rf field intensity on the spon-

taneous emission spectra S��k� when the probe, coupling,
and rf-driving fields are, respectively, tuned to the resonant
interaction with the atomic transitions �g�↔ �3�, �2�↔ �3�,
and �1�↔ �2�. As can be seen, the change of the rf field in-
tensity affects appreciably both the width of spectral lines
and the position of the spontaneous emission quenching. For
this case, the generated two fluorescence-quenching points
are always located at �k= ± ��rf�. We also find that only when
the rf-driving field intensity is adjusted to the appropriate
value, is the quantum interference between �+ �→ �e�, �0�
→ �e�, and �−�→ �e� in the dressed states �see Eqs.
�10a�–�10c� below� so strong that we can observe two ex-
tremely narrow and greatly enhanced spectral lines as shown
in Fig. 3�b�. With further increase of the intensity of the
rf-driving field, we can see that two ultranarrow spectral
lines become much wider and lower because this quantum
interference similar to SGC �as discussed below, see Eqs.
�12a�–�12e�� becomes much weaker. Specifically, for the
case that no rf-driving field exists ��rf=0�, the spontaneous
emission spectra exhibit symmetrical double-peak structure
with equal height and normal linewidth restricted by sponta-
neous decay rate 
 �see Fig. 3�a��. In contrast, when the rf
field is applied, for the case that �rf=0.1�, the effect of the rf
field is seen to cause a further splitting in each of the dy-
namic Stark components and gives rise to a four-peak spec-
tral feature with two ultranarrow central lines and two nor-
mal width sideband lines. When the rf field intensity
continues to increase �e.g., �rf=0.3� and �rf=0.5� in Figs.
3�c� and 3�d��, two central ultranarrow spectral lines with
equal height become wider and lower; in the meantime two

sideband spectral lines with equal height become narrower
and lower. As expected, two ultranarrow sideband spectral
lines with sufficiently low height can occur provided that the
rf-field intensity is strong enough.

In order to further show the influence of the initial prob-
ability amplitudes on the spontaneous emission spectra S��k�,
we give the corresponding curves in Fig. 4. The specific
results are as follows. For the case that ag�0�=1 and a1�0�
=a2�0�=a3�0�=0, two fluorescence-quenching points exist in
the spontaneous emission spectra, located at �k= ±0.2�. Al-
ternatively, an ultranarrow spectral line can be observed at a
fluorescence-quenching point �k=0.2� �see Fig. 4�a��. For
the case that ag�0�=a1�0�=1/�2 and a2�0�=a3�0�=0, we can
observe an extremely narrow and greatly enhanced spectral
line �see Fig. 4�b��. For the case that ag�0�=a2�0�=1/�2 and
a1�0�=a3�0�=0, an ultranarrow central line and two normal
width sideband lines occur in the spontaneous emission spec-
tra �see Fig. 4�c��. When the initial probability amplitudes
subject to a1�0�=a2�0�=1/�2 and ag�0�=a3�0�=0, no ultra-
narrow line arises and the spontaneous emission spectra are
singly peaked with normal width �see Fig. 4�d��. With
a3�0�=1 and ag�0�=a1�0�=a2�0�=0, we show the circum-
stance where three fluorescence-quenching points exist in the
spontaneous emission spectra. It is clear that an ultranarrow
line can be observed, where the two fluorescence-quenching
points lie close together. Other three normal width sideband
lines are located at both sides of the ultranarrow line �see
Fig. 4�e��.

IV. ANALYSIS IN THE DRESSED-STATE PICTURE

In order to explicitly illustrate that the atomic system un-
der consideration can be used as a substitution of a five-level

FIG. 3. The spontaneous emission spectra S��k� �in units of �−1�
for �p=0.4�, �c=0.2�, ag�0�=1, a1�0�=a2�0�=a3�0�=0, 
=�,
and �p=�c=�rf=0. �a� �rf=0; �b� �rf=0.1�; �c� �rf=0.3�; and �d�
�rf=0.5�.

FIG. 2. Spontaneous emission spectra S��k� �in units of �−1� for
�p=0.4�, �c=0.2�, �rf=0.2�, ag�0�=1, a1�0�=a2�0�=a3�0�=0,

=�, �p=0, and �c=0. �a� �rf=0; �b� �rf=0.02�; �c� �rf=0.05�;
and �d� �rf=0.08�.
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atomic system with SGC effect in Ref. �34�, we will turn our
attention to the dressed-state picture, generated by the rf-
driving field �rf and the coupling field �c �47�, namely, the
�1�↔ �2�↔ �3� transitions together with the rf-driving and
coupling fields are treated as a coupled “atom+field” system
and the energy levels of the dressed states form a ladder of
triplets as shown in Fig. 1�b�. It is obvious that bare-state
level �3� should be split into three dressed-state sublevels ���
and �0�. The energy eigenvalues of the three dressed states
for the two-photon resonant case that �c+�rf=0 are given by

�± =
�rf ± ��rf

2 + 4��c
2 + �rf

2 �
2

and �0 = 0. �9�

The corresponding energy eigenstates are written as

� + � = �sin ��sin ��3� + cos ��2� + �cos ��sin ��1� ,

�10a�

�0� = cos ��3� − sin ��1� , �10b�

�− � = �sin ��cos ��3� − sin ��2� + �cos ��cos ��1� ,

�10c�

with

sin � =
��c

2 + �rf
2

��+
2 + �c

2 + �rf
2

= −
�−

��−
2 + �c

2 + �rf
2

,

cos � =
�+

��+
2 + �c

2 + �rf
2

=
��c

2 + �rf
2

��−
2 + �c

2 + �rf
2

,

sin � =
�c

��c
2 + �rf

2
, and cos � =

�rf

��c
2 + �rf

2
.

According to the above dressed states �10a�–�10c�, the
probability amplitudes of the bare states are associated with
the probability amplitudes of the dressed states by the fol-
lowing relations

a1�t� = �cos ��sin �a+�t� − �sin ��a0�t� + �cos ��cos �a−�t� ,

�11a�

a2�t� = cos �a+�t� − sin �a−�t� , �11b�

a3�t� = �sin ��sin �a+�t� + �cos ��a0�t� + �sin ��cos �a−�t� .

�11c�

Making full use of the above expressions �11a�–�11c�, af-
ter some algebraic calculations Eqs. �4a�–�4e� can then be
rewritten as

�ag�t�
�t

= − i�p+a+�t� − i�p0a0�t� − i�p−a−�t� , �12a�

�a+�t�
�t

= − �i��p + �+� +

+

2
�a+�t� − i�p+ag�t� −

�
+
−

2
a−�t�

−
�
+
0

2
a0�t� , �12b�

�a0�t�
�t

= − 	i�p +

0

2

a0�t� − i�p0ag�t� −

�
0
+

2
a+�t�

−
�
0
−

2
a−�t� , �12c�

�a−�t�
�t

= − �i��p + �−� +

−

2
�a−�t� − i�p−ag�t� −

�
−
+

2
a+�t�

−
�
−
0

2
a0�t� , �12d�

�ak�t�
�t

= − i��p − �k�ak�t� − igk+
* a+�t� − igk0

* a0�t� − igk−
* a−�t� ,

�12e�

where �p+=�p�sin ��sin �, �p0=�p cos �, �p−

=�p�sin ��cos �, 
+=
�sin2 ��sin2 �, 
0=
 cos2 �,

FIG. 4. The spontaneous emission spectra S��k� �in units of �−1�
for �p=0.4�, �c=0.2�, �rf=0.2�, 
=�, �c=�rf=0, and �p

=0.3�. �a� ag�0�=1 and a1�0�=a2�0�=a3�0�=0; �b� ag�0�=a1�0�
=1/�2 and a2�0�=a3�0�=0; �c� ag�0�=a2�0�=1/�2 and a1�0�
=a3�0�=0; �d� a1�0�=a2�0�=1/�2 and ag�0�=a3�0�=0; and �e�
a3�0�=1 and ag�0�=a1�0�=a2�0�=0.
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−=
�sin2 ��cos2 �, gk+=gk�sin ��sin �, gk0=gk cos �, and
gk−=gk�sin ��cos �. �+ and �− are directly determined by the
expression �9�.

From the above equations �12b�–�12d�, it is straightfor-
ward to show that there exists quantum interference between
three different spontaneous emission pathways �+ �→ �e�,
�0�→ �e�, and �−�→ �e�, which are in good agreement with
the results given in Ref. �34�. Therefore, it is obvious that the
atomic system studied here is equivalent in form to just such
a five-level atomic system with SGC as investigated in Ref.
�34�. The only difference is that the three close-lying levels
are dressed states, but not real atomic states as in Ref. �34�.
As we well know, it is very difficult to seek a real atomic
system matching the conditions of SGC and then carry out
corresponding experiments related to SGC. Adopting our
proposed scheme, however, it is feasible to observe the ex-
pected singular phenomena based on SGC in experiment,
because no specific conditions are required to be fulfilled.

Before ending this section, let us briefly discuss the pos-
sible experimental realization of our proposed scheme by
means of alkali-metal atoms, appropriate diode lasers, and
microwave source. Specifically, we consider, for instance,
the cold atoms 87Rb−D2 line �nuclear spin I=3/2� as a pos-
sible candidate. The designated states can be chosen as fol-
lows: �g�= �5S1/2 ,F=1,mF=1�, �1�= �5S1/2 ,F=1,mF=0�, �2�
= �5S1/2 ,F=2,mF=0�, �e�= �5S1/2 ,F=2,mF=2�, and �3�
= �5P3/2 ,F=2,mF=1�, respectively. In this case, the coherent
probe and coupling fields can be obtained from external cav-
ity diode lasers. A microwave field drives the magnetic di-
pole transition between �1�= �5S1/2 ,F=1,mF=0� and �2�
= �5S1/2 ,F=2,mF=0� with the hyperfine splitting frequency
�12�6.84 GHz, while the transition from the excited level
�3�= �5P3/2 ,F=2,mF=1� to the metastable level �e�
= �5S1/2 ,F=2,mF=2� can be coupled by the vacuum modes
in the free space. The probe and coupling fields are linearly
and right circularly polarized, respectively. Moreover, in or-
der to eliminate the Doppler broadening effect, atoms should
be trapped and cooled by the magneto-optical trap �MOT�
technique.

V. CONCLUSIONS

To summarize, we have theoretically investigated the
spontaneous emission spectra of a coherently driven five-

level atomic system without close-lying levels by means of
an rf field driving a hyperfine transition within the ground
state. The results clearly show that, by properly adjusting the
frequency detuning and intensity of the rf-driving field, we
can observe a few interesting phenomena in the spontaneous
emission spectra, such as spectral-line narrowing, spectral-
line enhancement, spectral-line suppression, and spontaneous
emission quenching. The observed singular spontaneous
emission spectra can be regarded as results of multiple SGC
in the dressed-state picture. The influence of the initial prob-
ability amplitudes on the spontaneous emission spectra is
also analyzed.

According to our analysis, these interesting phenomena
should be observable in realistic experiments by using alkali-
metal atoms �e.g., cold Rb or Na atoms� in a MOT where the
atomic temperature can be decreased to several tens of �K
so that the Doppler broadening effect can be effectively
eliminated, using the appropriate diode lasers and microwave
source. If the atoms are in a cell, however, it is certain that
velocity distributions or decay terms due to the interaction
with a buffer gas have to be included, and some phenomena
described in this paper will be significantly modified, al-
though the underlying physics of quantum interference and
atomic coherence is still valid. We are currently carrying out
exact calculations on the spontaneous emissions spectra from
atoms in a cell both with and without a buffer gas.

Finally, it is pointed out that we do not consider the effect
of atomic motion and hence, there is the Doppler-free broad-
ening effect in our treatment. Consequently, the results here
are suitable only for the cold atoms.
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