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Control of spontaneous emission from a coherently driven four-level atom
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We study the spontaneous-emission properties of a coherently driven four-level atom, and show a few
interesting phenomena such as fluorescence quenching, spectral-line narrowing, spectral-line enhancement, and
spectral-line elimination. These phenomena can be observed in experiment since the rigorous condition of
near-degenerate levels with nonorthogonal dipole moments is not required here. Qualitatively, these phenom-
ena can be attributed to the quantum interference between competitive spontaneous-decay channels in the
bare-state picture or the spontaneously generated coherence between two close-lying levels in the dressed-state

picture.

DOI: 10.1103/PhysRevA.72.023802

I. INTRODUCTION

Spontaneous emission is well known as a fundamental
process resulting from the interaction between radiation and
matter. It depends not only on properties of the excited atom
but also on the nature of the environment to which the atom
is optically coupled. Spontaneous-emission control has at-
tracted much attention because of its potential applications in
lasing without inversion [1], transparent high-index materials
[2], high-precision spectroscopy and magnetometry [3],
quantum information and computing [4], etc. We can achieve
the control of spontaneous emission just by putting atoms
into different circumstances, such as in free-space, photonic
crystals [5] and in optical cavities [6], which have different
densities of electromagnetic modes interacting with atoms.
An alternative way to control spontaneous emission is to
drive atoms with external coherent fields. Recently, atomic
coherence or quantum interference induced by driving fields
has become the basic phenomenon for efficient control of
spontaneous emission [7]. Moreover, it was shown that inco-
herent decay processes such as atomic spontaneous emission
[8] and quantum tunneling of electrons in semiconductor
quantum wells [9] also could create atomic coherence or
quantum interference, which is usually referred to as sponta-
neously generated coherence (SGC), decay-induced interfer-
ence (DII), or vacuum-induced coherence (VIC). Note, how-
ever, that SGC only exists in such atoms having two close-
lying levels subject to the conditions that these levels are
near-degenerate and that corresponding dipole matrix ele-
ments are not orthogonal. That is, the two close-lying levels
should have the same J and m; quantum numbers [10]. It has
been predicted that SGC could lead to many interesting phe-
nomena, such as suppression or enhancement of spontaneous
emission, selective or total cancellation of fluorescence de-
cay, and narrowing down of spectral linewidth [11]. But the
rigorous conditions of near-degenerate close-lying levels and
nonorthogonal dipole matrix elements are rarely met in real
atoms, so few experiments [12] have been carried out to

*Corresponding author: wujinhui0431@sina.com

1050-2947/2005/72(2)/023802(5)/$23.00

023802-1

PACS number(s): 42.50.Gy, 32.80.Qk, 32.50.+d, 42.50.Lc

achieve these interesting phenomena based on SGC. Al-
though it has been pointed out that quantum interference
similar to SGC could be achieved in the dressed-state picture
of a coherently driven atom without any stringent require-
ments [13], to our knowledge no theoretical or experimental
work has been carried out to study atomic spontaneous-
decay properties in the dressed-state picture.

In this paper, we investigate the spontaneous emission
spectra of a coherently driven four-level atom both in the
bare-state picture and in the dressed-state picture. It is shown
that the coherently driven atom, if initially prepared in the
coherent population trapping (CPT) state [14], could be
trapped in the two ground levels without spontaneously de-
caying (complete fluorescence quenching) into the meta-
stable level, even if it is interacting with two coherent laser
fields. Conversely, if the atom is not in the CPT state at the
initial time, there are two spontaneous spectral lines with
normal linewidths restricted by spontaneous-decay rates
when the CPT condition of two-photon resonance is fulfilled.
If the CPT condition of two-photon resonance is slightly de-
viated, however, we can observe a third, extremely narrow
spectral line, which is greatly enhanced or not depending on
the initial condition for probability amplitudes of atomic lev-
els. Apart from spectral-line narrowing and enhancement, it
is also possible to realize selective fluorescence quenching at
one or two special frequency points in the case of a de-
stroyed CPT condition. By qualitative analysis, we show that
all the predicted unique phenomena originate from quantum
interference between different competitive channels for
spontaneous emission in the presence of two coherent driv-
ing fields. In the dressed-state picture of one driving field,
the interesting phenomena mentioned earlier can also be at-
tributed to SGC. Our proposed scheme for the observation of
spontaneous-emission spectra is easy to realize in experiment
for most atoms because no specific stringent conditions have
to be satisfied.

II. THEORETICAL MODEL AND EQUATIONS

We consider a coherently driven four-level atom in the
tripod configuration, which consists of one upper, excited
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FIG. 1. Schematic diagram of a coherently driven four-level
atom, which consists of (a) an upper level and three lower levels in
the bare-state picture, and (b) two upper levels and two lower levels
in the dressed-state picture of one driving field.

level and three lower, ground or metastable levels [see Fig.
1(a)]. The excited level |0) is respectively coupled to the
ground levels |1) and |2) by two coherent laser fields with
frequencies (Rabi frequencies) w, (2,) and o, (€),), while
the transition from level |0) to the metastable level [i) is
assumed to be coupled by vacuum modes in the free space.
Under the rotating-wave and electric-dipole approximations,
with the assumption of =1, the interaction Hamiltonian for
the system composed of atom, driving fields, and vacuum
modes reads

Hy = 2 {g10i’ % by 0} + Qe |0)(1] + Q. e/2]0)(2|
k

+Hec., (1)

where by (b;) is the creation (annihilation) operator for the
kth vacuum mode with frequency w;. 8,=wy—w, and g.;
denote the detuning and the coupling constant between the
kth vacuum mode and the resonance labeled [0)—i). A,
=wy;—w, and A =wp- o, represent detunings of the two
coherent driving fields from corresponding resonances.

The state vector for our considered atom at time ¢, whose
evolution obeys the well-known Schrédinger equation, can
be written as

|W (1)) = [ag(1)[0) + a, (D[ 1) + a,(1)|2)]{0}) + E ag(D]i)[15),
k
(2)

where [{0}) denotes the vacuum of the radiation field, and
[1,) means that there is one photon in the kth vacuum mode.
By using the Weisskopf-Wigner theory [15], we can obtain
the following dynamical equations for atomic probability
amplitudes a,(¢) in the interaction picture:

P r
";t(t) == jQay(0),
&a;t(t) == j(A, - AJay(0) _ijaO(t),
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day(t)
ot

== j(A, = 3)ai(t) = jgroito(D), (3)

where I'y=2|g0:]*D(w,) is the spontaneous-decay rate from
level |0) to level |i), and D(wy) is the vacuum-mode density
at frequency wy in the free space. From Eq. (3), it is easy to
find that, only when the two-photon resonance condition
A,=A. is fulfilled, could we realize coherent population trap-
ping, i.e., have nonvanishing steady-state probability ampli-
tudes a;() and a,(). In the case of A,#A,, it is certain
that the atom will finally decay to the metastable level |i).

The spontaneous-emission spectrum is the Fourier trans-
form of (E~(t+7)E*(f)),_., and can be writen as S(&)
=To|a(t—)|?/27|g40:* for our considered atom. In the fol-
lowing, we use the Laplacian transform method [15] and the
final-value theorem to obtain

Q Q. 2
a0(0) = ——a,(0) = ——a,(0)
S B @
Coam| o Do, 9P ol |
T2 T j(a-A) " j(8-A)

From Eq. (4), we can see that complete quenching of
spontaneous emission is possible. The necessary conditions
for complete fluorescence quenching are simply A=A,
Q,a,(0)+£Q.a,(0)=0, and ay(0)=0. In fact, these conditions
indicate that the atom should be initially prepared in the CPT
state and that the driving fields should be such that the atom
cannot be excited to level |0) all the while. The necessary
initial atomic state for complete fluorescence quenching can
be achieved by the well-developed technique of stimulated
Raman adiabatic passage (STIRAP) in experiment [16]. In
the general case where a((0) #0 and A,# A, however, the
spontaneous emission of our considered atom will be
quenched at two specific frequencies determined by

A xA> = 4Bay(0)
e 200(0)

, (5)

with  A=[(A,+A)ag(0)+Q,a,(0)+Q.a,(0)] and B
=[A,A.a0(0)+A.Q,a,(0)+A,Q.a,(0)]. Specifically, Eq. (5)
will degenerate into §,=A, and §=A, if the atom is initially
prepared at level |0) [ay(0)=1], while if a(0)=0 and A,
# A, it is instead one fluorescence-quenching point that ex-
ists in the spontaneous-emission spectra at

_ Achal(O) + APQ(.az(O)
T 0,a0(0) + Qua,(0)

In the case of A,=A., Q,a,(0)+.a,(0) #0, and a,(0)
=0, the numerator of S(&;) cannot have a value of zero. Thus
only when the denominator of S(&,) tends to infinity could
we have S(8,)=0 in principle. It is easy to find from Eq. (4),
however, that when the denominator of (&) tends to infinity
at §=A,, the numerator of S(&,) also tends to infinity, and
we have

(6)
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FIG. 2. Spontaneous-emission spectra S(&,) (in arbitary units)
for (a) A,=0.2y and A.=0.0; (b) A,=1.0y and A ,=-1.27. Other
parameters are ,.=0.57, ,=0.3y, I'j=7, a¢(0)=1.0, a,(0)=0.0,
and a,(0)=0.0.
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That is, fluorescence quenching can be cancelled in this spe-
cial case.

III. RESULTS AND DISCUSSION

In this section, we discuss a few numerical calculations
about S(&;) based on Eq. (4). In Fig. 2, we show the general
cases where two fluorescence-quenching points exist in the
spontaneous-emission spectrum. It is clear that when the two
fluorescence-quenching points lie close together, an ultrana-
rrow line can be observed at the center of the spontaneous-
emission spectrum [see Fig. 2(a)]. If the two fluorescence-
quenching points are relatively distant in frequency, two
narrow lines instead exist at both ends of the spontaneous
emission spectrum [see Fig. 2(b)]. The central ultranarrow
line and the narrow sideband lines also could be enhanced, as
shown in Fig. 3, under proper initial conditions of probability
amplitudes. In Fig. 4, we can find only one fluorescence-
quenching point in the spontaneous-emission spectrum be-
cause we have chosen a((0)=0 and A, # A, as discussed in
the preceding section. Moreover, there is also an extremely
narrow and greatly enhanced fluorescence line near the
quenching point. Bear in mind, however, that only if the CPT
condition A,=A, is slightly deviated, can we observe such
an extremely narrow and greatly enhanced spectral line. In
the converse case where the CPT condition is badly de-
stroyed, this spectral line (the central one) will be eliminated
or become comparable in width to other lines, as shown in
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FIG. 3. Spontaneous-emission spectra S(&,) (in arbitary units)
for (a) A,=0.2y and A.=0.0; (b) A,=1.0y and A ,=-1.27. Other
parameters are {2.=0.5y, €2,=0.3y, [y=7, a¢(0)=0.906, a,(0)
=0.3, and a,(0)=0.3.
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FIG. 4. Spontaneous-emission spectra S(&;) (in arbitary units)
for (a) a;(0)=1.0 and a,(0)=0.0; (b) a,(0)=0.707 and a,(0)
=0.707. Other parameters are (.=0.5y, Q,=03y, Ij=7y, A
=0.1y, A.=0.0, and a((0)=0.0.

P

Fig. 5. Finally, if A,=A,, i.e., the CPT condition is fully
satisfied, the spontaneous-emission spectra are always dou-
bly peaked with normal width restricted by the spontaneous-
decay rate I'; (see Fig. 6).

The interesting phenomena mentioned earlier, including
fluorescence quenching, spectral-line narrowing, spectral-
line enhancement, and spectral-line elimination, can be
qualitatively attributed to the quantum interference induced
by both driving fields w, and .. In the limit of ), <T'; and
Q.<Ty, only one-photon, two-photon, three-photon, and
four-photon processes are important and necessary to con-
sider, while other processes involving much more photons
can be reasonably ignored. With this assumption, we can see
that there exist three groups of competitive pathways for
spontaneous emission in our four-level atom, as follows:

(i) The first group of competitive pathways are |0)— |i),
|0)—|1)—|0y— i), and |0)— [2)—|0)—|i), corresponding
to the four-level atom being initially prepared at level |0).
The quantum interference between |0)—|i) and |0)—|1)
—|0)—[i) will lead to fluorescence quenching at §=A,,
while the quantum interference between |0)—|i) and |0)
—|2)—0)—|i) will lead to fluorescence quenching at &,
=A_.. This qualitative conclusion is in agreement with Eq.
(4).

(ii) The second group of competitive pathways are |1)
—0)— i) and |1)—|0)—|2)—|0)—|i), corresponding to
the atom being initially prepared at level |1). The quantum
interference between |1)—[0)— |i) and |1)— |0) — |2) —|0)
— |y will lead to fluorescence quenching at &,=A,, which is
in accordance with Eq. (4).

(iii) The third group of competitive pathways are |2)
—0)— i) and |2)—|0)—|1)—|0)—|i), corresponding to
the atom being initially prepared at level |2). The quantum
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FIG. 5. Spontaneous-emission spectra S(&) (in arbitary units)
for (a) ag(0)=0.906, a;(0)=0.3, and a,(0)=0.3; (b) ay(0)=0.0,
a1(0)=0.707, and a,(0)=0.707. Other parameters are (1.=0.5y,
Q,=03y, ['y=v, A,=0.4y, and A,=-0.37.
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FIG. 6. Spontaneous-emission spectra S(&;) (in arbitary units)
for (a) A,=A.=0.0; (b) A,=A,=0.27y. Other parameters are (),
=0.5y, Q,=03y, Ty=7v ay(0)=0.0, a,(0)=0.707, and a,(0)
=0.707.

interference between |2)—|0)— |i) and |2) — |0) —|1)—|0)
— |i) will lead to fluorescence quenching at &=A4,, which is
also in accordance with Eq. (4).

If we are not sure at which level the atom is initially
prepared, all three groups of competitive pathways will si-
multaneously exist and lead to much more complicated
quantum interference so that the fluorescence-quenching
points are determined by Eq. (5) or Eq. (6). As for spectral-
line narrowing, enhancement, and elimination, these phe-
nomena depend on how these competitive pathways interfere
and whether the quantum interference is strong. As an ex-
ample, we consider the special case where the atom is ini-
tially prepared at level |0). In this case, the pathway of |0)
— i) involves only a spontaneously emitted photon wy,
while the pathway of |0)—|1)—|0)—]i) involves a
stimulated-emission photon w,, a stimulated-absorption pho-
ton w,, and a spontaneously emitted photon wy. If w,=wy,
(A,=0), we have w;=w; and the strongest quantum interfer-
ence, which then leads to CPT and spectral-line elimination.
If w, is slightly different from wy, (A, has a small value), w;
will certainly be slightly different from w;, so the quantum
interference becomes a little weak, which then leads to
spectral-line narrowing. With the increase of A, the quan-
tum interference becomes weaker and weaker so that the
central narrow spectral line becomes wider and wider. Note
that only if the atom is initially prepared at level |1) and/or
|2>, can we observe spectral-line enhancement in the case of
strong quantum interference. That is, spectral-line enhance-
ment depends on both quantum interference induced by driv-
ing fields and initial conditions of probability amplitudes.

Next we show an alternative explanation for the preceding
interesting phenomena of spontaneous emission. In the
dressed-state picture of the driving field w,, levels |0) and |2)
can be replaced by two new states |+) and |—), whose prob-
ability amplitudes are defined as

a, (1) = cos(B)ay(t) + sin(H)ay(1),

a_(1) = sin(B)ay(t) — cos(H)a,(r), (7)

with tan f=w,/Q, and w,=(-A,=\VA?+40?)/2 represent-
ing frequencies of |+) and |—) relative to level |0). Then, Eq.
(3) can be rewritten as
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‘%(f) == a0 - JOa (1),
aa;t(t) =— (jA+ + %)a+(t) _jQp+a1(t) - %(1_([),
r r
0ak(t) . o o
=10, = 3)a(n) - jgi,an(n) - jgia(r),  (8)

with A=A +o,, A=A, +o_, I',=cos? 61y, I'_=sin? 6I',,
I',_=sin fcos Oy, , =cos 0Q,, Q, =sin 6, g
=cos g9, and g,_=sin Og;,. Clearly, there exists quantum
interference between the two spontaneous-decay channels
|+)— i) and |~)— |i) because level |+) interacts with level
|—) by spontaneous emission [(da,/df)=---—(T,_/2)a_ and
(da_ldt)=-+-—(",_/2)a,]. This means that this four-level
atom is equivalent to an atom composed of two close-lying
upper levels and two well-spaced lower levels [see Fig. 1(b)]
[17], and the quantum interference denoted by I',_ in Eq. (8)
has the same physical meaning as SGC. Thus in the dressed-
state picture of field w., we can attribute phenomena such as
spectral narrowing, enhancement, and elimination to SGC in
the presence of a pumping field w,. Because no such strin-
gent requirements as near-degenerate levels and nonorthogo-
nal dipoles have to be fulfilled, corresponding experiments
can be easily carried out for real atoms having a level con-
figuration such as that shown in Fig. 1(a).

IV. CONCLUSION

In summary, by numerical calculations and qualitative
analyses, we have investigated in detail the spontaneous-
emission spectra of a four-level atom driven by two coherent
laser fields in the tripod configuration. It is shown that, by
choosing proper parameters, we can observe a few interest-
ing phenomena in the spontaneous-emission spectra, such as
total or selective fluorescence quenching, extremely narrow
and greatly enhanced spectral lines, and spectral-line elimi-
nation. These phenomena critically depend on how the CPT
condition of two-photon resonance (A,=A,) is fulfilled and
the level at which the atom is initially prepared. For ex-
ample, only if the CPT condition is slightly destroyed and
the atom is initially not at level [0) can we observe an ex-
tremely narrow and greatly enhanced spectral line in the
spontaneous-emission spectra. In the limit of weak driving
fields, these interesting phenomena can be seen as resulting
from quantum interference between competitive pathways
for spontaneous emission. Alternatively, in the dressed-state
picture of the driving field w,, we also can attribute these
interesting phenomena to SGC existing between two close-
lying and mutually driving levels. It is worth emphasizing
that our proposed scheme is suitable for experimental real-
ization because no rigorous atomic conditions, such as near-
degenerate levels and nonorthogonal dipoles, have to be sat-
isfied.
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Our numerical results for atomic spontaneous emission
are most easily experimentally observed in a magneto-optical
trap (MOT) [18] where the atomic temperature can be de-
creased to several tens of uK so that the Doppler broadening
effect can be effectively eliminated. 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, although the underlying physics of
quantum interference and atomic coherence is still valid. We
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are currently performing exact calculations on spontaneous
emissions from atoms in a cell both with and without a
buffer gas.
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