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Spectral Line Elimination and Spontaneous Emission Cancellation via Quantum Interference
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Quantum interference in spontaneous emission from a four-level atom is investigated. The atom has
two upper levels coupled by the same vacuum modes to a common lower level and is driven by a
coherent field to an auxiliary level. Interference can lead to the elimination of a spectral line in the
spontaneous emission spectrum and spontaneous emission cancellation in steady state.

PACS numbers: 32.80.Bx, 42.50.Gy, 42.50.Lc
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Quantum interference in multilevel atomic systems c
lead to many novel and unexpected effects, for exam
absorption reduction and cancellation (or lasing witho
inversion) [1–3] and spontaneous emission reduction
cancellation (or population inversion without emissio
[2]. In recent years, substantial attention has been p
to the effects associated with the absorption cancellat
In this work we will focus on another effect associate
with the quantum interference effect, namely, spontane
emission cancellation. A related problem, the suppress
of autoionization in a three-level system when the tw
upper levels are degenerate, was pointed out by Harris
In Ref. [2], we considered the interaction between a sin
mode (the signal field) and three-level atoms, and predic
the cancellation of spontaneous emission from the t
nondegenerate upper levels into this mode. However
that paper, the interaction between the vacuum modes
the atomic transition from the upper levels to the low
level was neglected, although the decay from the th
levels to other levels was included. Thus the spontane
emission into all the vacuum modes near the transit
frequencies could not be considered. A question of inte
is the following: Can the spontaneous emission into cert
e
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(not only one) or even all vacuum modes be canceled?
find that the answer is yes. In order to get the answer,
interaction between the vacuum modes and the transit
between the three levels must be taken into account.
the other hand, the decay from the two upper levels
other levels can be neglected because the spectrum du
this decay is far away from the spectrum of the transiti
between the three levels. That is to say, we need
consider a closed system instead of an open system.

In this paper, we investigate the effect of quantum inte
ference between the decay processes from the nondege
ate two upper levels of a four-level atom to the same low
level. This interference can lead to the elimination of
spectral line in the spontaneous emission spectrum and
cancellation of spontaneous emission in the steady sta

Consider a four-level atom that consists of two upp
levels ja1l and ja2l, and one lower leveljcl. The two
upper levels are coupled by the same vacuum modes
the lower leveljcl and are driven by a strong field with
frequencyn to another upper lying levelj bl; see Fig. 1.
The interaction Hamiltonian of the system composed
the atom and the vacuum modes in the interaction pict
can be written as
V ­ i
X

k

fgs1d
k eisva1c2vk dtbkja1l kcj 1 g

s2d
k eisva2c2vkdtbkja2l kcjg

2 i
X

k

fgs1d
k e2isva1c2vkdtb

y
k jcl ka1j 1 g

s2d
k b

y
k e2isva2c2vkdt jcl ka2jg

1 iV1e2iD1t ja1l kbj 1 iV2e2iD2t ja2l kbj 2 iVp
1 eiD1tjbl ka1j 2 iVp

2eiD2t jbl ka2j , (1)
he
.

of
where va1c and va2c are the frequency differences b
tween levelsja1l and ja2l and jcl, respectively,D1 ­
vba1 2 n, D2 ­ vba2 2 n, bk sby

k
d is the annihilation

(creation) operator for thekth vacuum mode with fre-
quencyvk , andgs1,2d

k
are the coupling constants betwe

thekth vacuum mode and the atomic transitions fromja1l
and ja2l to jcl. In Eq. (1),V1 andV2 are the Rabi fre-
quencies of the driving field corresponding to the tw
-

n

o

transitions fromja1l and ja2l to jbl, respectively. Here
k stands for both the momentum and polarization of t
vacuum modes, and̄h ­ 1 and realgs1,2d

k
are assumed

This Hamiltonian describes the spontaneous emission
the atom initially in the two upper andjbl levels.

The initial state vector can be written as

jcs0dl ­ hAs1ds0dja1l 1 As2ds0dja2l 1 Bs0djbljj0l . (2)
© 1996 The American Physical Society



VOLUME 76, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 15 JANUARY 1996

g

b

n

i
o
o

n

al
ls
The evolution of the state vector obeys the Schrödin
equation, and the state vector at timet can be written as

jcstdl ­ hAs1dstdja1l 1 As2dstdja2l

1 Bstdjbljj0l 1
X

k

Ckstdby
k j0l jcl . (3)

By using the Weisskopf-Wigner approximation, we o
tain [3,4]

d
dt

As1dstd ­ 2
g1

2
As1dstd 2 p

p
g1g2

2
As2dstdeiv12t

1 V1eiD1tBstd , (4a)

d
dt

As2dstd ­ 2
g2

2
As2dstd 2 p

p
g1g2

2
As1dstde2iv12t

1 V2eiD2tBstd , (4b)

d
dt

Bstd ­ 2 Vp
1e2iD1tAs1dstd 2 Vp

2e2iD2tAs2dstd ,

(4c)

d
dt

Ckstd ­ 2 g
s1d
k As1dstde2isva1c2vkdt

2 g
s2d
k As2dstde2isva2c2vkdt , (5)

where v12 is the frequency difference between the tw
upper levels, which is much smaller than the tra
sition frequencies, andp ­ $m1 ? $m2yj $m1j ? j $m2j with
$m1 and $m2 being the dipole moments of the two trans
tions. Hereg1 and g2 are the decay rates from the tw
upper levels to the lower level. If the dipole moments
the two transitions are parallel, we havep ­ 1, while for
orthogonal dipole moments we havep ­ 0. On solving
Eq. (4), we obtain a solution forAs1dstd, As2dstd, or Bstd,
which can be written as a sum of three terms.

The spontaneous emission spectrum,Ssvd, is the
Fourier transform of kE2st 1 tdE1stdlt­`, and is
equal toSsvkd ­ gijCks`dj2y2pgsid2 si ­ 1 or 2d. On
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FIG. 1. The spontaneous emission spectra forv12 ­ 2g1,
V1 ­ g1, g2 ­ g1, and D1 ­ g1, (a) p ­ 1, and (b)p ­ 0.
The atom is initially in levelja1l. Inset shows upper levels
ja1l and ja2l coupled to leveljbl with Rabi frequencyV while
decaying to leveljcl.

substituting the solution of Eqs. (4) into (5), and the
integrating Eq. (5) we obtain,

Cks`d ­
3X

i­1

gs1dai

2li 1 isD1 2 0.5v12 1 dkd

1
gs2dbi

2li 1 isD2 2 0.5v12 1 dkd
, (6)

wheredk ­ vk 2 0.5sva1 1 va2 d 1 vc is the detuning
of the kth vacuum mode with respect to the centr
frequency (from the middle point of the two upper leve
to level jcl). Hereli si ­ 1, 2, 3d are the three roots of a
cubic equation.
l3 1 sG1 1 G2dl2 1 sG1G2 2 0.25g1g2 1 jV1j
2 1 jV2j

2dl2

0.5fg1jV2j
2 1 g2jV1j

2 2 p
p

g1g2 sVp
1V2 1 V1Vp

2 dg 1 isD2jV1j
2 1 D1jV2j

2d ­ 0 , (7)
t
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whereG1,2 ­ 0.5g1,2 1 iD1,2. The spontaneous emissio
spectrum can be obtained by taking the absolute sq
of Eq. (6). Forp ­ 1, quantum interference can canc
spontaneous emission, but forp ­ 0 there is no cancel-
lation. This interference results in some very interest
features, e.g., spectral peak elimination and the canc
tion of spontaneous emission.

The spontaneous emission spectra for the two ca
sp ­ 1 and0d are quite different due to interference.
is well known that the spontaneous emission spectrum
are
l

g
lla-

es

or

p ­ 0 is a three-peak distribution. Forp ­ 1, we have
interference, which can lead to the elimination of one
the three peaks. In Fig. 1, we plot spectra forp ­ 1
andp ­ 0 with the atom initially being inja1l. We can
see the disappearance of the central peak as a resu
interference. The elimination of the central peak can a
be observed for the atom being initially in a superpositio
state. In Fig. 2, we show the elimination of the centr
peak for the atom initially in the statesja1l 2 ja2ldy

p
2.

It can be proven analytically that the central peak
389
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FIG. 2. The spontaneous spectra forD1 ­ 4g1, v12 ­ 5g1,
V1 ­ g1, and g2 ­ 0.25g1, (a) p ­ 1, and (b)p ­ 0. The
atom is initially in sja1l 2 ja2ldy

p
2.

eliminated if

D2 ­ 2x2D1 , (8)

where x ­ jV2yV1j ­ gs2dygs1d is the ratio of dipole
moments between the two upper levels and leveljbl,
which is also equal to the ratio of the dipole momen
between the two upper levels and leveljcl. The elimi-
nation of the central peak indicates the cancellation
the spontaneous emission into those modes with th

FIG. 3. The spectra with a constructive interference forv12 ­
2g1, D1 ­ g1, V1 ­ g1, and g2 ­ 4g1, (a) p ­ 1, and (b)
p ­ 0. The atom is initially insja1l 2 3jbldy

p
10.
390
s
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frequencies near the central peak (in the neighborho
of the driving field frequency) and is the result o
a destructive interference. As opposed to destruct
interference, a constructive interference can also be fo
as shown in Fig. 3, where the central peak increases w
the other two peaks decrease.

The area under the spectral curve is proportional
the energy emitted by the atom to the vacuum mod
For p ­ 0, the area is always equal to unity (energ
conservation); that is to say, the atom finally will b
in the lower level jcl and no population in the uppe
levels. Forp ­ 1, we find the area may be less tha
unity (see Figs. 1 and 2) if condition (8) is satisfie
which means that some population is still in the upp
levels at t ­ `. That is to say, in the steady state th
spontaneous emission is canceled due to interference
Fig. 4, we plot the evolution of the population in leve
ja1l for p ­ 1 andp ­ 0. It is clear that the population
goes to zero forp ­ 0, while it tends to a steady value
0.51 for p ­ 1. The cancellation of the spontaneou
emission in the steady state is another phenomenon
the interference.

The populations trapped in levelsja1l and ja2l, ja3j
2,

andj b3j
2, are determined by

a1 1 a2 1 a3 ­ A1s0d ,

b1 1 b2 1 b3 ­ A2s0d ,

b1 1 b2 1 b3 ­ Bs0d , si ­ 1, 2, 3d , (9)

li 2 Vp
1ai 2 Vp

2bi ­ 0 ,

V1bi 2 sG1 2 lidai2

0.5
p

g1g2 bi ­ 0 ,

FIG. 4. Time evolution of populations inja1l, for v12 ­ 4g1,
g2 ­ 4g1, D1 ­ 0.8g1, and V1 ­ 2g1, (a) p ­ 1, and (b)
p ­ 0. The atom is initially in levelja1l.
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FIG. 5. The trapped population in levelja1l ver-
sus the Rabi frequency (in unit of g1) v12 ­
sad 40g1, sbd 20g1, and scd 4g1.

where the conditions Eq. (8) andp ­ 1 have been used
For arbitraryx the expressions forja3j

2 and j b3j
2 are

complicated. Forx ­ 1 and the atom initially being in
ja1l, we can find the populations trapped inja1l (or ja2l)
and jbl are V4ysD2 1 2V2d2 and V2D2ysD2 1 2V2d2

sV ­ V1 andD ­ D1d, respectively. In Fig. 4 we see
more than 50% of the population is trapped inja1l
(also 13% in ja2l). The population trapping in uppe
levels depends on the driving field and the detunin
Without the driving field, there will be no trapping [5
if the two upper levels are not degenerate. How mu
population can be trapped in the upper levels depends
the separation between the two upper levels, the ratio
the two decay rates, and the Rabi frequency. In Fig. 5
plot the population in levelja1l versus the Rabi frequenc
for three cases withx ­ 2 and Eq. (8) being satisfied
It can been seen that 30% of the population will
trapped in levelja1l if the Rabi frequency is10g1 for
a large separationsv12 ­ 40g1d. In order to trap more
population we need high Rabi frequency.

The spectral peak elimination and cancellation of spo
taneous emission in the steady state can be understoo
the dressed state picture. On diagonalizing the Hamilt
ian for ja1l and ja2l, jbl, and the driving field, we get
three dressed states. The decay fromja1l and ja2l to jcl
becomes the decay from three dressed states tojcl. The
decay rates for the three dressed states depend on th
terference (terms of the typep

p
g1g2 y2). Under the con-

dition D2 ­ 2x2D1, the decay rate of one dressed sta
(with intermediate energy) is proportional tog2

1yD1 1

g
2
2yD2 1 2pg1g2yD1D2. For p ­ 1, this decay rate
s.
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is proportional tosD2 1 x2D1d2 ­ 0. The interference
results in a zero decay rate. The population in this dres
state will not decay to lower leveljcl, and consequently
we have the central peak elimination and spontane
emission cancellation in the steady state.

In order to experimentally observe the elimination
the spectral line, we need two closely separated lev
with parallel dipole moments. Mixing two differen
parity levels by a static electric field can produce su
two closely separated upper levels with parallel dipo
moments, for example thej2sl and j2pl states of a
hydrogen atom. This mixing results in two upper leve
with a separation of40g1 [6]. Furthermore, two closely
separated upper levels can be created from a single u
level by applying another field to couple it with a
additional level. The detailed calculation and results
such considerations will be published elsewhere.

The cancellation of spontaneous emission has poten
application in the generation of high power laser puls
and x-ray lasers. When the driving field is on, there
no spontaneous emission and the population in the up
levels could be extremely large. If we switch off th
driving field, the upper-level population could transit int
the lower level in a short time to generate a high pow
pulse. One of the difficulties in the generation of x-ra
lasers is the lifetime of the upper levels. This spontaneo
emission cancellation might provide an effective meth
to overcome this difficulty.

In conclusion, we studied the interference betwe
spontaneous decay processes from two upper levels w
are driven to another level by a strong field. Destructi
interference results in the elimination of a spectral line a
cancellation of spontaneous emission in the steady st
Constructive interference can enhance one of the spec
peaks with the others being depressed.
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