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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.
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Quantum interference in multilevel atomic systems carn(not only one) or even all vacuum modes be canceled? We
lead to many novel and unexpected effects, for exampldind that the answer is yes. In order to get the answer, the
absorption reduction and cancellation (or lasing withoutnteraction between the vacuum modes and the transition
inversion) [1—3] and spontaneous emission reduction andetween the three levels must be taken into account. On
cancellation (or population inversion without emission)the other hand, the decay from the two upper levels to
[2]. In recent years, substantial attention has been paidther levels can be neglected because the spectrum due to
to the effects associated with the absorption cancellatiorthis decay is far away from the spectrum of the transition
In this work we will focus on another effect associatedbetween the three levels. That is to say, we need to
with the quantum interference effect, namely, spontaneousonsider a closed system instead of an open system.
emission cancellation. A related problem, the suppression In this paper, we investigate the effect of quantum inter-
of autoionization in a three-level system when the twoference between the decay processes from the nondegener-
upper levels are degenerate, was pointed out by Harris [1hte two upper levels of a four-level atom to the same lower
In Ref. [2], we considered the interaction between a singléevel. This interference can lead to the elimination of a
mode (the signal field) and three-level atoms, and predictegpectral line in the spontaneous emission spectrum and the
the cancellation of spontaneous emission from the twaancellation of spontaneous emission in the steady state.
nondegenerate upper levels into this mode. However, in Consider a four-level atom that consists of two upper
that paper, the interaction between the vacuum modes anelvels |a;) and |a,), and one lower leve|c). The two
the atomic transition from the upper levels to the lowerupper levels are coupled by the same vacuum modes to
level was neglected, although the decay from the threéhe lower level|c) and are driven by a strong field with
levels to other levels was included. Thus the spontaneousequencyr to another upper lying levdlb); see Fig. 1.
emission into all the vacuum modes near the transitioThe interaction Hamiltonian of the system composed of
frequencies could not be considered. A question of intereghe atom and the vacuum modes in the interaction picture
is the following: Can the spontaneous emission into certfainan be written as
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where w,,. and w,,. are the frequency differences bé— transitions from|a;) and|a,) to |b), respectively. Here
tween levels|a;) and |a,) and |c), respectively,A; = k stands for both the momentum and polarization of the
Wpa, — V, Ao = @pg, — v, by (b1) is the annihilation vacuum modes, anéd = 1 and realgl((l’z) are assumed.
(creation) operator for théth vacuum mode with fre- This Hamiltonian describes the spontaneous emission of
guencywy, andg](cll) are the coupling constants betweenthe atom initially in the two upper an@) levels.

the kth vacuum mode and the atomic transitions frlam) The initial state vector can be written as

and|a,) to |c). In Eq. (1),Q; andQ, are the Rabi fre-

quencies of the driving field corresponding to the two |#(0)) = {AV(0)|a;) + AP (0)|az) + BO)|b)}0). (2)
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The evolution of the state vector obeys the Schrédingeis®) o6 ‘

equation, and the state vector at timean be written as
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By using the Weisskopf-Wigner approximation, we ob-
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d VY172 ;
EA(I)(I) = - %A(l)(l‘) - D TA(Z)(t)elwut 0.2
+ Qe™B(1), (4a)
0.1
d V2 VY172 .
_A(2) 1) = — _A(2) 1) — 714(1) t lwt
A% == a0 p (1)e
. 0.0
+ Qe B(1), (4b) “
d . L S
—B(1) = = Qe " AV(@) — Qe AR(), .
dt FIG. 1. The spontaneous emission spectra & = 27y,
(4c) Qi =1y, v2= 1y, andA, =y, (@ p =1, and (b)p = 0.
J The atom is initially in level|a;). Inset shows upper levels
a _ _ M, —i(@a . — @)t la;) and|a,) coupled to levelb) with Rabi frequency) while
dt Ci(1) g A (1)e e decaying to leve|c).
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substituting the solution of Egs. (4) into (5), and then

where w1, is the frequency difference between the tWOintegrating Eq. (5) we obtain

upper levels, which is much smaller than the tran-

sition frequencies, angy = & - /|1l - 1o] with 3 ¢Wa;
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1 and g, being the dipole moments of the two transi 4 -+ (A — 05w + &)

tions. Herey, andy, are the decay rates from the two

upper levels to the lower level. If the dipole moments of ¢?B;

the tw it llel, we h hile f + : )
e two transitions are parallel, we hape= 1, while for —X + i(Ay — 05010 + &%)

orthogonal dipole moments we hape= 0. On solving

Eq. (4), we obtain a solution fotV(r), A®(r), or B(r), whered; = w; — 0.5(w,, + w4,) + . is the detuning

which can be written as a sum of three terms. of the kth vacuum mode with respect to the central
The spontaneous emission spectru§i{w), is the frequency (from the middle point of the two upper levels

Fourier transform of (E~(t + 7)E™(t));,—», and is tolevel|c)). HereA; (i = 1,2,3) are the three roots of a

equal toS(wy) = y:|Cx(®)?/27g®" (i =1 0r2). On | cubic equation.

A+ (T + T)A% + (ITy — 025y1y2 + Q17 + [Qa])A—

0.5[y11Qal* + y2lQ1? — pyyiy2 (Q7 Qs + Q109)] + i(A21Q1* + A|Qu5) =0, (7)

wherel';, = 0.5y, + iA;,. The spontaneous emissio'n p = 0 is a three-peak distribution. Fgr = 1, we have
spectrum can be obtained by taking the absolute squaieterference, which can lead to the elimination of one of
of Eqg. (6). Forp = 1, quantum interference can cancel the three peaks. In Fig. 1, we plot spectra for= 1
spontaneous emission, but fpr= 0 there is no cancel- andp = 0 with the atom initially being ina;). We can
lation. This interference results in some very interestingsee the disappearance of the central peak as a result of
features, e.g., spectral peak elimination and the cancellanterference. The elimination of the central peak can also
tion of spontaneous emission. be observed for the atom being initially in a superposition
The spontaneous emission spectra for the two casetate. In Fig. 2, we show the elimination of the central
(p = 1 and0) are quite different due to interference. It peak for the atom initially in the statéa;) — |a))/+/2.
is well known that the spontaneous emission spectrum foit can be proven analytically that the central peak is
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FIG. 2. The spontaneous spectra fdy = 4y, w;; = 5v,
QO =vy,andy, =025y, (@ p =1, and (b)p = 0. The
atom is initially in (la;) — |a2))//2.

eliminated if

Ay = —x?Ay, (8)

where y = |Q,/Q;| = ¢@ /g is the ratio of dipole
moments between the two upper levels and leNsl
which is also equal to the ratio of the dipole moments
between the two upper levels and leye). The elimi-
nation of the central peak indicates the cancellation of
the spontaneous emission into those modes with their

S(w)s

FIG. 3. The spectra with a constructive interferenceder =
2y, Ay =y, Q1 =y, andy, =4y, (&) p =1, and (b)
p = 0. The atom is initially in(la;) — 3|b))/+/10.
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frequencies near the central peak (in the neighborhood
of the driving field frequency) and is the result of
a destructive interference.
interference, a constructive interference can also be found
as shown in Fig. 3, where the central peak increases while
the other two peaks decrease.

As opposed to destructive

The area under the spectral curve is proportional to

Forp =1, we

.51 for p = 1. The

the energy emitted by the atom to the vacuum modes.
For p = 0, the area is always equal to unity (energy
conservation); that is to say, the atom finally will be
in the lower level|c) and no population in the upper
levels.
unity (see Figs. 1 and 2) if condition (8) is satisfied,
which means that some population is still in the upper
levels atr = «. That is to say, in the steady state the
spontaneous emission is canceled due to interference. In
Fig. 4, we plot the evolution of the population in level
la;) for p = 1 andp = 0. ltis clear that the population
goes to zero fop = 0, while it tends to a steady value

find the area may be less than

cancellation of the spontaneous

emission in the steady state is another phenomenon of
the interference.

The populations trapped in levels;) and |a,), |as|?,
and| B;|?, are determined by

a; + ar + az = A(0),
B+ B2+ Bz = Ax0),
by + b, + by = B(0), i=123), (9
i — Qia; — Q38;, =0,
Wb — (I — Aai—
0.5y1y2B8i =0,
paa1.0
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FIG. 4. Time evolution of populations ifa;), for w;, = 4y,
v2 =4y, Ay =08y, and Q; =2y, (@) p =1, and (b)
p = 0. The atom is initially in levelay).
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Paa is proportional to(A, + y?A;)> = 0. The interference
Y results in a zero decay rate. The population in this dressed
0.7 state will not decay to lower levat), and consequently
we have the central peak elimination and spontaneous
emission cancellation in the steady state.

In order to experimentally observe the elimination of
the spectral line, we need two closely separated levels
with parallel dipole moments. Mixing two different
parity levels by a static electric field can produce such
two closely separated upper levels with parallel dipole
moments, for example thé2s) and [2p) states of a
hydrogen atom. This mixing results in two upper levels
with a separation o#0vy, [6]. Furthermore, two closely
separated upper levels can be created from a single upper

0.6 -
05 |
04 !

0.3

0.2 7 level by applying another field to couple it with an
additional level. The detailed calculation and results to
0.1 such considerations will be published elsewhere.
The cancellation of spontaneous emission has potential
0.0 ' | ‘ | | application in the generation of high power laser pulses

0 10 0 30 0 5o  and x-ray lasers. When the driving field is on, there is
Q no spontaneous emission and the population in the upper
) ) levels could be extremely large. If we switch off the

FIG.5. The trapped population in levella)) ver-  giying field, the upper-level population could transit into

sus the Rabi frequency (in unit ofy,)) w;= . . .

(@ 40y,, (b) 20y,, and (c) 4y;. the lower level in a s_h_ort tllme. to generate a high power
pulse. One of the difficulties in the generation of x-ray
lasers is the lifetime of the upper levels. This spontaneous

where the conditions Eq. (8) and = 1 have been used. emission cancellation might provide an effective method

For arbitrary y the expressions fofas|> and | B3|*> are  to overcome this difficulty.

complicated. Fory = 1 and the atom initially being in In conclusion, we studied the interference between

la,), we can find the populations trapped|in) (or |a;))  spontaneous decay processes from two upper levels which

and |b) are Q*/(A%? + 202%)? and Q?A%/(A%? + 2Q%)?>  are driven to another level by a strong field. Destructive

(Q = Q; andA = A,), respectively. In Fig. 4 we see interference results in the elimination of a spectral line and

more than 50% of the population is trapped [am) cancellation of spontaneous emission in the steady state.

(also 13% inla,)). The population trapping in upper Constructive interference can enhance one of the spectral

levels depends on the driving field and the detuningspeaks with the others being depressed.
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