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Transparency Induced via Decay Interference
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We demonstrate that decay interference from the two upper levels of a four-level system can
to loss-free propagation of a single, short laser pulse through an absorbing medium. In contr
recent investigations of loss-free propagation in three-level media, no second coupling laser pu
required. [S0031-9007(99)08579-8]

PACS numbers: 42.50.Gy, 42.50.Md, 42.65.–k
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Dispersion and absorption properties of multilevel m
dia can be modified through the introduction of a se
ond, or coupling, laser pulse. The coherent interacti
between the laser fields and the medium can result in p
nomena such as electromagnetically induced transpare
and matched pulse propagation [1] and the creation a
propagation of “adiabatons” [2–4], a general class of so
tonlike pulses that occur in adiabatically evolving system
[5]. Other remarkable properties have also been discus
[6–12]. Experimental investigations of adiabatons ha
been performed by Harris and co-workers [13]. As di
cussed by Eberly and co-workers [14], many of the abo
phenomena are related to coherent population trapp
and the creation of “dark states” [15]. If the laser field
are applied adiabatically [5], then the medium can, und
trapping conditions, establish a dark state leading to tra
parency in the medium.

In the above mentioned processes it is crucial to ha
at least two laser pulses as both are used to cre
the necessary coherence. In this Letter we show t
interference between decay channels can make a med
transparent to a single, short laser pulse. In this sche
interference inherent in the decay is exploited so that
coupling laser field is required for transparency. Th
type of interference was used in the original propos
of Harris [16] for lasing without inversion and has
attracted much attention with regard to fluorescen
quenching and related phenomena [17–20]. As in t
theory of adiabatons our scheme also relies on t
adiabatic evolution of a dark state of the system depict
in Fig. 1.

In this Letter we focus on the case of an atomic mediu
and the decay process we consider is spontaneous e
sion. It should be emphasized that our analysis can
equally applied to other systems where such interfe
ence exists. Examples include spontaneous emission
molecules [21], processes involving autoionizing res
nances [22], and semiconductor quantum well syste
where the decay occurs via tunneling processes [23,24

We begin our analysis with the Maxwell-Schrödinge
equations of motion for the system of Fig. 1. The wav
function of the system is first expanded in terms o
the field-free atomic states multiplied by the correspon
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ing space and time-dependent amplitudescmsz, td (m ­
0, 1, 2) andc3,ksz, td of, respectively, the atomic and vac
uum amplitudes. The laser pulse is taken to propag
in the z direction. Thenc3,ksz, td is formally eliminated
and the Weisskopf-Wigner theory of spontaneous em
sion applied. The result is the following set of equation
in the rotating wave and the slowly varying envelope a
proximations (withh̄ ­ 1):

i
≠csz , td

≠t
­ Hsz , tdcsz , td , (1)

V1
≠fsz , td

≠z
­ ia1c0sz , tdcp

1sz , td

1 i
p

a1a2 c0sz , tdcp
2sz , td , (2)

where Eqs. (1) and (2) are valid in the retarded (loca
time frame witht ­ t 2 zyc andz ­ z. The effective,
non-Hermitian Hamiltonian is

Hsz , td ­

0B@ 0 V1fsz , td V2fsz , td
V1fpsz , td d1 2 ig1y2 2ig12y2
V2fpsz , td 2ig21y2 d2 2 ig2y2

1CA .

(3)

Here Vm ­ 2m0mE sm ­ 1, 2d is the Rabi frequency
of the j0l ! jml transition. The corresponding transition
matrix elements, which we take to be real, arem0m ­
$m0m ? ê ­ mm0 with ê being the polarization vector
of the laser field andE being the peak electric field

FIG. 1. A schematic diagram of the system under conside
tion. The ground statej0l is coupled to the excited statesj1l
and j2l by a laser field. The excited states decay to a comm
statej3l.
© 1999 The American Physical Society 2079
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strength of the laser field. The laser detuning fro
resonance with the statejml is dm ­ vm0 2 v sm ­
1, 2d, wherevm0 is the transition frequency between th
ground state and the excited statejml. The spontaneous
decay rate of statejml is gm, and interference occurs
through the termg12 ­ g21 ­ p

p
g1g2, where p ­

$m13 ? $m32yj $m13j j $m32j denotes the alignment of the two
spontaneous emission dipole matrix elements. If the
matrix elements are parallel, thenp ­ 1 and the system
exhibits maximum quantum interference, while ifp ­ 0,
no interference occurs. The pulse envelope isfsz , td
and am ­ 2pN m

2
0mvyc sm ­ 1, 2d is the absorption

coefficient of the medium having atomic densityN . In
the derivation of Eq. (2) we assume that$m01 ? $m20 ­
m01m20, i.e., that these two matrix elements are parallel

The conditions for trapping in this four-level system
have been recently discussed by Zhu and Scully [1
(see also [20]). By searching for a zero root of th
characteristic equation ofHsz , td they showed that steady
state population trapping can occur if

d1V2
2 1 d2V2

1 ­ 0 , (4)

g2V2
1 1 g1V2

2 2 2p
p

g1g2 V1V2 ­ 0 . (5)

Equations (4) and (5) are satisfied when [25]

p ­ 1,
p

g2 V1 ­
p

g1 V2 , (6)

and the laser frequency is tuned such that

d1 ­ 2
g1v21

sg1 1 g2d
, (7)

with v21 ­ d2 2 d1. The eigenstate corresponding t
the zero eigenvalue ofHsz , td is

jcdarksz , tdl ­ Nsz , td

"p
g1g2 v21

g1 1 g2
j0l 1 V2fpsz , td j1l

2 V1fpsz , td j2l

#
, (8)

whereNsz , td is the normalization factor. This eigenstat
is adiabatically connected to the ground state. If the las
pulse is applied adiabatically and the population trappi
conditions (6) and (7) are fulfilled, then

c1sz , td
c2sz , td

­ 2
V2

V1
. (9)

Using the general relationa1ya2 ­ V
2
1yV

2
2 together with

the above result, Eq. (9), in Eq. (2) for the pulse envelo
we find that

≠fsz , td
≠z

­ 0 , (10)

with the consequence thatj fsz , tdj2 ­ j fs0, tdj2 for all
z . If the atomic medium evolves adiabatically in the las
field, the pulse propagates without loss or dispersion.
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FIG. 2. The magnitude squared of the pulse envelope and
atomic populations as a function oft for different values ofz ,
with z ­ 0 (solid curves),z ­ zmaxy2 ­ 25 (dotted curves),
and z ­ zmax ­ 50 (broken curves). For clarity thez ­ 25
results have been omitted in the population plots. The left-ha
plots are forp ­ 1 while on the rightp ­ 0. The initial pulse
was taken to befsz ­ 0, td ­ sin2sptytpd, with tp being
the pulse duration. The parameters used, in units ofg1, were
as follows:tp ­ 200, V1 ­ 1y5, V2 ­ 2y5, g2 ­ 4, a1 ­ 1,
a2 ­ 4, v21 ­ 40, andd1 ­ 28.

We show in Fig. 2 the magnitude squared of th
pulse envelope at different positions in the medium as
function of t, and the corresponding populations of th
field-free atomic states. The results were obtained
solving numerically Eqs. (1) and (2) for an adiabatical
applied laser pulse. For the results on the left, the trapp
conditions given by Eqs. (6) and (7) are fulfilled. In th
upper left-hand plot, it can be seen that the propagat
of the pulse is both loss- and dispersion-free, as predict
To demonstrate explicitly the effect of interference caus
by the decay of the statesj1l and j2l, we show on
the right in Fig. 2, the evolution of the system whe
p ­ 0, for the same atomic parameters. Evidently, th
pulse is strongly attenuated by the medium and w
ultimately be completely absorbed. The transparen
of the medium to the laser field does not rely o
approximations regarding the laser intensity. A stron

FIG. 3. The same as in Fig. 2 (withp ­ 1), however, with
V1 ­ 8 andV2 ­ 16.
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laser pulse will also propagate intact in our medium
is shown in Fig. 3. Indeed, the adiabaticity requireme
are more readily fulfilled under strong excitation.

While seeming restrictive, the condition given b
Eq. (6) can be satisfied for a variety of systems. T
can be seen as follows: suppose statesj1l and j2l are a
result of an interaction which dresses two “bare” stat
If only one of these two bare states is coupled to t
ground state by a dipole allowed transition and the ot
is metastable, then the off-diagonal damping terms a
naturally and Eq. (6) is automatically satisfied. Such
situation occurs in a number of different contexts. E
perimental investigations of such effects include sta
mixed by spin-orbit interaction (the interference observ
in sodium dimers occurs due to this coupling [21]), the a
as
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plication of a dc-electric field (this was demonstrated b
Hakutaet al. [26] who studied second harmonic gener
tion in atomic hydrogen) and by tunneling transitions
semiconductor quantum wells [23,24]. In addition, Hah
et al. [22] showed that Eq. (6) is satisfied to good acc
racy when the upper two levels are autoionizing sta
in zinc.

Having considered the adiabatic evolution of the sy
tem, we now investigate the influence of nonadiabatic
fects. To obtain an analytic result we assume that t
laser-atom interaction is weak, so thatc0sz , td ø 1. From
Eq. (1) we derive approximate solutions forcmsz , td
sm ­ 1, 2d. Keeping terms in the solution up to≠fpy≠t

we obtain, under population trapping conditions (6) an
(7),
c1sz , td ­
sg1 1 g2dV2
p

g1g2 v21
fp 2

sg1 1 g2d4V2 1 2isg1 1 g2d2V2g2v21

2g
3y2
1 g

3y2
2 v

3
21

≠fp

≠t
, (11)

c2sz , td ­ 2
sg1 1 g2dV2

g2v21
fp 1

sg1 1 g2d4V2 2 2isg1 1 g2d2V2g1v21

2g1g
2
2v

3
21

≠fp

≠t
. (12)
d

er,

f

We substitute Eqs. (11) and (12) into Eq. (2) with th
result

≠fsz , td
≠z

1
1
y

≠fsz , td
≠t

­ 0 , (13)

where y ­ sg2
1g2v

2
21dyfa1sg1 1 g2d3g is the group ve-

locity of the laser pulse in the retarded frame. This mea
that as a first correction, nonadiabatic effects lead only
a reduction in the group velocity. This is illustrated i
the plots on the left in Fig. 4, obtained by numerical inte
gration of Eqs. (1) and (2). The pulse propagates witho
absorption but with a group velocity in the retarded fram
that is in agreement with our analytic result.

As nonadiabatic effects become stronger, absorption
the pulse also occurs. This can be seen in the rig
hand plots in Fig. 4. Here the population of the groun
state does not return to unity at the end of the puls
The pulse profile in the upper right-hand plot now ex
hibits absorption but still propagates for many absorptio
lengths with a substantial change in its group velocity a
width. Whenp ­ 0 the pulse exhibits almost instanta
neous attenuation, with the maximum value of the mag
tude squared of the pulse envelope decaying by 1 orde
magnitude atz ­ 2. As the pulse propagates further int
the medium, the rate at which the pulse is absorbed
creases and the laser-atom interaction becomes more
abatic. Ultimately, adiabatic evolution is established an
the pulse propagates intact with a reduced group veloc
as in the results on the left. This has been verified by n
merical calculations.

Insight into the nonadiabatic evolution of the syste
can be obtained by considering the extreme case of
propagation of a step pulse in the medium. It is no
possible to obtain the long time solutions of Eq. (1) und
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the population trapping conditions given by Eqs. (6) an
(7). Forz ­ 0 and using Eq. (8) we have

jc0sz ­ 0, t ! `dj2 ­
1

N4

v
4
21g

2
1g

2
2

sg1 1 g2d4 , (14)

jc1sz ­ 0, t ! `dj2 ­
1

N4

v
2
21g1g2V

2
2

sg1 1 g2d2 , (15)

jc2sz ­ 0, t ! `dj2 ­
1

N4

v
2
21g

2
1V

2
2

sg1 1 g2d2 , (16)

FIG. 4. The left-hand plots are the same as in Fig. 2, howev
with p ­ 1, v21 ­ 20, d1 ­ 24, tp ­ 100, andzmax ­ 200.
On the right-hand sidep ­ 1, v21 ­ 5, d1 ­ 21, tp ­ 50,
and zmax ­ 250. The propagating pulse is shown in steps o
zmaxy5. The amplitudes are shown forz ­ 0 andz ­ zmax.
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FIG. 5. The same as in Fig. 2 (withp ­ 1), however, now
with a step laser pulse. The parameters used, in units ofg1,
were as follows:V1 ­ 1, V2 ­ 1, g2 ­ 1, a1 ­ 1, a2 ­ 1,
v21 ­ 10, andd1 ­ 25. The populations in two upper levels
are the same.

where

N ­

"
g1g2v

2
21

sg1 1 g2d2 1 V2
2

√
1 1

g1

g2

!#1y2

. (17)

Therefore after a certain transient period, which the sy
tem requires to establish the dark state, the atomic popu
tions at the front of the medium will stabilize to the value
given by Eqs. (14)–(16). Inside the medium, a simila
transient period is evident, in which the atomic popula
tions oscillate and the pulse experiences absorption a
dispersion until the dark state is established. Equation
is then satisfied and the medium becomes transparen
the pulse. This is illustrated in Fig. 5 where the propag
tion of a step laser pulse and the atomic populations a
shown at different positions in the medium.

In this Letter we have shown that interference aris
ing from decay processes can make a four-level mediu
transparent to a short laser pulse. This type of tran
parency occurs under population trapping conditions
this system and no additional laser field is required. Th
latter fact distinguishes this work from recent propaga
tion studies in multilevel atoms [1–4,6–14]. Apart from
a fundamental interest in pulse-preserving propagation
dielectric media, an interesting aspect in our case is th
the required coherence is maintained by the presence
dissipation.

This work has been supported by the U.K. Engineerin
and Physical Sciences Research Council (EPSRC).
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