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Transparency of a short laser pulse via decay interference in a closedV-type system
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~Received 29 September 1999; published 3 March 2000!

We study the consequences of spontaneous emission interference in the propagation dynamics of a short
laser pulse in a closedV-type medium. We show that, under specific conditions, the~otherwise opaque!
medium becomes transparent to the laser pulse. The influence of incoherent processes on the transparency is
also investigated.

PACS number~s!: 42.50.Gy, 42.65.2k, 42.50.Md
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In the last decade there has been intensive interest in
study of quantum coherence phenomena in multilevel ato
systems. In particular, a number of fascinating effects h
been discovered which occur as a result of the cohere
introduced when a resonant pump laser is applied and
system is probed by a second laser@1–3#. The constructive
role that dissipative processes can play in maintaining co
ence in multilevel systems@4–19# has also been emphasize
These studies have modified considerably our understan
of the nature and consequences of quantum coherenc
quantum and nonlinear optical processes in multilevel ato
Moreover, it is now established that quantum coherence
be exploited to control the response of the laser-atom sys

In this paper we study the effects of spontaneous emis
induced coherence in the propagation of a short laser puls
a closedV-type medium. In our system two close-lying e
cited states are coupled to the ground state by a short
pulse. Both upper levels decay spontaneously to the gro
level. This system has been studied in the continuous w
steady-state limit, and phenomena such as transparency
amplification~or lasing! without inversion have been show
to occur @14–16#. The resonance fluorescence spectrum
this system has also been analyzed@17–19#. In our study we
concentrate on the interaction of short, pulsed laser fie
with the medium. We show that under specific conditions
pulse can propagate in the medium without absorption
without dispersion. The conditions for such behavior depe
on the population trapping conditions and on the degree
adiabaticity of the laser-atom interaction.

We note that there has been recent theoretical intere
transparency, soliton wave propagation and lasing with
inversion in closedV-type systems which are driven by tw
short, pulsed laser fields@20,21#. In these studies the propa
gation dynamics of a probe laser field are influenced by
application of a second~coupling! laser field, i.e., the neces
sary coherence is laser induced. However, coherence
also be created and preserved via internal~even dissipative!
processes of the system, therefore requiring no coupling l
field @12,13#.

In order to analyze the dynamics of the system we use
Maxwell-Bloch formalism. The dynamics of the atomic sy
tem is described using a density matrix approach. T

*Present address: Department of Physics, Science Laborato
University of Durham, Durham DH1 3LE, United Kingdom.
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Hamiltonian of the system in the interaction picture and
the rotating wave approximation is given by~we use units
such that\51)

H5 (
m50

2

vmum&^mu1(
k

vkak
†ak

1F (
m51

2

Vmf ~z,t !ei (vt2kz)u0&^mu

1 (
m51

2

(
k

gmkum&^0uak1H.c.G , ~1!

Here, Vn52m0nE (n51,2) is the Rabi frequency of the
u0&→un& transition. The corresponding transition matrix e
ements, which we take to be real, arem0n5mW 0n• ê5mn0 with
ê being the polarization vector of the laser field andE being
the peak electric field strength of the laser field. The la
pulse envelope is denotedf (z,t) and is normalized to unity.
The laser detuning from resonance with the stateun& is Dn
5vn02v, where vn0 is the transition frequency betwee
the ground state and the excited state. Note thatD22D1
5v21, with v21 being the energy separation of the excit
levels. In addition,ak (ak

†) is the annihilation~creation! op-
erator of thekth mode of the vacuum field having angul
frequencyvk andgmk is the coupling constant of the atom
transitionum&↔u0& with the kth vacuum mode.

Using a generalized version of the Weisskopf-Wign
theory ~see, for example Ref.@14#! we obtain the following
equations of motion for the density matrix elements in t
rotating wave approximation:

]r11

]t
52g1r112p

Ag1g2

2
~r121r21!

2 iV1f * ~z,t!r011 iV1f ~z,t!r10, ~2!

]r22

]t
52g2r222p

Ag1g2

2
~r121r21!

2 iV2f * ~z,t!r021 iV2f ~z,t!r20, ~3!
es,
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]r01

]t
5S iD12

g1

2
2g01D r012p

Ag1g2

2
r02

2 iV1f ~z,t!~r112r00!2 iV2f ~z,t!r21, ~4!

]r02

]t
5S iD22

g2

2
2g02D r022p

Ag1g2

2
r01

2 iV2f ~z,t!~r222r00!2 iV1f ~z,t!r12, ~5!

]r12

]t
5S iv212

g11g2

2
2g12D r122p

Ag1g2

2
~r111r22!

1 iV2f ~z,t!r102 iV1f * ~z,t!r02. ~6!

Note thatrnm5rmn* and (n50
2 rnn51, as we study a close

atomic system, and thatrnm is a function ofz andt. These
equations are written in the retarded~local! frame with t
5t2z/c andz5z. The spontaneous decay rate of stateun&
is gn , and interference occurs through the termpAg1g2

wherep5mW 10•mW 02/(umW 10uumW 02u) denotes the alignment of th
two spontaneous emission dipole matrix elements. If th
matrix elements are parallel~antiparallel! then p51(p5
21) and the system exhibits maximum quantum interf
ence, while ifp50 no interference occurs. Finally,gnm de-
notes the dephasing rates, e.g., due to collisions. In the
of this work we will consider the case of nondegenerate
per states (v21Þ0) andp51. @22#

The propagation of the laser pulse in the medium is g
erned by Maxwell’s wave equation, which in the slow
varying envelope approximation reduces to

V1

] f ~z,t!

]z
5 ia1r01~z,t!1 iAa1a2r02~z,t!, ~7!

wherean52pNm0n
2 v/c is the absorption coefficient of th

medium having atomic densityN. Equations~2!–~7! must
be solved self-consistently in order to study the propaga
of the laser pulse.

Due to the complexity of Eqs.~2!–~7! general analytic
solutions are not possible. However, several limits give va
able insight in the behavior of the system. Initially we a
sume that the dephasing rates are unimportant, and setgnm
50. Then, as has been discussed by several authors@17–19#,
the analysis of Eqs.~2!–~6! shows that population trapping i
possible in the system ifD152g1v21/(g11g2). In this
case the system can be characterized by an effective ‘‘da
state

ucdark~z,t!&5N~z,t!FAg1g2v21

g11g2
u0&

1V2f * ~z,t!u1&2V1f * ~z,t!u2&G , ~8!

whereN(z,t) is the normalization factor. Therefore, und
adiabatic excitation of the system~and if the trapping condi-
tion is satisfied!, we obtain
04580
e

-

st
-

-

n

-
-

’’

r01~z,t!

r02~z,t!
52

V2

V1
. ~9!

Substituting this result into Eq.~7! and using the relation
a1 /a25V1

2/V2
2, we find that

]

]z
f ~z,t!50. ~10!

Therefore u f (z,t)u25u f (0,t)u2 for all z and hence, if the
atomic medium evolves adiabatically in the laser field, t
pulse propagates without absorption or dispersion. At t
point we note that both the population trapping condition a
the dark state given by Eq.~8! are the same as those obtain
in the case of a four-level system with spontaneous emis
interference@6,10,12#.

The existence of transparency when the trapping con
tions are satisfied is demonstrated in Fig. 1 where the m
nitude squared of the pulse envelope at different position
the medium as a function oft is shown. Also shown are the
corresponding populations of the field-free atomic stat
The results were obtained by solving numerically Eqs.~2!–
~7! for an adiabatically applied laser pulse for paramet
that fulfill the trapping conditions. The results on the le
hand side of Fig. 1 show the propagation of a weak la
pulse, whereas on the right a strong laser pulse is conside
In both cases the propagation of the pulse is both loss-
dispersion-free, as predicted.

Approximate analytic solutions can also be derived for
case when the laser-atom interaction is weak. The prob
can now be analyzed using a perturbative solution of E

FIG. 1. The magnitude squared of the pulse envelope and
atomic populations as a function oft for different values ofz, with
z50 ~solid curves!, z5zmax/2550 ~dotted curves!, and z5zmax

5100~broken curves!. For clarity thez550 results have been omit
ted in the population plots. The initial pulse was taken to bef (z
50,t)5sin2(pt/tp), with tp being the pulse duration. The param
eters used, in corresponding units ofg1, weretp5200, v21550,
andd15210. For the left-hand plotsV151/5 andV252/5 while
for the right-hand plotsV158 andV2516. Here and in the sub
sequent figuresg254, a151, a254. In addition, note that in the
lower plots here and in the following figuresr11.r22.
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~2!–~7!. For weak fields, r00(z,t)'1 and r11(z,t)
5r22(z,t)'0. Keeping terms to first order inf (z,t), Eqs.
~4! and ~5! reduce to

S ]

]t
2 iD11

g1

2 D r011
Ag1g2

2
r025 iV1f ~z,t!, ~11!

Ag1g2

2
r011S ]

]t
2 iD21

g2

2 D r025 iV2f ~z,t!. ~12!

These equations are solved using a series expansion@12#.
Keeping terms in the solution up to] f /]t we obtain, under
the population trapping condition,

r01~z,t!'
~g11g2!V2

Ag1g2v21

f ~z,t!

2
~g11g2!4V222i ~g11g2!2V2g2v21

2g1
3/2g2

3/2v21
3

] f ~z,t!

]t
,

~13!

r02~z,t!'2
~g11g2!V2

g2v21
f ~z,t!

1
~g11g2!4V212i ~g11g2!2V2g1v21

2g1g2
2v21

3

] f ~z,t!

]t
.

~14!

Substituting Eqs.~13! and ~14! into Eq. ~7! results in

F ]

]z
1

1

v
]

]tG f ~z,t!50, ~15!

wherev5(g1
2g2v21

2 )/@a1(g11g2)3# is the group velocity of
the laser pulse in the retarded frame. This means that
first correction, nonadiabatic effects lead only to a reduct
in the group velocity. In this case too, the result obtain
here is the same as that obtained in the study of a four l
system with spontaneous emission interference@12#. Nu-
merical verification of this perturbative result is shown
the left-hand plots of Fig. 2. Stronger nonadiabatic effe
will lead to both absorption and dispersion of the laser pu
This is shown in Fig. 3. However, in this case the pulse w
still propagate for many absorption lengths in the mediu
We also note that as the pulse penetrates the medium
interaction of the pulse with the medium becomes more a
batic and the rate of absorption of the pulse by the med
decreases.

To investigate the strong field and nonadiabatic regim
we resort again to numerical solutions of the Maxwell-Blo
equations. The results of the calculations are shown on
right-hand plot of Fig. 2. In this case, the front edge of t
pulse is absorbed, however, afterwards adiabaticity is
gained and the pulse then propagates in the medium wit
absorption. This behavior is similar to what occurs duri
the propagation of matched pulses@23#.
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Finally, we consider the influence of decoherence effe
on transparency. Both for the weak and strong field ca
only numerical solutions of Eqs.~2!–~7! will be presented. In
Fig. 4 we show the propagation of a pulse in a medium w
the same parameters as in Fig. 1, but for an inhomo
neously broadened system. In this case, both in the weak
the strong field regimes, complete transparency does no
cur. Due to the partial destruction of quantum coheren
absorption of the pulse by the medium can be seen. As
laser pulse intensity increases, and hence the Rabi freq
cies become much larger than the dephasing rates, the p
becomes more resilient to absorption. Similar results can
seen in Fig. 5 when the evolution of the system is stron
non-adiabatic.

In summary, we have investigated the effects of quant
coherence in a closedV-type medium, where two excited

FIG. 2. Same as Fig. 1, howevertp5100, v21520, andd15
24. For the left-hand plotszmax5400 while on the rightzmax

5200.

FIG. 3. The evolution of the system for a pulse durationtp

550. The magnitude squared of the pulse envelope is shown
z50 to zmax5300 in steps ofazmax/4. The populations are given in
steps of azmax/2. The parameters used areV151/5, V2

52/5, v2155, andd1521.
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states decay to the same ground state and the syste
driven by a short laser pulse. We have shown that un
specific conditions, namely, the conditions that lead to a d
state in the system, the medium can become transpare
the laser pulse when the evolution of the system is adiab
Nonadiabatic effects and decoherence effects have also
discussed. Experimental investigations of transparency

FIG. 4. The same as in Fig. 1, however,g015g025g1251/2.
A
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suchV-type systems could be performed in several syste
@24#. Examples include atomic media in dc-electric fields@5#,
molecular systems@7# and semiconductor quantum well sy
tems@8#.

This work was supported by the United Kingdom Eng
neering and Physical Sciences Research Council~EPSRC!.

FIG. 5. The same as in Fig. 2, however,g015g025g1251/2 and
zmax550.
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