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Pulse propagation in a coherently prepared multilevel medium
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We present an analytical solution of the coupled Maxwell-Bloch equations for the case of a laser-driven and
coherently prepared medium with one upper state Mutalwver states. We show that under specific conditions
the medium can become either completely opaque or completely transparent to the laser pulses. We also study
the potential for efficient parametric generatiorNof m laser pulses and show that this is possible by injecting
the system withm input pulses.
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The interaction of laser pulses with a coherently prepared N L
three-level system, the so-called “phaseonium,” has led to E(z,t)= Z g [Efn(z,t)eent " nd ycc], 2
many interesting phenomena. Examples include the enhance- n=

ment of the index of refractiofil], electromagnetically in- -

duced transparendi2,3], the creation of matched pulses in Wheréw, is the angular frequenc, the wave numberg,
optically thick medig4—9], and the potential for resonantly the polarization vectorZ, the electric field amplitude, and
enhanced nonlinear pulse generatjaf—13. Experimental  fn(2t) the dimensionless pulse envelope of each laser pulse.
studies have also been carried ¢lit—21], demonstrating We will analyze the system using a density matrix ap-
the potential for applications of these phenomena. SimilaProach. In the localretarded frame wherer=t—z/c, {
phenomena also occur in coherently prepared four-level sys=2Z the equations for the density matrix elements read

tems of various configuratiorj22—-25.

N
In this Brief Report we analyze the propagation dynamics i _ . %
of N laser pulses that interact near resonantly with tNe ( |(97_Poo(§,7')—nzl [=1Tonpool ;)2 pro(£,7)
+1)-level quantum system shown in Fig. 1. The laser pulses
couple theN lower levels to a single excited level. Our —Qppon(¢, 7], (©)

scheme generalizes recently studied thfg&gand four-level
[25] models. Here, we obtain an analytical solution of the . . .
coupled Maxwell-Bloch equations assuming an overdamped 157 Pn(£,7)= ﬂ% F”mp”“(g’T)Jr'zk Linpiad £,7)
medium under weak excitation. Using this solution we show
that the system can become completely opaque or com- +Qnpon({,7) = Q5 pro({,7),
pletely transparent to the laser pulses depending on the initial
populations and coherences. In addition we show that, by n=1,...N, (4)
simply applying a single laser pulse, the medium can gener-
ateN—1 new laser pulses. 2 __ ;

We denote the excited state [§) and the lower states by 57 P06 == (G0t 1 Yn0) ol £, )+ Qnpod £,7)
[1), |2), ... |N) and assume that each laser pulse addresses N
only one transition. The Hamiltonian of this system in the > Qupun(ls7)
interaction picture and in the rotating wave and dipole ap- e
proximations is given bywe use units such thdit=1)

N
A= Q. (z,t)e  Cntkn2|n)(0| +H.c. (1)
n=1

Here,Qn(z,t) = — pno- €:€nfn(z,t) is the Rabi frequency of
the transitionn)«|0), with u,o being the associated dipole
transition matrix element. Als@,,= wy— w,— w, is the laser
field detuning from resonance with the transiti@)«|n),
with the energies of theth lower level and upper level being
w, and wg, respectively. The laser field is described classi- FIG. 1. Schematic diagram of the system considered. An upper
cally as a time- and spatially dependent electric field, level is coupled taN lower levels byN near-resonant laser fields.
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9 . " e
|E_an(§17):(5m_ 5n_|7nm)an(§-7)+QnPOm(€17) pno(f,T)%_ 5+i’}’no mzzl b:qﬂm(gﬂ')y
_Q* n ’ ’
mPno(£,7) n=1,...N. (10)

n#m,nm=1,... N, (6)
. N . As has been shown in previous studies for thrgg-and
with 2,_opnn(£,7) =1 and pp(,7) = pmn(4, 7). We have  four-level system$25], this approximation is very efficient
assumed a closed system, i.e., there is no decay to levedwd leads to an accurate description of the system.

outside of (N+1)-level manifold. We denote by, the The propagation equatiof®) for the laser fields then re-
radiative decay rate of the populations from lejrél to level  duce to

|m) and by, the coherence decay rate between states

and|m), with d
—Q(f,7)=—iKQ(L, 1), (11
N N 4
—121“ +1EF+’ (7)
TmTo &y Tk g T Yam: with the general solution
where indicesk,| correspond to the statgk) and |l) to Q(¢,7)=e"Q(0,7). (12

which the state$n) and|m), respectively, decay. Alsoy,,,

describes the decay due to dephasing processes. Examplest@fe matrix elements of the X N propagation matrix are
dephasing processes include collisions in atomic and Magiven by K, ,= a,b,b% with nm=1,...N and a,
lecular systems or electron-electron scattering, interface-5_/(s5+i1y,,). The vector of the Rabi frequencies is given
roughness, and phonon scattering in semiconductor quantugy, ¢, 7)=(Q,(Z,7),Q4(£,7), . . . QN 7)T. We note

well sys?ems. We will not consider the ef_fects of Doppler,[hat K'=a 1K, where a22”=1an|bn|2- Therefore, from
broadening. In order to study the propagation of laser pulse

in this medium, the Maxwell wave equation is required,éq' (12) we obtain
which in the slowly varying envelope and phase approxima-

. * -1 | iK |
fion reads an=000+3 a0
=1 !

1%

—Qn(¢, 1)=ianpn(¢,7), n=1,... N. (8) 12 (=1 iar)

% —00n+=> ()I#DKQ(O,T)

— a =1 H
Here, a,= 27N pno|?0,/C is the propagation constant for _
the transition/n)«|0) with A/ being the system’s density. B e lab—1
We take the initial state of the system to be a coherent =Q(0,7) + o KQ(0,7). (13

superposition of all of the lower levels,

N We note that Egs(12) and (13) are generalizations of Egs.
|(£,00)= 2 byn). (9) (5) and (6) of Ref.[7]. The solution, Eq(13), can be ar-
n=1 ranged in a more transparent form by introducing the com-

plex parameteq,
The amplituded, are complex in general. Such a coherent

superposition can be created with the use of stimulated Ra- b'Q(0,7)

man adiabatic passai26]. Next, we assume that the laser (14

fields are at multiphoton resonance, i.e., they are equally (0.7

detuned from resonance with the upper stte 5, with n h

=1,... N. We also assume that the coherence decay rated1€re

between the lower levels are negligibly small, i.g,.~0, N 011/
with n#m andn,m=1, ... N. This condition implies that Q(0,1) =[27-1]Q4(0,7) ]V,

the radiative decay ratds,,,, between the lower levels are

essentially zero, which is quite plausible. The constafjts ~ and

describing the dephasing contributions to broadening could

be kept small by control of the experimental conditions. If b=(by,by, ... by)".

our medium is heavily damped and the laser-matter interac-

tion is weak then the populations and coherences in thé&his can only be done if the initial state of the system is a
lower states manifold can be considered essentially unpure state, as we have assumed in @g. Note that G<|q|
changed and the following approximate expressions for the=1; thereforeg can be seen as the complex analog of €os
density matrix elements,o(Z,7) can be obtained using Egs. in a scalar product between two real vectgry=xy cosé.
(3)—(6) and Eq.(9): In terms ofq the solution Eq(13) reads
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e‘i;§—1 erateN—m additional fields from the applienh fields. This
(¢, 7)=2(0,7) + —=—qabQ(0,7), (15 will occur only if the coherences between the lower levels of
“ the system are significantly large. In particular, using the
where @ is a diagonal matrix with elementsy,, n definjtion of the parameteq in the right hand side of Eq.
=1,... N. Equation(15) presents a simple geometric inter- (19 it can be seen that the Rabi frequency of a pulse gener-
pretation of the solution: the vect®®(0,7) is projected on ated on a specific tran_smqn_ Is proportional to the weighted
the initial state vectob of the medium. The overlap is char- Sum of the corresponding initial coherences. In the case of a
acterized by the complex parametgiThen, the vectonb is  Pure initial state such as the one described by [@g.the
rescaled byq and by anothet-dependent factor and added coherences are maximal. Note that the parametric generation
to the input vector2(0,7). We note that the pulses reach a can be blocked ilg=0. The parametric generation process
steady state value at a rate that is determined by thworks even form=1, i.e., when a single input field is ap-

N-photon Beer’s length plied. Then the system generatBs-1 additional output
fields. The behavior of the generatdld-m pulses is remi-
1 — N an|bnl%¥no niscent of the matched pulse formation of Ref].
?: —2 'm(“)ZZHZl W (16) An important special case of the above equations is ob-
no

tained if we take a unique superposition for the lower levels

We can give a clear physical picture of how the parameter With pk:,eXpG‘Pk)/\/N' k=1,... N.Inthis case, the general
affects the propagation of the pulses in the medium. Th&olution in Eq.(15) becomes

coherencep,o(Z,7) in Eq. (10) can be expressed using the

general solution Eq15):

; - e n=00n+ 0008
prol¢i7)= = 5o —aQ(0me” (1) a
From this form _it can be seen thaty( ¢, 7) is proportional to LN
g. However, this coherence appears as a source term in the 0(0,7)=— e 1#n0), (0,7), 20)

Maxwell equation(8). N =1
Two interesting cases are readily obtained from E&&).
First, if the vectorab has equal componentg,b,,= a,by,
with n,m=1,... N, and so does the vectof2(0,7), B=(a.€%, ... ane o).
Q,0,7)=Q,0,7) with nm=1,... N, we obtainQ,(¢
—o,7)=0, i.e., all pulses are completely absorbed by the
medium. However, ifj=0, i.e., the scalar produtt ©(0,7)
is equal to zero, the®({,7) = Q(0,7), so the pulses do no
interact with the medium and propagate intact as in fre
space. In this case the initial state Eg). of the material is a
dark state with respect to these pul$@g]. Therefore, with )
appropriate control of the initial state the medium can beWith I=m+1,... N. _ , ,
come completely opaque or transparent to the laser pulses, N Summary, we have studied the propagation dynamics of
Let us now discuss the possibility of parametric general\ 1aSer pulses interacting with ahlt 1)-level quantum sys-
tion in our model. Let the firsm pulses be nonvanishing at €M wherebyN lower states are coupled through a single
the input (0,9 =Q(7), k=1, ... m, while the rest is excited state. We have assumed_t_hat the system is initially
identically zero, 0,(0,7)=0, I=m+1,... N. Then, Eq. prepared in a_coherent superposition of tﬁl_éower levels
(15) reduces to and have derived a general analytic solution for the laser
pulses that holds for an overdamped system under weak ex-
~lal_q citation. This solution has been used for the determination of
O, 7)=Qu(7) + ———qayby, Q(0,7), conditions of complete absorption or transparency of the la-
a ser pulses. We have also addressed the problem of parametric
generation in this medium and have shown tRatm new
laser pulses can be obtained by the injectionnofinput
pulses. The parametric generation process works even if
there is only a single input laser field.
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¢ Here, the phase weighted averag¢0,r) of the incoming
Epulses plays a similar role as dags the previous formulas.

In the case of parametric generation, the relative amplitudes
of the generated fields are determined by the parameters

k=1,...m, (18

eial_1
Ql(Z,T)ZTQCUQQ(O,T),
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