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Coherence-induced effects in pulse-pair propagation through absorbing media
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The propagation of a pair of electromagnetic pulses through a coherently prepared atomic medium in the
A configuration is studied. We find that even in an absorbing medium, it is possible to produce pulses that
propagate shape invariant. The results reveal the spatiotemporal dynamics associated with field propagation,
and highlight the role of atom preparation, pulse intensities, and medium length, on the final output pulses that
one obtains. We also explore the prospects for pulse shaping and control by using dissimilar shaped pulses at
the input to the medium and following their evolutidi$1050-29476)06109-4

PACS numbsep): 42.50.Fx, 42.50.Gy, 42.50.Md

I. INTRODUCTION model, outlined in Sec. IlI, consists of the coupled
Schralinger-Maxwell equations, which describe the tempo-
The pioneering work of McCall and Hahn on self-inducedral and spatial evolution of the atomic states and the two
transparency{1] was followed by a number of theoretical electromagnetic fields that are initially applied to the me-
and experimental works on pulse propagation through twodium. We will show that the evolution of the pulses in a
level atoms. It is known that an electromagnetic pulse of aregoherently prepared medium exhibits key differences from
betweens and 27, resonant with a two-level transition, will the problem where the atoms are prepared in the standard
evolve into a characteristic shape that is described by a sqvay. Specifically, we find that it is possible to produce twin
cant hyperbolic function, which then propagates shape inpulses, which propagate invariant even in an absorbing me-
variant through the medium. In the absence of damping, ongjum. Our calculations reveal the spatial dynamics associ-
can analytically derive this pulse profile. However, if the ated with pulse propagation through a coherently prepared
relaxation of the upper state is accounted for, even thisnedium, and illustrate the dependence of these dynamics on
simple problem of a two-level atom is not amenable to anthe intensity of the input pulses. An important experimental
analytic solution, and one resorts to numerical methods. ssue that is addressed by our calculations is the role of the
Lately there has been tremendous interest in quantum c@nedium length in determining some crucial aspects of the
herence effects, such as inversionless lasing and electromqg;ﬂse-pair behavior. The medium length is not an issue if one
netically induced transparency, that arise in strongly drivennvokes the adiabatic approximati$a,5]. However, if one
atoms. In this context, Scully and co-workers have discussedschews this approximation, the medium length becomes a
a medium in which the atomic population is coherently dis-critical parameter. Lastly, we find that a coherently prepared
tributed between two energy levels of a three-level aldin  medium permits one to control the phase and amplitude of
This medium can exhibit an enhanced refractive index withthe final output pulses. We note here that starting from a
vanishing absorption, even on a transition to which a resodifferent set of initial conditions on the atoms, viz., a V
nant field is applied. Fleischhauer al. have detailed various system with inverted population on one transition, Mazets

techniques for obtaining a coherently prepared medium, angind Matisov recently reported a study on pulse propagation
studied the effect of field incoherence and Doppler broadenrg].

ing on the preparation of such a medijig].
Most studies on pulse propagation through three-level at-

oms assume the standard initial condition of t'he population II. BASIC EQUATIONS
being in the ground statid(a),4(b),5,6]. These include re-
ports on population transfer to high-lying statgg, and the Here we outline the essential features of our theoretical

recent work of Cerboneschi and Arimondo on pulse-paifformalism. The atomic scheme we consider is theystem
propagation through a double-system[8]. While all previ-  shown in Fig. 1, with excited staté$) and|2), and ground
ous works on coherently prepared media have been in thetate|3), in which|1) decays at a ratg to states other than
context of continuous-wave fields, application of pulsed|2) and |3). A control (secondary pulse, with Rabi fre-
fields leads to a number of interesting features. In this papeguency Q, ({¢), acts resonantly on the|1)«|3)
we study the dynamics associated with pulse-pair propagd{l)«|2)) transition. The Rabi frequencies are taken to be
tion through a medium in which the atomic population isstrong. In the absence of any coherence betw@gnand
coherently distributed between the ground state and thg3) one will get the conventional system, and pulse propa-
metastable state of a three-levkl system. Our theoretical gation in such a system has been recently repotefl.
From Schrdinger's and Maxwell's equations, the coupled
temporal and spatial evolution of atoms and pulses in the
“Electronic address: gvemuri@indyvax.iupui.edu slowly varying envelope approximation can be written as
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FIG. 1. Control and secondary pulse profiles as functions of
for 6=3w/4, y=0.04, and(a) Q5=0.05, Q2=0.0517, (=0
(solid), and 60(dashedt (b) Q3=0. 1 Q2=o. 7500 (= 0 (solid),
and 60 (dashegt (c) Q)= 05 Q= 07590 (= i) (solid), 210
(dashed, and 5000(dotted also pIotted is the adiabatic resujih-

distinguishable from{=5000), where precise matching occurs
within a very short propagation length. All quantities are in dimen-

sionless units, as defined in the text.

dicy ) 1 1
TZ—I’ycl—EQpC:;—EQSCZ, (1a)
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wherec,, Cc,, andcy are the probability amplitudes of the
atomic levels,u,(=ay/2) and us (assumed equal ta,)
are the propagation constaritshich depend on the dipole
moments and atomic number dengifpr the two pulses,
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whered is the coherence angle. Equatidn can be numeri-
cally solved by specifying the initial conditions &0 for
all z, viz., cg3=cos, ¢c,=sind, andc,=0, and the boundary
conditions atz=0 for all t, which we take as

0
0
0<7<300, Q,= 300 (3a)
300< 7<950, Q,=0Q, (3b)
Qp(1250- 1)
950< 7<< 1250, T, (30

Wherng is the peak Rabi frequency of the control pulse.
We adopt the usual convention of utilizing pulse-local vari-
ables,7=t—2z/c and =z, which are in units of Xc and

1/a, respectively. The secondary pulse has the same form as
the control pulse, with)) replaced byQ? the peak Rabi
frequency of the secondary pulse. Though most of the results
presented in this paper utilize two pulses with identical en-
velopes, we emphasize that the principal results are quite
general and can be applied to pulses with different envelopes
also. We will demonstrate this explicitly in Sec. IV.

Ill. ANALYTIC RESULTS

Equation(1) is not, in general, amenable to an analytic
solution for obtaining the characteristics of the atoms and
fields. Under some limits, and assumptions, it is, however,
possible to derive certain analytical results. In this section,
we describe two distinct types of results, one that describes
the conservation of coherenceithin our system, and an-
other that enables us to predict the ratio of intensities of the
steady-state pulses after propagating through the coherent
ensemble of atoms, as well as the relative phases of the two
pulses.

Law of conservation of coherencstarting from the basic
formalism in Eq.(1), one can derive a general conservation
law that relates the atomic state amplitudgsandcs to the
fields ), andQ)g, as

14
ﬂ_g(QpQS)' (43)

J
4 — =
M (97_(0203)

which can be written as

J
4:“’(9_7_f dg(CZCS):(QpQS)ZZL_(Qst)Z=O- (4b)

This expression, true for atl can be interpreted as the rate
of change ofatomiccoherence being equal to the flow of the
pulses’ coherence across the boundary of the medium. This
is analagous to the Poynting theorem, which relates the
change of energy to flux across a boundary. Note that this
law is similar to the law of conservation of charge in elec-
trodynamics, and to the equation of continuity in hydrody-

[10] and « is the absorption coefficient of the medium. The namics. It is interesting that such a law can be derived even

two lower states of our medium are initially coherently pre-

pared[2,3] as

| W)= cod|3)+sing|2), (2

for a dissipative system, such as our three-level atoms inter-
acting with two pulses.

Twin pulses in the long length limitf we focus on the
special case of = 37/4, since for())= 2 one would obtain
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a trapped statgll] as the initial condition, identical input IV. NUMERICAL RESULTS

pulses would propagate through the atoms unchariged . : . . .
sults not showp However, it can be demonstrated analyti- Th|_s _sect|on descnbe_s our nume_rlcal results. We begin by
describing the dynamical behavior of the system for

cally that even if one starts with unequal pulse amplitudes; : e )

the two pulses become identical during propagation, pro-‘9:377/4’ and input pulses Wl'Fh |dent|.c:_;1|' envelopgs. Later,
vided there is no limitation on the medium length. Assuming"e also analyze the role of dlfferent_ initial condlthns, 1.€.,
that eventuallyQ), and Q¢ become independent df (i.e., coherence angles other tham/@, and input pulses with dif-

(919¢)Q, 6=0), Eq.(1) suggests that ferent envelopes. . .
The standard case af=0 has been studied by Harris,
cy(7,{—»)=0. (5899  who obtained a set of normal modes of the atom and field
system, when matched pulses were applied at the irfut
Thus, from Egs(1b) and(10), Agarwal has derived the quantum theory of this pro¢é8%

Eberly et al. provided the spatial details associated with
9 transparency in such a medid#(a)]. In fact, our analytic
ﬁ—TCz,g(T,Z—WO):O, (5b)  result that(), decays to zero is evident in the numerical

results of Ref[4(a)]. We now present numerical results for

the case whe=37/4. In Fig. 1a), where93=0.05 and

which implies that 0. 0 .
Qg is 5% of (), it is observed tha€) s matches the amplitude

Cod( T {—0)=Cpo T=0,L—0). (50) a!’ld shape' gﬂp at {=60. In general, mg>ng the me-
dium amplifies the secondary pulse, at the expense of the
Then, Eq.(18 can be written as control pulse, until the two match each other identically,

whereafter they propagate through the medium unchanged.
_ This is a consequence of the fact that once the Rabi frequen-
Qp(7.8=2)Cs(7,f=0) +Q(7,{—=2)Co7,.{—2) ?Sd) cies of the two pulses become identical, the atom and field
system evolves into a trapped state, whereafter there is no
further change in the dynamics of the pulse propagation.
This is in agreement with Ref5].
If the control pulse is made stronger, while maintaining
_ _ all other parameters constant, one can illustrate the role of
Qp(7,{=2)Cs(7=0,{—2) + Q(7.{—2)Cx(7=0L=2) o medium length. In fact, the ability of the medium to
=0. (50) produce matched pulses is crucially dependent on the me-
dium length, as shown in Fig.(i), where we changélg to

For a coherently prepared medium with-37/4, the initial ~ 0-1 andQ¢ to 75% of Q). The inability of the pulses to
condition iscy(7=0,{—)=—c,(7=0,(—), which then ~ completely match af=60 is in contrast to the matching that

Clearly, the decay rat¢ now becomes irrelevant. Substitut-
ing from Eg.(5¢) into (5d), the final expression is

leads to the result does take place for smaller values ﬁﬁ In Fig. 1(c) are
results for an even highe@g (=0.5), and there is almost no
Qp(1,{—2)=Qy(1,{—), (5f) change in the pulses as they propagate through the medium,

up to distances as large §s-210. Thus, if one has a me-

which indicates that the two pulses will be matched. In condium that corresg)onds to a length, say, {660, then for
trast to the coherently prepared medium, if atoms are prd@rge values of}; the medium is transparent to the fields
pared in the standard way with the population in the groundnd the atoms are unable to match the two pulses. One can
state, then the initial condition is,=0, and one finds from NOW raise the following question: for a given set of atom and
Eq. Se) that Q,(r,{—%)=0, which means the control field parameters, should one expect a critical value of the
pulse would simply decay to zero. Thus, the analytical argucontrol pulse Rabi frequency, such that fof less than this
ment leads us to conclude that even if we do not invoke thaalue, one will get matched pulses, and £of greater than
approximation that the evolution ¢f) adiabatically follows  this value one would not? The answer is in Fi¢c)lwhere

the evolution of stateg2) and |3), one can still obtain pulse profiles are shown at=5000, where they match.
matched pulses after sufficient propagation distance. Not€learly, if there is no limit to the length of the available
that even though the above analysis predicts pulse matchirgedium, one will eventually produce twin pulses after suffi-
in coherently prepared media for all atom and field param<ient propagation. This is supported by the analysis in Eq.
eters, it provides no information about the transient spat5). However, for a fixed medium lengttas is typical in
tiotemporal dynamics, nor about the final steady-state pulsexperimenty there will be a critical value oﬂg such that
shapes. This information is, however, available from the nuonly for strengths lower than this critical value does one
merical calculations, which are reported next. We emphasizebtain matched pulses. This aspect of pulse matching cannot
here that analytic solutions, especially for arbitrary values obe seen if the adiabatic approximation is invoked
v, 6, etc. are very difficult, due to the complexity of the [4(a),4(c),5]. For comparison, we also show in Figclthe
problem. As we have mentioned at the outset, even the seemesult of the adiabatic approximatioimbtained by setting
ingly simple problem of solitons in two-level atoms becomesc,;=0), which, as expected, restores pulse matching within a
analytically intractable when relaxation effects are incorpo-very short propagation length. Note that these profiles are
rated into the formalism. indistinguishable from the profiles &@t=5000. In a recent
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paper, using the standard initial condition, Harris and Luo 0

also examined the impact of relaxing the adiabatic approxi- 'om {=0 0'055
mation when matched pulses are applied to a medium of 3 3 (=1
three-level atoms, and discussed the requirements on the 3 i
pulse energy for producing transparefi6y. They found that 5 E
transparency is achieved when the number of photons in the
control laser becomes equal to the number of atoms in the ;3 E ;T \
path of the pulsesif oscillator strengths of the two transi- i i / \
tions are the sameTheir results also indicate that asis phe=-TmmmmTme 0 ! , ‘ _
reduced, the time required to induced transparency becomes 0§00 1000 1500 0 S0 1000 1500
longer.
Even though one obtains matched pulses fo;ﬂsﬁl, the
spatial evolution exhibits two distinct types of behavior, de-
pending on the strength of the control pulse. In Fi@) 2re 0.005 0.005
snapshots of the pulses for various propagation distances 3 3
within the medium, Wherﬂg< v. The control pulse loses ‘_" ‘_"
energy uniformly across its temporal profile, and the second- 'E* (=3 g (=15
ary pulse gains energy uniformly across its profile, until the R Y A ) <
two pulses are identical, whereafter they propagate invariant. ol ) A\ ¢
There is no significant distortion of the pulse shapes during HV 3
the evolution. In Fig. th) are the snapshots whe(mg> v, ‘; ‘;

and the profiles are quite different. Note that there is a strong 0 500 1000 1500 0 500 1000 1500
distortion of both pulses as they propagate into the medium. T !
Surprisingly, when the two pulses reach steady state, they
have almost the same shape as at the ifipput pulses are

—_
Q
L=

identical to those in Fig.(®)]. Also evident from this figure 0'03 0'03
is that for strong control fields, the matching takes place g 3
across the temporal profile of the pulses, such that the lead- % H
ing edges match first, and then the trailing parts are progres- E 5

sively matched as the pulses propagate further.

The differences in response, between strong control pulse
(29>1y) and weak control pulse(; <), also become ap-
parent in the propagation distance at which stable pulses are
formed. For example, in Fig. 3 we show how the pulse-pair 0 500 1000 1500 0 500 10‘00‘ 1500
propagation in a coherently prepared medium is modified if 1 1
we reduce the decay rate of the excited state. For
y=0.004,07=0.05, and¢=0.05) twin pulses are now
obtained at’=390. Due to the complexity of the equations, 0
and the resulting behavior of the atoms and fields, it is not
possible to provide analytical estimates of how the propaga-
tion distance, at which pulse matching occurs, varies with
y. Our numerical experiments, however, can answer this
question. In Table | we indicate the valuesiadit which twin
pulses are first attained, for differemg and y. We have
obtained similar data for a number of different parameter
values, and find two distinct types of behavior. For strong : . , : ‘
control pulse and a constafl,/y, the distance at which 0 00 1000 1500 0 500 1000 1500
stable pulses are formed varies significantly wjthi.e., an

order of magnitude change i leads to approximately an FIG. 2. Snapshots of contrdkolid) and secondarydashed

orgler.of magnitude change if. Thus, even if the rgtlo pulse profiles as functions of at various propagation distances
Qp/y is the same, the pulses may have to propagate dlfferer&) within the medium forg=3/4, y=0.04, and(@ Q9=0.005,

d|stances before attaining steady state. On the other hand, th@— o 0503; (b) 25=0.0502=0.0507. Al quantltles are in di-

table also shows that for a weak control pulse, and a giveRensionless units, Pas defined in the text.

ratio of {1, to y, the value of{ at which twin pulses are

formed is nearly independent of, i.e., an order of magni- are indistinguishable in Fig.(a).

tude change iry produces a very small changednFinally, If instead of a coherence angle ofr8t, we chooser/4,

note that for a given ratio oﬁ‘lO/Q0 (all entries in Table),  the secondary pulse is out of phasy = radians with the

the ratio of steady staté)g to the mpth0 is, to a good control pulse(result not shown From Eq.(2) we note that

approximation, independent of. This, in fact is also the 6#=m/4 implies that the atomic system is prepared as

reason why the adiabatic result and the profilega6000 |¥)=(|3)+|2))/y2. Thus, only if2, andQ have opposite

o Pulse
o Pulse

Amplitude §
AmplitudeS

o Pulse
o Pulse

5
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FIG. 3. Control and secondary pulse profiles as functions of O'OSW
for =3m/4, y=0.004,0)=0.05,0=0.051), {=0 (solid), 210 o 0 . ()
(dotted, and 390(dashegl All quantities are in dimensionless units, § L
as defined in the text. EL ;
< i
signs is it possible to form a trapped state, which would then 2 ' a
lead to the generation of pulses that are out of phase. It must 4 """"""""" .
be borne in mind that we are considering the cases when !,
0= /4 or 3w/4, for which, not only are the pulses matched 0 ‘ : —
0 500 1000 1500

in envelope but also in amplitude. 1

Dissimilar pulse envelopes, and other coherence angles
So far we have concentrated on the control pulse and the g 4. (a) Control and secondary pulse profiles as functions of
secondary pulse having identical envelopes, @rd3m/4.  ; when the input pulses have different envelogRs.is a soliton
The question then arises: Are the results presented specific {efinition in texi, and Q; is identical to those in other figures.
the choices of the initial conditions we made, or can they bmg:o_os,gg:o_omg y=0.04, andZ =0 (solid) and 60(dashedt
generalized? To answer this question, we next explore sevh) control and secondary pulse profiles as functionsrofor
eral different sets of initial conditions. Both from a funda- y:o,o4,Qg:o,05, 92=0.0503, 6#=8/9, and,=0 (solid) and
mental viewpoint as well as an applied perspective, it is in-60 (dashedl All quantities are in dimensionless units, as defined in
teresting to examine the consequences of utilizing inputhe text.
pulses with different shapes. In Fig(a}, we show what . ]
happens when we use a soliton far,, and maintain the envelopes, now the widths of the two pulses are also differ-

same shape fof), as previously. Thus, the control pulse is €Nt at the input to the atomic medium. At a propagation
now defined by distance of approximately= 60, it is clear that one obtains

twin pulses of identical shapes and amplitudes. We have ex-

2 — 7o perimented with a number of different pulse envelopes, and
Qp=—seclf ) (6) found that the production of twin pulses by a coherently

7 i prepared medium is a very general and robust phenomenon.

. . . 0 We note that no matter what the shape, width, and amplitude
In Fig. 4@), o=40 (this choice make<$1,=0.05), andry,  of the input pulses, they attain nearly the same shape as the
the peak of the soliton, is at 600. Note that in addition to thestronger control pulse. For example, in Figia4 if the
steady state twin pulses are fit to a sech profile, there is a
mismatch only in the tailgthe extent of this mismatch de-
creases as the ratio ag/Qg decreasgs These results sug-
al(%est a powerful technique for pulse control and shaping. To
produce a pulse of desired shape at fthp—|2) transition
frequency, one needs to apply a pulse of that shape at the
|1)«|3) transition frequency. This scheme can be especially
useful for producing tailored pulses at frequencies where

TABLE |. How the propagation distancé, at which pulse
matching takes place, varies witp for different values ofﬂg.
Other parameters a@J=0.05)) and #=3m/4. The last column
indicates the steady-state amplitude of the control pulse. One ¢
note that, e.g., Wheﬂg:0.0S, the steady-state value is nearly the
same fory, varying over three orders of magnitude. All quantities
are in dimensionless units, as defined in the text.

8 y ¢ 09 (steady state conventional pulsed lasers are not easily available.
Next we examine whether it is the specific choice of

0.005 0.4 10 0.003 0=3wl/4 that produces stable, shape-invariant pulses, or
0.005 0.04 15 0.003 whether other coherence angles can provide similar results.
0.05 0.4 16 0.03 In Fig. 4(b) are the pulse profiles fof=8=/9. Once again
0.05 0.04 60 0.03 we find that at certain distances within the medium, one ob-
0.05 0.004 390 0.035 tains stable, shape-invariant pulses, which then propagate
0.05 0.0004 ~10,000 0.036 through the medium. While a coherence angle aii8can

0.5 0.04 5,000 0.36 provide amplitude and envelope matched pulses, we now
0.1 0.04 195 0.07 find that the final steady-state intensity of the secondary

pulse can be either larger or smaller than the steady-state
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intensity of the control pulse. It is, in fact, possible to predictshown that a coherently prepared medium acts as a fre-
from the analysis of Eq(5) whether, for a given coherence quency converter and amplifier, where a weak field at one

angle, the steady-state intensity of the control pulse would b&equency is amplified by utilizing a control field at a differ-
smaller or larger than that of the secondary pulse, and alsent frequency.

what their relative phases would be. One can rewrite(&e). The numerical results provide insight into the spatial evo-
as lution of the pulses, which is a sensitive function of the con-
trol pulse intensity. For a weak control pulse, there is no

Qp(7,{—°)cosh+Qg(7,{—°)sind=0. (7)  distortion of the pulse shapes as they propagate through the

L . . medium, and eventually become identical. However, when
This implies that the ratioQ,/Qs will be equal 10 he control pulse is strong, there is a significant reshaping of
— singlcosy [13] and explains why the final pulses are out of jhe pyise profiles, and it is interesting that in spite of this
phase wher= /4, and also how the ratio of the final pulse gjistortion during the transient stages, the final steady-state
intensities depends on the coherence angle. It is thereforgses have nearly the same shape as the input pulses. This
apparent that depending on the value of the coherence angigjies that the steady-state output pulses are independent of
one can arrange for the final secondary pulse to be eithe) "ywhich can provide significant flexibility in experiments.

more or less intense than the final control pulse. Also, for high intensities of the control pulse, the exact re-
sults from numerically solving Eq(1) indicate a much
V. CONCLUSIONS longer propagation distance to attain steady state than do the

In summary, we have reported on a study of pulse-pai(eSUItS of the adiabatic approximation. This distinction be-

propagation through a coherently prepared system. It jgomes significant for designing experiments with realistic

shown that one can produce twin pulses of arbitrary Shape%ropagatlon lengths. : .

that propagate unaltered through an absorbing medium. For. Elnally, we have explored the consequences of using Q'S'
certain coherence angles one can generate twin pulses, whiﬁjﬁmlar shaped pulses at the input _to the_medlum, and find
can be important in studies related to the production of nonthat for §=3m/4, one always obtains twin pulses. For a

classical states of light, and investigating ultrafast chemicaptrond control pulse, and_a weaker sgcondary pulse, with
and biological processes via transient coherent phenomeng',fferent envelopes, bc_)th fields eyolve into the s.hape of the
and we hope to examine the consequences of our results ntrol pulse. As mentioned previously, this provides a tech-

correlated, twin pulseEl4]. A conservation law for coher- nique for pulse control and shaping at frequencies not con-

ence within the system has been derived. An analytic argu\_/entionally possible. The results also indicate that for coher-

ment is presented, which indicates that two pulses in a Cognce.angleslother tﬁann?, c:cne still obltains Ttat(;le, sk;aper;
herently prepared medium will become identical to eacHnvarant puises, though of unequal amplitudes. In the

other in the steady state, whereas if all atoms are initially ircontext of pulse control, it is clear from our work that

the ground state, the control pulse would simply decayf[hrough a suitable choice of a si.ngle pargmeter, the coher-
Thus, medium preparation is the key to having shape-ence angle, one can control the final amplitude and phase of

invariant pulses propagate through this ensemble of atomd€ steady-state pulses.
The analytic and numerical work indicates that one can tailor
the amplitude and phase of a pulse through suitable medium
preparation, and suggests a method of pulse control that is G.S.A. acknowledges NSF Grant No. INT9100685 and
entirely different from conventional techniques that rely onfinancial support from the Institute for Advanced Study, In-
the characteristics of the control fidltl5]. Furthermore, itis diana University, which initiated this collaboration.
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