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Near the threshold for electromagnetically induced transparencysEITd or coherent population trapping
sCPTd, two-photon-resonance-enhanced self-focusing of aL system can be exploited to induce spatial con-
finement in a second, diffractingL system. The diffractingL system is characterized by parameters below the
EIT or CPT threshold, and the twoL systems must be coupled to form a closed-loop double-L system. The
waveguiding effect is shown to be strongly phase dependent, indicating that it derives from the phase-
dependent effective third-order susceptibility rather than the phase-independent effective first-order suscepti-
bility, as is the case in previously studied systems. We also show that when the secondL system initially
involves only a single laser beam, the loop is completed by the efficient generation of radiation at the four-
wave-mixing frequency, within a propagation distance much shorter than the diffraction length. Both the
applied and generated fields exhibit electromagnetically induced waveguiding.
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I. INTRODUCTION

Electromagnetically induced focusing, defocusing, spatial
confinementsSCd, and waveguiding of a weak probe laser by
a strong pump laser have been demonstrated for a variety of
atomic systems. These include two-level systemsf1–6g,
three-level ladderf7,8g, V f9–11g, and L systemsf12,13g,
four-level systemsf14g, and strongly driven Raman systems
f15–18g. In the two-level system, both the pump and probe
interact with a single transition whereas in the other systems,
the pump and probe interact with different transitions. Gen-
erally, induced focusing and SC are obtained at probe detun-
ings which are different from those of the pump so that the
two-photon Raman detuning is nonzero. However, in theL
system studied by Manassah and Grossf12g fsee Fig. 1sadg,
induced focusing and waveguiding of the probe was
achieved, at two-photon resonance, by detuning the pump
and probe far to the blue side of their respective transitions,
and choosing the on-axis pump Rabi frequency to be near the
minimum value required one to achieve electromagnetically
induced transparencysEITd f19,20g at that detuning. Previ-
ously, Kazinetset al. f21g showed that focusing and SC of
two fields with equal Rabi frequenciesfsee Fig. 1sadg can be
obtained, at zero two-photon detuning, provided that the on-
axis Rabi frequencies of the blue-detuned fields are near the
threshold required to achieve coherent population trapping
sCPTd f22,23g. Thus, in order to obtain induced focusing and
SC in either the EIT or CPT configuration, the initial inten-
sity at the center of the transverse intensity profilesTIPd of
the laser beams, which we assume to be Gaussian, must be
chosen so that the intensity in the wings is below the thresh-
old required to obtain EIT or CPT. An alternative view,
adopted in this paper, is that focusing is obtained when the
deviation from two-photon coherencesD=r11r22− ur21u2d,
which has its minimum value at the center of the Gaussian
profile of the pumpssd, increases towards the wings of the
profile.

We can envisage two possible scenarios where focusing
cannot occur and the beams will diffract on propagation. In

the first, the Rabi frequencies and detunings of the laser
beams, or the decay rate of the two-photon coherence
f24,25g, are chosen so that either EIT or CPT is maintained
over the whole beam profilef26–28g. In the second, rather
trivial case, the Rabi frequencies and detunings are chosen so
that neither EIT or CPT occurs, even at the center of the TIP.
In this paper, we show that SC can be produced in the latter
system by combining it with one in which both laser beams
display SC over several diffraction lengths. In other words, a
L system, in either a spatially confined EITsSCEITd or spa-
tially confined CPTsSCCPTd configuration, can act as a
waveguide for the laser beams in anotherL system, which
would diffract in the absence of the guidingL system. This
type of electromagnetically induced waveguiding only oc-
curs when theL systems are coupled to form a closed-loop
double-L systemf29–34g, with zero two-photon detuning, as
shown in Fig. 1sbd. It is important to note that this effect, in
contrast to previously considered cases of electromagneti-
cally induced waveguidingf1–11g, is highly dependent on
phase. In previous cases, the effect is due to the phase-
independent effective linear susceptibility whereas, here, it

FIG. 1. Energy-level scheme forsad single- andsbd double-L
systems.
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also derives from the phase-dependent effective third-order
susceptibility.

In a previous paperf28g, we discussed frequency conver-
sion in a double-L system. We showed that focusing, leading
to enhanced frequency conversion, can occur for propagation
distances that are much shorter than the diffraction length,
when the interacting fields are slighty detuned to the blue.
This focusing is, however, often accompanied by ring forma-
tion which may lead to breakupf35g. We also showed that
focusing, without ring formation, can occur at short propa-
gation distances, for identical blue-detuned beams, when the
initial relative phase is switched from zero where CPT oc-
curs to p where it cannot existf29–34g. Here, we discuss
frequency conversion between the fields in the upperL sys-
tem, for the case where the lowerL system, which is in a
SCCPT configuration, controls the two-photon coherence of
the combined system. We find that the applied and generated
fields are spatially confined for several diffraction lengths,
and that they display oscillatory behavior which is a combi-
nation of the higher-frequency oscillations, that also occur in
the absence of diffraction, with the lower-frequency breath-
ing oscillations imposed by the guidingL system. It should
be noted that the field generated by the four-wave-mixing
sFWMd process is produced with the correct phase to close
the loop. In future work, we will identify other nonlinear
systems that can exhibit waveguiding when combined with
SCEIT or SCCPT systems.

The double-L system has previously been investigated in
the context of amplification without inversionf36–39g,
phase-sensitive laser coolingf40g, the propagation of pairs of
optical pulsesf41g, optical phase conjugationf27,42–44g,
phase control of photoionizationf45g, resonantly enhanced
four-wave mixingf34,42,46–52g, cavity quantum electrody-
namicssQEDd f53g, phase control of EITf54,55g and CPT
f56g, Ramsey fringesf57g, light storing of a pair of pulses
f58,59g, quantum control of entanglementf60,61g, and dy-
namic optical bistabilityf62g.

II. THE MODEL

A. The Bloch equations

The three-levelL and four-level double-L system are de-
picted in Figs. 1sad and 1sbd. The single-L system, which is
also the lowerL system of the double-L system, consists of
the statesu1l, u2l, and u3l, whereas the upperL system con-
sists of the statesu1l, u2l, and u4l. Each u jl→ uil transition
swith j =1,2 andi =3,4 throughout the paperd interacts with
an electromagnetic field

EW i jsrW,td = s1/2dx̂i jEijsrdexpf− isvi j t − kijz+ wi jdg + c.c.,

s1d

with unit polarization vectorx̂i j , frequencyvi j , wave vector
kij , and initial phasewi j , whose detuning from the transition
frequencyvi j8 is Di j =vi j8 −vi j and whose Rabi frequency is
2Vijsrd=mi jEijsrd /".

The first step is to write the Bloch equations for the
double-L systemf28,34g which reduce to those of the single-
L systemf63g whenV3j =0. It should be pointed out that the

Bloch equations for the off-diagonal elements of the density
matrix are the same for all four-level systems that interact
with four fields so that a loop is formed. The equations for
the diagonal elements differ only in the decay terms. The
Bloch equations are given by

ṙ11 = isV13r318 + V14r418 − V31r138 − V41r148 d − g12r11 + g21r22

+ g31r33 + g41r44, s2d

ṙ22 = isV23r328 + V24r428 − V32r238 − V42r248 d + g12r11 − g21r22

+ g32r33 + g42r44, s3d

ṙ33 = isV31r138 + V32r238 − V13r318 − V23r328 d − g3r33 + g43r44,

s4d

ṙ44 = isV41r148 + V42r248 − V14r418 − V24r428 d − g4r44, s5d

ṙ218 = isV23r318 + aV24r418 − V31r238 − aV41r248 d

− sG21 + iD21dr218 , s6d

ṙ318 = isV31r11 + V32r218 − V31r33 − V41r348 d − sG31 + iD31dr318 ,

s7d

ṙ328 = isV32r22 + V31r128 − V32r33 − a*V42r348 d

− sG32 + iD32dr328 , s8d

ṙ418 = isV41r11 + a*V42r218 − V31r438 − V41r44d

− sG41 + iD41dr418 , s9d

ṙ428 = isV42r22 + aV41r128 − aV32r438 − V42r44d

− sG42 + iD42dr428 , s10d

ṙ438 = isV41r138 + a*V42r238 − V13r418 − a*V23r428 d

− sG43 + iD43dr438 , s11d

where a=expsiFd and F=w31−w32+w42−w41 is the initial
relative phase,gkl is the longitudinal decay rate from state
ukl→ ull, gi is the total decay rate from stateuil, and Gkl
=0.5sgk+gld+Gkl

* is the transverse decay rate of the off-
diagonal density-matrix elementrkl8 , whereGkl

* is the rate of
phase-changing collisions. The rapidly oscillating terms have
been eliminated by the substitutions

ri j8 = ri j expf− isDi j t + kijz− wi jdg, s12d

and

r218 = r21 exph− ifsD31 − D32dt + sk31 − k32dz− sw31 − w32dgj,

s13d

r438 = r43 exph− ifsD41 − D31dt + sk41 − k31dz− sw41 − w31dgj.

s14d

It is only possible to write the Bloch equations in this form
when the multiphoton resonance condition,v31−v32+v42
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−v41=0, is satisfied. This condition can be rewritten in terms
of the one-photon detunings asD31−D32=D41−D42=D21,
whereD21 is the two-photon or Raman detuning or, alterna-
tively, D41−D31=D42−D32=D43.

In addition to solving the steady-state Bloch equations
numerically, we have also obtained analytical formulas
which express the off-diagonal density matrix elements in
terms of the populations of the states. These formulas are a
generalization of those previously developed for the three-
level L systemf63g, and for the double-L systemf49g in the
case whereV31 andV42 are strong, andV32 andV41 are weak
sstrong-weak-strong-weak configurationd, and it is assumed
that the strong fields remain constant. We find that the ana-
lytical expression forri j8 can be decomposed into the sum of
terms that are linear and third order in the Rabi frequency,

ri j8 = ri j8
s1d + ri j8

s3d, s15d

or, more explicitly, as

r318 = x̃31
s1dV31 + ax̃31

s3dV32V24V41, s16d

r328 = x̃32
s1dV32 + a* x̃32

s3dV31V14V42, s17d

r418 = x̃41
s1dV41 + a* x̃41

s3dV42V23V31, s18d

r428 = x̃42
s1dV42 + ax̃42

s3dV41V13V32, s19d

where x̃i j
s1d and x̃i j

s3d are proportional to the effective linear
and third-order susceptibilitiesxi j

s1,3d f64g. The real and
imaginary parts of the effective linear susceptibilityxi j

s1d are
proportional to the refraction and absorption of the field that
interacts with theuil→ u jl transition, and the effective third-
order susceptibilityxi j

s3d gives the contribution to the nonlin-
ear polarization atvi j from FWM. Unfortunately, the analyti-
cal expressions for the susceptibilities are too unwieldy to
reproduce here. However, as we show in Sec. III, their nu-
merical evaluation gives important physical insight into the
behavior of the system. We assume throughout that the co-
propagating laser beams are close in frequency. This assump-
tion allows us to neglect Doppler broadening.

B. CPT, EIT, and focusing conditions

In order to understand the conditions under which focus-
ing with low absorption occurs in a single-L system, we
recall the analytical expressions forr3j8 in terms of the popu-
lations f63g

r318 = x̃31
s1dV31 = −

V31sr33 − r11d
D31 − iG31

+
V32r218

D31 − iG31
, s20d

r328 = x̃32
s1dV32 = −

V32sr33 − r22d
D32 − iG32

+
V31r128

D32 − iG32
, s21d

where

r218 = −
V31V32

*

D̃21 − iG̃21

S r22 − r33

D32 + iG32
−

r11 − r33

D31 − iG31
D , s22d

with

D̃21 = D21 −
uVu32

2 D31

D31
2 + G31

2 +
uVu31

2 D32

D32
2 + G32

2 , s23d

G̃21 = G21 +
uVu32

2 G31

D31
2 + G31

2 +
uVu31

2 G32

D32
2 + G32

2 . s24d

Let us consider CPT and EIT for the case whereD31=D32
and G31=G32. For CPT whereV31=V32, we see from Eqs.
s20d and s21d that r3j8 =0 when r11=r22=1/2, r33=0, and
r218 =−1/2, and from Eqs.s22d–s24d, that r218 =−1/2 when

2uVu31
2 G31/sD31

2 + G31
2 d @ G21. s25d

Only when this condition is obeyed will CPT occur. For the
case of EIT whereV31@V32 leads tor22@r11, ur21u, the con-
dition of Eq. s25d is replaced by

uVu31
2 G31/sD31

2 + G31
2 d @ G21. s26d

We now chooseD31
2 @G31

2 so that absorption of the laser
beams is insignificant, even when the conditions for CPT and
EIT are not satisfied. It can be seen from Eqs.s20d ands21d
that both beams will then be focused, provided the one-
photon detuning is negative. Thus, in order to obtain focus-
ing, in either a CPT or EIT configuration, the pump Rabi
frequency at the center of the TIPV31s0d must obey the con-
dition

quVs0du31
2 G31/sD31

2 + G31
2 d . G21, s27d

whereq=1 for the EIT situation and 2 for the CPT situation.
In other words, the pump Rabi frequency must be chosen so
that the threshold condition for EIT or CPT is obeyed. In
addition, both the fields must be detuned to the blue of their
respective transitions and two-photon resonance must be
maintained. For both CPT and EIT, we will use the quantity
D=r11r22− ur21u2 as a measure of the deviation from two-
photon coherence. When this deviation has a minimum at the
TIP center and increases toward its maximum value in the
wings, focusing will occur.

C. Maxwell-Bloch equations

In order to study the beam propagation, we solve the
Maxwell-Bloch equations, in the paraxial approximation,
which may be written in the formf3–6g

]

]z
Vij8 =

i

4LD
¹T

2Vij8 +
i

Lij
ri j8 , s28d

where

¹T
2 = ]2/]j2 + s1/jd]/]j + s1/j2d]2/]u2 s29d

is the transverse Laplacian in dimensionless cylindrical co-
ordinates,j=r /Î2w31s0d, wherew31s0d is the initial spot size
of the field at frequencyv31, Vij8 =Vij /G31 is the dimension-
less Rabi frequency, the parameterLD=kfw31s0dg2 is the dif-
fraction length, and the parameterLij ="G31/pkNmi j

2

=4/ai js0d, whereai js0d is the unsaturated line-center absorp-
tion coefficient for theu jl→ uil transition. In the calculations
we assume thatLij =LNL sNL stands for nonlineard for all the
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transitions. The ratioLrel=LNL /LD expresses the propagation
distance at which the nonlinearity becomes important, rela-
tive to the length at which diffraction becomes important.
Thus for a constant value ofLD, decreasing the value ofLrel
ensures that the nonlinearity takes effect at a shorter propa-
gation distance.

We solve the Maxwell-Bloch equations numerically for
beams whose initial TIP’s are Gaussian with the same waist
sizes:

Vij8 = Vij8 s0dexps− j2d. s30d

In order to compare plane-wavesPWd and Gaussian beams,
we assume that the initial Rabi frequencies of the beams in
the PW approximation are equal to the initial values of
Vij8 s0d, the on-axis Rabi frequencies of the Gaussian TIP of
the beams. In all the calculations presented here, we assume
that Gi j8 =Gi j /G31=1 for all four one-photon transitions,g43
=0, g218 =g128 =g12/G31=10−4, andGi j

* =0.

III. NUMERICAL RESULTS

A. The single-L system

In this section, we show that the laser beams that interact
with a single-L system, in either an EIT or CPT configura-
tion, can display SC over several diffraction lengths provided
the EIT or CPT condition holds at the TIP center, but not in
the wings. We first discuss the EIT configuration where
V318 s0d=1, V328 s0d=0.1, andD3j8 =−30. This choice of param-
eters ensures that the threshold condition of Eq.s27d holds at
the TIP centersj=0d but not in the wings of the profile. In
Figs. 2sad and 2sbd, we show how the real and imaginary
parts ofx̃3j

8s1d= x̃3j
s1dG31, at z/LD=0, vary across the profiles of

the laser beams. We see that the parts of the profiles that lie
near the center experience focusing, accompanied by slight
absorption, whereas the extreme wings experience some ab-
sorption but no focusing. As both transitions are far from
saturation,x̃318

s1d= x̃328
s1d. In Fig. 2scd, we plot the deviation

from two-photon coherence,D, across the profile of the
pump. We see thatD has a minimumsDmin=0.07d at the
center of the profile and increases toward its maximum value
of 0.25 in the wingssr11=r22=0.5 andr21=0 whenV3j8 =0
sinceg218 =g128 d. In Fig. 2sdd, we show the pump and probe
TIP’s at the center, and in Fig. 2sed, the full pump and probe
TIP’s, as a function of the propagation lengthz/LD for Lrel
=3.33310−3. Both beams display SC with breathing for ten
propagation lengths. This suggests that the effect of the
pump and probe focusing is slightly greater than that of the
diffraction. It should be noted that SC without breathing can
be obtained by increasing the value ofLrel so that focusing
takes effect at a longer propagation distance. From Fig. 2sdd,
we see clearly that the pump experiences absorption in addi-
tion to breathing.

The one-photon detuning is now increased toD3j8 =−150
so that the EIT condition does not even hold at the TIP
center. As a result, the deviation from two-photon coherence
at the TIP center isDmin=0.24 which is close to the maxi-
mum possible deviation, and the profiles experience much
less focusingfapproximately 1/20 of that shown in Figs. 2sad

and 2sbdg. This focusing is rapidly overcome by diffraction,
as can be seen in Fig. 2sfd. We will show below that aL
system that experiences SC, as shown in Fig. 2sdd, can in-
duce SC in aL system that diffracts, as shown in Fig. 2sed,
provided they are linked together to form a loop.

We now turn to the CPT configuration and consider the
parametersV3j8 s0d=1 andD3j8 =−30, which are chosen so that
the threshold condition of Eq.s27d holds at the TIP center
but not in the wings of the profile. In Figs. 3sad and 3sbd, we
show how the real and imaginary parts ofx̃3j

8s1d, at z/LD=0,
vary across the profiles of the laser beams. The results are
similar to those shown in Figs. 2sad and 2sbd for the EIT case
except that the focusing and low absorption extend further
into the wings. In Fig. 3scd, D is plotted across the beam
profiles. As before, it has a minimum at the TIP center
sDmin=0.02d, and increases toward its maximum value in the
wings, which is indicative of strong focusing. In Fig. 3sdd,
we show the on-axis pump and probe TIP’s, and in Fig. 3sed,
the full pump and probe TIP’s, as a function of the propaga-
tion lengthz/LD for Lrel=3.33310−3. As expected by anal-

FIG. 2. Single-L system in EIT configuration.sad Pump andsbd
probe absorptionsIm x̃3j

8s1d, dashed lined and refractionsRex̃3j
8s1d,

thin solid lined, andV3j8 sthick solid lined, at z/LD=0, as a function
of j, scd D sdashed lined andV318 sthick solid lined, at z/LD=0, as a
function ofj, sdd pumpssolid lined and probesdashed lined TIP’s at
j=0, as a function ofz/LD, andsed,sfd TIP’s sVij8 vs jd of propagat-
ing beams as a function ofz/LD. Note SC behavior insed and
diffracting behavior insfd. Initial Rabi frequencies areV318 s0d=1,
V328 s0d=0.1. Detunings areD3j8 =−30 in sad–sed, and D3j8 =−150 in
sfd. Lrel=3.33310−3.
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ogy with the SCEIT case, the beams display SC with breath-
ing and some absorption, over long propagation distances.
The one-photon detuning is now increased toD3j8 =−150 so
that the CPT condition does not even hold at the TIP center.
As a result, the deviation from two-photon coherence at the
TIP center,Dmin=0.19, is considerable, and the TIP’s expe-
rience focusing at the center which is approximately 1/20 of
that shown in Figs. 3sad and 3sbd. This focusing is rapidly
overcome by diffraction, as can be seen in Fig. 3sfd.

We now discuss a case where the CPT condition holds
over the entire profile of the laser beams so that focusing
does not occur at all. Consider the CPT configuration,
V3j8 s0d=4 andD3j8 =−4, with Lrel=3.33310−3. We see in Fig.
4sad that the absorption and refraction are zero over all the
whole pump profile, so that the pumps do not undergo re-
shaping due to absorption or focusing. Figure 4sbd shows
thatD=0 over the whole profile. In the absence of focusing,
the beams become diffracted on propagation, as shown in
Fig. 4scd.

The examples discussed in this section confirm the use-
fulness ofDsjd as an indicator of focusing inL EIT and CPT
configurations.

B. The double-L system

In this section, we link two single-L systemsfFig. 1sadg
together so as to form a double-L systemfFig. 1sbdg. For the
lower L system, we choose either a SCEIT or SCCPT con-
figuration, and for the upperL system, we choose either an
EIT or CPT configuration where the beams would be dif-
fracted in the absence of the lowerL system. We demon-
strate that the lower spatially confinedL system can act as a
waveguide for the inherently diffracting upperL system.

We first investigate the double-L system formed by com-
bining the SCEIT system of Figs. 2sad–2sed fV318 s0d=1,
V328 s0d=0.1, andD3j8 =−30g with the inherently diffracting
system of Fig. 2sfd fV418 s0d=1, V428 s0d=0.1, andD4j8 =−150g.
As the laser beams in the lowerL system are much closer to
one-photon resonance than those in the upperL system, the
deviation from two-photon coherence atz/LD=0 is deter-
mined by the lower system and is identical to that shown in
Fig. 2scd. In addition, since theE31 field interacts most
strongly with its respective transition, the behavior ofx̃318

s1d

= x̃31
s1dG31, at z/LD=0, is unchanged, and is identical to that

shown in Fig. 2sad. However, the focusing experienced by
the other fields, which interact less strongly with their re-
spective transitions, is different from that obtained in the
single-L system. Specifically, the focusing ofE32 is reduced
by a factor of 1.5, whereas that ofE41 is increased by a factor
of 4.5, andE42 is even slightly defocused, at the outset. In
Fig. 5sad, the TIP’s of all the fields are plotted as a function
of the propagation lengthz/LD for Lrel=1.2310−3. We see
that by linking the twoL systems, the lower system induces
spatial confinement in the upper system. While the fields

FIG. 3. Single-L system in CPT configuration.sad,sbd Pump
absorptionsIm x̃3j

8s1d, dashed lined and refractionsRex̃3j
8s1d, thin solid

lined, andV3j8 sthick solid lined, at z/LD=0, as a function ofj, scd D
sdashed lined andV318 sthick solid lined, at z/LD=0, as a function of
j, sdd pump TIP’s atj=0, as a function ofz/LD, and sed,sfd TIP’s
sVij8 vs jd of propagating beams as a function ofz/LD. Note SC
behavior insed and diffracting behavior insfd. Initial Rabi frequen-
cies areV318 s0d=V328 s0d=1. Detunings areD3j8 =−30 in sad–sed, and
D3j8 =−150 in sfd. Lrel=3.33310−3.

FIG. 4. Single-L system in CPT configuration.sad Pump absorp-
tion sIm x̃318

s1d=Im x̃328
s1d, dashed lined and refraction sRex̃318

s1d

=Rex̃328
s1d, thin solid lined, andV3j8 sthick solid lined, at z/LD=0, as

a function ofj, sbd D sdashed lined and V318 sthick solid lined, at
z/LD=0, as a function ofj. Note in sbd that D=0 over the whole
profile and inscd that the pumps diffract. Initial Rabi frequencies
areV318 s0d=V328 s0d=4. Detunings areD3j8 =−4. Lrel=3.33310−3.
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interacting with the lower, waveguidingL system experience
almost no diffraction, those interacting with the upper,
waveguidedL system experience some diffraction in the
wings. The extent of this diffraction is highly dependent on
the value ofLrel. Unfortunately, we could not find a value of
Lrel that completely eliminates the effect. In Fig. 5sbd, we
plot the on-axis TIP’s as a function ofz/LD. The difference
between the behavior ofV3j8 s0d in the double-L system,
shown in Fig. 5sbd, and in the single-L system, shown in Fig.
2sdd, is due only to the different value ofLrel used in each
case.

We now combine the SCCPT system of Figs. 3sad–3sed
fV3j8 s0d=1 andD3j8 =−30g with the inherently diffracting sys-
tem of Fig. 3sfd fV4j8 s0d=1 andD4j8 =−150g. As in the EIT
case, the deviation from two-photon coherence is determined
by the lowerL system and is identical to that shown in Fig.
3scd. The initial focusing experienced by the fieldsE3j is
slightly weaker than in the single-L system, whereas that
experienced by the fieldsE4j is significantly reduced to only
0.08 of the value obtained in the single-L system. In Figs.
6sad and 6sbd, the full TIP’s and the TIP’s at their center are
plotted for all the fields, as a function of the propagation
lengthz/LD for Lrel=1.0310−3. Again, we see that the lower
L system acts as a waveguide for the upperL system.

In Figs. 6sad and 6sbd, we took the initial relative phaseF
to be zero. Let us now consider the case whereF=p. The
initial absorption, refraction, and deviation from two-photon
coherence are all the same as in the case whereF=0, due to
the dominance of the lowerL system. As can be seen in Fig.

6scd, where the TIP’s of all four fields are plotted, the lower
L system is unchanged by the change in phase. However, it
is no longer capable of inducing waveguiding in the upperL
system. This suggests that the waveguiding effect derives
from the phase-dependent effective third-order contribution
to the density matrix as well as the phase-independent first-
order contribution fsee Eqs.s16d–s19dg. If the phase is
changed toF=p in the case shown in Fig. 5, where the
lower system is in a SCEIT configuration, not only is
waveguiding of the upperL system not obtained but, in ad-
dition, the probe field in the lowerL system ceases to be
spatially confined.

We now combine the SCCPT system of Figs. 3sad–3sed
fV3j8 s0d=1 andD3j8 =−30g with a L system that does not even

FIG. 5. Double-L system in which the SCEIT system of Fig.
2sed waveguides the inherently diffractingL system of Fig. 2sfd. sad
TIP’s sVij8 vs jd of propagating beams as a function ofz/LD, andsbd
TIP’s of beams atj=0, as a function ofz/LD. Initial Rabi frequen-
cies areVi18 s0d=1, and Vi28 s0d=0.1. Detunings areD3j8 =−30, D4j8
=−150, andLrel=1.2310−3.

FIG. 6. Double-L system in which the SCCPT system of Fig.
3sed waveguides the inherently diffractingL system of Fig. 3sfd. sad
TIP’s sVij8 vs jd of propagating beams as a function ofz/LD, sbd
TIP’s of beams atj=0, as a function ofz/LD, andscd TIP’s vssVij8jd
of propagating beams as a function ofz/LD, for F=p. Initial Rabi
frequencies areVij8 s0d=1. Detunings areD3j8 =−30, D4j8 =−150, and
Lrel=1.0310−3 in sad and sbd, andLrel=3.33310−3 in scd.
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satisfy the EIT condition at the TIP center, so that neither
self- nor cross-focusing occursfV418 s0d=0.001,V428 s0d=0.1,
D4j8 =−20, andLrel=4310−3g. Our aim is to show that it is
possible to spatially confine both the applied field,V428 , and
the field generated by FWM,V418 . We discussed a similar
configuration fV3j8 s0d=8, V418 s0d=0.001, V428 s0d=0.1, Di j8
= ±4, andLrel=1.66310−4g in a previous paperf28g. There,
D was small over the whole profile so that neither focusing
nor defocusing occurred. In addition, maximum conversion
of V428 s0d to V418 s0d as a result of FWM occurred after a very
short propagation lengths74% atz/LD=0.002d, long before
diffraction became important. In the configuration discussed
here, we see from Fig. 7sad that both the applied and gener-
ated fields in the upperL system are spatially confined over
a considerable propagation length. In Fig. 7sbd, we compare
the propagation behavior of the on-axis TIP’s of the Gauss-
ian beams with that of the PW’s. As before, maximum con-
version ofV428 s0d to V418 s0d occurs during the first oscillation

cycle s90% atz/LD=0.25d. In addition, we see that the on-
axis amplitudesV428 s0d and V418 s0d oscillate with opposite
phases at two frequencies: a faster one which is the same as
that experienced by the PW’s, and a slower frequency im-
posed by the in-phase breathing of the fieldsV3j8 s0d that in-
teract with the lowerL system.

IV. CONCLUSION

We have confirmed that a three-levelL system, in either
an EIT or CPT configuration, can experience self- and cross-
focusing, leading to SC on propagation over many diffrac-
tion lengthsf13,21g. We have shown that this occurs when
the lasers are detuned far to the blue, the two-photon detun-
ing is zero, and the deviation from two-photon coherence has
a minimum at the center of the transverse intensity profile of
the interacting laser beams. In order to achieve this mini-
mum, the Rabi frequencies at the center of the pump inten-
sity profiles should be at the EIT or CPT threshold. We have
demonstrated that when EIT or CPT is maintained across the
whole beam profile, neither focusing nor defocusing occurs,
so that the beams diffract on propagation. This also occurs
when the detuning is too large or the fields too weak for EIT
or CPT to occur.

We have linked aL system in a SCCPT configuration
with one that diffracts, so that a closed loop with zero two-
photon detuning is formed, and shown that the spatially con-
fined system acts as a waveguide for the inherently diffract-
ing system. The same phenomenon can also occur when both
systems are in a CPT configuration. We also showed that
when aL system that interacts with a weak field and a very
weak sor even zerod field is linked with aL system in a
SCCPT configuration, frequency conversion due to FWM
occurs, and both the incident and generated fields experience
SC over several diffraction lengths. We showed that the be-
havior of the applied and generated fields on propagation is a
combination of the higher-frequency oscillations experienced
by the PW’s and the slower oscillations induced by interac-
tion with the SCCPT configuration. Finally, the waveguiding
effect was shown to be strongly phase dependent, indicating
that it derives from the phase-dependent effective third-order
susceptibility rather than the phase-independent effective
first-order susceptibility, as is the case in previously studied
systems.

The examples we have considered emphasize the impor-
tance of taking the transverse profile of the beams into ac-
count when discussing propagation, especially for distances
greater than the diffraction length. All the examples dis-
cussed relate to electromagnetically induced waveguiding in
the double-L system. However, it is clear that waveguiding
over several diffraction lengths can be induced in a wide
variety of inherently diffracting nonlinear systems by linking
them to spatially confined systems.
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FIG. 7. Double-L system in which the SCCPT system of Fig.
3sed waveguides anotherL system interacting with a weak, applied
field and a field generated by FWM.sad TIP’s sVij8 vs jd of propa-
gating beams as a function ofz/LD. sbd Comparison of Gaussian
and PW’s: upper panels, TIP’s of Gaussian beams atj=0, as a
function ofz/LD, and lower panels, amplitude of PW’s as a function
of z/LD. Initial Rabi frequencies areV3j8 s0d=1, V428 s0d=0.1, and
V418 s0d=0.001. Detunings areD3j8 =−30, D4j8 =−20, and Lrel=4
310−3.
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