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Electromagnetically induced waveguiding in doubleA systems
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Near the threshold for electromagnetically induced transparéBEl) or coherent population trapping
(CPT), two-photon-resonance-enhanced self-focusing &f system can be exploited to induce spatial con-
finement in a second, diffracting system. The diffracting\ system is characterized by parameters below the
EIT or CPT threshold, and the tw& systems must be coupled to form a closed-loop dohbkstem. 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 secystem 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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[. INTRODUCTION the first, the Rabi frequencies and detunings of the laser
beams, or the decay rate of the two-photon coherence
Electromagnetically induced focusing, defocusing, spatial24,25|, are chosen so that either EIT or CPT is maintained
confinementSC), and waveguiding of a weak probe laser by over the whole beam profil26—28. In the second, rather
a strong pump laser have been demonstrated for a variety tfivial case, the Rabi frequencies and detunings are chosen so
atomic systems. These include two-level systefis6],  that neither EIT or CPT occurs, even at the center of the TIP.
three-level laddef7,8], V [9-11], and A systems[12,13, In this paper, we show that SC can be produced in the latter
four-level system$14], and strongly driven Raman systems system by combining it with one in which both laser beams
[15-18. In the two-level system, both the pump and probedisplay SC over several diffraction lengths. In other words, a
interact with a single transition whereas in the other systems\ system, in either a spatially confined E($CEIT) or spa-
the pump and probe interact with different transitions. Gen#ially confined CPT(SCCPT configuration, can act as a
erally, induced focusing and SC are obtained at probe deturwaveguide for the laser beams in anotiesystem, which
ings which are different from those of the pump so that thewould diffract in the absence of the guidirdg system. This
two-photon Raman detuning is nonzero. However, inshe type of electromagnetically induced waveguiding only oc-
system studied by Manassah and Grids3 [see Fig. 1a)],  curs when the\ systems are coupled to form a closed-loop
induced focusing and waveguiding of the probe wasdoubleA system[29-34], with zero two-photon detuning, as
achieved, at two-photon resonance, by detuning the pumghown in Fig. 1b). It is important to note that this effect, in
and probe far to the blue side of their respective transitionsgontrast to previously considered cases of electromagneti-
and choosing the on-axis pump Rabi frequency to be near theally induced waveguiding1-11], is highly dependent on
minimum value required one to achieve electromagneticallyhase. In previous cases, the effect is due to the phase-
induced transparenc§EIT) [19,20Q at that detuning. Previ- independent effective linear susceptibility whereas, here, it
ously, Kazinetset al. [21] showed that focusing and SC of 3
two fields with equal Rabi frequenci¢see Fig. 1a)] can be i
obtained, at zero two-photon detuning, provided that the on-
axis Rabi frequencies of the blue-detuned fields are near the oy, o,
threshold required to achieve coherent population trapping
(CPT) [22,23. Thus, in order to obtain induced focusing and
SC in either the EIT or CPT configuration, the initial inten- 2
sity at the center of the transverse intensity profilé?) 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 coherence=p;1p.,—|p21?),
which has its minimum value at the center of the Gaussian
profile of the pumgs), increases towards the wings of the
profile.
We can envisage two possible scenarios where focusing FIG. 1. Energy-level scheme fdg) single- and(b) doubleA
cannot occur and the beams will diffract on propagation. Insystems.
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also derives from the phase-dependent effective third-orddBloch equations for the off-diagonal elements of the density

susceptibility.

matrix are the same for all four-level systems that interact

In a previous pap€dr28], we discussed frequency conver- with four fields so that a loop is formed. The equations for
sion in a doubleA system. We showed that focusing, leadingthe diagonal elements differ only in the decay terms. The

to enhanced frequency conversion, can occur for propagatioBloch equations are given by

distances that are much shorter than the diffraction length,. . Vaadle 4 Ve p e —Narpl o= Vrp! ) — +

when the interacting fields are slighty detuned to the blue. P11=1(V13P31+ V14041 = V31015~ Varp1a) = vioP1a+ 21022
T_his foqusing is, however, often accompanied by ring forma- + V31033 F Va1Paas (2
tion which may lead to breakuf85]. We also showed that

focusing, without ring formation, can occur at short propa- , = 1(Voap3y+ Vaapao = Vaopzs = Vaapad) + YioP11~ Yaip2z
gation distances, for identical blue-detuned beams, when the

initial relative phase is switched from zero where CPT oc- + V30p33+ VacPas 3
curs to 7 where it cannot exisf29-34. Here, we discuss

frequency conversion between the fields in the uppeys- P33 = 1(V31p13+ Vaopss — Vians; = Vozp3,) = ¥apaz+ YazPaa
tem, for the case where the lowar system, which is in a (4)

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- S , , , ,
nation of the higher-frequency oscillations, that also occur in p21=1(Vaapas + @Vaups1 ~ Varpzs — @Varn2q)

the absence of diffraction, with the lower-frequency breath- — (Tp1+iA5)p5, (6)
ing oscillations imposed by the guiding system. It should

be noted that the field generated by the four-wave-mixing
(FWM) process is produced with the correct phase to close

Pa4=1(Vg1p14+ Vaopss = Vaapay = Voapss) = Vapas,  (5)

P31 = 1(Va1p11+ Vaopsy = Va1paz = Varpsy) — Tz +1830)p3,

the loop. In future work, we will identify other nonlinear (7)
systems that can exhibit waveguiding when combined with L , . ,
SCEIT or SCCPT systems. P32 =1(Vap20+ V31015 = Vaopzz— @ Vaopsy)

The doubleA system has previously been investigated in — (T +Agp)phoy 8)

the context of amplification without inversiofi36-39,
phase-sensitive laser coolifdQ], the propagation of pairs of o " - -
optical pulses[41], optical phase conjugatiof27,42—44, par = 1(Varpr1+ @ Vaopy = Varpus = Varpad)
phase control of photoionizatioj#5], resonantly enhanced = (T4 +1A40)p41, (9)
four-wave mixing[34,42,46-52, cavity quantum electrody-
namics(QED) [53], phase control of EIT54,55 and CPT Paz=1(Vagp2o + @Vap1y = @Vaopis = Varpas)
[56], Ramsey fringe$57], light storing of a pair of pulses _ )
[58,59, quantum control of entanglemef0,61], and dy- = (Pa2+iA4)pa,, (10
namic optical bistability{62].
P13 = 1(Va1p13+ @ Vaopas = Vigna — @ Vaang))
Il. THE MODEL — (Ca3+i1A439)py3, (11

A. The Bloch equations where a=expi®) and ® =g~ @30+ @40~ @47 IS the initial

The three-level and four-level doublet system are de- relative phasejyy is the longitudinal decay rate from state
picted in Figs. 1a) and Xb). The singleA system, whichis [K—|l), ¥ is the total decay rate from stafg, and I'y
also the lowerA system of the doublé: system, consists of =0.8%+t %)+l is the transverse decay rate of the off-
the stategl), |2), and|3), whereas the uppek system con- diagonal density-matrix elemepf,, wherel',; is the rate of

sists of the statefl), |2), and |4). Each|j)—[i) transition  phase-changing collisions. The rapidly oscillating terms have

(with j=1,2 andi=3, 4 throughout the papginteracts with  been eliminated by the substitutions
an electromagnetic field

pii = pij exl— i (At + Kz - ¢;)], (12
E;j(1,1) = (1/2%;E;j (exd - i(w;t - kjz+ @] + c.c., and
@ P21= P21 €XP{— i[(Ag1— Ag)t + (K31~ Ks)Z— (@31~ @39 I},
with unit polarization vectok;, frequencywj;, wave vector (13

kij, and initial phasep;;, whose detuning from the transition

frequencywi’j is Aij=wi’j—wij and whose Rabi frequency is Phz= pazeXP—i[(Ag1— Agpt + (Ksg — Ks)Z— (a1 — @311}

2V;i(r) = w;; B (r) / . (14)
The first step is to write the Bloch equations for the

doubleA systen{28,34] which reduce to those of the single- It is only possible to write the Bloch equations in this form

A system[63] whenV3;=0. It should be pointed out that the when the multiphoton resonance conditiang;— wso+ wy,
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- w4,=0, is satisfied. This condition can be rewritten in terms VI5A31 . V5145

of the one-photon detunings aSz;—Az,=Ag—Agn=As, A1=An— A2 +T2 T AZ+T2 (23
whereA,; is the two-photon or Raman detuning or, alterna- 317731 |e2T a2
tiVer, A41_A31:A42_A32:A43- 2 2

In addition to solving the steady-state Bloch equations Ty Tyt Malss | Mail's (24

numerically, we have also obtained analytical formulas A3, +T3, A%, +T3,
which express the off-diagonal density matrix elements in .
terms of the populations of the states. These formulas are £t US consider CPT and EIT for the case whérg=A;,
generalization of those previously developed for the three2Nd I's1=T"s>. FOr CPT whereVs;=Vs, we see from Egs.
level A system[63], and for the doublex system[49] in the (2,0) and (21) that p3=0 when p11=p22=/1/2, p33=0, and
case wherd/,, andV,, are strong, an¥s, andV,; are weak ~ Pz1=~1/2, and from Eqs(22)—(24), thatp,,=-1/2 when
(strong-weak-strpng—weak .configurat)orand i.t is assumed 2|V|§1F31/( A§1+F§1) >T,,. (25)
that the strong fields remain constant. We find that the ana-

lytical expression fop/; can be decomposed into the sum of Only when this condition is obeyed will CPT occur. For the
terms that are linear and third order in the Rabi frequency, case of EIT wher&/z,> V3, leads topy,> py1,|p24|, the con-
dition of Eq. (25) is replaced by

pii =i + i, (15 ) ,
- VI3l 3/ (A3, + T30 > Tay. (26)
or, more explicitly, as
We now chooseA3;>T3, so that absorption of the laser
/ :"‘(l)V +a"‘(3)v VY, (16) . .
P31~ X31 V31T AX31 V32V24Var, beams is insignificant, even when the conditions for CPT and
EIT are not satisfied. It can be seen from E@)) and(21)
Pho= XodVar + 8 X5 Va1V1aVao, (17)  that both beams will then be focused, provided the one-
photon detuning is negative. Thus, in order to obtain focus-
1= *~(3) ing, in either a CPT or EIT configuration, the pump Rabi
Pa1=Xa1 Va1 T @ Xa1VaVo3Vay, (18) 9, g , pump
amAm T 41 7TazTesTs frequency at the center of the T\R,(0) must obey the con-
ro_~ ~ dition
Ph2= X9 Var+ AXaVarViaVaz, (19
2 2 2N\
Where")’(i(jl) and }i(f) are proportional to the effective linear AV(O)[5l"ar/ (A3, + I'gy) = I'ay, @7

and third-order susceptibilities(i(jl'3) [64]. The real and whereq=1 for the EIT situation and 2 for the CPT situation.

imaginary parts of the effective linear susceptibilit ) are  In other words, the pump Rabi frequency must be chosen so
proportional to the refraction and absorption of the field thathat the threshold condition for EIT or CPT is obeyed. In
interacts with thdi)— |j) transition, and the effective third- addition, both the fields must be detuned to the blue of their
order susceptibilitwi@ gives the contribution to the nonlin- respective transitions and two-photon resonance must be
ear polarization ai;; from FWM. Unfortunately, the analyti- maintained. For both CPT and EIT, we will use the quantity
cal expressions for the susceptibilities are too unwieldy tdD=p11p,o—|p»1|*> as a measure of the deviation from two-
reproduce here. However, as we show in Sec. lll, their nuphoton coherence. When this deviation has a minimum at the
merical evaluation gives important physical insight into theTIP center and increases toward its maximum value in the
behavior of the system. We assume throughout that the cavings, focusing will occur.

propagating laser beams are close in frequency. This assump-

tion allows us to neglect Doppler broadening. C. Maxwell-Bloch equations

B. CPT, EIT, and focusing conditions In order to study the beam propagation, we solve the
In order to understand the conditions under which focusMaxwell-Bloch equations, in the paraxial approximation,
ing with low absorption occurs in a single-system, we Which may be written in the forri3—6]
recall the analytical expressions fp’gj in terms of the popu-

d [ i
lations[63 —V = —V2V' +—p/, 28
(63] gz 4L TVij Lij Pij (28)
- V. - V3205
ph =¥V, = - 31(P3_3_ 1) | 3EP_21 (20 where
Ag =il Ay =il'y 5

V2= Plog? + (11€)al o + (LIE%) Pl 96° (29)
I Vaalpss—p22) | Vawps i ian in dimensi indri -
PszZX(slz)Vszz _V32\P33T P22 Va3iP12 (21) is the transverse Laplacian in dimensionless cylindrical co

ordinates £=r/+2wa;(0), wherews,(0) is the initial spot size
of the field at frequencyos;, Vj;=V;;/I'3, is the dimension-

A32 - iF32 A32 - ir32’

where less Rabi frequency, the parametgy=k[ws,(0)]? is the dif-
, _ VaiVao [ pa2—p3z p11—Pas fraction length, and the parametekL;; =71/ wkN,uﬁ
Po1= e T\ A T Aar—ilar) (22) =4/a;;(0), wherea;;(0) is the unsaturated line-center absorp-
Ay =il VRe2T gz Az~ e _ L . ; " X
tion coefficient for thej)— |i) transition. In the calculations
with we assume thdt;; =Ly, (NL stands for nonlinearfor all the
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transitions. The ratit, =Ly /Lp expresses the propagation § 0.02 0.02 0.1
distance at which the nonlinearity becomes important, rela-g
tive to the length at which diffraction becomes important. 2 of ok ]
Thus for a constant value &fy, decreasing the value &f, 8 =
ensures that the nonlinearity takes effect at a shorter propa§
gation distance. 00— 0 00— 0

We solve the Maxwell-Bloch equations numerically for g
beams whose initial TIP’s are Gaussian with the same waist g2 )
sizes: < B /\/\/\/\

Vi =V (0)exp(- &). (30 3 S

In order to compare plane-wayW) and Gaussian beams, § S
we assume that the initial Rabi frequencies of the beams in o % 5 10

the PW approximation are equal to the initial values of
Vi’j(O), the on-axis Rabi frequencies of the Gaussian TIP of

i 1.5 0.2
the beams. In all the calculations presented here, we assun_ B (€)
that Fi’j=Fij/F31=1 for all four one-photon transitiongy,; e M 04
— A _ 4 * = 05 >
=0, ¥21= 715~ 712/T'3,=107, andI’; =0. . ,
10 19
5 5 O 5 > 5

IIl. NUMERICAL RESULTS ZL, 0 -5 £ zL, 0 -5 ¢
A. The single-A system o1 | )
In this section, we show that the laser beams that interaci— -

with a singleA system, in either an EIT or CPT configura- > 005 S 03
tion, can display SC over several diffraction lengths provided 0 0
the EIT or CPT condition holds at the TIP center, but not in 2 5 2= 5
the wings. We first discuss the EIT configuration where 2, o0 -5 Og zZ/L 0 -5 0&
V31(0)=1, V3,(0)=0.1, andA3=-30. This choice of param-
eters ensures that the threshold condition of (2@) holds at FIG. 2. SingleA system in EIT configuratior(a) Pump andb)

the TIP cente¢=0) but not in the wings of the profile. I probe absorptior(im ¥4", dashed ling and refraction(Re')“(’jl)

(

Figs. 2a) and 2b), we show how the real and imaginary thin solid ling, andVy; (thick solid line, atz/Lp=0, as afun?:tion
parts of)}éfl):}g)r% atz/Lp=0, vary across the profiles of 0f & (c) D (dashed lingand V4, (thick solid line, atz/Lp=0, as a
the laser beams. We see that the parts of the profiles that Ifenction of (d) pump(solid line) and probedashed ling TIP's at
near the center experience focusing, accompanied by slighif 0. as a function of/Lp, and(e),(f) TIP's (V;; vs £) of propagat-
absorption, whereas the extreme wings experience some al§d beams as a function affLp. Note SC behavior ire) and
sorption but no focusing. As both transitions are far fromdifiracting behavior in(f). Initial Rabi frequencies ar¥s(0)=1,
saturation, ¥4" =%, In Fig. 2c), we plot the deviation Xiz(l?)-_oélg.szelt;rgngs aré3;=-30 in (8)~(e), andA3=-150 in
from two-photon coherencd), across the profile of the Corel '
pump. We see thaD has a minimum(D;,=0.07 at the  and 2b)]. This focusing is rapidly overcome by diffraction,
center of the profile and increases toward its maximum valuas can be seen in Fig(f2 We will show below that aA
of 0.25 in the wings(p;;=p2,=0.5 andp,;=0 whenV;=0  system that experiences SC, as shown in Fig),Zan in-
since y5,=7;,). In Fig. ZAd), we show the pump and probe duce SC in a\ system that diffracts, as shown in FigeR
TIP’s at the center, and in Fig(&, the full pump and probe provided they are linked together to form a loop.
TIP’s, as a function of the propagation length_p for L We now turn to the CPT configuration and consider the
=3.33x 10°3. Both beams display SC with breathing for ten parameterd/;(0)=1 andA3=-30, which are chosen so that
propagation lengths. This suggests that the effect of thée threshold condition of Eq27) holds at the TIP center
pump and probe focusing is slightly greater than that of thédut not in the wings of the profile. In Figs(é88 and 3b), we
diffraction. It should be noted that SC without breathing canshow how the real and imaginary parts?@}”, atz/Lp=0,
be obtained by increasing the valuelgf, so that focusing vary across the profiles of the laser beams. The results are
takes effect at a longer propagation distance. From Ki), 2 similar to those shown in Figs(& and Zb) for the EIT case
we see clearly that the pump experiences absorption in addéxcept that the focusing and low absorption extend further
tion to breathing. into the wings. In Fig. &), D is plotted across the beam

The one-photon detuning is now increasedMp=-150  profiles. As before, it has a minimum at the TIP center
so that the EIT condition does not even hold at the TIP(D,;,=0.02, and increases toward its maximum value in the
center. As a result, the deviation from two-photon coherencevings, which is indicative of strong focusing. In Fig(d3,
at the TIP center i®,,=0.24 which is close to the maxi- we show the on-axis pump and probe TIP’s, and in Fig),3
mum possible deviation, and the profiles experience muckhe full pump and probe TIP’s, as a function of the propaga-
less focusingapproximately 1/20 of that shown in Figga2  tion lengthz/Lp for L,,=3.33X 103, As expected by anal-
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2 ®© FIG. 4. SingleA system in CPT configuratiofi@) Pump absorp-
T tion (Im l=Im¥,, dashed ling and refraction (Re¥,.”
= :Re}}é(z), thin solid ling, andvéj (thick solid ling, atz/Lp=0, as
18 a function of & (b) D (dashed ling and V3, (thick solid ling, at
5 s 5 z/Lp=0, as a function of. Note in (b) that D=0 over the whole

profile and in(c) that the pumps diffract. Initial Rabi frequencies
areV3,(0)=V3,(0)=4. Detunings aré\; =-4. L¢=3.33x 102

The examples discussed in this section confirm the use-
fulness ofD(&) as an indicator of focusing in EIT and CPT
configurations.

B. The doubleA system

FIG. 3. SingleA system in CPT configuration(a),(b) Pump
absorptionlm }g.(l), dashed lingand refractior(Re};l), thin solid
line), andVéJ- (thick solid ling, atz/Lp=0, as a function o, (c) D
(dashed linpandVy, (thick solid ling), atz/Lp=0, as a function of
& (d) pump TIP's até=0, as a function of/Lp, and(e),(f) TIP's
(Vi’j vs §) of propagating beams as a function . Note SC
behavior in(e) and diffracting behavior irff). Initial Rabi frequen-
cies areV3,(0)=V3,(0)=1. Detunings aragj:—so in (a—(e), and
Ag=-150 in(f). L=3.33x 107,

In this section, we link two singlé: systemdgFig. 1(a)]
together so as to form a doublesystemFig. 1(b)]. For the
lower A system, we choose either a SCEIT or SCCPT con-
figuration, and for the uppek system, we choose either an
EIT or CPT configuration where the beams would be dif-
fracted in the absence of the lowar system. We demon-
strate that the lower spatially confinddsystem can act as a
waveguide for the inherently diffracting uppArsystem.

We first investigate the doubl&-system formed by com-
bining the SCEIT system of Figs.(@-2(e) [V;,(0)=1,
ogy with the SCEIT case, the beams display SC with breathVz,(0)=0.1, andAg=-30] with the inherently diffracting
ing and some absorption, over long propagation distancesystem of Fig. &) [V,;(0)=1, V,,(0)=0.1, andA/;=-150].
The one-photon detuning is now increasedAfp=-150 so  As the laser beams in the lowarsystem are much closer to
that the CPT condition does not even hold at the TIP centeene-photon resonance than those in the uppeystem, the
As a result, the deviation from two-photon coherence at theleviation from two-photon coherence atL,=0 is deter-
TIP center,D,,;,=0.19, is considerable, and the TIP’s expe-mined by the lower system and is identical to that shown in
rience focusing at the center which is approximately 1/20 ofFig. 2(c). In addition, since theEg, field interacts most
that shown in Figs. @& and 3b). This focusing is rapidly strongly with its respective transition, the behaviorigﬁl)
overcome by diffraction, as can be seen in Fi).3 =3((311)1“31, at z/Lp=0, is unchanged, and is identical to that

We now discuss a case where the CPT condition holdshown in Fig. 2a). However, the focusing experienced by
over the entire profile of the laser beams so that focusinghe other fields, which interact less strongly with their re-
does not occur at all. Consider the CPT configurationspective transitions, is different from that obtained in the
V3(0)=4 andAg =-4, with L ¢=3.33% 1073, We see in Fig.  singleA system. Specifically, the focusing Bf, is reduced
4(a) that the absorption and refraction are zero over all theby a factor of 1.5, whereas that Bf; is increased by a factor
whole pump profile, so that the pumps do not undergo reef 4.5, andE,, is even slightly defocused, at the outset. In
shaping due to absorption or focusing. Figui@)4shows Fig. 5a), the TIP’s of all the fields are plotted as a function
thatD=0 over the whole profile. In the absence of focusing,of the propagation length/Lp for L,,=1.2X 1073, We see
the beams become diffracted on propagation, as shown itat by linking the twoA systems, the lower system induces
Fig. 4(c). spatial confinement in the upper system. While the fields
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FIG. 5. DoubleA system in which the SCEIT system of Fig.
2(e) waveguides the inherently diffracting system of Fig. &). (a)
TIP’s (Vi’j vs &) of propagating beams as a functionzétp, and(b)
TIP’s of beams at=0, as a function of/Lp. Initial Rabi frequen-
cies areV{;(0)=1, andV{,(0)=0.1. Detunings aredy=-30, A,
-150, andL,q=1.2X 1073,

interacting with the lower, waveguiding system experience
almost no diffraction, those interacting with the upper
wavegwdedA system experience some diffraction in the

the value ofL,,. Unfortunately, we could not find a value of
el that completely eliminates the effect. In Figibh we
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wings. The extent of this diffraction is highly dependent on =
L imi . o'l
i i [ z/L z/L

plot the on-axis TIP’s as a function afLy. The difference
between the behavior 0\‘/éj(0) in the doubleA system,
shown in Fig. 8b), and in the singlek system, shown in Fig.
2(d), is due only to the different value df, used in each
case.

We now combine the SCCPT system of Fig$a)33(e)
[V3(0)=1 andAj =-30] with the inherently diffracting sys-
tem of Fig. 3f) [VA’”(O)Zl andAL’H:—lso]. As in the EIT

case, the deviation from two-photon coherence is determine

by the lowerA system and is identical to that shown in Fig.
3(c). The initial focusing experienced by the fields; is
slightly weaker than in the singla- system, whereas that
experienced by the fields,; is significantly reduced to only
0.08 of the value obtained in the singlesystem. In Figs.
6(a) and &b), the full TIP’s and the TIP’s at their center are

plotted for all the fields, as a function of the propagationorder contribution[see Eqgs.(16)—(19)].

lengthz/Lp for L,,=1.0x 1073, Again, we see that the lower
A system acts as a waveguide for the uppesystem.

In Figs. Ga) and Gb), we took the initial relative phasé
to be zero. Let us now consider the case wherer. The
initial absorption, refraction, and deviation from two-photon
coherence are all the same as in the case wieré, due to
the dominance of the lowek system. As can be seen in Fig.

FIG. 6. DoubleA system in which the SCCPT system of Fig.
3(e) waveguides the inherently diffracting system of Fig. &). (a)
TIP’s (Vi’j vs £) of propagating beams as a function i p, (b)
TIP’s of beams a£=0, as a function of/Lp, and(c) TIP’s vs(Vi’J- 3]
of propagating beams as a functionzt_p, for ®=7. Initial Rabi
frequencies ar&/;(0)=1. Detunings are\;=-30, A;;=-150, and
yer=1.0% 103 in (a) and(b), andL,g=3. 33>< 1073 in (c)

6(c), where the TIP’s of all four fields are plotted, the lower
A system is unchanged by the change in phase. However, it
is no longer capable of inducing waveguiding in the upper
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-
If the phase is
changed to®=1 in the case shown in Fig. 5, where the
lower system is in a SCEIT configuration, not only is
waveguiding of the uppeA system not obtained but, in ad-
dition, the probe field in the loweA system ceases to be
spatially confined.

We now combine the SCCPT system of Figéa)33(e)
[ng(O):l andAgj:—SO] with a A system that does not even

043812-6
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cycle (90% atz/Lp=0.25. In addition, we see that the on-
axis amplitudesV,,(0) and V,,(0) 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 fie1£§§(0) that in-
teract with the lowerA system.

IV. CONCLUSION

We have confirmed that a three-levklsystem, in either
an EIT or CPT configuration, can experience self- and cross-
focusing, leading to SC on propagation over many diffrac-
tion lengths[13,21]. 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
1.02 — 0.1 — when the detuning is too large or the fields too weak for EIT
or CPT to occur.

We have linked aA 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-

0.96 o fined system acts as a waveguide for the inherently diffract-

o 2 4 0 2 4 ing system. The same phenomenon can also occur when both
d d systems are in a CPT configuration. We also showed that
when aA system that interacts with a weak field and a very

FIG. 7. DoubleA system in which the SCCPT system of Fig. \yeak (or even zerd field is linked with aA system in a
?_,(e) Wavegui_des anothekx system interacting wi/th a weak, applied gccpT configuration, frequency conversion due to FWM
field and a field generated by FWN&) TIP's (Vj; vs §) of propa-  400rs, and both the incident and generated fields experience
gating beams as a function afLp. (b) Comparison of Gaussian g oyer several diffraction lengths. We showed that the be-
and PW's: upper panels, TIP's of Gaussian beam§=0, as & o ior of the applied and generated fields on propagation is a
function ofz/Lp, and lower panels, amplitude of PW’s as a function bination of the higher-frequency oscillations experienced
of z/Lp. Initial Rabi frequencies ar&’éj(o):l, V,,(0)=0.1, and gom ina ) 9 q . y. . p_
V/,,(0)=0.001. Detunings ared}=-30, Al =-20. and L =4 y the PW's and the slower oscillations induced by interac-

A 3 4 tion with the SCCPT configuration. Finally, the waveguiding
X 1073,
effect was shown to be strongly phase dependent, indicating

satisfy the EIT condition at the TIP center, so that neitherthat it dgri_\{es from the phase-depende_nt effective third-order

self- nor cross-focusing occuf¥/’,(0)=0.001,V/(0)=0.1 susceptibility rather than the phase-independent effective

AL =-20, andLy=4x 10 Ourﬁaim is o s,ho‘:/%/ that it is _first-order susceptibility, as is the case in previously studied
4~ ’ rel— :

. > . e systems.
possible to spatially confine both the applied fiel],, and . . .
the field generated by FWMV,,. We discussed a similar The examples we have considered emphasize the impor-

configuration [V4,(0)=8, V4,(0)=0.001, Vi(0)=0.1, A/ tance of taking the transverse profile of the beams into ac-

- +4, andL,y=1.66x 10-4] in a previous papei2g]. There, count when discussing propagation, especially for distances

D was small over the whole profile so that neither focusin greater than the diffraction length. All the examples dis-
P Yeussed relate to electromagnetically induced waveguiding in

nor f}lefocusirlwg occurred. In addition, maximum conversioqhe doubleA system. However, it is clear that waveguiding
Of Vi(0) 10 V4, (0) as a result of FWM occurred after a very over several diffraction lengths can be induced in a wide

short propagation Igngt(V4% atz/LD=0.OQZ), Io.ng b(_afore ariety of inherently diffracting nonlinear systems by linking
diffraction became important. In the configuration discusse hem to spatially confined systems

here, we see from Fig.(& that both the applied and gener-
ated fields in the uppek system are spatially confined over
a considerable propagation length. In Figh)7 we compare ACKNOWLEDGMENT

the propagation behavior of the on-axis TIP’s of the Gauss-

ian beams with that of the PW's. As before, maximum con- We wish to thank Dr. Dafna Bortman-Arbiv for her help
version ofV,,(0) to V,,(0) occurs during the first oscillation at the early stages of the research.
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