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Efficient parametric amplification in double- A systems without maximal two-photon coherence
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We study four-wave mixing in a doubl&-system, for cw laser beams whose transverse intensity profiles
(TIP’s) are initially Gaussian, by solving the Maxwell-Bloch equations numerically. For systems where coher-
ent population trappingCPT) is initially absent, we show that efficient frequency conversion, without focusing
or ring formation, can occur even at distances which are much shorter than those required to establish CPT. We
also show, for certain configurations, that blue-detuned beams become focused on propagation so that very
high frequency conversion, even exceeding 100% at the center of the profile, can occur. This focusing is,
however, accompanied by ring formation. We show that focusing, without ring formation, can occur for
identical blue-detuned beams when the initial relative phase ®0 that CPT cannot be established on
propagation. The behavior of the TIP’s of the beams on propagation is explained by considering the effective
linear and third-order contributions to the off-diagonal density-matrix elements.
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I. INTRODUCTION and phase matching become irrelevgRor earlier work on
Modern nonlinear optics exploits quantum interferencethe role of maximal coherence in coherent anti-Stokes reso-

and coherence effects in order to control and modify thd'@Nc€ Raman systems which are also doublystems, see

properties of the interacting optical fields and materiai sysRefS:[44,49.) This is quite different from the situation in the

tems. One of the most studied schemes is the dotldgs- pum_ped two-level systerfd6-49 where parametric ar_npli-
tem, which consists of four atomic or molecular states inter/ication of the FWM and probe fields increases with the
acting with four near-resonant laser beams so that a closdyfopagation lengtii4d).

: : .. Here we demonstrate that for systems where CPT is ini-
loop is formed. An important property of these systems is. .
that both the initial relative phases and amplitudes of th(:Ilally absent, considerable enhancement of the FWM can oc-

electromagnetic fields determine the populations and cohef—ur even at distances which are an order of magnitude shorter

ences of the atomgl—6] as well as the properties of the han those required to establish CPT. Maximum frequency

field tiori6l. The doubleA i has b conversion can be achieved before the beams become fo-
lields on propaga iorj6]. ‘The oubleA System has been . ,seq defocused, or develop a ring around the central peak
investigated in the context of amplification without inversion

o i ; which would be indicative of potential azimuthal-symmetry
[7-10, phase-sensitive laser coolifitll], the propagation of = hreakup[50]. We also show that when the beams are blie
pairs of optical pulses[12], optical phase conjugation getuned and the nonlinearity of the medium is reduced con-
[13-16, phase control of photoionizatiofi7], resonantly  siderably, self-focusing of the beams leading to very high
enhanced four-wave mixingFWM) [6,13,18-24, cavity  frequency conversion can be obtained, near the axis of
quantum electrodynami¢QED) [25], phase control of elec- propagation of the copropagating beams. This self-focusing
tromagnetically induced transparen{36,27 and coherent is, however, accompanied by ring formation which may lead
population trapping CPT) [28], Ramsey fringeg29], light  to breakup[50]. Only by solving the Maxwell-Bloch equa-
storing of a pair of pulsef30,31], and dynamic optical bi- tions in three dimensions, rather than in two dimensions as
stability [32]. Recently, Morigiet al. [33] have compared the presented here, will it be possible to determine at what
phase-dependent properties of tke (diamond four-level  propagation length breakup will occur. In all these configu-
system with those of the double-system. rations, the laser at the FWM frequency is initially very
In this article, we discuss the behavior of the initially weak. On propagation, FWM is generated with the correct
Gaussian transverse intensity profi{@$P’s) of cw copropa- phase so that CPT conditions can be establigbgd
gating beams that interact with a doulesystem. Previous We also compare the propagation of four beams with
studies of propagation in four-level double-systems equal Rabi frequencies and detunings to the blue, when
[6,7,12,13,30,31,340r in their five-level modified version =0 and®=7. When®=0, CPT exists from the outset and
[35], proposed by Johnsson and Fleischhgd@ér38, have the beams propagate unchanged for a length that is short
considered either c\6,13,35 or pulsed plane wave fields compared to the diffraction length. However, whés 7 so
[12,24,30,3]1 However, none of them have considered thethat CPT is absent throughout propagation, and the nonlin-
role of the transverse intensity profiles of the interactingearity sets in at a suitable length, all four beams can be
beams in enhancing FWM, although the potential signifi-focused without ring formation.
cance of doing so was pointed out by Korsunsky and Kosa- We show that the behavior of the transverse intensity pro-
chiov [6]. Harris and coworker§39—43 have shown that if files of the beams, on propagation, can be explained by
maximum two-photoriRaman coherence can be established studying the effective linear and third-order contributions to
between the two lower states of the system, highly efficienthe off-diagonal density-matrix elements, as a function of the
FWM occurs within a coherence length, so that self-focusingpeam profile.
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FIG. 1. Energy level scheme for the doublesystem interact-
ing with four beams.

Il. THE MODEL

The four-level doublek system is depicted in Fig. 1. The
lower A system consists of the statés, |2), and|3), and the
upper A system consists of the statds, |2), and|4). Each
[jy— iy transition (with j=1, 2 andi=3,4 throughout the
papej interacts with an electromagnetic field

E”(F,t) = (1/2)5\(” Eij(r)eXd_ I(w”t - kijZ+ (,D”)] +C.C.,

1

with unit polarization vectok;, frequencyw;;, wave vector
kij, and initial phasep”, whose detuning from the transition
frequencyw| is Aj=w{i—wj; and whose Rabi frequency is
2VI](r) Ml]Eu(r)/ﬁ

The first step is to write the Bloch equatioftl] for the

ij
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Pa2=1(Vagpoo + @Va1p1 — @Vaopas = Vagpas)

= (Cya+1Ag)pso, (10
3= 1(Va1p13+ @ Vaopog = Vigpg, — @ Vogpsy)
= (Caz+i1A49)ps3, (1)

where a=exp(i®) and & =@3;— @30+ @1o— @aq iS the initial
relative phasey,, is the longitudinal decay rate from state
|ky— |1y, 9, is the total decay rate from stafe, and I’
=0.5y+y)+I, is the transverse decay rate of the off-
diagonal density-matrix elemept,, wherel'}, is the rate of
phase-changing collisions. The rapidly oscillating terms have
been eliminated by the substitutions

pij = pij exXH— (At + Kz = ¢y)], (12
wherei=1, 2, andj=3, 4, and
Pp21= P21 €XP{— i[(Ag1— Ag)t + (K31~ K32~ (@31~ @39 I},
(13

Paz= Paz €XP{— i[(Agy — Azt + (Kgy — k3)Z = (41— @31 1}
(14

It is only possible to write the Bloch equations in this form
when the multiphoton resonance conditien;— w3+ wso

doubleA system[6]. It should be pointed out that the Bloch —w,4;=0 is satisfied. This condition can be rewritten in terms
equations for the off-diagonal elements of the density matrbof the one-photon detunings aS;;—Az=As—As =475,

are the same for all four-level systems that interact with fouwhereA,, is the two-photon or Raman detuning or, alterna-
fields so that a loop is formed. The equations for the diagondively, Ay;—Az1=A = Az=Ays.

elements differ only in the decay terms. The Bloch equations In addition to solving the steady-state Bloch equations
are given by numerically, we have also obtained analytical formulae
which express the off-diagonal density matrix elements in

— ’ ro_ ro_ N _
P11=1(Viapar + Vi = Varprs~ Varprd) ~ Yoo+ v21022 terms of the populations of the states. These formulas are a

+ V31033 F YVa1Paas (2)  generalization of those previously developed for the three-
level A system[51] and for the double\ system[21] in the
P22 = 1(Vog0ho+ Voupis = Vaopia = Vaopsa) + Visp11— V21022 case wheré&/;; andV,, are strong, antys, andy4_1 are weak
(strong-weak-strong-weak configuratjprand it is assumed
+ Y32P33 % VaoPaa, (3

that the strong fields remain constant. We find that the ana-
) ) ) ) ) ) lytical expression forpi’j can be decomposed into a sum of
p33=1(Va1p13+ Vaopo3 = Vaapg = Vazps,) = Yapsa+ Yazpas, terms that are linear and third order in the Rabi frequency,

(4)

pi = o+ o, (19
Pas= i(V41Pi4+ V429§4_ V14Pz,11_ V24Pz,12) = Yapasr (5) or, more explicitly, as
1~ ~(3)
;o , ' ' ' P31 = X31 Va1t axan VaaVaaVar, (16)
P21=1(Va3pz + @Vasps1 = Va1p23— aVa1pps)
(T +iA20)py, (6) Pho=X59Var+ & X5gVarViaVaz, (17)
31=1(Va1011 + Vaopp, = Vaipaz = Vaipzy) = (Fag +iA3)p3y, Pl = Xai Var + 8 X1 VaVaVay, (18)
(7) ;- -
P2 = X9 Var*+ AXegVarViaVaz, (19
P32 =1(Vaapoo+ Vaipiy = Vaopss— @ Vaopss) where X<l) and X(3> are proportional to the effective linear
~ (Tap+iAs) ko (8) and thlrd order SUSCGpthI“tIES( (1.9 [52]. The real and
imaginary parts of the effective Ilnear suscepnbll)g are
Ay A Vip = Varpa— _proportlonql to tht_a refr_actlon gnd absorption of th.e flelq that
par =1 41p11_ aP21 ™ Varpas ™ Varpad interacts with thdi)— |j) transition, and the effective third-
= (Pa1+iA40)p41, (9 order susceptibility'® gives the contribution to the nonlin-
ij
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ear polarization aty; from FWM. The role played by the Vi’j =Vi'j(0)eXp(— &). (23)
phase is clearly seen in Eg&l6)—<19). If &=0, the two )

contributions top!; interfere, either constructively or destruc- [N all the calculations presented here, we assume ]i}‘]at
tively, depending on their relative signs. If the phase iS=Fi’j/I‘31=1 for all four one-photon transitionsy3=0, 5,

switched tod =1, the constructive interference is replaced = 12= Y12/ I'3=10° andI';=0. In order to compare PW's

by destructive interference, or vice versa. It is important toand Gaussian beams, we assume that the initial Rabi fre-

realize thab(i(jl'a) are themselves phase dependent, since the‘?éjencies of the beams in the PW approximation are equal to

can be expressed in terms of the populations whose phada€ initial values ?Ni’j(o)' the on-axis Rabi frequencies of

dependence arises from that of the cohererfjsee Eqs. the Gaussian TIP's of the beams.

(2«11)]. Unfortunately, the analytical expressions for the

susceptibilities are too unwieldy to reproduce here. However, IIl. NUMERICAL RESULTS

as we show in Sec. lll, their numerical evaluation gives im- _

portant physical insight into the behavior of the system. We A. CPT and maximal two-photon coherence

can calculate_ the phase mismatch introduced by interaction |n this section, we examine the well-known situation

with the medium from the expression where CPT with maximal two-photon coheren¢ps,|?
=p11p2o=114 V3, /V3,=V},/V,,) either already exists at

= —Ngy+ Nyp— : . . .
Ak = (0/c)(N31 = Mg+ Naz = Nay), (20 =0, or is achieved after a short propagation distance

where [52] nﬁ:1+47-, ReXi(-l), and the copropagating laser [6:39-43. We show that maximum conversion ¥f,,(0) to

beams are assumed to be close in frequency. This assumptidia(0) can be achieved before focusing or ring formation sets
alSO a”OWS us to neg|ect Dopp|er broadening_ X% de_ in, and even before CPT iS achieved. In the eXampIes diS'
pends on the intensity of all four beamak varies as a cussed below, the beams that interact with the loweys-
function of both the beam radius and the propagation lengtdem have equal Rabi frequencies;,(0)=V;,(0)=8] and are
In our work on parametric amplificatiotPA) in the two-  equally detuned to the red or bldAz,=Az,=+4 whereA/
level system interacting with a strong pump and weak probesAjj/I's;), so that the two-photon detuningy,;=0. If we
we found that the phenomenon of electromagnetically inwere dealing with a singlé- system, we would obtain CPT
duced phase matchin@IPM), in which Ak becomes zero With |p5,> remaining constant at its maximum value of 1/4
for certain pump intensities on propagati@t®], plays a cru-  throughout propagation, ar)d.l):o.
cial role in determining the magnitude of the PA. However, WhenV,,(0) andV,,(0) are very weak, only minor devia-
we show here that the distance at which PA occurs in théions from this situation are expected. We first consider such
doubleA system is generally very short, so that EIPM isa case where, initiallyV;;(0)=0.001, V;,(0)=1, with A
unimportant. =+4 andL,=1.66X10% In Fig. 2a), we plot the two-

In order to study the propagation of the beams, we solv@hoton coherences$p,,|2 and |p,42, and the populations at
the Maxwell-Bloch equations, in the paraxial approximation,the center(é=0) of the Gaussian beams. As expected, the

which may be written in the forrfd6—49 on-axis two-photon coherenclps,|? rapidly achieves its
. . maximum value. In Fig. @), the TIP’s are plotted as a func-
iV{j - I_V'Zl'vi,j + '_pifj , (21)  tionof z/Lp, and we see that they remain Gaussian on propa-
24 4L Lij gation. In Fig. 2c), we compare the amplitudes of the PW

beams with those of the Gaussian beams at line center. We

see that the strong fieldg;;(0) and V3,(0) remain almost
V2= Plog + (L) al o + (U)o (22)  constant, Whereaivjlz(O)_ is strongly converted to/y,(0),

with maximum conversion of 74% aiL,=0.002. The be-
is the transverse Laplacian in dimensionless cylindrical cohavior of V,,(0) andV,,(0), on propagation, is the same for
ordinates £=r/+2ws;(0), wherews,(0) is the initial spot size  both PW and Gaussian beams with either positive or nega-
of the field at frequencyog;, V;=V;;/T'3 is the dimension- tive detuning.
less Rabi frequency, the parametgy=k[ws,(0)]? is the dif- We now consider the case of large detunjag,|=|A})|
fraction length, and the parametety=AT'3,/7kNu =100, with V4,(0)=0.001, andLe=1.66x 104, as in the
=4/a;(0), whereq;;(0) is the unsaturated line-center absorp-previous example. However, in this case we take a larger
tion coefficient for thdj)— [i) transition. In the calculations initial value for V,,(0), namely,V;,(0)=8. In Fig. 3a), we
we assume thdt; =Ly, (NL stands for nonlinearfor all the  plot the two-photon coherences, and the populations at the
transitions. The ratid ¢ =Ly /Lp expresses the propagation center({=0) of the Gaussian beams. We see that the two-
distance at which the nonlinearity becomes important, relaphoton coherence and populations of the lower levels oscil-
tive to the length at which diffraction becomes important.late as a function of the propagation lengthLp, while
Thus for a constant value df,, decreasing the value &f,,  maintaining|p5,/?=p110,>, Which can deviate strongly from
ensures that the nonlinearity takes effect at a shorter propés maximum valug6]. In Fig. 3b), the TIP’s are plotted as
gation distance. a function ofz/Lp and we see that the they remain Gaussian

We solve the Maxwell-Bloch equations numerically for on propagation. In Fig.(8), we compare the amplitudes of

both plane wavegPW'’s) and beams whose initial transverse the PW beams with those of the Gaussian beams at line
intensity profiles are Gaussian with the same waist sizes: center, and note that there is very little difference between

where
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@ sion is 85% atz/Lp=0.024 and whenAj,|=|A})|=25, the
0038 5 maximum conversion is 82% afL,=0.014. As the detun-
0.02} — P N ing decreases, the initial deviation from CP{p,|?
— Pl =p1pey) increases. Although this deviation decreases on
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propagation, it may still be significant at the point where
maximum conversion takes place.

In order to reinforce this point, let us decrease the detun-
ing even further tdA,;|=|A;)=10. The maximum conver-
sion of 73% is achieved afLy=0.009 where the deviation
from CPT is —0.074|p,,/?=0.057<0.25, andpzz=p44=0.1.

CPT only occurs at/Lp=0.1 which is an order of magni-
tude greater than the distance where maximum conversion is
achieved. As can be seen from Figd8 maximum conver-
sion is achieved before the beams become focused, defo-
cused or develop a ring around the central peak which would
be indicative of potential azimuthal-symmetry breakag].
Thus it is possible to obtain significant conversion in the
absence of CPT at very small propagation distances. Of
course, one cannot reduce the detuning indefinitely. By
|A41l=]A},/=6, ring formation, but not focusing, occurs be-
fore maximum conversion is achieved.

B. Focusing in the absence of CPT

The question now arises as to whether it is possible to
choose parameters that will lead to focusing of the beams
and hence to enhanced conversion\f(0) to V,,(0). It
turns out that it is possible, provided one chooses all the
beams to be detuned to the blue, and increases the value of
L, SO that the nonlinearity sets in at a distance that is suffi-
ciently long for focusing to build up. We discuss two pos-
sible configurations for achieving focusing.

1. Three strong fields

We first consider the case in which three of the beams are
equally strong, V3,(0)=V3,(0)=V,,(0)=8, while V,,(0)
=0.001, all the beams are equally detuned to the blue,
Ai’j =-4 andL,, is increased to 1.52 10°°. In Fig. 4a), we
compare the amplitudes of the PW beams with those of the
initially Gaussian beams on axis, and note that the maximum
conversion ofV,,(0) to V,,(0) for the case of the Gaussian
beams exceeds 100%, reaching 122%/&,=0.12, as op-
posed to only 60% for the PW beams. For these parameters,

FIG. 2. DoubleA system in which CPT with maximal two- CPT with |p,,[?=0.2 is established on propagationzit p,
photon coherence exists at=0. (a) Populations and two-photon =0.24 which is approximately twice the length at which
coherences of Gaussian beamsaD, as a function of/Lp; ()  maximum conversion takes place. Thus, in this case, focus-
TIP's (V;; vs &) of propagating beams as a function@fLp; ()  ing leads to very high on-axis frequency conversion well
comparison between Rabi frequencies of Gausgiaé=0) and PW  pefore CPT is established. In Figibd, we plot the TIP’s of
beams as a function offLp. Initial Rabi frequencies ar¥3,(0)  the initially Gaussian beams, as they propagate. In contrast to
=V5,(0)=8, V},(0)=0.001, andV,,(0)=1. Detunings are\;=+4,  the configurations discussed in Sec. Ill A, the TIP’s do not
andLy=1.66x 107" retain their Gaussian shape but develop into a central focused

beam surrounded by a much weaker ring. If we follow the
the two cases. The maximum conversionvgi(0) to V,,(0) changes inv/,, on propagation, we see that at small values of
is 87%, and occurs a&/Lp=0.047, at the height of the first z/Lp, there are two peaks in the wings of the TIP which
oscillation. This distance, which is an order of magnitudegrow on propagation, and eventually form the ring around
larger than in the previous case, can be shortened by reduthe central peak. The origin of the two peaks can be traced to
ing the detuning in the uppek system. However, as the the behavior ofpy, as a function of¢ at z=0. In Figs. 4c)
detuning decreases, the conversion becomes less efficieand 4d), we plot the real and imaginary parts of the contri-
For example, whenA},|=|A},|=50, the maximum conver- butions top,, atz=0 [see Eqs(15)]. We see that the contri-
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FIG. 3. DoubleA system in which detuning of uppet system is varied. Irfa), (b), and(c), Aj;=A;,=+100, and in(d), Aj;=A,
=+10. (a) Populations and two-photon coherences of Gaussian beasOatas a function ofz/Lp; (b) and (d) TIP’s (Vi’j vs &) of
propagating beams as a functionzt p; and(c) comparison between Rabi frequencies of Gaussian béaings0) and PW beams as a
function of z/Lp. Initial Rabi frequencies ar®3;(0)=V;,(0)=V,,(0)=8, andV,,(0)=0.001. Detunings ardj;=A%,=+4, andL=1.66
X 1074,

bution fromp,¥ is much greater than that frop}.” which  gation, so that there is almost no difference between the be-
is to be expected for a field that is initially much weaker thanhavior of the initially Gaussian and the PW beams. In this
the other fields. In addition, it can be seen that the contribucase, CPT is not present initially but, in contrast to the pre-

tion from FWM is greater off axis than on axis, leading to Vious case, is achieved on propagation at a length which is
the formation of a ring. approximately equal to that at which maximum conversion

occurs. Atz/Lp=0.17, the deviation from CPT is —0.05 and
|p21/?=0.19. In Fig. %b), we plot the TIP’s of the blue-

) _ detuned initially Gaussian beams, as they propagate. As in
~ We now consider the strong-weak-strong-weak configurathe previous case, the TIP’'s do not retain their Gaussian
tion which has been studied extensively by Baleinal.  shape but develop into a central focused beam surrounded by
[20-23. We solve the Maxwell-Bloch equations for the pa- 5 weaker ring. If we follow the changes W, and V}, on
rametersV(0)=V,5(0)=4, V35(0)=0.1, V44(0)=0.001, Aj  propagation, we see that at small valueszhfp, they each
=—4, andL,=1.66x 10°°. In Fig. 5a), we compare the am- acquire two peaks in the wings which grow on propagation,
plitudes of the PW's with those of the initially Gaussian and eventually form the ring around the central peak. The
beams on axis, and note the maximum conversiod,6f0)  origin of the rings can again be explained by considering the
to V,,(0) and V3(0) to V3,(0) for the case of the Gaussian pehavior ofp/\* andpé(zl’s) as a function of¢ at z=0.

2. Two strong fields: Strong-weak-strong-weak configuration

. . . 41
beams is approximately twice that of the PW bea@it% In both the cases discussed in this section, ring formation

against 19%at a lengthz/Lp=0.17. Thus focusing leads to occurs before focusing, at a distance which is either shorter
much higher frequency conversion for this case. In additionthan(case of three strong beayj similar to(strong-weak-

the fieldsV3,(0) and V,,(0) which are initially strong, un-  strong-weak configuratigrthat at which CPT is established.
dergo focusing on propagation which prevents the steep drog/hen propagation is continued beyond the distance where
in intensity experienced by the PW beams. We note thafocusing occurs, the TIP's eventually regain their Gaussian
when the beams are detuned to the r&fl=4, all the ini-  behavior. In order to establish at which stage, in the propa-
tially Gaussian beams become strongly defocused on propgation, azimuthal-symmetry breakyp0] will occur, it is
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PW beams as a function afLp; (b) TIP’s (Vi’j vs §) of propagating
beams as a function af/Lp. Initial Rabi frequencies ar¥3,(0)

real parts o
o [
.
-~ -
B
—"
-
s
imaginary parts o
o

o \\>
g
OSTV, Tx700) =

-02; 5 5 005, =V,5(0)=4,V3,(0)=0.1, andV,,(0)=0.001. Detunings ard;;=-4,
E andL,,=1.66x 1072,
FIG. 4. DoubleA system with three strong field&) Compari- C. Role of the relative phase
son between Rabi frequencies of initially Gaussian be@né=0) In order to demonstrate the effect of switching the relative

and PW beams as a function il p; (b) TIP%}/U VS ) of propa- phase from®=0 to ®==, we solve the Maxwell-Bloch

gating beams as a function afLp; (c) Rep,;" (thin solid line), . (0) = o
Rep,.” (dashed ling andV;, (thick solid ling as a function of; Siuffgnlso—;or\/\/tr?sn F?[ﬁreamiitzlmrje(lg)tiv‘ek pﬁlés@i’o aggr%:clzt
@ Imp"l(ll) (thin solid ling), |mp£1(13) (dashed ling andV;, (thick CP.T with ﬁaximal two-photon coherence is obtair[@i
solid line) as a function ofé. Initial Rabi frequencies ar&z;(0) and all the beams propagate without changing their shape up
=V3,(0)=V,,(0)=8, andV,,(0)=0.001. Detunings araj;=-4, and i _ L . )
L =152%10°3. 0 z/Lp=0.22. This distance is proportional tg,; and can
rel therefore be modified by changinlg,. The fact that the
beams propagate unchanged can be explained by considering
_ _ ‘the contributions tq;i’j [see Eqgs(15)]. In Figs. &a) and &b),
necessary to solve the Maxwell-Bloch equations in three diye piot the real and imaginary parts pj(ll andp.'? at z

mensions, rather than the two dimensions studied here. - as a function of. We see thap' ¥ andp.® are ‘gf equal

In the following section, we compare a case of perfectampjitude but opposite sign, so that their $pf0, and the
CPT with one where CPT cannot occur, and show that in th§yegms propagate unchanged apart from the effect of diffrac-
latter case, the beams achieve fOCUSing without ring formation_ However, when the phase is switchedlte 7, the two-
tion. We do this by considering the propagation of fourphoton coherence becomes zg@ and CPT no longer
beams which have the same Rabi frequencies and detuningslds. Furthermore, we see from E(s6)—(19) that the sign
from their respective transitions, for the case wh@re0. In of pi’.<3) is switched so that the contributions ) are now
this case CPT with maximal coherence is established fronequal in both magnitude and sign, as shown in Figs). &nd
the outset[6]. We then switch the relative phase dlo=7  6(d). Consequently, they interfere constructively. From Figs.

where CPT cannot occur. 6(c) and &d), we see that the incident and generated fields at
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. @ o 4 frequency is initially absentor very smalj and those where
e it is present. In the former case, examples of which are dis-
% 0 < 2 cussed in Secs. Il A and Il B, the initial phase is irrelevant
2 "

since, on propagation in the nonlinear medium, FWM is gen-
=5

=0
5 erated with the correct phase. Only when the FWM fre-
quency is present at the outset, as in the case discussed in
0
§ ®=n (¢
50.05
o
0
3
10
5
0
0 5
jo

this section, is the initial phase important.
'z/ 0-5 go
0 -5 §0

o
P

maginary parts
=)

0.1

(=]

5 5 5

Q
o

0
o=

(b)
0
,/\(d)
0
§

N Wb
r
|V41|

IV. CONCLUSIONS

imagingy parts -
2

(4]
o

|

(¢ ]

1
0
In this article, we discuss the behavior of the TIP’s of cw

four copropagating beams interacting with a douhleys-
tem. We first study two well-known cases where CPT is es-
tablished on the loweA system and then perturbed by the
upperA system. In the first, the fields that interact with the
upper A system are very weak, and in the second, one of
5 them is stronger but detuned far from resonance. We show

0
%4 05 % 0 : ,
gl 0-5 ¢ that there is considerable transfer of energy from the strong
0
5
0
%4 05

()

4
4
Vg

5
0

field to the weak field due to FWM and that it occurs at a
very short propagation length. CPT exists in both these con-
figurations from the outset. The two-photon coherence is
constant at its maximum value in the former case, but oscil-
lates with distance in the latter case. When the detuning is
reduced considerably so that the initial deviation from CPT
is large, we find that efficient frequency conversion takes
FIG. 6. DoubleA system with®=0 and®=. In (a) and(b), plape, .WithOUt focusing or. ring formation, at a diStan.Ce
®=0, and in(c), (d), and(e), ®=. (a and(c) Rep? (thin solid which is an order of magnitude smaller than that at which
line), Rep;f') (dashed ling andV/}, (thick solid ling as a function CP'T is establlshed..'l'.hls is contra_ry to conventional wisdom
of & (b) and(d) Imp‘;‘(ll) (thin solid ling, |mp:1(13) (dashed ling and \é:vgl_l(zhhgl?jlgs that efficient conversion only takes place when

V,, (thick solid line) as a function of; and(e) TIP's (Vi’j vs §) of

propagating beams as a function ofLy for ®=7. Initial Rabi We al,so Show that Wher,] the, beams are blug detuned and
frequencies areV/ (0)=4, detunings are\’=-4, andLy=1.11 the nonlinearity of the medium is reduced considerably, self-
%1073, ! Y focusing of the beams leading to very high frequency con-

version can be obtained, near the axis of propagation of the

w; are absorbed more strongly at the wings than at the cerf:0Propagating beams. This self-focusing is, however, accom-
ter, and are focused near the center as a result of the positiR@nied by ring formation which may lead to breakup. Only
slope, and defocused at the wings due to negative slope. Asly solving the Maxwell-Bloch equations in three dimen-
result of both these effecf§3,54, we see in Fig. @) that  Sions, rqther than in two dimensions as pre'sented here, will it
the amplitudes of the beams decrease at first and then grad@€ Possible to determine at what propagation length breakup
ally increase as the beams become more focused on prop#ill occur. In order to compare a system that has CPT at the
gation. After reaching a maximum, the focused beams theRUtset with one that has no possibility of establishing CPT on
decay completely. The maximum amplitude is approximatelyPropagation, we calculate the propagation of four beams with
twice the initial amplitude and there is no sign of ring for- €qual Rabi frequencies and detunings to the blue, when
mation. If the strength of the nonlinearity is too high, the =0 and®=m. When®=0, the beams propagate unchanged
decay is so rapid that focusing does not take place. In the PV@r @ length that is short compared to the diffraction length.
approximation, the beams are rapidly absorbed on propagdiowever, whenb=m andLy, is sufficiently large, all four
tion. beams can be focused without ring formation.

It should be noted that as the relative phdséncreases The behavior of the transverse intensity profiles of the
from zero, the length at which CPT is achieved increases2€@ms on propagation are explained by studying the effective
For the parameters of Fig. 6 adel<3/4, the beams rap- linear and third-order contributions to the off-diagonal
idly regain their Gaussian profiles when CPT is establishedl€nsity-matrix elements, as a function of the beam profile.
and then propagate smoothly. A increases furthe(®
— ar), focusing occurs before CPT is established, and is fol-
lowed by breakup. ACKNOWLEDGMENT

In discussing phase dependence in the dolbkystem,
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