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Specific features of nonlinear interference processes at quantum transitions in near- and fully resonant
Doppler-broadened optically dense media are studied. The possibility of all-optical switching of the medium to
opaque or, alternatively, to absolutely transparent, or even to strongly amplifying states is explored, which is
controlled by a small variation of two driving or probe radiations and does not require any change of the level
populations. Optimum conditions for inversionless amplification of short-wavelength radiation above the os-
cillation threshold at the expense of the longer-wavelength control fields are investigated. The feasibility of
overcoming the fundamental limitation on a velocity-interval of resonantly coupled molecules imposed by the
Doppler effect is shown, based on quantum coherence.
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I. INTRODUCTION completely dark spots, instead of achieving doubled illumi-

nation, or vice versa, one can achieve a twofold increase of

I_n the ebzlirly stages (:f tht_e Iaserhera ftour t(_jecladlestago, ﬂlﬁe oscillation amplitude, which in turn yields a fourfold in-
major problem was extracting conerent optical electromagg, o 56 i the jllumination. The concept of interference, which
netic radiation from incoherently excited materials. The CON4g 2 measure of coherence. is applied to oscillations of any

temporary trend is the inverse, i.e., control of physical prop-

. : . . ature. Similar effects can be anticipated in regard to oscil-
erties of materials by coherence injected with lasers. In suc% P g
I

text. thi is aimed at studving th wuniti tions of bound intra-atomic and molecular charges. Since
a context, this paperis aimed at studying the opportunities of, ;- g periodically accelerated and decelerated motion of
manipulating optical and nonlinear-optical properties of ma-,

the atomic electrons is responsible for optical process, the

Lenalz v;nhou; tcrr:]ang;]ngr ;hew rc]grir:]pt)o;mror:] anq_hstrur?u:]re uestion is how to manage destructive interference and com-
ased on guantum conerence a erierence. the pheno etely stop induced oscillations of an optical electron even

ena of resonance, Doppler shift of a frequency, coherencl the presence of a resonant electromagnetic field. This

and interference are fundamental concepts of physics. Res jould mean the decoupling of light and resonant media, van-
nance enables one to greatly enhance processes related.

L . ) aledidfag absor tion, and dispersion. Then, if destructive inter-
oscillations. The strongest resonances in optics are attribut P P

to quantum transitions in free atoms and molecules. How c €Nce is turned into constructive, that would provide for
N : . strongly enhanced coupling.

ever, one of the fundamental limitations of optical physics is The basic idea behind such opportunities can be presented
that only a smal fractlon_of_ molecules can _be re;onantlyas follows. The oscillating dipole moment of the unity vol-
coupled with coherent radiation concurrently in an inhomo-

ume, P(t), is a driving term in Maxwell's electrodynamic

geneously broadened medium. This paper shows that COheerfquations that determines the optical properties of the mate-

O ees o L ot b Amitalons 810 Ml 5 proportonal 0t rmber censiy of sotiand
y y P o the induced atomic dipole momeditt). If, besides the

processes. rRrobe radiatiorE,(t), an auxiliary strong driving fielde,(t)

Coherence is an important concept in physics. Cohere i d E O=E ot tical elect b
oscillations may interfere to give rise to counterintuitive ef-'> UN¢€ ON[Ey 4(t) =Ep g expliwpqt)], optical electrons be-
come involved in nonlinear oscillations:

fects. A common example is a standing light wave:
y(t) = y;(t) + yo(t) = asin(wt — k2) + a sin(wt + k2) P(t) = XEp(t) + X'V Eq(*Eq(t). (1)

= 2a cogwt)codk2). This equation displays the superposition of two components
oscillating with the same frequency. In the vicinity of a reso-
%ance, the real and imaginary parts of the susceptibilities can
be commensurate. Therefore, one can control the amplitudes
and relative phase of the interfering oscillatiofi€., con-

By overlapping two coherent light fluxes, one can produc

*Electronic address: apopov@uwsp.edu; structive and destructive interferendey varying the inten-
URL: http://www.kirensky.ru/popov sity and detuning from the resonance of the driving field. In

"Electronic address: tfgeorge@umsl.edu; quantum terms, this means that the coupling of light and
URL: http://www.umsl.edu/chancellor matter and, therefore, optical properties of the materials, can
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be controlled through judicious manipulation of the interfer-
ence of one-photon and multiphoton quantum pathways.
Consequently, this enables one to selectively deposit energy
in certain quantum states or, alternatively, to convert energy
incoherently deposited in specific quantum states into coher-
ent light, while decoupling such radiation from the absorbing
atoms at resonant lower levels. As such, spectral structures in
the transparency and refractive index can be formed and
modified with the aid of the auxiliary control resonant or
quasiresonant radiation.

Coherent quantum control of optical processes has proven
to be a powerful tool to manipulate refraction, absorption,
transparency, gain, and conversion of electromagnetic radia-
tion (for a review see, e.g.[1-8]). Among the recent ] o
achievements are the slowing down of the light group speed FIG. 1. Optical switching ai, through quantum control by two
to a few mi/s, highly-efficient frequency up-conversion, fields atw; andws assisted by idler radiation ai.
squeezed quantum state light sources, and optical switches
for quantum information processing on this bd$is15], and  tant outcome investigated in this paper is the feasibility of
judicious control and feasibilities of near 100% populationmanipulation of the resonant medium, from becoming almost
transfer between the quantum energy leJdB]. Much in-  entirely optically opaque to strongly amplifying via a com-
terest has been shown in the physics and diverse practicpletely transparent state by only a small variation of the in-
schemes of lasing without population inversiggee, e.g. tensity or frequency of one of the lower-frequency control
[1-7,17 ). Large enhancement of fully resonant four-wavefields and of a large gain for an idler infrared radiation. It is
mixing through quantum control via continuum states hashown that the required conditions can be fulfilled, e.g., in
been proposed ifil8]. the framework of experiments similar {d9] with sodium

The present paper considers optical processes controlletimer vapor. The important features of both the signal and
through “injected” quantum coherence, which is followed byidler radiation inherent for such a scheme include entangled
destructive and constructive nonlinear interference effectsstates and suppression of quantum noise.

The near- and fully resonant far-from-degenerate double- This paper is organized into six major sections. Section |
Lambda scheme is investigated, where inhomogeneousescribes a principal experimental scheme aimed at manipu-
broadening of all coupletincluding multiphoton transitions  lating optical transparency of initially strongly absorbing me-
is accounted for. Analytical solutions for density-matrix ele-dia, and provides a set of equations for coupled electromag-
ments(level populations and coherengese found that ac- netic waves and their solution for several limiting cases. A
count for various relaxation channels, incoherent excitatiortorresponding theoretical model and the underlying physics
of the coupled levels, and Doppler shifts of the resonancesare discussed. Section Il gives the density matrix equations.
These shifts depend on the relative direction of propagatioheir solutions related to the problems under consideration
of the coupled waves. The solution is convenient for furtherare given in the Appendix. The physical principles of ma-
numerical analysis and experiments. It is shown that inhonipulating the local absorptio@amplification and refractive
mogeneous broadening of Raman transitions, which is inheiindices, as well as the principles of eliminating inhomoge-
ent for far-from-degenerate schemes, creates important feaeous broadening of nonlinear resonances, are described in
tures on quantum interference in resonant schemes. Ti®ec. IV. Results of numerical experiments towards the out-
feasibility of overcoming with the aid of the coherence pro-lined effects are presented in Sec. V. The emphasis is placed
cesses of the seemingly fundamental limitation imposed byn optical switching and amplification without population
the Doppler effect on the velocity interval of the moleculesinversion in an optically dense medium assisted by Stokes
concurrently involved in resonant nonlinear coupling isgain, as well as on the optimal conditions to achieve the
shown. Thus a major part of Maxwell's velocity distribution effects. Section VI summarizes the main outcomes of the
can be involved in the concurrent interaction that dramatipaper.

cally increases the cross section of nonlinear-optical pro-

cesses in warm gases. As an application, the conversion of RESONANT FOUR-WAVE MIXING ASSISTED BY

the easily achievable long-wavelength gain to a higher fre- STOKES GAIN

quency interval is explored. It is shown that the most favor-

able are the optically dense samples, where the inhomogene- Consider a simple experiment designed to explore the ma-
ity of the field intensities along the medium imposes othemipulation of optical properties through quantum interference
important features that must be accounted for as well. Thbased on the experimental setup described in a number of
optimum conditions for the realization of such processes arpublications on resonant nonlinear optics in sodium vapor
investigated, and the potential of quantum switching, ampli{e.g.,[19]). Two-atom sodium moleculgglimerg, Na,, pos-
fication, and lasing without population inversion based onsess an electronic-vibration-rotation spectrum in the near-IR
coherent coupling at inhomogeneously broadened transitiorand visible ranges that can be covered with commercial
in optically dense spatially inhomogeneous media is demonfrequency-tunable cw lasers. Figure 1 depicts a relevant par-
strated with the aid of numerical simulations. Another impor-tial scheme of energy levels and transitions. Similar schemes

043811-2



NONLINEAR INTERFERENCE EFFECTS AND ALL-. PHYSICAL REVIEW A 71, 043811(2005

are typical for solids doped by rare eartfitke Er** and  dependent absorption indices and dispersion parts of the
Pr?*). Assume that the sample is probed with a sufficientlywave numbersy,=—-27k,x, (etc) is a FWM cross-coupling
weak (and thus nonperturbatiyeptical field in the vicinity — parameter, anck; and’y; are the corresponding nonlinear
of the blue transitiorml. Then the refractive and absorption susceptibilities dressed by the driving fields. Amplification or
indices in the corresponding frequency interval can be conabsorption of any of the coupled radiations influences the
trolled with the driving fields coupled to the lower or upper propagation features of the others. In the following sections,
levels. Resonant driving fields induce back-and-forth transiwe will account for possible depletion of the fundamental
tions with the frequencys;=E;d;./ 2% between levelg and  beams along the medium due to absorption. However, quali-
k, whereG; (called the Rabi frequengys the magnitude of tative feature of amplification of the probe beam and genera-
the corresponding interaction Hamiltonian scaled to Planck’sion of the idler radiation are seen within the approximation
constant. Modulation of the probability amplitudes leads to ahat a change of the driving radiatioks ; along the medium
splitting of the resonance at the probe transition and to interis neglected. This is possible in some cases, e.g., at the ex-
ference of the one- and two-photon quantum pathways corpense of the saturation effects. Then the systgnand (3)
trolled by the driving radiation. This may exhibit itself as reduces to two coupled standard equations of nonlinear op-
odd coherence and interference structures in the absorptidits for E, and E,, whereas the medium parameters are ho-
and refraction spectra of the probe radiation. mogeneous along The solution is standard:

Two independently varied fields provide for even more

opportunities for manipulating local optical parameters. But s _ p(— A ) . B .
three coupled fields, a probe and two driving fields, may =2~ X\~ 527 F2}] Eao CostR2 + _ sinh(R2

generate radiation in the vicinity of the transitign through .

four-wave mixing (FWM) processeso,+w,=w,+ws. This ~i22E, sinhR2)

. .. 40 )
idler radiation may actually not get depleted but rather sub-

stantially enhanced, since the driving fidtgl can easily pro-
duce a large Stokes gain. This gain, in turn, can be controlled a, B .
with the driving field E5. These processes dramatically E4:ex;<— EZ+’BZ) Eso cosk(Rz)—Esmr(Rz)
change the propagation properties of the probe field, because
three fields, enhanced Stokes radiation and two driving fields YVa .
at w,, w; and wg, contribute back to the probe field through + 'EEZO S'n“RZ)}- (4)
the FWM process. Thus, doubled FWM assisted by Stokes
amplification processes opens extra channels for the transfefere, R=vB82+2, B=[(ay—ay)/2+iAK]/2, Ak=8k;+ dkq
of energy from the driving fields to the probe one and, con- sk,- &k, ),2:3,;74, Y4.2=Xa,£E1E5, and E;o andE,q are in-
sequently, allows control of the transparency of the mediunput values(at z=0). The first terms in the curved brackets
for the probe radiation. Such a process is usually called opindicate OPA, and the second terms the processes of FWM.
tical parametric amplificatio@OPA). However, as shown be- If  Ak=6k,+kg— Sk~ Sk, =0, the input values
low, in resonance, one cannot think about the entire process ,=|E, JJ? atz=0 arel,,=0 andl# 0, and the absorption
as a sequence of conventional Raman and FWM processegain) rate substantially exceeds that of the nonlinear optical
This would be misleading in predicting and interpreting theconversion, one obtains at the exit of the medium of
relevant experiments. Indeed, the distinguishing differencefengthL:
in the frequency-correlation properties of single- and multi-
photon radiation processes dramatically change in strong I4/140= lexp(— asL/2) + (¥?1(2B)?)
resonant fields. This leads to a variety of important effects _ _ 2
and applications that are discussed below. Thus, the effect X[exp(gL/2) - exp(= gL ]I ®
under consideration should be viewed as amplification withaternatively, if 1,0=0, 1,7 0,
out inversion(AWI) rather than conventional OPA accompa-
nied by absorption and Stokes gaifhe quantum interfer- 74 =14/l 20= (| 74%(28)?)|exp(g,L/2) — exp(— a,L/2)|2.
ence involved in resonant schemes plays such a crucial role (6)
that thinking about the conversion process under investiga-
tion in terms of the Manley-Rowe photon conservation |aV\Here,y2:y;y4, Ya.2=Xa 2E1E3, B=(as— )/ 4, (|21 7<),
would be misleading20]. and g,=—-a,. From Egs.(5) and (6), it follows that at rela-
The propagation of four coupled optical waves in a resotjyely small lengths, the FWM coupling may even increase
nant medium is described by the set of coupled equations fafe depletion rate of the probe radiation, depending on the
the waves(E;/2)exi(kiz-wit)]+c.c(i=1-4 traveling in  signs of Imy,, and Rey,,. In order to achieve amplifica-
an optically thick medium: tion, large optical lengtha,L and significant Stokes gain on
_ i~ * the transitiongn [exp(g,L/2)>((28)%/?[], as well as effec-
A4 A2)/d2=104 240+ 104 E1EoEp 4 @ five FWM both atw, andw,, are required. As seen from Egs.
. i~ * (4)—(6), the evolution of the coupled fields along the medium
dE; 5(2)/dz= 0 o 3+ 101 EEoEG 1 ) strongly depends on whether the Stokes field is injected at
Here, s+ w,=w;+ w3, k; are wave numbers in a vacuum, the entrance to the medium, and if so, on the value of the
oj=-27k;x;= 6k +i;/2, wherea; and 5k; are the intensity-  ratio of the intensities of the input probe and Stokes fields.
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[ll. DENSITY MATRIX EQUATION AND MACROSCOPIC mixing driving nonlinear polarizations. Then the problem re-
PARAMETERS OF THE MEDIUM duces to the set of algebraic equations
The macroscopic parameters in E¢. and(5) are con- Pory =iG,Ar, — iGgrg,+ir .Gy,
venient for calculations with the density matrix technique,
which a||OWS one to account for various relaxation and inco- _ dyfp=— iG3r21+ irjl:%Gla
herent excitation processes. The power-dependent suscepti-
?mty X4, responsible for absorption and refraction, can be Pur 4= i[G4AT s — Gy 41 + F4sGal,
ound as
P(ws) = x4Es,  P(@4) = Npjpdm + C.C., (7) daT4=—iGarg+ir1,Gs

where P is the polarization of the medium oscillating with
the frequencyw,, N is the number density of molecules,,

is the electric dipole moment of the transition, agid is the
density matrix element. Other polarizations are determined
in the same way. The density matrix equations for a mixture
of pure quantum mechanical ensembles in the interaction
representation can be written in a general form as

P41I’41: - iG1I’4 + ir1G4,
P43I’43: - iG4I’3 + iI’4G3,
P32I’32: - iG2r3 + il’2G3,

Piaf 1= =iGyr, +ir1G,,
Lonfnn= 0~ i[V.pJon* YmrPmm
P1r1= iGlArl, P3I’3= iG3AI’3, (9)
Limpim = Lapsa=—i[V,plm, Ly =d/dt+T}, .
Fifm=-2 RQiG3I’3} * Om,
Vim=Gim expli[Qat —kzl}, G=—-E,4-di/2, (8)

whereQ,=w,, —oy, is the frequency detuning from the cor-
responding resonancd;,,—homogeneous half-widths of
the corresponding transitiofin the collisionless regime
Fon=Tm+In)/2]; T'y=2y,—inverse lifetimes of levels; L
Ymi—tate of relaxation from levelm to n; and Iir == 2 RiGyri} + ygifg + Ymifm*+ a1, (10
On=2jWpjrj—rate of incoherent excitation to statefrom  \yhere
underlying levels. The equations for the other elements are
written in the same way. Gi=-E;-dg/2h, Gy=-E; dy/2h,

It is necessary to distinguish the open and closed energy- G3=-E3-dy{2h, Gu=-E, dn/2A,
level configurations. In the open casehere the lowest level

Fprp=-2 RdiG;rS} T ¥Ylgt Ymd'm* O,

[yrg=—2 RiGirq} +qy,

is not the ground stalethe rate of incoherent excitation to P1=Tg+iQy, Py=Tyg+iQy,

various levels by an external source essentially does notde-  p. =T +iQ, P,=T,,+iQ,,

pend on the rate of induced transitions between the consid- . )

ered levels. In the closed cagghere the lowest level is the Pro=Tih +i(Q1=Qy), Pag=Tjp+i(Qy—Qy),
ground statg the excitation rate to different levels and ve- Pa=Tgm+i(Qs=Q,), Py=Tgn+i(Qy-Qy),

locities depends on the value and velocity distribution at ) )
other levels, which are dependent on the intensity of the d2=Tng+i(€21+Q3=0Qy), dy=Ty+i(Qy - Dy +Qy),

driving fields. For open configurationg, are primarily de- Q= - wg, Q3= 05— o,
termined by the population of the ground state and do not
depend on the driving fields. The Doppler shifts of the reso- D= wy = wgn, g= w4~ o,
nancesk;-v can be accounted for in the final formulas by Ary=ri=rg, Ary=r,—rg,
substituting(); for QO =Q;-k;-v (v is the atomic velocity.

In a steady-state regime, the solution of a set of density- Arg=rp=rm and Arg=r —rp,.
matrix equations can be cast in the following form: For a closed scheme, E(L0) must be replaced by

pi =Tis  pig=r1expiQat), pym=raexpliQst), n=1-rp—rg=—rp. (12)

The solution of these equations as applied to the problem

Png = T2 EXPiQ40) +T7 expli(Q + 05 = O], under consideration is given in the Appendix.

Pim = T2 €XpiQqt) +F4 exdi(Qq — Q, + Q] IV. NONLINEAR INTERFERENCE EFFECTS IN
ABSORPTION AND AMPLIFICATION SPECTRA
Pin =12 X (Qq = Q)t] + 15 exdi(Qy — Q)] A. Nonlinear interference effects in three-level schemes

The density matrix amplitudes determine the absorption/ Consider two simple subcase&z;=0 (V schemg¢ and
gain and refraction indexes, afiddetermine the four-wave G;=0 (A schem& From Eq.(9), it follows that
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Para=i[GyAr,— Girayl, Pagfar= —i[G*1r4— r*1G4], (12) early studies of NIE with He—Ne lase(see alsd?25,26)).
Then lasing without population inversion was experimentally
_ * _ L Ar realized in[27] in gas discharge at the transitiois,2 2p,
Par2=ilGaA + 11 Culy Prd12= =[G~ 1G] (19) (A=1.15u) of Ne in the presence of the driving field of
The structure of Eqg12) and(13) is the same as that ¢f):  another He—Ne laser resonant to the adjacent transitign 2
they present the interference of two oscillations. B,  —2p; (\=1.52 u).
—oo andl'j,— o, the interference disappears. Consequently, |t is misleading to think about resonant processesAin
the effect of the driving fields reduces to a change in theand V schemes as conventional Raman proceJges am-
level populationgoptical pumping. Indeed, the two-photon piification and absorption acquire the features of two-photon
coherences,; andry, are the source of quantum nonlinear processes, while the driving field is detuned from resonance
interference effects(NIE), which lead to AWI, Autler- and interference between one- and two-photon pathways
Townes splitting of the resonances and to related effects afanishes. Indeed, atQ,|=|Q4>T;,T,,|94 <19, <1,
electromagnetically induced transparency, coherent popula,~i(),, P,;~i(),~i(),, one obtains froni14) the equation
tion trapping, and to corresponding changes in the refractiofor the absorptiorfamplification index a(Q,) reduced by its

index. From(12) or (A1) at G3=0, it follows that value a°(0) at resonance &b;=0:
Xa _ &AU‘ giAr, _ &AUPM‘ (Ar1|Gl|22/P1) , a(Qy) _ FiAu _R I'4(Ar 40, + Ary0)
X3 PaAn(l+g,) An, P41Ps+[Gy| a®0)  Q2An, iQ4AN,
9 - T3Ar, _ Iyl |G1*(Ary = Ary)
2 2 _ 2 2
X T2Ar—GaAry _ Ty ArPy,— (Ary|Gy /P Qahne Tt (Qa= Q)7 Qaan,
X PyAny(l+gy) An,  PLP,+|G2 _ o=t Tonlim G (rm- rg)_
(15) (N =neQf  Ton+ Q4= Q) QFn—ny)

Both equations are of similar structures, and we will briefly 17
review major NIE using the example of Ed.4). The effects The last terms in(17) describe Raman-like coupling and
of the driving fieldG; contributing to the change of absorp- originate both from the nominator and denominator in Eq.
tion and refraction indices can be classifiedias change of  (14). In this case, population inversion between the initial
the populationsir,(|G,|?), dominant afl'y;['gm— o, and(ii)  and final bare state§,=ny,>r,) is required for amplifica-

a splitting of the resonanclsee the denominator ifil4)],  tion of the probe field.

dominant atAr;=0. With an increase in the detunity, one In more detail, the nature of NIE in the context of inter-
of the components of Autler-Townes splitting determines theference of quantum pathways and modification of the
ac-Stark shift of the resonance. frequency-correlation properties of multiphoton processes in

As for any interference, NIE cause only redistribution ab-strong resonant fields was discussedds,28,29. Numeri-
sorption and amplification over the frequency interdale  cal examples of AWI, including effects related to the growth
shapg but do not change the frequency-integrated absorptioinf the amplified field, are given if30] both for open and
(amplification. The latter is determined by the population closed energy level configurations.
change only:f(xa/ x9dQ,= 7T ,Ar,/ An,. The term in(14)
associated with,,=n,, describes the line shagprobability)
of pure emission, where all the restt r,,=0) describe pure B. Quantum coherence and elimination of inhomogeneous

absorption. Indeed, as was first emphasizefRin-24, this broadening of multiphoton transitions with light
difference determines NIE in absorption, emission, and am- shifts
plification spectra which enable tleatire elimination of ab- As outlined above, two-photon coherengeplays a key

sorption and appearance of transparency at unequal popUrole in the processes under investigation. The important fea-
lations of the levels at the probed transition and toyre of the far-from-frequency-degenerate interaction is that
amplification without population inversion in some frequencyihe inhomogeneouén our case, Dopplerbroadening of a
interval(s) at the expense of enhanced absorption in othefyo-photon transition is much greater than its homogeneous
intervals As seen from(14), at{),=0,=0, the correspond- \yidth, §=F|n/(A|D‘AEg)<1: whereAP andAP are the Dop-
ing requirements to achieve transparency and then amplifisjer HywHM of the corresponding trgmsition.gTherefore, only
cation without a change of sign dfr, are a ¢ fraction of the molecules are resonantly involved in the
2 - process. Correspondingly, the magnitude and sign of the
ArGy T gnl'ig = Ars. (16 multiphoton resonance detunings and, consequently, of the
Therefore, owing to NIE, population inversion between theamplitude and phase of the lower-state cohergngediffer
initial and final bare states is not required in order to achievdor molecules at different velocities due to the Doppler shifts.
AWI in this case. The requirements for transparency at unThis is not the case in near-degenerate schemes. The inter-
equal populations of levels at the probed resonant transitioference of elementary quantum pathways, accounting for
and that for amplification without population inversion for Maxwell’'s velocity distribution and saturation effects, results
Ne transitions was investigated [ig4] during the course of in a nontrivial dependence of the macroscopic parameters on
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FIG. 3. Differences of level population vs molecule velocity
projectionsv on the wave vectorfu is thermal velocity. [ -n cor-
responds ta@,—r,, and the other plots to the transitions as indicated.
All parameters are the same as in Fi)2

3 0
uniformly coupled to the two-photon resonance independent
of their velocities. Compensation of the Doppler shifts with
light shifts was proposed if28,31,33. Opportunities for
2 great enhancement of various optical processes with this ef-
fect were recently investigated in more detai[88-37. We
shall illustrate the above considered effects with numerical
simulations applied to the experimental scheme described in

FIG. 2. Spectral structures induced at low intensity of the reso-sec' .

nant driving fields. Upper plots: absorption of the probe blue radia-
tion; lower plots: Stokes gainQ;=03=0. (a) G;=60 MHz, G V. NUMERICAL SIMULATIONS
=20 MHz; (b) G;=16 MHz, G3=19 MHz.

Q, (Hz)

As an example, we shall consider the transitions
) N o [-g-n-m-l (Fig. 1) as those of sodium dimers MNa
the intensities of the driving fields and on the frequency de-
tunings from the centers of the inhomogeneously broadened ~ X'Z3(v"”=0,J" = 45) - A’3(6,45(\; = 655 nm)

resonances. However, this limitation that seems fundamental oy Iyt _ _nl
can be overcome by a judicious compensation of Doppler X 29(14’45(}‘2_756 nm - B 711,(5,49
shifts with ac-Stark shifts. X(N3=532 nm - X'%(0,45(\, = 480 nm

Consider the principles of such compensation for the ex- . .
ample of the absorptiofgain index a,. In order to account from_the exp§r|m_enﬁl9]. YVe sha! use th_e exper_|me£1tal re-
for Doppler effects, we must substitute &l in the above Il‘:’legorl f;gal;”g'_'lz ' Zglfj'i’ry"j‘; g ’Fym—l_zéoly“ rl—_{% 2(I)I,
formulas forQ; =Q;-k;-v, wherev is the molecular veloc- . 9_06m__1 Tim=T'om=I'ng=1'19=70,T'n =20, I'yn=120 (a
ity, and then perform velocity integration over a Maxwell in 10° s™). The Doppler width of the transitio(FWHM) at

distribution. Corresponding factoPy must be substituted for ]Ehe wa;ellﬁngt_h\4=480 nm ?t Ia temptlartatu1r<a7(g:10_l‘_’r? ustﬁd
velocity-dependent factod; =P;({};j). Let us assume all de- or mocelling IS approximately equal to L. z. 1hen the

I i 0,
Lingat, excepy 1, o be much rester han th cor. EC(ZTT poputon aevetis Lot ofewel
responding transition Doppler widths. Then all facté?! eters énd hase mismatak e?re acc):/ounted for in thg nu-
andPj;, exceptP;,, become independent of According to P ’

Eq. (15), the dependence of the denominator on velocity ismerlcal simulations described below.

determined by the factor
A. Manipulating absorption and amplification indices

P15+ |Gy?/Py = [y =i[Qy = Q= (k1 k) -V] with coherent elimination of Doppler broadening
+ [|Gl|2/(rlg +i0)]-i(1G)/Q1) %k, - V. of multiphoton resonances
(18) Figure 2 depicts absorptiampper plot$ and Stokes am-

plification (lower plot9 computed at relatively low intensi-
Equation (18) indicates a velocity-dependent broadeningties of the driving fields that are set to the corresponding
(Re{|G4|?/P4}) and shift(Im{|G4|?/P4}) of the resonance that resonances. Pld#) corresponds to the conditions at the en-
allows one to compensate for the Doppler effect attrance to the medium, ant) to the radiation depleted after
(|G4]/Q1)%k 1=k, —k,, and therefore all molecules will be propagation through the medium lengfk a,z=15, where
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(a)

ocz/oc 20 4/oc 10
(=)
——
A

—22.5 -15 -05 05 15 25
2 (b) Q4 (GHz)
A =37.8MHz
1 1 FIG. 5. Laser-induced spectral structurgsgh intensities of
driving fields. Upper plots: absorption of the probe blue radiation;
20 lower plots: Stokes gain.G;=1 GHz, G3=400 MHz, Q;
<, =2140 MHz, andQ; 400 MHz.
3
;or_1 dence of two out of the four spectral components at the probe
3 A= and at the Stokes transitions. Pid® demonstrates further
=2 2 277mHz | O ] substantial change of the spectrum by variation of the inten-
1 -2 sity of one of the fields and appearance of narrow sub-
-3 Doppler laser-induced absorption and amplification struc-
-4 tures. The position and shape of the structures can be varied
405 07 | 1 05, 07 within the frequency-interval comparable with the Doppler
-25 -15 -05 0.5 15 2.5 width.
Q4 (GHz)

Figure 5 illustrates the opportunities to form a transpar-
ency window in any frequency interval in the vicinity of the
sities of driving field$. Upper plots: absorption of the probe blue prob.e tranS|t|or.1..As fO,IIOWS from Flgs.. 2, 4, and 5, the
radiation; lower plots: Stokes gaif6;=1 GHz; 0;=Q,=0. (a) maxima and minimum in the Stok_efs gain, as a rule, corre-
G3=1070 MHz;(b) G3=415 MHz. Insets: corresponding magnified SPOnd to the maxima and the minimum in the absorption
peaks.A: FWHM of the corresponding peaks. index.

Figure 6 demonstrates the feasibilities of compensating
the OPA of the probe field reaches its maxim(sae Fig. §  for Doppler shifts with ac-Stark shifts and corresponding
As seen from the plots, the depletion gives rise to a dramatigubstantial field-induced narrowing of the induced reso-
change in the spectral properties of the absorption index foRances. The upper plot in Fig(é presents a redshifted and
the probe blue field and of the Stokes amplification indexslightly decreased Doppler-broadened absorption resonance,
The line shapes do not resemble those for convention Ramaand the lower one the feasibility of the formation of a power-
processes. Despite some power-induced depopulation of tfieduced Doppler-free Stokes resonance Git< (), the ac-
lower level, an increase af, occurs in some frequency in- Stark shift of the Stokes transition is estimatedG# (),
terval in the vicinity of the transition resonance center at theand the dressed two-photon resonanceas (), +G2/Q;.
expense of its decrease in other frequency intervals. For allhis is in good agreement with the computed plots. The
the figures here and belof, is determined by the equation FWHM of the induced resonance is 17 MHz, which is much
Q,=0,+Q3-Q,. less than the Doppler FWHM of the Raman transition

Figure 3 displays a substantial inhomogeneity of the dis{170 MH2) and comparable to the homogeneous FWHM of
tribution of level populations over the velocities produced bythe Raman transitiof6.4 MHz). Figure &b) shows further
the driving fields. Population inversion appears at the Stokefeasibilities for producing sub-Doppler structures with two
transitionng in a narrow velocity interval, while no popula- driving fields.
tion inversion is produced at the Raman transition The Figure 7 displays the sensitivity of the width of the in-
figure indicates the smallness of the fraction of moleculesiuced structures on the choice of the parameters of the driv-
resonantly coupled to the driving fields. This important facting fields. The width of the most narrow resonaifpt 2) is
must be taken into account while considering amplificationeven less than the homogeneous FWHM of the correspond-
with and without population inversiof80]. ing transitions and commensurate with that of the most nar-

Figure 4a) shows corresponding line shapes at higher intow resonance in the systenansitionin). Since all nonlin-
tensities of the driving fields chosen so that the splitting ofear resonances possess asymmetric and non-Lorentzian
coupled levels is nearly equal. This determines the coincishapes, the width of such a resonance has different properties

FIG. 4. Resonance laser-induced spectral structimigs inten-
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-2 -1 0 1 2
94 (GHz) FIG. 7. Power-induced Doppler-free resonancé3;=Q;

=2140 MHz;G3=242 MHz.(a) Laser-induced structures in absorp-
FIG. 6. Compensation of Doppler shifts with light shifts and tion index a,(£,); inset: velocity distributionu,(v/u) at Q, set to

sub-Doppler resonances. Upper plots: absorption of the probe bluge center of the corresponding resonaficés thermal velocity.
radiation; lower plots: Stokes gaifk; =2140 MHz;G;=1 GHz.(a) =~ Maxwell's envelope is removed is full width at half maximum of
G3=0, (02,=2140 MHz),); (b) Q3=0Q;, G3=242 MHz (),  the corresponding peak&) Same for Stokes amplification index.
=4280 MHz),). A is FWHM of the corresponding peaks. Insets: (a) 1—G;=1500 MHz (A=98 MHz), 2—G;=1000 MHZ (A
magnified corresponding laser-induced structures. The Dopplet17.6 MH2, 3—G;=500 MHz (A=133 MHZ), 4—G;=0(A
FWHM of the Raman transition is 170 MHz. =232 MH2); (b) same parameters as(i&, where the FWHM of the

structures 1, 2, and 3 are 64, 15.8, and 128 MHz.

than those attributed to a conventional resonance of a Loreng

zian shape. The insets prove that the narrowing is related tﬁre stipulated from the interplay between absorption, ampli-
judicious compensation of the Doppler shifts by ac-Stark cation of generated idler Stokes radiatéfig. 8b)], phase-

shifts. Plots 2 in the insets indicate thhe central portion of matching, FWM cross-coupling parameters, and variation of

the Maxwell velocity distribution (the majority of atoms) be- all material parameters along the medium due to saturation
. city ) hajority . _effects accounting for the velocity-dependent NIE. It is re-
comes involved in the coupling and simultaneously contrib-

) . markable that generated idler Stokes radiation may several
utes to the absorption maximum of the narrowed resonanc

i . ) "CRundred times exceed the input probe radiafibig. 8b)].
?ﬁﬁ?rﬁggzrmétsﬁ;gbi;;;eoéher wider resonances remain The input Rabi frequencies of the control fields for this graph

correspond to the focused cw radiations on the order of sev-
eral tens of mW, i.e., to about one photon per thousand mol-
ecules. The length of the medium is scaled to the absorption
length atw,=w,,, with all driving fields turned off.

In a good agreement with E@5), Fig. 9@ shows that,
first, the probe beam is sharply depleted, and a substantial

Figure 8 displays the results of numerical simulations ofoptical length is required to achieve transparency, and then
amplification of short-wavelength radiation and of genera-there is significant inversionless gafmain plo). The com-
tion of long-wavelength field controlled by quantum interfer- plete transparency is achieved at a length of aboWith the
ence for the conditions corresponding to Fig. 2. The opti-same driving fields but with the probe radiation tuned to the
mum parameters and output characteristics of the amplifieexact resonancélower insej, amplification is not achiev-

B. Generation of Stokes radiation, optical switching,
and inversionless amplification of short-wavelength
radiation above the oscillation threshold
in resonant optically dense media
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FIG. 8. Laser-induced inversionless amplification, transparency, 0.4 |
and generated Stokes radiation at low intensities of fundamental
beamS(Z=a4OZ). 91203:0, G10: 60 MHz, and630: 20 MHz. (a) 0.2 |
Probe;(b) generated Stokes idler radiation. : 0
b 40 50 60 70 80
able The upper left inset shows strong depletion of the driv- 0 (b) 10 MHz)
ing radiationE; along the medium at the chosen intensity 30 35 40 45 50
and detuning from the resonance. The evolution of the am- Q, (MHz)
plitudes of the fields along the medium is determined by the
relative phaseW =¢,— ds+ dp— h1+(Ky—kz+ky—ky),z=0 FIG. 9. Propagation of probe radiatiéa and optical switching

+Akz The upper right inset in Fig.(8 shows substantial (b) (Z=as). Q,=0Q3=0, G1p=60 MHz, and G3,=20 MHz [(a)
change of the relative phad® along the medium that is and main plot(b)]. (8) Q4=35 MHz (main ploj and Q4=0 (lower
determined by the inhomogeneity of the coupled field andinsed. Upper left inset: depletion of the fundamental radiation at
consequently, material parameters. Figufie) resents fea- w;; upper right inset: phase for mafa). (b) Main plot and inset:
sibilities of all-optical switching, controlled by quantum in- Z=2; inset:Q,=35 MHz. Minimum transmission is less than™20
terference.Only a small variation of the frequency of the

probe field and/or the input intensity of the driving field |

results in a dramatic change of the intensity of the transmit-|ays even qualitatively incorrect behavior with respect to
ted probe radiation. By this, the sample can be easily drivefe \anley-Rowe relationship (photon conservation law). As

to the opaque state (less thd0™® of the transparency) or 0 yetning from the resonance increases, the disagreement
entire transparency and strong amplification without anyceases{Fig 1ab)]

change of the level populations . o . ;
: . . Figure 11 shows the feasibility of realizirgrong ampli-
Figure 10 displays the change of the number of photons "Bcation of the probe short-wavelength radiation at the ex-
each beam along the medium scaled to the number of pho-

tons in the probe field at the entrance to the medium, assunfense of other Ionger—_wa\_/elength _driving radiations_, d_espite
ing ;=0 in Egs.(2) and(3). The plots are computed for the the enhanced absorption indekhe importance of optimiza-

same input intensities as Figa, but Fig. 1Ga) corresponds _tion of the conversion parameters based on the processes
to the fully resonant case and Fig. (bD to far-from- investigated here, on the developed theory, and on the nu-
resonance coupling. The figure proves thetinterference of Merical simulation is explicitly seen from comparison of the
guantum pathways plays such an important role in fully reso4/0ts () and(c). If so, substantial (several thousand times)
nant multiwavelength coupling that the process as a whol@mplification of the shortest wavelength radiatibacomes
cannot be viewed as a sequence of independent conventiorfggsible. Amplification slightly exceeding unity ensures gen-
elementary one-photon, two-photon, and FWM processes, @ation inside the ring cavity. Hence, Figs. 8, 9, and 11 show
they were introduced for off-resonant conditions in thefeasibilities oflasing without requirements of population in-
framework of perturbation theory. Indeed, FigQ(@ dis- version at the resonant transition
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FIG. 10. Relative change of the photon numbers in the coupled
fields along the medium at neglected absorption and refraction.
G10=60 MHz; G3,=20 MHz. (& Q;=0Q3=0,=0, and (b) Q;
=1 GHz,Q3=-1 GHz, and(,=-2.5 GHz.

VI. CONCLUSIONS

Specific features of manipulating linear and nonlinear op-
tical properties of resonant materials through constructive
and destructive quantum interference in three- and four-level
media withinhomogeneously broadened multiphoton transi-
tions are studied. The feasibility of compensating for Dop-
pler shifts with power shifts by means of quantum control is
shown. This enables the removal of a fundamental limitation
on resonant multiphoton coupling with molecules from wide
velocity intervals concurrently independent of Doppler shifts
of their resonances and, thus, enables significant increase of
the cross sections of various nonlinear-optical processes in
warm gases. Similar effects, with the exclusion of the angu-
lar anisotropy of laser-induced nonlinear resonances, are
achievable at inhomogeneously broadened transitions in sol-
ids.

The propagation of a probe signal in an extended initially
strongly absorbing resonant sample is investigated, which is
controlled by two driving fields through the interference of FIG. 11. Laser-induced inversionless amplification, transpar-
resonant Raman-type and four-wave mixing procedseés. ency, and generated Stokes radiation at higher intensities of funda-
shown that under fully and near-resonant coupling, the in-mental beams.G;o=1 GHz. (a), (b) Q3=0,=0, and Gz
terference of quantum pathways usually plays so important §415 MHz.(c), (d) Q3=0,=2140, andGz=242 MHz.
role that the propagation processes as a whole cannot be
viewed as a sequence of independent conventional singléhat would be expected based on the concept of linear and
photon, multiphoton and FWM processes, as they can baeonlinear off-resonance processes is demonstrated through
introduced for off-resonant coupling in the framework of per-numerical simulations. As regarding the proposed sché&me,
turbation theory Substantial differences from the behavior is shown that the entire process cannot be viewed as reso-
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nant optical parametric amplification accompanied by realize experiments with sodium molecules have been em-
Stokes gain and absorption. However, it acquires such feaployed for numerical simulations, similar energy level con-
tures with an increase of resonance detunings figurations with inhomogeneously broadened transitions are
Applications to photon switching, frequency-tunable easily found in rare-earth-doped solids used as Raman am-
narrow-band filtering, and amplification without population piifiers in optical networking and in quantum nanostructures.
inversion of the probe beam are explored through quantunproof-of-principle experiments on fast optical switching
control by two longer-wavelength fields. Switching to en-pased on quantum control and FWM have proven such fea-
hanced(practically absoluteopacity or to perfect transpar- gjpjjities[15]. Since the principles of the proposed switching
ency, or even to amplification without population inversion 5e hased on ground-level coherence, the implementation of
above the oscillation threshold, is shown to be possible dugpin coherence with the lowest relaxation rate allows one to

to quantum interference and to readily achievable StOkeﬁnprove dramatically the performance of such quantum
gain. Such gain appears to be inherent to the far-fromgiiches.

degenerate double-Lambda scheme under consideration. The
feasibilities of manipulating Raman gain for generated idler ACKNOWLEDGMENTS
infrared radiation are explored too. The outlined processes

: : This work was supported in part by DARPA under Grant
are associated with the appearance of the complex narro .
laser-induced spectral structures in absorption, refractiorf‘o' MDA 972-03-1-0020. A.K.P. thanks Vladimir Shalaev

or discussions of possible applications of similar schemes of

Raman, and FWM susceptibilities that vary along the me- . .
uantum control in nanophotonics.

dium. As a rule, a decrease in the absorption index is acconf!
panied by a decrease in local nonlinear-optical coupling, and  AppENDIX: NONLINEAR SUSCEPTIBILITIES AND
vice versa. However, the outlined opportunities of strong ameNERGY LEVEL POPULATIONS FOR THE CASE WHERE
plification becomes possible through the deliberate trade-off £acH L EVEL IS COUPLED TO ONLY ONE DRIVING

optimization. FIELD: OPEN AND CLOSED SCHEMES
It is shown thaffor fully resonant fundamental and probe

fields, which would correspond to Raman resonance for the With the aid of the solution of a set of equatio{® for
generated idler radiation, the probe signal is only depleted the off-diagonal elements of the density matrix up to first
Because of destructive interference, the rate of depletion magrder in perturbation theory with respect to the weak fields,
become even higher than that in the absence of the drivinthe equations for the susceptibilities can be presented as
fields. On the other handhere exist detunings where the [7,38]
initial depletion changes for amplification after propagation A
through a substantial medium length is shown that one Xi _ Tiar;
can judiciously select parameters such that the transition Xio PiAN
from absorption to amplificatio_n through complete transpar—Here, X is a resonance value of the susceptibility for all
ency becomes very sharp. Thls allows one to vary the tran??elds turned off, where®, , are given below:

parency of the probe radiation or to switch its transparency '

. xo LR
(i=1,3, )(iO_PiAni (i=2,9. (A1)

between components of wavelength division multiplexing at _ ) dm|d|gdgndnn/8ﬁ3 Ary Arg
optical networking by a small variation of intensity and/or x2=~IN dy(1 +0s+00) PP + PP’
detuning of the control fields from resonances. It is shown o 5795 1har 73043
that thecontrol can be achieved with the intensities of the Ry 1 1
driving fields at the level of conventional cw lasefsabout * PP * AR (A2)
one photon per one molecule. The feasibilities of producing artal T
amplification well above the oscillation threshold andas- 3
ing without population inversion at short-wavelength transi- ;(4:_iNdm'd'9d9”?“"/8*ﬁ [( Ary + Arg )
tions at the expense of lower-frequency control fields are dy(1+v7+97) | \P1P12 P3P
demonstrated. R/ 1 1
The outcomes are illustrated with numerical experiments. + f(— + —)} , (A3)
Although the data relevant to most typical and easy-to- P2\P1z Ps
|
_Arp(1+g7+v7) ~vg(1 +u7—gg)Ars— gs(1 +g7 —vg)Ary (A4)
2 (1+gp+vp) +[97+Ga(97 —vg) +v7 +vx(v7-Gg)]
_Ary(1+vs+0s) —01(1 +g5—vg)Ar; —vi(1 +vs—ge)Ars
4= (A5)

(L+0s+vy) +[v5+v4(vs—Qp) + U5+ 9a(05 — v6)]
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01 = |G1|%P41PL, 05 = |G1 |/ PP, g5 = |G4 |/ PL,P, Closed configurationtn this case, the populations of lev-

(A6) els are given by the equations

Tl m= Wi — 2 RE[iGr 3},
4= |Gl|2/P41P4, Os5= |G1|2/P43d;, 6= |G1|2P41d;,

o o . ) Lyrg =Wy — 2 Re(iGry},
07 = |G1|*/P3;04,9 = |G| /P10, v1 = |G|/ PagPs,

2% P 2 Larn =wpr, +2 RdiG;l’3} T Yol gt Yl ms (A9)
V2 = |G3l?/P3yP2,v3 = |G|/ P3yP3,04 = |Gyl I PygPy,

N=1-rny=rg="rp,
V5= |Gal P 4105, v6 = |Gal ¥ P gy, v7 = |Gy Py, whose solution is
vg = |Gal?IPa.d),
ThgSgﬁu;gaggﬁrgiﬁ)g:escnbed by the formulas below. g= (1 + a1 +a) - AngJ/B,
_ (L+ay)An; +biagsAng
(1+ae)(1 +aey) ~ ayambyaey’

n=mn(l+a)(1+a)/p,

ry r={nm(l+ay)(1+a)

+[Ang(1 +a8) + Anyy,a8/1](1 + bagy)}/ B,
(1+a8)Ang+aya8AN; (A10)

3= (1 +a)(1 +20) - aymbya’ (A7)
TR T RANS fin= {1 +2)(1 +28) + [Ang(1 +28)
Ar,=An, — byagsAr 3 — a,89Ar,, +Anyy,8/TJoaast/ B,
Ar,=An, — aga Ar — bgagArs, Arg=r,—ry=[An3(1 +a8) + Anyy,28/T, /B,
rm=Nn+(1-byagAr,, Arp=r-rg=An(1 +a8y)/B. (Al11)
Here,
rg=ng+(1—-agagAr,,
Ang=n;—ng, Ang=n,—ng,
rn =Ny~ basArg +a;agAry, (A8)
Nm = MW/ T, N = nwg/Tg, = mwy/T,
r =n, —bagAry + azegAry,
Where Ny = (L +We/Ty + Wo/Tg + W)™,
B = 3‘3(1)F|2§/| P1|% 205 = &IP3, W) = Wiy + Wo Ygr/I'n + Wiy Yime/ L,
a8 =2+ Ly= v)|Ga/AT\ gL, b=T/(Cp+ L= va),
&= 2T+ Ty = Yinn) |G Tl (26,2 2/Gs2 T+ T 79)
S5, &= > o
Iy L (TP %) | A N [N
1=

| Yan - I‘n(rg - '}’gl) - o[y + I‘g - Ygl) , B=(1+ay)[1-Ang+2(n +n,)aa]

b= Ymlnbo  _  ymbs  _ Yol +(1+2baey)[Anz(1 +a8) + Anyy,aa/T,].
1= = = .
[Cn= Y D@ =) DT+ T = Yo

The remaining notations are as before.
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