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A theory of quantum control of short-wavelength sum-frequency generation, which employs the continuum
states, is developed. The proposed scheme employs all-resonant coupling and trade-off optimization of the
accompanying constructive and destructive quantum interference effects in the lower-order and higher-order
polarizations controlled by the overlap of two autoionizinglike laser-induced continuum structures. The scheme
does not rely on adiabatic passage, coherent population trapping or maximum atomic coherence as a means to
facilitate maximum output. The opportunities for manipulating transparency of the medium and refractive
index for the fundamental and generated radiations, as well as nonlinear polarization in the multiple-resonant
medium, are shown. This opens the feasibility of creating frequency-tunable narrowband filters, polarization
rotators, and dispersive elements for vacuum ultraviolet radiation. The features specific for quantum interfer-
ence in Doppler-broadened media are investigated. The feasibility of almost complete conversion of long-
wavelength fundamental radiation into generated short-wavelength radiation, and of a dramatic decrease in the
intensity of required fundamental radiations, is shown.
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I. INTRODUCTION of high-power ruby laser radiation with two excited states of

. . _— _ potassium atom was employed. In combination with the
The fact that two resonant intra-atomic oscillatigqean- g4 o component of stimulated Raman emission in ni-

tum pathways may interfere has been understood and eMy,,hanzene, this enabled the monitoring of a two-photon

ployed in nonlinear spectroscopy since the widespread use ?i:jder—type resonance with the ground state of the atom ac-
8

lasers began. In the example of a three-level scheme, one mpanied by an intermediate one-photon resonance. A va-
two such oscillations can be produced by resonant probﬁety of proof-of-principle experiments on NIE, including

radiation and another by the same probe radiation in coo our- and multiwave mixing, were performdd]. Other op-

eration with an _au>§|llary field applied to the a_djac_ent ransi-ons were provided by the resonance interaction of He-Ne
tion. Such oscillations may suppreggestructive interfer-  3serq and Ne atoms excited in a discharge. Thus the NIE-
encg or enhance(constructive interferengeeach other, | seq opnortunity for manipulating optical properties of the

elr)abllr}gll or?e tc:j ellmlnat?rhor aliter'nanvk(]aly enhar&ce thﬁ C(;’ufesonance media from enhanced absorption to amplification
pling ot light and matter. The relative phases and amplitudeg iy, ¢ population inversion via entire transparency were

of such oscillations can be varied by changing the resonanGgis. ssed in detail and numerically illustrated for the ex-

detuning and strength of the auxiliary control field. Sinceample of the Ne atom driven by He-Ne lag6r8]. A review

such F‘O”'i”ear i eﬁec{NlE) [1-6] are i.nherent. of the relevant early theoretical and experimental work was
to various resonantly enhanced nonlinear interactions of I'ghéiven in Ref.[9]

and atoms, NIE-based feasibilities for producing laser-
induced transparency or, alternatively, new absorption ang..

em|SS|o|n I_peal;s, as well as man|pu|at||ng theo'lf podsmond aNGieyelopments over recent years in connection with the con-
spectral lineshape, were consequently predicted an QQ'epts of electromagnetically induced transparency, coherent
;erved. A CI§SS|f|cat|on of various possmle.NIE and .cond|— opulation trapping, and maximum coherence achievable be-
tions for their separate observation were discussed in Refg, con the discrete stat¢0—14. Coherent population trap-

[3,5.8. In many early experiments, near-resonance couplingyi, o ang maximum coherence usually imply utilization of

Raman-type coupling with metastable states or light pulses
shorter than the shortest relaxation rate in the gas. Manipu-
*Electronic address: apopov@uwsp.edu lating FWM with the control field in a more complex five-
TPresent address: Theoretical Chemistry, Department of BiotecHevel scheme has recently been investigated in R&.
nology, SCFAB Roslargstullbacken, 15 Royal Institute of Technol-  So far a great majority of papers has dealt with resonant
ogy (KTH), S-106 91 Stockholm, Sweden. Electronic address:schemes predominantly composed by discrete levels, espe-
viktor@theochem.kth.se cially with regards to the FWM processes. Quantum interfer-
*Electronic address: tfgeorge@umsl.edu ence is usually employed for a decrease of lower-o(dbf

Resonant nonlinear optics, and specifically four-wave
xing (FWM), in atomic gases have enjoyed tremendous
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sorptive and dispersiyesusceptibilities, whereas higher- pling via the continuum deal with the suppression of ioniza-
order (generating nonlinear polarization is increased. tion and adiabatic passage between two discrete excited
Basically, such an approach requires two-photon couplingnetastable levels via ionization continuum in Raman-like
mediated by one-photon resonance for fundamental and ofA-schemes driven by properly ordered laser pu[2852§.
ten for generated radiations. The claimed primary implemen- This paper is aimed at filling the outlined gaps. It pro-
tation of such studies is to extend the generated radiation tposes a scheme that combines the advantages of the all-
the vacuum ultraviole{vuv) wavelength range where the resonant enhancement of the short-wavelength sum-
efficiency to be achieved exceeds that in crystals. Howevefrequency FWM response of the medium and LICS-based
energy levels of atoms and molecules are fundamentally norecoherent quantum control. This is shown to enable one to
equidistant and converge swiftly to the photoionization limit. decrease the required intensities of the applied fields down to
Therefore, the coupling of the generated vuv and at least orthose characteristic for cw radiation. Consequently, the
of the fundamental radiations with the continuous energyscheme specifically addresses the cases, where neither the
states becomes almost inevitable. This makes an understantbherent population trapping nor the maximum coherence
ing of FWM and other accompanying nonlinear-optical pro-can be achieved. Hence, it does not rely on such processes.
cesses associated with continuum states and the investigati@esides, it offers great manipulating flexibility through a
of the feasibilities of their quantum control and enhancemensuggested employment of several variable strong fields and,
of basic and practical importance. at the same time, avoids the effects associated with the popu-
For a long time, the continuum of quantum states, such aktion transfer, ionization, and depletion of the resonant at-
that observed in the ionization of an atom or dissociation obms. It is shown that the resonant interaction of several
a molecule, was regarded as an incoherent dissipation metrong fields gives rise to qualitatively different effects com-
dium. This changed with studig46—18 that proposed that pared to the previously studied schemes where all fundamen-
the optical properties determined by quantum transitions tdal radiations are imperturbatively weak and only one control
the continuum can be manipulated with control lasers in thdield is strong. The combined influence of the interference of
same manner as the NIE associated with the discrete statéa/o LICS on the laser-induced transparency and dispersion
Thus opportunities were predicted for the formation of nar-for both fundamental and generated radiations, as well as on
row resonances embedded in an otherwise unstructured cotite modification of FWM polarization, is studied. The effect
tinuum. The shape of such spectral structures is similar t@f inhomogeneou@opplen broadening of the coupled tran-
that of a real autoionizingFang resonancdg19], but their  sition on the appearance of NIE in the LICS-assisted
position, strength, and even their profile can be manipulatedchemes is investigated. The latter includes anisotropic spec-
with a control laser. Due to the interference origin, the fea-tra and narrow sub-Doppler spectral structures. The optical
tures of such autoionizinglike laser-induced continuum strucproperties of the materials in the vicinity of discrete transi-
tures(LICS) were found to be different in absorption, refrac- tions are shown to also be manipulated through the interfer-
tion, ionization (dissociation, and FWM susceptibilities ence of two LICS that provide a considerably different ap-
[18,20,21. In particular, the opportunity of producing a pearance compared to quantum control in a solely discrete
transparency window for the generated radiation without acheme. The dependence of NIE on the distribution of the
substantial decrease of the FWM polarization was proposedscillation strengths over the continuum is shown to be of
in Ref. [18]. Since the first proof-of-principle experiments critical importance. Corresponding experiments may give in-
[22], where such induced resonances were observed in tHermation about complex Fano parameters attributed to the
refractive index associated with the transition from theexcited discrete states and the continuum, which are, so far,
ground state to the ionization continuum of atomic cesiumjess known. However, the primary goal of the paper is the
great progress has been made in developing a deeper undanplementation of the outlined effects for control over the
standing of quantum coherence and related laser-induceslolution of the generated and fundamental radiation along
processes associated with continuum stg28s The experi- the otherwise strongly absorbing media. The factors dis-
ments have confirmed the key predictions based on the sintriminating the most favorable regimes of generation are de-
plified theoretical models, although in some cases discrepartermined. They suggest the feasibilities of almost complete
cies have been revealed. Main efforts have been applied twonversion of long-wavelength fundamental radiation into
the investigation of LICS-controlled polarization rotation short-wavelength generated output under an appreciably re-
and photoionization, often in the vicinity of real autoionizing duced intensity of the fundamental radiations. Such opportu-
states. Only very few publications have dealt with LICS-typenities are shown feasible through a trade-off analysis of the
FWM schemeq?24], but for all these, the specific features accompanying interference effects in the lower-order and
attributed to coupling with the strong fields mediated by one-higher-order polarizations. An appropriate adjustment of the
photon resonance have not been investigated so far. The apverlap of two LICS that ensures the effect is proposed to be
pearance and consequences of quantum coherence and int&chievable with the control field, which does not contribute
ference processes are very different in the cw regime, wheréirectly to four-wave mixing. Such opportunities are demon-
relaxation processes play a crucial role, compared to thetrated through numerical simulations that employ the typical
pulsed regime of rapid adiabatic passage. Nor have the featomic parameters.
tures attributed to either the cw resonant FWM coupling or This paper is organized as follows. In the next section we
the coupling with inhomogeneously broadened transitionsdiscuss the discriminating parameters, which determine fre-
been properly addressed in the context of LICS-based quaruency conversion in a resonant absorbing medium, and out-
tum control. Most of the recent work on the coherent coudine the calculational procedures. Section lll presents the
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density-matrix equations and their solutions, which describe 74(2) = (k'ski/|Ak|2)|27TX(sg)EzEs|2 exp(— asz)|exp(— iAk2)
local optical characteristics of the resonant medium driven )
by several strong fields. Laser-induced structures in discrete - 15 (5)

and continuous spectra of absorption and refraction are inf tne medium length is much shorter than the minimum
vestigated in Sec. IV. Section V considers specific features Oébsorption lengthLyp=min{L;=2/a;,Ls=2/ag and both
absorption and dispersive spectra at Doppler-broadened trags these are assumed much shorter than the coherence

sitions. Resonance sum-frequency generation in strongly atPéngth L.on=AK’"%, then Eq.(5) reduces to the approxi-
sorbing media controlled by the interference of two LICS iS4t forcr%ula '

studied in Sec. VI. The main outcomes of the work are sum-

marized in Sec. VII. 7= kK| 2mx S ELE42L2, (6)
where L, presents either the length of the medim the
IIl. FREQUENCY CONVERSION IN ABSORBING MEDIA: case of weak absorptipor the optimal length of the order of
DISCRIMINATING PARAMETERS min{Lape Loor)-

A maximum achievable conversion efficiency and corre- Alternatively, assume that phase mismatch, which in-
sponding medium length are determined by the interplay of!udes the nonlinear contribution, is compensated by the
concomitant NIE-based changes in absorption, refractiorstandard technique, e.g., with a buffer gas. This is feasible in
and FWM polarization. In this section we show that the Spe_t’he scheme under investigation, because all the driving fields
cific qualitatively different generation regimes may develop@® homogeneous along the medium. Then for the more gen-
under such conditions. The microscopic parameters will b&ra! and complex case of considerable conversion and a me-
derived to be used and analyzed in the following sections fon'”,m with substantial absorption dispersiéa, # ag), but
the investigation of the spectral properties of resonant sum?K =0, the solution of Eqs(2) takes the forn{27]
frequency generation in optically dense media. Conse- A~ _ +
quently, let us consider four plane-polarized electromagnetic 742 4(nq0/|b|)exp[ (a1 + ag)22]

waves traveling along theaxis of an isotropic medium, ) lbj-bz ) lb|+bz
‘ X | sinf?| \/| ——= | +sir? =11.
El(zt) = ReE;(2exdi(wt - k2)}, (1) 2 2 2 2
(7)

wherek; is the complex wave number corresponding to the
frequencyw; (j=1,2,39) that accounts for depletion along Here,
the medium. We assume that the fiesand Eg are weak ~ i .
compared to the driving field§, and E;, which do not vary 70 = Kikg2mxS BB, b= 470~ (a1~ ad?l4, (8)
along the medium. On the contrary, the fielisandEsmay 41 the relationshi,”” = x is assumed. According t®),
change considerably along the medium because of _absorgy-qo identifies the local conversion ratefficiency per unit of
tlon_and nonlinear-optical conversion. Then the spatial beye medium length under negligible depletion of the radia-
havior of the waveds andE, is given by two coupled re-  iong parameteb defines the difference between the rates
duced wave equations, of nonlinear-optical conversion and dispersion of absorption
of the radiations. This difference is usually determined by
the larger of the indices. Ib>0, the conversion rate of
. e . 2) photonsfiw; into Ziwg exceeds the absorption rate;hfO,
dEy(2)/dz=i2mky 1" E,EsEs(2)exp(-1Ak2). the rates are equal; andif<0, the conversion rate is less
than the absorption rate. Consequently, &g predicts three
r_qualitatively different evolutions of the generated radiation
along the medium:

dEg(2)/dz= i2mkix S E,ESE  (2)expliAk),

Here,kj=kj —iki'=(27w;/c) x;, K/ =q;/2; x;, a; are the effec-
tive linear susceptibilities and absorption indices for the co
responding radiations; an;df),xg) are the FWM nonlinear

susceptibilities: wg« wy+w,+ w3, Ak=Kg—k;—k,—ks. The (2) = (&7/b)exp— (ay + a9Z/2}
quantum conversion efficiency of the radiati&n into Eg a 77'_10/ ~ A= (ay+ag
that varies along the medium is defined by the equation X sirf(vbz2), atb>0, (93
’ S 2 ’ 2 ~
nq:k_} EXt2) :k_} L T 714(2) = T2 expl- (ay + @972}, atb=0, (9b)
ksl E1(0) ks | E1(0)
Let us first consider the case of low conversion efficiency, 74(2) = (470l b)) exp{- (a1 + a9 Z/2}
for which the change in th&,; caused by the nonlinear- x sinr?(\"mz/Z), atb< 0. (90)

optical conversion can be ignored. Then the second equation
in (2) can be ignored as well and, with account of the bound-The first Eq.(9a) presents a damping oscillatory dependence
ary conditionEg(z=0)=0, one obtains the following equa- of the transfer of the weak radiations from one to another and
tions: back along the medium, where each succedent maximum is
smaller than the previous one. The other two equati(@ty,
Es(2) = (2mkg/ A XS'ELE,Eq[exp(—iAkz) = 1], (4)  and (9¢), describe the plots with one maximum, which is
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when both are independent probe radiations. Potential appli-

£ IQ cations include frequency-tunable narrow-band filters, dis-
g 3QL ) persive elements, and polarization rotators in short-
wavelength ranges, where competitive materials otherwise
0, ® f are not available. Another problem concerns the optimization
alalalal n— of short-wavelength generation in an initially optically thick
B o, o (i.e., strongly absorbingmedium driven by several strong
®, ® S fields, while the indicated frequencies are lockedvas w,
+w,+ w3, and bound-free atomic transitions play an impor-
M.t k tant role. A variable control fieldE plays a key role in opti-
© mization of the interplay of NIE in absorption, phase match-
g| 1 ing, and FWM coupling. The frequency of this field is tuned

in such a way that it couples an empty levekith the same
FIG. 1. LICS-based coherent quantum control in laddercontinuum states that are coupled with any other fields. Thus
schemes. this field opens and manipulates a supplementary interfering
set of quantum pathways. Actually, the nearby red- and blue-
achievable over larger optical densitigsy+agz and  Shifted continuum states may also contribute to interference,

reaches a greater magnitude in the o@®. Since the local SOMe in a copstructi\{e, others in a destructive way. The over-
conversion and absorption rates are interrelated, the factor &l result is given by integration over all such states. Besides
is the most important discrimination parameter to be opti-continuum states, a variety of other off-resonant discrete
mized in order to achieve a maximum conversion efficiencyStates, which are represented by lekeh Fig. 1, may con-

under the given experimental conditions. tribute as well to the supplementary quantum pathways

The susceptibilitieg((ss), X(ls)' s andy, are derived from turneq on by the control fiel&. Basically, the sum over.the
the medium polarizations at the corresponding frequencies?ont”bqt'on of all su_ch states must pe taken along with the
integration over continuum states. It is supposed that the de-
P(w)) = x;E tunings|w; — wgy|, |01+ @~ wg,|, and|w—ws—wy are con-

(10  siderably less than all the other detunings, which validates
PNL(ws)=x(§’)E1EzE3, PNL(wl):X(ls)EsE;E;- the employed approximation of overall resonant or qua-
_ o ) siresonant coupling.

Traveling polarization waves are calculated conveniently The equations for the density matrix, considered in the

with the aid of a density matrixy;, as interaction representation within first order in weak fields of

Plwy) = Np; (0)d; + c.C., (11) the perturbation theory, can be written as follows:

jr

whereN is the atomic number density in the medium, a)d dpgn{dt+ I grmpgm = 1(pggVgm* PgnVom) »

is a matrix element of the projection of the transition

electric-dipole moment along the direction of the electric

vector of t_he corresponding field. Thus, the prqblem under dpg/dt+ Tgnpgn =i f PgeVende +ipgmVimn t i > PgVkn,
consideration reduces to calculating the off-diagonal ele-

ments of the density matrix.

+ =j +i
IIl. DENSITY MATRIX MASTER EQUATIONS dpgi/dt+ T'gtpgs 'fpgsv*’fds |2 pgir, (12)

AND THEIR SOLUTIONS

Let us consider the transition scheme depicted in Fig. 1. A dpg/dt=i(pggVg: + PgnVne + PgiVis),
strong fieldE, at frequencyw, is close to resonance with the
transition between levels and n, while the other strong .
fields E; andE at frequencieso; andw may couple levels dpgddt+ T'gpgi=1(pgnVoi+ pgiVik -
andf with the same states in the continuum. The figldat . .
w1 is close to resonance with the transition from the groundjere’ the_ indexe denotes_ the continuum state¥mn
state to levelm, and Eg at the frequencywsg couples the 'Gm”exd_'(wz_w”m)t]’ Vg: =Cg. exp[_| (@5 wg)t], Vi,
ground state to the state belonging to the continuum. ThesgCne 8XHi(@s= )], Vgm=GgmeXHi(wy-wgmlt], Vs,
radiations are assumed to be nonperturbative, so that one c&Pfe &XHi(@ =)t Vin=Crnexfli(o-wwt] and Vi
disregard a depletion of atoms caused by photoionization ardCkr €XHi(ws—wt] are the matrix elements of the Hermit-
by a change in the level populations due to the all-resonaritin interaction HamiltoniarV, considered in the electric-
couplings. Radiation abg can be either a probe or generateddipole approximation and in the interaction representgiion
through four-wave mixing, depending on whether anothewnits of#); Vij:Vj*i;Gmn:—Ezdmn/Zﬁ,GgS:—E4ng/2ﬁ, etc.;
weak field atw, is turned on. Consequently, we shall inves- andI';; is the homogeneous halfwidth of tijetransition(see
tigate two different problems. One is the LICS-based coherFig. 1). In the approximation of the weak fields and Esg,
ent control of absorption and refractive indicesigtandws,  we obtainpyg=1,pm=p,=ps=0.
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Under steady-state conditions, each off-diagonal element
of the density matrix is a sum of two components, which

may oscillate at different frequencies:

Pge = T'ge exdi(ws— wgs)t] + Ry, exli(wy + wy + w3 = wgs)t],
Pgn="Tgn exfli(ws— wg— wgn)t] + Rgn exfli(wy + w, - wgn)t]i

Pgm=Tgm exfli(ws— wg— w, - wgm)t]

+ Rym exfli (w1 — wgmt], (13

Pyt = Igf EXHi(ws— @ — wgot]

+ Ry exfli(wg + wy + w3~ 0 — wgp)t],

Pgk =T gk €XHli (05— w3~ ® — wgt]
+ Ry exdi(wy + 0y — 0 — wgt].

By substituting(13) into (12), one can see that the set of

the processes determined by only one weak field:

iRnggm: - Ggm_ RgnGnmv
Dgm=Tgm+ i(wy = ‘Ugm)y

iRgann = _f RgsGsndg - Rgmen_ ngGkn!

(14
Dgn: an+ i(wg+ wy— wgn):

iRgngs == RgnGns - Rngfs!

Dgs = i@+ @y + w3~ wg,),

iRgDgs = —f RgsGzrde — RyiGy,
Dgi=Tys + (w1 +wy+ w3—w— wgf),
IRgkDgk = =~ (RgnGnk — RgiGrw)
Dgk=T gkt i@+ @y~ o = wgy,
iIr gePge = = Gge ~ gnGne — IgiGrte»
Pge = i(ws— wge),

irgnpgn: _f rgsGsnds - rgmen_ rngkni

| (15
Pgn= an"’ i(ws— wz— wgn)1

irgmpgm: - rgnGnma

PHYSICAL REVIEW A 69, 043816(2004)

Pgm= 1_‘gm"' (ws— w3— wp = wgm)y
irgfpgf = _f rgsGsfd8 - rngkfv

Pgi = I'gs + i(ws— @ — wyy),

irgkpgk: - rgnGnk_ rngfkr

Pgk =g+ 1(ws— w3~ 0 — wyy) .

Here and elsewhere, the repeated inlérdicates summa-
tion over all discrete off-resonant levels combined to form
the levelk.

Equations(14) describe the absorption &; and genera-
tion at the frequencws, and(15) presents the absorption of
Es and the parametric conversion Bf back intoE;. One
can solve(14) by substituting the equation fé&y, under the

differential equations under consideration reduces to two inlntegrals. Then, in the calculation of the integrals, one can

dependent sets of algebraic equations, where each refers

?Omploy the function,
[-i(ws— “)ag)]_l = mdws— wsg) +iP(ws— wsg)_ly
(16)

where §(¢) is the delta function, and P is the principal value
obtained by integration. This leads to the following equa-
tions:

: : YntCre &ﬂ
= —-(1-
Rg | Gns ( |qnf) ’)/ffxf IBf Dga,
_Gg + BQ G
Rgm:| mx g n nm, (17)
ml gm
Rg —_ Ggmean
" I‘gmrgnxm(l + gnn)(xnxf -K+ Amxf) ,
where
B =9t (L +0t0),  Bn=0n/ (1 +0nn),
O = 7ff/Fgf1 Onn = '}’nnlrgnv
Omn= |Gmn|2/anIgna Qi; = 5ij/7ij ) (18)

Y= 7TﬁGisst|s=hms+ Re(Gika]-/pgk),

5= Im[iﬁP f

K=k B:Bn(1 —idne)(1 —igsn),

Gi.G, i

Am=Omd Xm(1 +gnn),

Xi =1 +iXi, Xm = Qllrgmy
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X =(Q1 + Q- 5nn)/(rgn+ Yon) = (ws— w3 = 5nn)/(rgn - (1-igs)(1 - iQQf) ygfyfn/(rgf + ) - (1 - iqgn)xf')’gn
+ ynn), (19) an (1 + gnn)rgn(xfxn -K+ Ame)
With the aid of the equations fdR,,, calculated from(17),
Xe = (g + Q= Q= 5/ (Tgs + v11) = (05— © = wy¢ and forr g, calculated from21), and with Eqs(10) and(11),

after integration over the continuum states, one can obtain
the following expressions for the absorption and refractive
indices at the frequencias, and wg, respectively:

= 0t) (Ugs + ¥11),

Q= (0 + wgf) — (03 + wgy),

a(wq) N(wy) — 1 1 [
——==Ref;, ———=ImF,, F=_-|1
Ql =w,— Wgmy Qz = Wy~ Wyp- a10 alO}\llz Xm
Here (), is the spacing between the quasilevels induced by _ AnXs } (22)
the radiation€€ and E; in the continuum. The Fano param- X X¢ + ArXi—K |’
etersq; [19] are assumed real and indicate the ratio of the
light-induced shifts and the broadening of the corresponding a(ws) n(ws) — Ng
resonances by the control fields. In the adopted approxima- — =ReéFg T and? ImFs, (23)
tion, these parameters are independent of the field intensities a0 asohd
and are governed solely by the properties of the investigated -
atom. The factok; and other factor&; used below are: Fe=|1- XXn(An+ Ap) —U +AmAfo}
K = / L XiXn = K+ ApXs
1= YnfYin! YonYits K(A, +Ag) - U - AmAan:|
=[1-A-A,-
ky = ng')’fg/')’gg')’ffv - XiXn = K+ AnXs
~ KA +A)-U
ks= 'ygn')’ng/'ygg'ynnv = 1-A- A ~—:| :
20 i XX, — K
Ka = Y9t YinYnd Yog ¥t Yons Here ayj is the resonant value of the absorption index at
the wavelength\; with all strong fields turned offag, and
Ks = Ygn¥nt Vgl Yag¥tt Yo Ng are similar quantities for the absorption and refractive
indices at the wavelengthg, and
Ke = Ynt Yt/ V5t Yng- A¢ = Biko(1 —igge) (1 —iqsg)/Xs,
They account for degenerate continuum states and are inde- ) )
pendent of the fields intensities. For nondegenerate con- An= Brks(1 —iggn) (1 —igng)/ Xy,
tinuum states they are equal to unity, while for the degener-
ate case these factors may become appreciably less than U = BiBn[Ka(1 —iggp) (1 —idn) (1 —idng)
gglrg/m'er?eerse values are similar to the squared overlapping +ks(1 = i) (1 —igta) (1 —icirg)], (24)
p*= KT Ao = BokalL = i) (1 = i6lng) Xy,
for the wave functions _
o o Xn=X,+ An.
i G{jé 17016 E GJaE 170']6 ~ =~
V= (mh)te——2 2 v, = (mh)t———22 The functionsA,, and X,, account for the perturbation of a
(EJ Y2 (EJ Y Y? two-photon resonance with the levelby the strong fields.

The expressions for the refractive index are obtained under
of the continuum stateg; and €,, excited from the levelsl  the assumption that this index is close to unity in the absence
anda. of the fields.

Following the same procedure as above and bearing in The equation for the FWM nonlinear susceptibility at
mind the conditiorws= w;+ w,+ w3, one finds from the set of ws=w;+w,+ w3 calculated with the aid of Eqg10), (11),

equationg15) that and (17) after integration over the continuum states,
) _ JdeRy.d,q, is given by
rga:|{Ggs_Gfs(ygf/')’ff)lgf(l_|qgf)/xf (3)( O X —keBi(1—igu) (L ~igy /(11
. ® - =i =i =i
414G = Gre(yad ¥10Bi(L = i)/ X}y, (o) X7 AL Tl 7100 Zldng)
(21) X0 Xm(l + gnn)(xnxf -K+ Amxf)
r :irgnGnm where X(s%) is the fully resonant nonlinear susceptibility at
M Xl gm' E,3 E—O.
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IV. LASER-INDUCED STRUCTURES IN DISCRETE 1

AND CONTINUOUS SPECTRA OF ABSORPTION
AND REFRACTION

In this section, we investigate coherent control of absorp-
tion and refractive indices in the vicinity of discrete and
within continuous quantum transitions with the aid of Eqgs.
(22) and(23). As seen from Eq(22), the strong fieldE,, in
cooperation with the other two, substantially modifies the
absorption and dispersive indicesagt An important differ-
ence is seen when compared with similar effects at solely
discrete transition$2,3,5,§4. The results given below dem-
onstrate considerable perturbations of discrete spectra by the
radiations coupled to the continuum. The first term(22)
represents the field-unperturbed absorption index forgtne
transition (at A,,=0), and the second term refers to the cu-

mulal_tlve effects_o_f the strong fields. The coefficiéyy de- FIG. 2. Absorption index aib, reduced by its resonant value in
termines the splitting of a resonance into two cOMpONeNts bie ansence of all strong fields(w;)/ ay, vs scaled one-photon
the strong fieldE; [2,3,5,8, which is modified by the strong  getyning O4/T = (1= 1= 0g) I Ty Here, 1=0.9, 0,=0.5,
field E3. The functionK describes further modification of the g/ T4i=100, andTgy/Tgr=10. (ab): 0,=0, qi,=1.5, gnn=7,
absorption index by the strong fieEi_It is proportional to  g..=2 “(a): g,,=0 (1), =5, QUIT4y=0.8(2). (b): gnn=>5, O, =0.
the product of the intensities of the fiel@&sandE;, and the  (c,d): Q,/T,,,=0.3, gmy=70, g¢=10, Q /T gy==1.1, gpn=0 (1),
effect disappears when any of these fields is turned off. Sincg, =50 (2). (c): g¢,=15. (d): g,=1.5.
the fieldE, is in resonance with a discrete transition and the ) )
fields E; and E are coupled to the continuum, the spectralnumerical parameters from among those relevant to different
properties of the corresponding contributions are different. [€XPeriments in order to illustrate the breadth of possible co-
E=0 (i.e., g;=y=B;=K=0), the equation for the absorption Nerent control. o
index (22) converges to the standard one commonly used in Figures 2a and 2b) correspond to the dressing fietg)
three-level nonlinear spectroscof®;3,5,8: being in exact resonang(QZ:O). Plot 1 in Fig. 2a) corre-
sponds tdE;=0. The splitting of the resonance and the con-
a(wy) Omn sequent decrease in the center of the bare-state resonance is
01—01 =Re X, KX+ 1+g,/ ] (26) produced with the strong field coupled to the transition
An additional dressing field at the frequeney may bring a
The denominator i26) has two roots with respect 9, dramatic change in the absorption line shdpkt 2, Fig.
=w,—wy, Which indicates a splitting of the resonance into 2(a)]. Plots 1 and 2 in Fig. @) present an example of pos-
two maxima. The positions of these maxima and their relasible modification of the absorption profile in the vicinity of
tive amplitudes may vary depending on the parameters of tha discrete transition by the fields coupling bound and free
fields and transitions. Resonance splitting is stipulated by thstates. Figure ) illustrates a significant change of the same
appearance of coherence at the transitignwhich is asso- line shape at the overlap of two LICS induced by the fields
ciated with the appearance of additional quantum transition&; andE [compare plot 2 in Fig. @) and plota(w,) in Fig.
ng in which photons of frequencfw, may participate. The 2(b)]. This allows one to manipulate the transparency and
corresponding laser-induced resonandesiasilevels are  refractive index for the resonant fundamental radiatin
shown by the dashed lines in Fig. 1. The phase and relaxhrough variation of the magnitud®, =w—w;—wy;. The
ation properties of the respective term for the polarization atlashed plot in Fig. @) shows the line shape of the disper-
frequencyw,; are reflected by the dispersion functisp The  sive part of the refractive index at frequeney for the same
additional strong field&; and E cause further modification parameters. The plot indicates the feasibility of the creation
of the laser-induced quasilevels. Corresponding changes oof extremely steep dispersion with the aid of the dressing
cur in the absorptior(Fig. 2) and refractive indicegFig.  field, coupled to both discrete and continuum states. Figures
2(b,dash], which constitutes the base for their quantum con-2(c) and 2d) show the interference structures induced by
trol. only the fieldE, (plot 1) and jointly by the two dressing
This figure displays the dependence of the absorption infields E; andE (plot 2). Figure 2c) displays possible control
dex atw; on the scaled detunings from the bare-state oneef the transparency window by the fiek, including com-
photon resonancey; -y, Here,I';; is the homogeneous plete eradication of the effect by the fielg (plot 2). Figures
halfwidth of theij transition,(), is the frequency deviation 2(c) and 2d) show that the interference structures induced
of the second field from the transitionn, g.,, is the squared jointly by the two dressing field&€; and E may strongly
scaled Rabi frequency for this fieldy,, and g are the depend on the Fano parametgy [compare plots @) and
equivalent values for coupling of the corresponding level2(d)].
with the continuum, andj; are Fano parameters. All these  Overall, Fig. 2 shows the feasibility ahanipulating ab-
denotations are given by Egd8) and(19). The frequency sorption and dispersive indices in the vicinity of discrete
detunings(}, and() are depicted in Fig. 1. We have selectedtransitions by the control fields that couple discrete and con-
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tinuous stateslt demonstrates that one can create transpar-
ency and steep dispersion in certain frequency intervals of
the discrete transitions or, on the contrary, eliminate effects
of the dressing fields with the aid of destructive interference
by varying the intensities and detunings of the driving fields
with account for the specific Fano parameters. These param-
eters present the relative contribution of the resonant con-
tinuum states, within the bandwidth on the order of the char-
acteristic width of the power-broadened discrete resonance,
and that of others integrated over all off-resonant continuous
and discrete states. Such a ratio determines the phase shift of
the intra-atomic oscillations brought about by the transitions
to the continuum states.

The spectral characteristics of absorption at the frequency
wg are determined by the interference of three quantum path-
ways: direct to the continuum, to levé] and to the super-
position of levelsn andm. The line shapes of the absorption
and dispersive indices are presented by E2B), whose
structure is similar t@g22). The first term presents the unper-
turbed absorption index, while the rest describe contributions
of the additional quantum pathways induced by the dressing
fields. The functionA; presents an autoionizinglike reso-

nance induced b¥, and the functiorA, describes the reso-
nance induced b¥; and modified byE,. The factorK and
U describe the interference of the above outlined processes, FIG. 3. Absorption index ais reduced by its value in the ab-
i.e., contributions of quantum pathways via various intermesence of all strong fieldsy(wg)/ ag, vs detunings)/T'1y=(ws—w
diate states, induced jointly bz andE. Their appearances -wy,)/T'tq (a-0. The insets are the interference contributions to the
are determined by the Fano parameters. In the limiting caseorresponding curves vs detuning, the detuning interval is the same
of E3=0 (i.e., atzn:O,KZO,UZO) andkz=1, Eq.(23) re- as for the main curves. Herdy,/I'y;=100, I'y/T'4,=10. (a,b):
duces and converges to the corresponding equation froff=0-9; Gnn=0.9, 4 /T'yr=-110, Q5/T'4;=30. (&): Ggr=-0.5, Ggn
[6,17,18,21,2B =-0.95, g;,=15. (1) E,=E;=0, ')/ff/Fgleo. (2-3) 9n=70,

Yon/ Tgn=50. (2) ¥=0. (3) ¥+=10. (b): d4:=—0.95, qg,=-0.5,

Om=15(2,3), A =150 (4). (1) Ex=E3=0, y4/T'3+=10. (2-4) Imn

600

a(wg) _ _ (dgt + Xp) =7, YanlTgn=5. (2) ¥t=0. (3,4) ¥/T4=10. (c): qgs=0.95, qyn
o = Rdl Af} =1 ﬁf + Bf 1 +Xf2 ) (27) =0.01, fo:0.01, Onn="-5, gin=1.5, ‘()2/1—'Qf20l Yfflrgleol Omn

=7. (1) yan/Tgn=30, Q/Tg=-1530. (2,3) ¥uu/Tgn=5. (2)
QO /T4=-110.(3) Q /T y;=—405.
where Xf:(ws—w—wgf—ﬁff)/(l—‘gﬁ ’)’ff), and IBf—>1 at Vit
>Tys. This equation is similar to that for a real autoionizing E =
resonancd19]. It describes asymmetrical power-broadened-!CS S increased. .
(y1) and power-shifted;) resonance, whose asymmetry is The plots in Fig. 3 show the dependence of the absorption

determined by the Fano parametgf;. When g;— 1, the index at frequencyss on scaled detunings—(w+ary). The
absorption profile is depicted only by the last term. In thismagnltudes of the parameters used for the simulation, as

. . . given in the figure captions, are selected to illustrate the fea-
casg,the absorption va2r1|shes alyX~0gr and reaches |t.s sible manipulation of quantum interference and its depen-
maximum valugasy(1+qg), at x=1/dy. When the contri-  jonc0 o the atomic parameters. In Figs) and 3b), plots
bution of the resone}nt (;ontlnuum_ states is relajtlvely small correspond to field&, andE; being turned off and display
(dgr> 1), the absorption is predominantly determined by thearacteristic asymmetric laser-induced Fano resonances
two photon transitiorg— f. Thgn the effect of interference [Eq. (27)], plots 2 display the cases f&=0, and plots 3
of one- and two-photon transitions becomes small. Conse€gepict the case when all three fields are turned on. The plots
quently the resonance profile becomes a symmetrical Lorentsp o, strong dependence of the absorption index on the Fano
zian, and the transparency window vanishes. Otherwise, thﬁarametersqgf andqy, in the cases discussed, and feasibili-
asymmetry grows withg;—0. The location of the reso- s for manipulating quantum interference by LICS with
nance is controlled by the frequenaeyof the fieldE, and its  gypplementary dressing fields that couple the adjacent tran-
strengths by, i.e., by the strength of this field. ~ jons. Interference contributions, which disappear in the ab-

Strong fieldsE; and E, bring about further qualitative gence of eitheE or Es, are shown in the insets to the figure.
changes in the spectra. The additional indeBendent Structurgye to the interference nature, a frequency integral in each
described in these expressions by the funcfignis supple-  of them equals to zero. Plot 4 in Fig(t3 demonstrates the
mented by the interference term, which depends on the fadeasibility of mutual suppression of LICS through their de-
torsK andU. This term disappears when either of the fieldsstructive interference, so that the absorption spectrum be-

5 or E is turned off or when the spacing, between the
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2r FIG. 5. Velocity averaged absorption indegq(wq))/{ao),

(solid) and dispersion part of the refractive ind@ash at w, re-

duced by their maximum values in the absence of all strong fields in

a Doppler-broadened medium M3;/Aw,p. Here, the Doppler

HWHM Aw;p=16.65T, the wave vector orientations are

kT Tklv sz Tk3T lkl, and k2/k1:0.9, k3/k1:0.5, k/k1:06 (kl is

. . . ‘ . ‘ . . wave vector corresponding to the frequeney), I'yy/I'ys=100,

300 200 -100 O 100 200 300 400 Lgm/Tgn=10; [Gmd?/ (Aw1p)?=1, Gnn=0.5, qs=0.9, Qp/Aw;p=

-0.9. (a,b): 'ynn/AwlD:O.l, )/ff/AwlDZO.Z, qfn:O-S- (a): QLZO.

FIG. 4. Scaled laser-induced change of the dispersive part of thes—d): 0, /Aw;p=-0.8. (C): Yo/ Aw1p=0.8, ¥5/ Aw;p=0.3, Gy =

refractive index atwg in the vicinity of LICS vs_Q/ngz(ws—w -1.5.(d): Yo/ Aw1p=0.2, y4¢/ Aw1p=0.8, G =1.5.

—wig)/T'tg. All parameters are the same as for the corresponding

plots (a—9 in Fig. 3.

creation of very steep variable positive and negative disper-
comes the same as in the case of all strong fields beinﬁion for the s_hort wavelength radiatiomith t_he aid pf co-
turned off. Variation of the paramete, leads to an appre- lerence and interference processes associated with the con-
ciable change in the shape of laser-induced structio@®- tinuum states. .
pare plots 3 and ) The apove demonstrated features of quantum mterfer_ence

Figure 3c) shows the dependence of the absorption spec?nd continuum coherence.can be conS|dered as candldates
trum on the strength of the driving fielg; as well as on the or appllt_:atlon to the persstent problems n the design of
spacing between two quasilevels induced in the continuun?uCh optical elements in the v_acuum-ultr_awaet wavelength
by E andEs. In regard to the detuning, = o—ws— wy, plot (rjz;nge as tunlable narrowband filters, polarization rotators, and
1 corresponds to large detuning@, /T"g=-1530, plot 2 to Ispersive elements.
small detuningQ, /T'y;=-110, and plot 3 to medium detun-
ing (2 /T'y;=-4095. The appearance of LICS is most pro-
nounced in the last case.

Figure 3 demonstrates the possible manipulation of the
absorption index for a probe radiation by LICS that includes Homogeneously broadened discrete transitions with near
formation of the transparency windows. Opportunities areLorentzian profile of resonance can be observed in atomic
brought about by the interference of two LICS, i.e., quantunjets or by immersing resonant atoms into a high-pressure
pathways via continuum states induced jointly by the fieldsbuffer gas. Basically, the Maxwell distribution of atoms over
at w3 and o and modified by the strong field as,. The velocities in warm gases and metal vapors leads to a corre-
interference term displayed in the insets shows that the magponding exponential distribution of Doppler shifts of nar-
nitude of this term is comparable with others and can be botihow Lorentzian resonances. This may substantially change
constructive and distractive, depending on detuningssof the features described above. In this section we shall illus-
- w3 from wy, as well as on the Fano parameters, and on thérate such changes with the example of Doppler broadened
intensities of the coupled fields. media. Among the important features is the dependence of

Figure 4 displays the feasibilities of manipulating by the the spectra on the ratio of the frequencies and on the relative
magnitude and profile of LICS in the refractive index. Suchorientation of wave vectors of the coupled waves.
artificial dispersive structures are superimposed over a flat Figure 5 shows the feasibility of the modification of the
background and can be manipulated by a change of intensboppler-broadened absorption resonanceaand the cre-
ties and of frequencies of the dressing fields with the accouration of a dramatically changed profile with new maxima.
for a strong dependence of the interference processes on théus, instead of a Gaussian contour centeref) 0 with
Fano parameters. The figure demonstratesfelsibility of  half width at half maximum(HWHM) about 1, the plot in

V. ABSORPTION AND REFRACTIVE SPECTRA AT
DOPPLER-BROADENED TRANSITIONS
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2 2 ence processes at coupled discrete and continuous transi-
tions. The figures show that such interference may also be
constructive or destructive, depending on the sign of the de-
tuning w— w3— w,s, On the Fano parameters, on the detunings
from the two-photon resonanam, on the ratio of the fre-
guencies, and on the orientations of the wave vectors of the
coupled electromagnetic waves. The plots show that the
proper adjustment of the orientation of the wave vectors,
along with the intensities and detunings of the coupled waves
provides the additional means of manipulating the line shape
of Doppler-broadened transitions. Thusub-Doppler
frequency-tunable transparency windows, enhanced absorp-
tion, and steep negative or positive dispersion structures can
be createdthrough compensation for Doppler shifts by
10 0 10 velocity-dependent power shifts of the atomic resonances.

o

FIG. 6. Velocity-averaged absorption indeXe(ws))/{agy),

(solid) and dispersion part of the refractive indéash at wg re- VI. RESONANCE SUM-FREQUENCY GENERATION

duced by their values in the absence of all strong fields in a IN STRONGLY ABSORBING MEDIA ENHANCED
Doppler-broadened medium vs detunind)/Awgp=(ws— @ BY QUANTUM INTERFERENCE

-wig)/ Awsp. Here, the Doppler HWHMAwsp=5X 10° I'ys; the . _ o _
wave vector orientations are the sarké Tksl Tk,T ks and Nonlinear interference structures, similar to those dis-

k/ks=0.8, ka/ks=0.3, ko/Ks=0.37, Tg/T =100, [g/Tgy=10; cussed_ above, can be creqtgq in the real and imaginary parts
IGmi?/ (Awsp)?=1, Yo/ Awsp=0.4, ¥i1/ Awsp=0.8, 0y=0.95,q4,  Of NONlinear FWM susceptibility as well. As shown for the
=0.01,q¢=0.01, gny=-5. (8): =15, Q /Awgp=1.5, O,/ Awgp  first time in[18], the NIE may influence differently the linear
=2.2. (b—d: Q,=0. (b): q;,=15, Q, /Awsp=1.5. (€): g;,=-1.5, and nonlinear susceptibilities, so that under certain condi-
O I Awgp=15. (d): gi,=-1.5,Q /Awgp=—0.5. tions areduction in the absorption of the generated radiation
may lead to no decrease in FWM polarizatidfor example,

Fig. X&) displays the profile of almost the same Gaussian,han E, and E; are nonperturbatively small and the con-

shape shifted by about_0.5 HWHM, &rnhanc_ed NAITOW tinyum is nondegenerate, the equat{@8) reduces to
sub-Doppler resonancshifted to the opposite side at about
two HWHM, and the transparency window between them. w9 1 (1 =iqsg) (L —igpn)
Due to the pure interference nature of the effect, the integral NE XX 1-Bs (1=iqu)(L+ixp) |’ (28)
value of the index taken ove2; must not change. Because < men ne
of the difference betweemw; and w,, the compensation of wherex; is scaled detunin€) given by Eq.(19). As one can
their Doppler shifts at two-photon transitiggn in counter-  see from Eq(17) for Ry, the first term presents FWM pro-
propagating weak waves is not possible. However, for aressws=w;+w,+ w3, Whereas the second interfering compo-
appropriate choice of the coupling parameters, such compement originates from the higher-order process= w;+ w,
sation of the Doppler shift with velocity-dependent power+w;—w+w. The second term depicts an asymmetric reso-
shifts caused by the dressing fields becomes possible. Foance as the function @; or w. Its maximum is achievable
details of the physics in more simple cases, fg2§ and  at 8;— 1. Depending on the other parameters, this term may
references therein. Indeed, this effect exhibits itself as theither fully compensate the first one and thus terminate the
appearance of an enhanced sub-Doppler peak. Such a peaWM response, or alternatively, enhance it. As it was shown
can be created through the overlap of two LIER). Xa)] or  above[see the discussion on EQ7)], the absorption of
through the adjustment of another appropriate combinatiogenerated radiation vanishes at=-gs, whereas according
of atomic and field parametei&ig. 5d)]. Other possible to Eq. (28), the FWM polarization may even significantly
modifications of the absorption profile are presented in Figincrease if ¢,:> qgng [18].
5(by and Fc). It is seen that the properties of the continuum In weak fields, the nonlinear susceptibility increases
presented by the given values of the Fano parameters play &trongly upon approaching discrete resonances. However,
important role. Corresponding changes occur in refractivahis is accompanied by the significant growth in the absorp-
index and in nonlinear susceptibilities. tion of the radiations. Hence, the trade-off modification of
Figures §a)—6(d) shows similar opportunities for manipu- the nonlinear FWM polarization on one hand, and the ab-
lating absorption and refractive indices in Doppler- sorption and refractive indices on the other hand, become a
broadened gases for otherwise unstructured continuous spegaost important problem in maximizing the generation out-
tra. These figures demonstrate an almost vanished absorptipat. Unlike the spectra discussed abows, and wg are
created through destructive interference. Either singleg]  locked and cannot be varied independently in the course of
or multiple [(a—d)] transparency windows can be created. FWM. The trade off also depends on whether the local FWM
Figures 5 and 6 demonstrate that the interference of corsonversion rate exceeds the absorption rate or vice versa, and
tributions from the atoms at different velocities brings anif so, which absorption dominates in a given experimental
important distinction in the appearance of quantum interferscheme. Therefore, the creation of the nonlinear resonances
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in nonlinear polarization must be performed in the context ofnegligibly weak fields. We shall henceforth use the fol-
optimization of the parameters of the overall local conver-lowing approximate expressions:

sion rateb [Eq. (8)]. Ultimately, the trade-off options depend
on which of the oscillator strength of the transitions, com-
posing the coupling scheme, dominates. In this section we (33
shall investigate such options based on LICS produced with ag = 47 (wgC)N|dg, (e = hwg),

several strong fields. The aim is to explore the opportunities

for increasing the conversion efficiency with the aid of the [ y,[* = (7/24%)*N(1 +qgn)|dgmdmndn€dsg|2(l“gml“gn)‘2.
control field. Such a field does not contribute to FWM di-

rectly, but allows one to adjust the interfering quantum chan’ €N Eq.(32) reduces to

nels contributing to the overall process in order to maximize P=1+q5 (34)
the generation output. We shall investigate the corresponding a0 an

evolution of the generated radiation along the medium. Foif herefore, in such approximation, the factg], is deter-
the sake of simplicity, we assume the medium to be homomined only by the Fano parametgy,.

ap= 47TwlN|dgm|2/Cﬁrgm,

geneously broadened, the continuum to be siglleparam- As discussed above, the appearance of laser-induced reso-
etersk;=1), and phase mismatch to be ensured by the buffenances for radiatiof; can be interpreted as a splitting of the
gas. level m into quasilevels by the strong field, and by their

A numerical analysis of the interplay of the outlined pro- further modification by the field€; and E. The laser-
cesses is convenient to perform with the aid of expres@ipn induced resonances for the generated radiation are deter-

rewritten in the form: mined by the creation of two quasilevels embedded in the
i continuum that appear near the frequencigg+w; and
_ %70 = wigtw. These quasilevels are separated by an enkfdy.
742) =~ =X~ (e + Cag)zayd2] Thge detuning of the generated frequency from the first reso-
nance isQs=0Q4+,, whereas that from the second reso-
X {sinr?[\/(|E|—E)C/22ald2] nance is(1={s-(). The result is obviously different de-
_ pending on whether these detunings are varied at the expense
+ sirf[ V(|b| + b)C/2za,¢/2]}, (29)  of deviations from one- and two-photon resonanégsand
Q,, or solely by changing the magnitude, = w— w3~ ws,.
where The relative role of these channels also depends on the in-
~ tensities of the radiations, on their detunings from the reso-
%O:ﬂo_' =t m=S, =22 nances, and on the relative magnitudes of the oscillator
@100 @10 g 1o strengths for the transitiormemandge. We shall illustrate the
(30 outlined dependencies through investigation of several nu-
b=blajgeg = 47— (ay - Cag)?l4C. merical models of the medium.

Figure 7 depicts the case where the absorption of the gen-

Herewith, we have introduced the optical dengity, of the  erated radiation is considerably less than tegonantab-
resonant medium fo;, the reduced absorption indices dis- sorption at the transitiogm (C=10"°). The frequencieso,
cussed above, and the ra@oof the nonperturbed absorption andw, are considerably detuned from their one-photon reso-
indices atwg and its resonant value at;. SinceC is propor-  nances, but the sum of the frequencies is close to a perturbed
tional to the ratio of the oscillator strengths of the corre-two-photon resonance. It is seen from Figa)that, for the
sponding transitions, it specifies the atomic medium. Theselected coupling and Fano parameters, the variatiof), of
term 7 is proportional to the squared modulus of the FWM by change of the frequencies or w3 may provide approxi-
nonlinear susceptibility and gives the quantum conversiomately a threefold reduction of the absorption coefficiept
efficiency over a characteristic absorption length/dfpagy ~ Whereasag increases approximately by a factor of 3.8 in
considered within the approximation of ignoring absorptionsome detuning interval, and considerably decreases in other
of the given fields. It can be further presented in a morantervals. As such, the squared modulus of the nonlinear po-
explicit form, larization, which is proportional tej, increases by a factor
— _ o2 of 1.9. These are changes thgt, when estlmat'ed, compar.ed to
g0 = 77qo|)( |“GmrGnn, (31)  the values of the corresponding parameters in the far wings

of the plots, where the effects of the control fiédvanish.

wher . o o )
ere The absorption coefficient for a transition to the continuum,
o kikg27mxol? 16ﬁ3rgmr§n however, remains much less tham, so that ag/a;
0= > (320 =Cag/a;~107? over the whole considered interval §f . In
a100s 7O

some range of}),, the sign ofb becomes positive, which

is the efficiency for the resonant unperturbed nonlinearityindicates that the nonlinear-optical conversion rate begins to
over a distance Wajgeg in the fields corresponding to exceed the rate of absorption of the radiation. Indeed, within
Omn=9nn=1. The reduced nonlinear susceptibility® this interval of(}, a sharp maximum of conversion develops
:ng I xs0, is given by Eq(25), whereyg is the fully (one-  [Fig. 7(c)]. The maximumzg n,=0.29 is reached fora,q

and two-photoh resonant value of the susceptibility for =4000. Figure {) shows that outside this optimum match,
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squared modulus of the FWM polarization,; and reduced differ- FIG. 8. Reduced absorption indicesg/ a;o andas/ a;q, reduced
ence of the conversion and absorption ratess detuningQ, (.  Sduared modulus of FWM polarizationgo; and reduced difference
Dependence of the quantum conversion efficiemgyon ), for ~ ©f conversion and absorption ratésys detuning(l, (a). Quantum
2019=8.5X 10° (1), Zayp=1x10* (2), and za;o=2x 10* (3) (b). conversion efficiencyn, vs () along the medium computed for
Quantum conversion efficiency, vs optical thickness anf, (c). ~ Z®10=4.5X 107 (1), zayo=5X% 1_02 (2), and za;p=5.5x 107 (3) (b).
Here, C=105 g;=150, g,,=200, Gy,=9000, Q,/T4=5000, Dependenzce ofp, on the optical thickness and di (c). Here,
Q,/T4=-5100, 0tg=0.95, Ugy=-2, 0sr=0.01, Gyn=-5, Gx=0, C=3X%x107+, g_nn:500,gmn:8000(a—c). The other parameters are
gl Tgs=100, g/ T'4n=10 (a-0. the same as in Fig. 7.

on the concentratiolN of atoms[Fig. 8c)]. Thus the opti-
Tization of these values is required. At the first maximum
) (corresponding taa,y=125), the quantum conversion effi-
[Figs. qb) and c)]. ciency can reach 0.FFig. &c)], which isalmost a complete

Figure 8 is computed for the case where the detuning, .anium conversion of fundamental radiation to a short
from a one-photon resonance is still large, but resonant aly,elength which efficiency is three times greater than in
sorption at the discrete transition and transition to the cong,o preceding case. Since the energy of generated photons is
' . T A ) . .
tinuum differ less(C=3x107). In this case, the absorption geyera| times greater than that of the fundamental ones, the
coefficienta; can be decreased by a factor of 1.5, whereaower conversion efficiency may exceed several hundred
the absorption coefficients increases approximately three- percents, which is at the expense of energy of other driving
fold in one interval, but falls considerably in the other inter- fia|ds. The dependence of the generated powefpmlong
val qf Q. Absorptlon at the transition into the continuum e medium also significantly changiég. &b)] in regard to
dominates practically throughout the whole range of the dethe apsolute maximum, position and even the number of

tuning Q (as/ a;=70), and 7o increases by a factor of 1.9 maximagi.e., one maximum in plot 1 and two maxima in
[Fig. 8@)]. The quantityb is positive throughout the entire plot 2).

interval of Q;, having its maximum at a certain separation The above investigated regimes assume that one-photon
between two LICS. As that point, the conversion rate beginsrequency deviations are relatively large, and consequently a
to exceed the rate of absorption so much that an oscillatoryelatively high intensity of the fundamental radiations and/or
regime develops along the medium. The generation outpudptical density of the medium are required in order to
from such a coherently prepared medium becomes stronglgchieve a maximum efficiency. The use of resonant pro-
dependent on the optical density of the medium, i.,ezon  cesses makes it possible to reduce the required intensities

the evolution of the generated radiation along the medium i
substantially different and conversion is far from optimum
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a b [Figs. 9b) and 9c)]. This indicates the feasibility of total
0.6 0.2 : o -
: 1 conversion of the radiations; to Eg (and vice versp apart
- 1 from that lost by absorption, for some magnitude of products
0.3fa . .
1 0.1 of the length of the medium and the number density of at-
03 oms. For the selected parameters, the conversion efficiency
Co. 2 at the first maximum, wherew,o=5, reaches 0.54. This is
0 less than in the preceding case, but such still high efficiency,
n P : h
0.1 04 a where the power conversion may exceed 100%, is reached at

much lower intensities and optical density of the medium.

5Mgo 3 0.2 The appropriate candidates for the realization of the pro-
posed schemes are atoms among the Il A and Il B groups,
2 0.8 which poses an energy-level spectrum that stretches into

g 3 vacuum ultraviolet and is more equidistant compared to

0.2 other elements. The characteristic field strength correspond-

o1 ing to values ofGp,J?=(10. .. 1000l 4[4, falls in the range

of several parts of mW to several parts of W focused on the

_1%00 500 5 200 00 s = % spot about sevgral parts_ of mm. Th'e characteristic intensity
of the control fieldl, which is required to create a well-

QL/rgf 2049 pronounced autoionizinglike resonance, is found from the

06- c equation ygnn=lgrgn Assuming Iy g~10°-10° s,
=1 Mg /.\ photoionization cross section from the states to equalo
) =101 cn?, andZzw=10"1°J; from the equationy;=lo/fiw
0.4 /m\ R one obtainsl =(10*-10°)W/cn?. Thus the required strength
/ A \\\ \\\\\\\ of the control field corresponds to the range of several parts

/ \\
r:~ \\\\\\ \\\ \\\\“tx\\ of kW to several kW focused on the spot about several parts
\
\

0.2+ \\\\\\\\ h
’, of mm. The resonance absorption length of about part of mm
can be easily ensured from the ground state at partial vapor
8’ pressure of about one Torr. Hence the optical density of

Z0 20 30 0 QL/F about 1000 corresponds to the cell lengths of about one cm.
The continuous-wave regime implies the radiation pulse du-
ration longer than characteristic relaxation time in the media.
This corresponds to microsecond and longer pulses. It is as-
sumed that ionizations do not substantially deplete the den-
sity of the resonant atoms which is ensured by the weakness

/T 4=-250(2), /T y=-400(3) (b). Dependence of the quan- of E; and consequentlg fields. The other factor that works

tum conversion efficiency, on the optical thickness and & _(c). against the depletion is th? exchange of atoms frqm inside
Here, gg=100, Gyn=5, mn=7 01=0, 0,/T4;=—250 (a-9. The and outside the beam, which at the thermal velocity about

other parameters are the same as in Fig. 8. 5Xx 10? m/s and the beam diameter 0.1 mm makes part of
microsecond.

and to reach a fairly high conversion efficiency by optimiza-

tion _of the b!eaching (_)f the medium a!nd enhancement of VIl. CONCLUSIONS

nonlinear-optical polarization through interference effects.

Figure 9 illustrates such a case, where the ratio of the reso- A theory of nonlinear interference processes in a multi-
nant absorption indices for discrete and continuous transilevel ladder-type quantum system is developed, which con-
tions is the same as in Fig. 8, but the coupling is entiresiders the coupling of several strong fields with adjacent
resonance. The figure shows that at intensities of the radiddound-bounddiscretg¢ and bound-fregcontinuou$ transi-

tion at w,, three orders of magnitude less than in the precedtions in the continuous wave regime, accounting for relax-
ing case, it is possible to reduce the absorption index;at ation of coherence. The proposed scheme is an alternative to
approximately by a factor of 10 compared with its value inthe approaches based on the concepts of coherent population
the absence of strong fields. The maximum effect of the fieldrapping and maximum atomic coherence. The analytical so-
E is a reduction in this index by a factor of 1[big. 9a)]. lutions of coupled density-matrix equations is found and
Here, the value ofrg increases approximately threefold, and implemented for an analysis of the solution of Maxwell's
740 by a factor of 4.7, and the absorption indicgsandas  equations describing four-wave mixing in a strongly absorb-
become comparable. Consequently, the nonlinear-opticahg medium. The theory is applied to the solution of two
conversion rate increases considerably over a fairly widgroblems of practical importance.

range of(}, reaching a sharp maximum &% /I"y;=-250. The first problem concerns manipulating absorption and
Depending on the spacing between two LICS, which controtefractive indices both in the vicinity of discrete transitions
the interference, this may give rise to both a single maximunand within the continuous short-wavelength spectra through
and to an oscillatory regime of generation along the mediunthe appropriate overlap of laser-induced continuous struc-

FIG. 9. Reduced absorption indiceg/ @;o and as/ a;g, reduced
squared modulus of FWM polarizitioﬁqo; and reduced difference

of conversion and absorption ratésys detuning(), (a). Quantum
conversion efficiencyn, vs optical thickness foK) /T';=0 (1),
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tures. Specific features attributed to quantum control irby the compensation of the nonlinear phase mismatch, which
Doppler-broadened media, such as the formation of narrowloes not change along the media in the proposed scheme.
sub-Doppler structures and the manipulation of transparencgpecific regimes of the generation along the absorptive me-
and dispersion by changing the relative propagation direcdia are analyzed, and discrimination factors for different
tions of the coupled waves, are shown. Thus, opportunities tfypes of behavior are found. A trade-off ana|ysis of the ac-
create transparency and low dispersion, or alternatively, @ompanying nonlinear-interference processes in absorption
large increase of these values within the narrow frequencys well as in four-wave mixing nonlinear polarization has

bands of the required long-wavelength and short-wavelengtheen performed. The feasibility of the nearly complete con-
intervals have been demonstrated through extensive NUMellsrsion of low-frequency fundamental radiation to sum-

cal simula}tion_s based on typical possible atomic par"’“’neter?‘requency radiation is shown for the case of quasiresonant
The applications may include frequency-tunable narrow-

band filters, polarization rotators, and dispersive elements f goupling. It is somewhat lower but still high for the case of
» PO . ' P 0l‘rully resonant coupling which, however, requires a much less
vacuum ultraviolet radiation.

- g . . . . intense field. These feasibilities are based on quantum inter-
Similar opportunities regarding manipulating the nonlin-

ference manipulated through an appropriate overlap of two

ear four-wave mixing polarization of the medium have bee : :
studied as well. These were investigated in the context of tr?LICS’ which can be controlled by the strong field that does

second problem, which is the large enhancement of shorﬁOt contribute directly to four-wave mixing.
wavelength generation and a decrease in the required inten-
sities of the fundamental radiations by the use of fully reso-
nant coupling and eradication of the negative effects of
absorption through LICS-based coherent quantum control. This work has been supported in part by the International
Such opportunities become feasible through constructive andssociation (INTAS) of the European CommunityGrant
destructive interference of quantum pathways, which are difNo. INTAS-99-00019. The authors thank K. Bergmann for

ferent in lower-order and higher-order optical processes, andseful, encouraging discussions.
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