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We present a theory of a continuous-wave light propagation in a medium of atoms with a double-
configuration of levels. This is a configuration with a closed cycle of radiation-induced transitions. An inter-
ference of excitation channels in such closed-loop systems leads to a strong dependence of the atomic state on
the relative phase and the relative amplitudes of applied electromagnetic waves. Therefore, the medium re-
sponse may be controlled by the phases. On the other hand, the phases themselves change during the propa-
gation. Thus the state of the medium and all the field parameters are tightly coupled to each other in the present
problem. We consider the propagation of four-frequency laser radiation through the doutelium for two
situations. At resonant or near-resonant excitation of atoms, both the medium and the field evolve into a
nonabsorbing state. This state implies specific coherent superposition for @ttaris state”), and particular
relations for the field phases, amplitudes, and frequencies. In this way, the propagation results in the phase,
amplitude, and frequency matching of the laser waves. In the second case,system in doublek atoms is
excited resonantly, while the secord system is far off resonance. Such an excitation scheme ensures the
preparation of atoms in the nearly dark state throughout the medium. Therefore, the total light energy is
dissipated very weakly, whereas each individual laser wave can vary considerably along the propagation path.
We have found that the resonant fields change as much as the far-detuned ones. The intensities oscillate
sinusoidally with the optical length, with the energy being transferred back and forth between two waves in
each frequency pair, resonant and far detuned. This gives the possibility for an almost lossless amplification of
two of the laser waves, or an even generation of one of th&050-294709)04412-1

PACS numbses): 42.50.Gy, 32.80.Qk, 42.50.Hz

I. INTRODUCTION netic (e.m) radiation. In fact, the dark state is created via
destructive quantum interference, which requires specific

Nonlinear optics has recently gained a new impetus withconditions on the interaction parameters such as laser fre-
the introduction of the effects of quantum interference andjuencies, phases, and Rabi frequencies of involved transi-
atomic coherence into the field. The interference of excitations. In many situations, however, the dark state may exist
tion channels in quantum systertaoms composing a me- for any (mean field phases and intensities. The only neces-
dium allows one to modify and control optical properties ofsary condition is a multiphoton resonance of the atom-
this medium. It has been found, for example, that in multi-radiation interaction. As long as the laser fields do not
level schemes interference can be destructive for linear su¢hange or change adiabatically, the dark state can be always
ceptibility (absorption and refractive indexA strong reduc-  found, and atoms can be prepared in this state by optical
tion of the resonant absorption has given the namdumping in the continuous-wave.w. regime or by adia-
“electromagnetically induced transparency(EIT) to the batic following in the pulsed regime.
group of effects using quantum interference in nonlinear op- The present paper deals with EIT in the medium of four-
tics [1]. Especially promising is the use of EIT in nonlinear level atoms in a doublé- configuration (Fig. 1). This
optical wave-mixing processes, because the reduction of thecheme is a closed-loop system in which atomic transitions
linear susceptibility may be accompanied by an enhancemeiferm a closed cycle. A peculiarity of such systems is the
of the nonlinear susceptibility, leading to a dramatic en-dependence of the atomic state on the relative phase and the
hancement of the frequency conversion efficiefizy-10.  relative amplitudes of applied e.m. fielfs3,14. In particu-
Moreover, the generated field components can possess &, only at some specific values of the relative phase and
most perfect noisdincluding quantum noigecorrelations,
since the resonant absorption and associated noise processes
are strongly suppresséf,11].

A useful interpretation of the EIT phenomenon is given in
terms of the so-called “dark state,” which is an atomic state
superposition not excited by the radiation. The preparation of
atoms in this superpositiofthe process referred to as “co-
herent population trapping{CPT) [12]) eliminates the ef-
fect of the medium on a propagating beam of electromag-

*Permanent address: Tyumentransgas Co., 627720 Yugorsk,
Russia. FIG. 1. DoubleA system.
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amplitudes may the dark superposition exist. Therefore, thpopulation in excited states created by additional pumping
response of atoms to the e.m. radiation may be controlled bynechanism. Here we are interested in a situation where
phases and relative amplitudes of the multifrequency field. IdoubleA atoms are excited only by a four-frequency laser
has been suggested, for example, that closed-loop interactidigld with arbitrary parameters at the entrance to the medium.
schemes can be used for the phase control of photoionization The second case corresponds to the “maximum coher-
[15], of nonadiabatic losses in coherent population transfefnce medium” or “phaseoneum(9,26]. Here one pair of
procesg16], of spontaneous emissigai7], and of subrecoil frequency components is single photon resonant with transi-
laser cooling and localization of atonjd8]. Laser light tions in oneA system of the doublé- atom, and the other
propagation in an optically dense medium consisting off@r IS far detuned from.the excited state in a secand
closed three-level atoms was theoretically investigated iFyStem. The resonant pair creates a dark state and supports
Ref. [19]. Experimentally, phase-sensitive population dy-&0ms in t_hls state everywhere in the medium, while the far-
namics was observed in thrd@0,21] and four-leve[22,23 detuned f|_eld may only We_ak_ly disturb the CPT. Thgrefore,
closed-loop systems. Recently, the phase-dependent EIT wiie total light energy is dissipated very weakly during the
demonstrated with optically dense sodium vapor excited aBropagation even when the CPT conditions are not satisfied.
doubleA atoms[24]. Nevertheless, a small disturbance of the dark state is suffi-

In this paper we focus our attention on the propagation ofi€nt t0 produce a parametric instability in the medium
a c.w. laser light in the doubla- medium. We show that which leads to considerable amplification or attenuation of

both absorptive and dispersive properties of such a mediuffidividual frequency components. It turns out that not only
range from regular “two-level” to typical “EIT” character the far-detuned waves, but also the resonant waves, are vary-
depending on the relative phase and amplitudes of the light"d t© the same degree and with the same rate as the far-
The medium is almost transparent to the field when phaseg,et“”ed, fields. We flnd that the |nt¢n5|t|es oscillate sinusoi-
amplitudes, and frequencies of input field components satisffa”y with the optical length, with the energy being
specific conditions corresponding to the CPT conditions fotransferred back and forth between two waves in each fre-
doubleA atoms. For other input parameters neither absorpduency pair — resonant and far detuned. This allows us to
tion nor refraction vanish, so that the field intensities as well'S€ Such an excitation scheme for very efficient frequency
as the phases are changing in the course of propagation. THgnversion. We calculate the case of a new frequency gen-
leads to a change of the optical properties of the mediun§ation, and analytically find the optimum conditions.

and, in turn, to a change of the very character of the propa- The paper is organized as follows_. In _Sec. II_We deri\{e the
gation. Thus we face a problem where laser phases and iigoupled set of Maxwell-Bloch equations including amplitude

tensities are entangled with each other through the closedd Phase propagation equations and the atomic density ma-
loop atomic medium. Solution of this problem requires antrx equatlons. In Sec. Il an expl|_C|t expression for the dark
explicit consideration of the self-consistent set of equationStat€ in @ doublék system is obtained, as well as necessary

including amplitude and phase Maxwell equations, and thgonditions for the relative frequencies, phases, and ampli-
density matrix(Bloch) equations for atoms in the medium. tudes of transitions. Section 1V is devoted to optical proper-

Here we consider two practically important schemes ofies of the me_diu_m and to the light propagation in the case of
the excitation of double: atoms. In the first one, all four '€sonant excitation of doublé-atoms. The frequency con-
frequency components of the laser field are tuned on resd/€rsion in phaseoneum is considered in Sec. V. In Sec. VI
nance or near resonance with corresponding atomic transi€ discuss assumptions made in the present treatment, and
tions. In this case, the total energy of the field is dissipateUmmarize the main results of the paper.
by the medium if the CPT conditions are not satisfied for the
input field. The optical length variation of individual compo-
nents depends on the frequency relations. The phases do not Il. BASIC EQUATIONS
change, and the intensities decay rapidly to zero when laser e consider a transmission of the beam of four-frequency
detunings in eaciA system differ considerably. However, if |aser radiation propagating along thexis:
the frequency differences are in the narrow range around
two-photon resonancén “transparency window” rangg
then the phases vary with the length, and the amplitudes may 1 ]
be either amplified or attenuated. We find that these varia- E(Z’t)23=2;44m;2 esmEsm(z,t)Eexp:—l(wsmt—ksmz
tions always proceed toward establishing a nonabsorbing ’ ’
state for both the medium and the field. After a sufficient +esm(z,t))]+c.c. (o]
long propagation length the medium is prepared in the CPT
state, and the field frequencies, phases, and amplitudes be-
come matched. This also occurs for the case when one of this a medium of doublet atoms(Fig. 1). Here Egy,, @gm.
frequency components is absent at the entrance to the mand e, are the amplitude, the phase, and the unit polariza-
dium, and it is generated in the medium — the case referretion vector, respectively, of the laser wave with frequency
to as resonant four-wave mixing. The propagation of light inws,, and wave numbeks,,= wsn/c. Both the amplitudes
a doubleA medium was studied earlier in Rdf25] with En and the phasesg,,, are regarded as slowly varying func-
respect to amplification without inversion. The authors con-ions of time and coordinate, i.e., they vary little within an
sidered the case of complete resonance and the CPT condiptical period and an optical wavelength. We assume that
tions initially fulfilled, and found the possibility of amplifi- each field component with frequeney,, interacts with one
cation of one of the frequency pairs when there is sometomic transitions)-|m) only, as depicted in Fig. 1.
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The response of the medium, neglecting higher harmon- Tsm=PsmEXH I (0gnt — KsmZ+ Xsm) | 7)
ics, is given by the polarization, which can also be repre-
sented as a sum of four frequency components with slowland the phasgn, is the sum of the laser phagg,, and the

varying amplitudes: phase 7., of the atomic dipole momend,c=|dd€ 7sm:
Xsm= Psmt Vsm- der liah b
_ s _ It is more convenient to consider light propagation prob-
P(z,t)= P.m(z,t)exd —i t—k X : ) ) - .
() 5:23,4 m:zl,z EomPsm(Z DX~ (@ont —Ksn? lems in terms of dimensionless variables: a dimensionless

field amplitude(Rabi frequency gsm=|€smdmsd Esn/2% ¥31,
+@sn(z,1))]+c.c. 2 where va1 is the spontaneous decay rate in a charngl
—|1); a dimensionless optical length= xz; and a dimen-
sionless timer=c«kt with the (absorption coefficient «
=27N,w31/d1g%/ctiys,. The Maxwell equationg3) re-
duce then to the following set:

The Maxwell equations then yield the following set of equa-
tions for the slowly varying amplitudes,,(z,t) and phases
osm(z,t) of the optical field componen{27,19:

%sm, 1 %Esm_ — A1k IM(Pgy) (3a) d9sm 99 |dmd? o
(92 c (9t sm S ’ sm+ sm:_ m ﬂlm(‘a_sm), (83)
24 aT |dig? @31

dPsm E a‘Psm_ B 4mKsm
0z c Jdt Esm

Re(Psm). (3b)

d d And? ©sm 1 ~
§2m+ :imz_ ||de||2 wssrl”g— Re(ogm). (8D
Usually, the medium polarization componemts,, do not 13 s

depend on the laser phases. Therefore (&a).is completely

o A . In the present paper we concentrate on a regime of light
decoupled from Eq.3b), and it is often sufficient to consider b pap 9 9

th i bl ith £ | hich ai " propagation in the continuous-wave limit, that is, we shall
€ propagation problem wi (B3 only, which gives the assume that the characteristic time of a change in the field

. . . _ 2
behavior of the laser intensity,= CE;,/8m. Forthe closed-  gmjitudes and phases, and the interaction time of atoms
loop light-atom interaction schemes, however, the relativ it the light, are much longer than the characteristic time of
phase of the e.m. field determines the state of atomic systen, change in the internal state of an atom. Then the polariza-
and hence,'of the medium polarlzatlon. Thys, the refractioniyp, components can be found by using the steady-state val-
of the medium(change of the light phaselirectly deter- oq of the density-matrix elements,,. The density-matrix

mines the absorption in this case, and one has to solve thﬁquations can be reduced to the following forfd]:
complete set of Eq¥3).

The macroscopic polarization of the mediuR{z,t), is a
sum of atomic dipole moments induced by laser light on
optical transitions, averaged over an ensemble of doible-
atoms: P22=193: 032~ 023) T 1942 042~ 024) + (V32! Y31 P33

p11=1931(031— 013) +1941(T 41— 014) + p33t (Yar! Y31 Paas

A A + / 1
P(z,t)=NaTr(dp) (Va2! Y30 Paa

oo p3g=—i — 01 —i — 09— (y32! Y31+ 1) s,
:NactJ_ deS;34m:212dms‘Jsm(Vz)W(Vz)+C-C-- P33 931(031~ 013) —1932( 030~ 023) = (¥32/ Y31+ 1) p3s

pasa=1—(p11tp2tpss),

4
whereN, is the density of active atoms, is the electric- g, = — RERICEHRCAR) 031+ 1931 p11— paz) + 192001
dipole moment operator, anglis the atomic density matrix. Y31

An ensemble averaging is carried out quantum mechanically
over atomic states, and over the atomic velocities with the
distributionw(v,), wherev, is thez projection of the atom

—1941034,

[v3—i(Az—Kgv,)]

velocity. In Eq.(4), the matrix elementd,,s andpsnare in - g3p= — 0301033 poo— p33) T10931012
the basis of bare atomic statgs), n=1, 2, 3, and 4d, Y31
=(m|d|s), and ps=(s|p|m). From Egs.(2) and (4) we —iga0ae'?, 9)

obtain (with the rotating-wave approximation being used
[ya—i(Ag—Kavy)]

Pom=Nacl &mlmd sm» (5) o= Va1 021+1941(p11~ pas)
with +ig420218 ' P — 1931043,
+o :
Tar= . [va—i(Ag—Kipv,)] .
7sm f—oo vz TonlV2)WV,). © T4~ — Va1 =042t 19 p2o— pag)

where +i941018 P — 1032046 ®,
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[T+i(Ag— Agy— (Kaj— Kap)V,)] _ Ill. DARK STATES IN DOUBLE- A SYSTEM
012=— 0121193103 . .
Y31 The doubleA scheme provides a very rich spectrum of
i i B Je~i® phenomena based on atomic coherence. This is due to the
9320137 119410427 042014 : manifold interference of the excitation channels in such a
_ system. Coherent population trappiig] is the most promi-
. [¥3+ yat+i(As— Az~ (Ksr—Ka)Vv,)] ot iao nent and famous effect. The basic feature of CPT is the cre-
34 Ya1 3471931914 ation, through quantum interference, of a specific superposi-
) ) @ tion [INC) of atomic states which is not excited by the laser
~194103111(g32024~ 942032 €7, field. Mathematically, this requires a condition
oij=07; . VINC)=0, (14)
Here irij = (daijly3101), whereV is the interaction operator in the interaction picture:
015= p12€X[A (w37~ w3t — (K31—Kg0) Z+ x31— , ~ .
12= P12 XA (w31~ 032)t = (K31~ K32) Z+ X317~ X32] V= _ﬁ731234 Elzgsmexr{—l(Asmt—ksmz

= - —(kg1— + Xa1— :
034= p3a X (w41~ w3)t— (Ka1—Kg)Z+ xa1— x31] +yem]lS)(m|+H.c. (15)

The following notations are used in Eq®): Ag= wsm
—(&— &yt are the laser frequency detunings from transi-
tions|s)-|m) (s=3 and 4;m=1 and 2; &, is the eigenen-

One can easily prove that under the conditions

ergy of the atomic bare state); ys, are the spontaneous Ja1_ g_41, (16)
relaxation rates for transitions)-/m) (s=3 and 4;m=1 92 Ga
and 2 (see Fig. L and ys=(ys+ vs2)/2(s=3 and 4). _ B
The ratel” represents the decay rate of the atomic coherence ¢=2mn (n=012...), (17)
o, determined by uncorrelated laser fluctuations, atomic nd
collisions and other random phase disturbing processes. Th
relative phaseb is given by Asy— Agy=A gy Agy=0, (18)
P=Awt—Akztd,, (10 there are two superposition states which are not excited, i.e.,
which satisfy Eq(14):
with the multiphoton detuning
932/931
Aw=(wg1— wz) — (w4~ wy4), (11 INC),= |1)— [2), (19
T lenT e SR AR
the wave-vector mismatch
NG =282 gy~ ). (o)
Ak= (ka1 ~Kzo) = (Kar— kg, (12 Vi+giles, | V1+93/ak,
and the constarinitial) phase This means that, under conditiofis6)—(18), the four-level
doubleA system is effectively reduced to the two-level sys-
D= (X317 X32) — (Xa1~ X42)- (13 tem|C)4-|C)e (the statedC)y and |C), are orthogonal to

INC)4 and [NC)), and two stategNC), and [NC), not

We observe from the density-matrix equatio{® that coupled by the laser radiation. The stéC), is unstable
there is a steady state in the closed-loop atomic system onbince it is a superposition of the radiative unstable st@ps
if the multiphoton resonance condition is satisfiadp=0,  and|4). In opposite, the ground-state superpositiNiC), is
and that this steady state is determined by the relative phasgtable, and spontaneous emission feeds this superposition, so
D, that most of the atomic population is trapped NC),, after

In what follows, we will always assume the condition some optical pumping time. The degree of imperfection of
Aw=0 to be satisfied. Moreover, we suppose that all fourCPT is determined by the relaxation rdteof the coherence
laser frequencies are close to each other in the magnitudgetween stateld) and|2). The ratel’ should be sufficiently
|0sm— | <(wsmt @p,). Such a situation occurs, for ex- small in order to allow the population trapping [NC),.
ample, at the excitation of doublé system onD lines of The stationarity of the dark state requires, as we discussed
alkali-metal atoms, where the statgk) and |2) are the in Sec. Il the multiphoton resonance condition
ground hyperfine subleve[8,24]. We therefore can neglect
the dispersion of the medium induced by far-detuned atomic Aw= (w31~ w3 — (w41~ w42) =0. (21
states not belonging to the doublesystem. Hence we ne-
glect the “usual” phase mismatch, and always havk  This condition also implies\k=0 for close values of the
=0. laser frequencies. Thus we have, from ELj),
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O=Dy=(x31~ X320 —(Xa1~ X2 =27n, (N=0,1,2...).
(22

The CPT condition$16) and(22) are specific for the closed-
loop interaction schemes. In other schemes, for example in a
three-levelA system, only the two-photon resonance condi-
tion [similar to Eq.(18)] is required. Therefore, the closed-
loop systems have a resonant behavior not only with respect
to the laser frequency, but also with respect to the laser in-
tensity and the phase. Nonlinear properties of the medium
consisting of “closed-loop atoms” may, therefore, be modi- 0.101
fied in a very dramatic way by a change of either phases or
intensities of input laser fields.

0.10f

0.00f

Re(c,,)

-0.101

IV. PHASE-DEPENDENT EIT
WITH RESONANT EXCITATION

0.00f

We start our analysis with the simplest situation of a com- s s s s s
plete one-photon resonanck;,,=0; equal Rabi frequencies -4 R;lan de(t’unm g ) 4
of input laser fieldsgs,,=9; and equal spontaneous relax- 80 1Y

ation ratestysm=y (fF’r all 3:3 and 4 and“nz_l and 3 In FIG. 2. (a) Real and(b) imaginary parts of the atomic density
this case, an analytical solution of the density-matrix equamatrix elemento, as a function of the Raman detuniig,=A s,

tions (9) can be obtained. The optical off-diagonal density- _ A, =A,,— A, for different phases1) ® =, (2) =0, and(3)
matrix elementsrs, responsible for the medium polarization ¢ = /4. Dependencies for other optical coherenagg are simi-
have the following form(for zero atomic velocity,): lar. Parameters are as follows: atom velogity= 0, Rabi frequen-
ciesgsm=0=0.6, spontaneous relaxation rateg,,=vy (for all s
(23) =3 and 4 andm=1 and 2 and '=10"3, and detuningsAy;
=A4=0. The inset in(a) shows the Raman detuning dependence
of the “absorption coefficient”v for the phased: v=(u3;,/931)
Zgzsind>+F —(U32/932) = (Us1/942) + (Us2/942) -

169%(1— cosd) + 8g’ (24) 9%(£)=g%(£=0)— ¢/4 for the saturatiorg®>1 [29]. There

is no coherence between the ground states at the phase
wherevg,=Im(ogy), Usy=Re(osm), I =I'/y, and the CPT =7(2n+1): u;;=0. Note that for initial®=27n and ®
conditions T <1, 92>F are assumed to be satisfied. The:W(2n+1) the refraction coefﬂments are very small, so
ground-state coherence,,=Re(o,), indicating the CPT that the change of phases during transmission may be ne-

29%(1—cosd)+ T
16g93(1—cos®)+8g’

V31=V32= V1= Vo=

U31= —Ugzp= — Ug= Ugp=

- ; glected.
state of the medium, is Thus one can control optical properties of the double-
1 (1+cos®)(1-T/2) medium by the phasé&. Figure 2 demonstrates the fre-
U=~ 35— . (250  quency dependence of absorption and refraction coefficients.
2 4g3%(1-cos®)+2 We see that for the phade= (2n+ 1) both absorption and

refraction have a “two-level” frequency dependence, while
Ofdr & =27n both curves acquire typical “CPT shape”: the
eabsorption coefficient has a sharp narrow dip at the two-

photon resonancdblack line” or “transparency win-

dow), and the refraction coefficient steepens and changes
— the sign near the resonance as compared to the two-level case
@z _ L (26) [27]. For the phased not equal to Zrn or 7(2n+1), the

d¢ 89 absorption and refraction have some “intermediate” fre-

, i . ) ) . quency dependence, which can be quite unexpected. For ex-
gives the linear attenuation of the Iiser intensity with a VeNYample, the absorption coefficient fdr= /4 in Fig. Ab) is
gentle slopedecg?({)=g*({=0)—(I'/4){. Such a depen- negative at some frequency range, which means amplifica-
dence is typical for the light transmission through the me-ion of the wave with frequency,, at expense of the other
dium prepared in the CPT stdit28]. If the relaxation of the waves.
ground-state coherence is negligibly sméalk=0, then the Also important is the fact that at intermediate initial
medium does not absorb light at all. We note that thephases the refraction coefficients are not negligibly small
ground-state coherence is maximum at this phdsg]  even at exact two-photon resonance. Therefore, the phases
=1/2, which means that atoms are in the dark state. In cong,,, and correspondingly, the phade change during the
trast, for®=m(2n+1) the absorption becomes similar to transmission, thus leading to the change of absorption and
the case of two-level atonv,g,,=g/(8g®+2), which gives refraction. The general trend in the resonance case is the
exponential attenuatiog?({) =g%({=0)exp(-{) at small same for different initial conditions: the phadetends to the
intensitiesg?<1 (famous Beer’s law and linear attenuation value 27n, and the field amplitudeg decreases until it

These simple expressions show that both the absorpti
and the refraction of laser radiation depend critically on th
phase®. For ®=2mn the absorption coefficientg,,, are
very small, and the steady-state Maxwell equation
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FIG. 3. Transmission of radiation in a double-medium at
resonanceA,,,=0, equal Rabi frequencies of input fields,,=g
=1 (for all s=3 and 4 andn=1 and 2 andI'=10"2 for different
phases®. Here and all following transmission calculations, the
averaging over atomic velocitiefEg. (6)] is carried out with the
assumption that the medium is a sodium vapor kept at temperature
410 K and interacting with light on thB, line. (a) Light intensity
45 (&) (in arbitrary unitg. Optical length dependences for laser
waves with other frequencies are the saifi.Optical length de-
pendence of the phask({).

FIG. 4. Transmission of radiation in a doublemedium as a

) ) function of the Raman detuning,, for A;;=A,4;=0, equal Rabi
reaches some steady-state valiiel’=0) corresponding to frequencies of input fieldgs,=g=1 (for all s=3 and 4 andm

the “CPT phase”<D=27rn. Thereafter, both the phaSb_ =1 and 2, T=10"3, and initial phaseb ({=0)=2/3. (a) Light
and the amplitudg do not change anymore — the medium intensity| ,,(¢) (in arbitrary unit3. The optical length dependences
becomes transparent. The numerical calculations of they laser waves with other frequencies are almost the sahje.
propagation equation@), taking into account the Doppler Optical length dependence of the phas?).

broadening of the medium and nonzero relaxation Fatare

shown in Fig. 3. In Fig. 3, a small intensity decrease after they equal[so that conditior(16) is not fulfilled] and the phase
phase has reached zero is due to the presence of the relag— >4 one pair of the wavesHs, and E; in Fig. 5 is

ationI’, in accordance with Eq26). Thus the net phas®  exponentially amplified, while the other paiields E,, and

of the four-frequency laser radiation goes to the valus2 g ' in Fig. 5) is exponentially attenuated. The short period of

after a sufficiently long propagation length; that is, the lasefeyponential changes is followed by saturation on the level

waves become phase matched. _ corresponding to conditioil6). The total light energy is
Along with the phase matching, a correlation of the laseryissipated at the initial transient stage of this process, and it

frequencies occurs in the doublemedium. Corresponding s almost conserved when conditidé) is satisfied. The
to the calculations presented in Fig. 2, we may expect the

phase dependence in the light propagation only when the

laser frequencies lie in the range of the black line. The inset 12F 7
in Fig. 2 shows the frequency dependence of the “absorption 1.0 L .
coefficient” for the phase®: v=(U31/031)—(U3:/030) *:’; osl I ]
— (Ug1/947) + (Ug2/042). This quantity is different from zero s -

only in the black line range. At the same time, the “normal” g 06 \¥ I ]
absorption coefficients,, are very small in this range only ﬁ 04t = i
for the phaseb=2mn. Figure 4 demonstrates that the laser 02 / : .
frequency components outside the black line range are ’ . . - .

extinguished, while the resonant component survives: the 0.0
phase decays to zero in the black line range, and thereafter
both the intensities and the phase propagate unaltered. There-
fore, the laser frequencies also become matched after the FIG. 5. Optical length dependence of the light intensitigg ()

0 100 200 300 400
Optical length §

transmission. in a doubleA medium (in arbitrary unit$ at resonanceA;,,=0;
It turns out that the amplitudes are also matched by thénitial phase ®({=0)=0; Rabi frequencies of input fieldgs;
doubleA medium in such a way that the conditi¢h6) is ~ =0a1=1, g3>=0.84, andy,,=0.32[condition(16) is not satisfied|

satisfied. When Rabi frequencies of input laser fields are nandT' =103,
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Intensity I ({)
Intensity /()

0 100 200 300 400
Optical length {

g 02f 1
FIG. 6. Optical length dependence of the light intensities in a & (b)
Huel ST . : © o4t 1
doubleA medium(in arbitrary unit$. Parameters are the same as in g -
Fig. 5, except for the initial phas@ ({=0)= . E -06f
phase® =27n does not change. A similar effect of the am- 08T o0 200 300 400
plitude correlation was reported in Rdf30], but for the Optical length {
pulsed laser radiation propagating in the douklenedium. o o
In the case when the phase is initially not equal ten2 FIG. 7. Resonant four-wave-mixing generation in a double-

system. Spontaneous relaxation ratgs=y (for all s=3 and 4

and condition(16) is not fulfilled, both laser intensities and _ _ _ s
eand m=1 and 2; Rabi frequencies of input fieldgs;=g3,= 9a1

the phased first decay until the phase reaches the valu _ k :
2mn. Afterwards, the wavegs, andE,, are amplified and  =1: 81d9s,=0; and detuning5,=0, 6,=0, Az /y=1; andl
the fieldsE4, and E,, are attenuated and reaching a steady” 10 - (@ Light intensitiesl s;({) (in arbitrary units. (b) Optical
state corresponding to conditid6), while the phase does length dependence of the phabé/).

not change anymore. example, that some other decoupled states, different from
Such an amplitude matching occurs even in the case ahose given by Eqs19) and (20), may appear at particular
initial phase ®==(2n+1), although in a quite specific relations between the detunings and the Rabi frequencies,
way: one of the intensitieghe smallest one, is that of the different from Eqgs.(16) and (18) [31] (these states contain
waveE 4, in example of Fig. fdecays at initial stage to zero. some admixture of one of the excited staltgs or |4), and
The phase® stays unaltered, equal te(2n+1), at this are therefore not absolutely darkhe appearance of addi-
stage, and then it becomes undetermined at the point whet®nal peaks in a spectrum of the generated wave due to
1,,=0. From this point on, a four-wave-mixing process interferences between dressed states in the doulsestem,
starts which generates the waliig, in such a way that finally and due to interference of light from different velocity
the laser wave amplitudes satisfy conditiqd6): g,, 9roups of atoms, was found in Ref32]. Nevertheless, a
=g.103,/3; (Fig. 6). The total light energy is dissipated in MOre detailed investigation, including the propagation ef-

the resonant four-wave mixing even though the two Wavegecés’ seelms to be netcessag. . ing b .
Ej;; and E,, are amplified initially. The wavd,, is gener- everal experiments on the four-wave mixing by use o

ated with a frequency corresponding to the Raman detunin%zgr'n;eﬁgcgnée%rn n;;;gﬁﬁggai?f |§§tc Iftg\t,:,oge[g,gjfl% d?ﬁt’ le-

belongmg t(.) the bI.ack line range. The phase of the generate periments were motivated by the fact that for continuous
waveE,, is immediately matched to the phases of other laseg o ency conversion at comparatively low pump intensities,
waves, so that the phase is equal to zero throughout the 5 high nonlinear susceptibility is necessary, which is possible
whole generation process. , by tuning to resonances. The use/obr doubleA atoms as
However, the four-wave-mixing generation process bey medium with induced atomic coherence should allow one
comes much more complicated as soon as at least one of thg enhance the efficiency of the generation due to the cancel-
“pump” waves Ez;, E3p, Or Eyy is slightly detuned from the  |ation of the resonant absorption and elimination of the re-
corresponding one-photon transition. Figure 7 shows théractive index by CPT. The enhancement of the generation
generation process for such a case. The main difference asficiency was indeed demonstrated in the experiments. Un-
compared to the complete resonance case is that the phasefoftunately, no investigations have been performed on the
the generated wave is matched to other phases only at thopagation effects, which could be of vital importance for
steady state, when the system reaches a nonabsorbing stdte generation, as we have shown above. Our calculations
This means, in particular, that in real experiments the phasalso indicate that the conversion efficiency of the resonant
matching is not granted priori; one has to use media which four-wave mixing cannot be very large: the process always
are optically dense enough. We should note that dependenci#ludes the irreversible absorption of the pump fields, which
of the generated wave intensity on different laser detuningiads to the establishment of a steady state. This is in con-
are quite complicated. For example, the maximum generaUaSt to the “maximum coherence” case, where absorption is
tion occurs not necessarily at zero detunings. Our numericf€y small at any stage of the process so that aimost all
calculations reveal several resonances whose position affdi€rgy can be transferred to the generated fields; see Sec. V.

intensity, and even number, depend on the relative intensities FREQUENCY CONVERSION IN PHASEONEUM
of all the waves at a given propagation length. We believe

that this is due to different manifestations of the quantum Recently, nonlinear optical effects in the “medium with
interference in the doubla- system. It has been shown, for maximum coherence”(or “phaseoneum”[26]) have at-
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tracted a great deal of attention. It has been shown both 0.2f ]
theoretically and experimentally that such a medium is ca- O (@)
pable of high-efficiency nonlinear frequency conversion and .17 G
generatior]9,10]. For example, Jaiet al.[9] reached a blue ¥ V¢
to UV conversion efficiency of 40% with atomic Pb vapor. % 007

The idea behind is to create and support a CPT medium by a ~ ol Oa

strong pair of laser-radiations, and then to probe such a me-
dium with a relatively weak, far-detuned laser beam. The
atoms prepared in the CPT state may be viewed as a strong
atomic local oscillator. The spectral components of a probe
beam beat with the local oscillator, and are converted to a
corresponding spectrum of sum or difference frequencies. At
the same time, the problems associated with resonant absorp-
tion, phase shifts, and unwanted nonlinearities are avoided
for the most part because the atoms are in the nonabsorbing
CPT state.

One of the schemes which allows maximum-coherence 2 2 0 2 4
nonlinear processes is a doublesystem where one of the Raman detuning § /Y
laser pairgfields E3; andEj3y) is resonant with correspond-
ing transitions QA3;=A3,=0), while the other pair is far FIG. 8. () Real and(b) imaginary parts of the atomic density
detuned from the excited state [4):A,=A4 matrix elementsog,, as a function of the Raman detuning),
>KsmVz» YsmrJsmYsm:9snds'm’ Ysm- A very similar scheme =A3—A31=Ay— Ay for the “maximum coherence” case. Pa-
was also used in the experiment REg]. Since the second rameters are as follows: atom velocky=0; spontaneous rel_ax-
pair is far detuned, one would intuitively expect that its in- ation ratesys,=y (for all s=3 and 4 andm=1 and 2 and I’
fluence on the internal dynamics of doubleatoms is neg- =10"%; Rabi frequenciegs;=gs,=gs,=1, andgy,=2; detunings
ligibly small, so that the atoms are pumped by the first pai31=0 andA4;/y=100; and phasé = /2.
Ej; andEg, into a dark state which may hardly be disturbed ) ]
by the second pair even if CPT conditiof&qgs. (16) and ~ assumption of undepleted_ resonant flelds._ One may expect
(17)] are not satisfied. At first glance, therefore, one mayfrom the above consideration that the maximum attenuation
expect a quite boring propagation dynamics: the far-detunet@mplification occurs at the phase =, the worst for CPT.
fields E4, andE,, are simply attenuated weakly in a manner Surprisingly, this appears not to be true. It is possible to
similar to the CPT case with nonzero relaxatior-see Eq. Qerive_an analytical solution for the_ present case. This shows,
(26) and the upper curve in Fig(@—while the fieldsEz; N particular, that the most interesting situation occurs for the
and E, are almost not depleted. It turns out, however, thafPhases not equal to zero amd _
this first intuitive idea is not absolutely correct. We have Solution of the density-matrix equatiot®) for v,=0 and
found that intensities of the far-detuned fiellg, andE,, 1'=0, equal spontaneous relaxation rateg=y (for all s
oscillate with the optical length. Moreover, the resonant=3 and 4 andm=1 and 2), and detuninga\s;=As,
“driving” fields Eg; andEg, change in the same manner and =0 and A4/ y=A4/y=A>10gsm,gsnds'm’ gives, to the
with the same rate as the “probe” fields,; andE,,. This  first order in (14),
occurs because the optical susceptibilities for all four waves
are of the same order at resonance. Figure 8 demonstrates the 932941942
optical susceptibilities as a function of the Raman detuning Var= 92A
for the phaseb = 7/2. At frequencies out of the black line 0
range, both the refraction and absorption coefficients for the

sin®,

fields E3; andEg3, are quite large since they are almost reso- Vo= — %“1942 sind,

nant and atoms are not in the dark state, while those for the goA

far-detuned wavek,; andE,, are almost zero because most

of the atomic population pirculates 'in thd system 031932942

|1)-|3)-|2), so that statg4) is not excited. At the two- Vy=——_ sind, (27)
photon resonance, however, the absorption of the resonant 9oA

waves is strongly reduce@toms are in the CPT stateut

not to zero. The imperfection of the absorption cancellation 0931032041 . @

is caused by the action of the far-detuned fields which Va2 g2A sine,

slightly disturb the CPT if either of conditiond7) and(16)
is not satisfied. On the other hand, ttw@perfec) reduction

2 2 2 2
of the resonant fields absorption allows stpt® to be ex- _ 932 941942952~ 931) COSP + 31932(Ga1~ G2

cited, thus leading to the absorpti¢or amplification of the A o ’
far-detuned fields. The order of all optical susceptibilities
becomes the same at the two-photon resonance, and is deter- a1 941942 9% 92, COSD + §3103: 95, — 92,)

mined by the detuning\ ,,= A,4,. Therefore, it is not correct Ugp= — e 7 ,
to consider the nonlinear processes in phaseoneum with the Y
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.92 0319460SP — 941037 dgs; 93041042 Sin®
417 A ’ - ’
A 9 d¢ goA
(28)
031 932041€0SP — 942031 dgs> 931941942
Uso="A~ > . d—=2—5|n<I),
9% ¢ gsA

The populations of the ground states ape;=g3,/g3 40 Ga03:0us

+0(1/A), and p,,=g3,/g5+O(1/A), and the ground-state — == sin®, (29
coherence sl ,= —g3lg32/gg+ O(1/A) andv,,=0(1/A), d¢ 9oA

whereg3=g3,+g3,. Thus the atoms are really in the nearly

dark(“gray” ) state, and the term “maximum coherence me- dda, 031032041 .

dium” is indeed valid; 015~ V11022 It is wrong, however, ac oA sin®,

to say that the ground-state coherence is fixed for all the
medium, and that it should be;,~—0.5 for phaseoneum. P B
As we will show below, the Rabi frequencies of the resonant dﬁz 021942931~ 932) + 095195/ 922~ 920 .

fields change along the propagation path, so that even the  d¢ 9319329419429§A osd
case|u, <1 is possible at some points. However, the con-

dition |o1.]~ Vp11p2, is always satisfied and the atoms are 031~ 95+ 95— 95,

always in a gray state — the internal state of atoms follows + :

2
the spatial change of the fields. This situation closely re- 9oA

sembles the case of adiabatic population transfer, where the ) . . .
internal (gray) state of the atom adiabatically follows the N€ above equations are typical for nonlinear wave-mixing
temporal change of the field84]. processes in lossless med&6]. The particular example of

We see from Eq(27) that absorption vanishes for phases Egs. (29) describes the® process. This coincidence with
®=0 and. It vanishes to all orders in (4} for ®=0, if well-known problems of nonlinear optics is not accidental, of

I'=0 and conditior(16) is satisfied, since atoms are dark for cOUrse. In fact, the energy-level schemes in media used for
all laser wavessee Sec. I, and there is absorption propor- the nonlmear wave mixing are all the closed-loop scheme.s.
tional to the second order in (A) for &= . For all other We believe, therefore, that many of the effects described in

phases wave&s; and E4, are attenuatedamplified, and thi_s paeer may be obser_ved under some conditions in “tra-
wavesEs, andE,; are amplified(attenuateyifor 0<d<  ditional” nonlinear materials.

(-m<®<0). The maximum effect occurs atd Wg solve Fhe set of Eq$29) by use of the me_thod devel-
==+ /2. In order to understand why the phabe= + 7/2, oped in se:mlnal paper by Armstroreg al. .[36]' First of all,

not the intuitived® = = 7, is optimum, it is useful to consider from the first four of Eqs(29), one obtains the conserved

the classical model of the phaseoneum as a medium oquantltles

atomic dipoles all oscillating at frequenays;— wz,= (&, T

— &) /h with the same phasepg,— ¢3,) (suppose for sim- 9311 95~ 90=Cu,

plicity that all the atomic phasess,,=0). When the Raman y

field (E41,E4p), with the phase ¢4,— @4,) and frequency 95+ 92,=Cs, (30
wa1— wao=(E— &)1, propagates in phaseoneum, the total-

energy flow along the direction of propagati@Poynting’s g%l— 94212: Cs,

vecton consists of two parts: a contribution from the incident

Raman field alone and a contribution from the interferencevhich are equivalent not only to the conservation of total
between the incident field and the field radiated by the di'power flow in the lossless mediu(nonstantg%-}- C2_C3),
poles(see, e.g., Ref35]). For the plane e.m. wave, a model pyt also to the conservation of power flows for each Raman
of a dipole shegt is .appropriate, radi_ation from which isfie|d: resonant field Fs1,E3) (constantg?) and probe field
known to .be _shlfted in p_hase_ by/2 with respect to the (E41,E4p) (constantC,— Cs) separately. These three con-
dipole oscillationgAppendix A in Ref.[35]). Therefore, the  gtants reduce the problem to solution of the set consisting of
interference term is proportional to @31~ ¢32) ~ (P41 the first and last of Eq€29). The first term in the right-hand

—¢4)=P), and it vanishes ab=0 and®=m. For the  gide of the last of Eqs(29) can be transformed to the fol-
relative phases # 0,7 the Raman field is amplified or at- lowing form by use of first four of Eqg29):

tenuated. At the same time, the dipole oscillations are forced

by the Raman field ,E4»). Therefore, its amplification
y a1, Ea) P 942119512(951_952)‘*'9%19%2(94212_94211) c

(attenuatioh leads to an increas@ecreasg of the dipole os®

oscillation amplitude, that is, to attenuatidéamplification gglggzg4lg4zg§A

— remember ther/2 shift — of the resonant “driving” field

(E31,E3p). _ cosd 1 (93193294191
The problem of the field propagation can be solved ana- Sin® g31932941042 dg '

lytically in the present case. The relevant Maxwell equations
take the following forms: Therefore, the equation for the phase can be rewritten as
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d _cosd d qi—95+a;— a3
a7 " sind d_g“( N(01029304)) + — A

(31

which can immediately be integrated to give the fourth con-
stant of motion,

Intensity /_({)

01020304c0sP =TT+ 5(q1+a3+q3+ay), (32

where we have introduced new variableg:=g31/9o, d2
=032/09, 03=041/9g, and qas=0g4»/go. The value of the
constantll can be determined from the known valuesgpf
and® at the entrance to the mediugs=0. Expression32)

is used then to express sin=y1—coSd in terms of the
conserved quantityl, and substitute it, together with the
constants given in Eq$30), into the first of Eqs(29). This

Phase @ (rad)

0 1000 2000 3000

gives the equation for the quantify =q3=g3,/93: Optical length ¢
dy; FIG. 9. Transmission of radiation in a doublemedium in the
Ay2+ By,+C =d(¢/a), (33 “maximum coherence” case. Rabi freque_ncies of input fiedds
! ! =g=1 (forall s=3 and 4 andn=1 and 2; I'=10"%; initial phase
with coefficients ®({=0)=7/2; and detunings\3;=0, 6,,=0, andA,,/y=100.
(a) Light intensitiesl¢(¢) (in arbitrary unit3. (b) Optical length

A=4(a+b(1+a))—(1+a+b)?—2(1+a’+b?)—8II, dependence of the phadg({).
B=—4ab+(1+a+b)(1+a2+b?) +4Il(1+a+h), yi= 12— \2sin(y2¢/A))

1 which gives, for the laser intensities,
C=-— Z(1+az+ b2)2—411%2—2I1(1+a%+b?), (34)

9 |
2 05O =03 £) = (2~ \2siny2414)),
a=C,/gyp,

2
= 2 Y0 .
0=Calg0, 03 0) = Gu(0) = - 2+ V2sin(221A)),
Equation(33) can now be solved easily. The value of the
integral fdy; (Ay3+ By, +C) 2 depends on the sign of a and, for the phase,
quantity D=4AC—B?. One can show thab<0 always.
Therefore, the integral is [dy;(Ay5+By,;+C) 2

=—(1/y—A)arcsii(B+2Ay,)/(V—D)], so that the general
solution is

_1-cog(2{/ A)
" 1+co@(\2LA)

cosd

Thus the intensities of both far-detuned and resonant pairs of
1 ) NEY Ve radiation oscillate over the optical length with the same pe-
y1= =54 \B=V=Dsin = —+ ’ (39 iod V27A and amplitudeg3/2\2. We note that the period
is much longer than the characteristic length scale of the
andgs=1-y,;, g5=a—y,;, andg;=y,;—b, with the con- intensity changes in the resonant césieceA> 1), and that
stant¢ and coefficient$34) determined from the conditions the intensities oscillate betweeg3(2—+2)/4 and g3(2
at {=0. The solution indicates that as the optical length+/2)/4 so that it is not possible to transfer all the energy of
increases, energy is transferred back and forth between thmhe wave to the other in the present case. The pHase
waves Ez;,E,, and Eg,,E4p with a period (27A/—A). also a periodical function of the optical length—it oscillates
This behavior is very similar to the case of “traditional” betweens/2 and — /2.
nonlinear wave mixing in a dielectr[86], where solution is, The situation becomes more complicated if we take into
in general, given by periodical Jacobi elliptic functions. account in Eqs(27) and (28), the terms to second order in
We now consider two specific examples of boundary con{1/A), nonzero coherence decay rdteand averaging over
ditions. The first case of interest is a situation when all fouratomic velocities. Figure 9 shows the results of numerical
waves are present at the entrance to the medium, and thwalculations of the propagation dynamics in this case, when
CPT condition for the phase is not satisfied. CorrespondingletuningA is larger than the Doppler widtk v,/ of each
to the discussion above, we choose the input pibg&l  single-photon transition. One sees that the intensity oscilla-
=0)=x/2, and equal input Rabi frequencies of all four tions persist but the period of oscillations is not constant
waves. For this case we have=1, b=0, andlI=—-1/4. anymore—it decreases slightly with the optical length, and
The solution is then the total energy is exponentially dissipated with the rate
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*(1/A)2+T. Also, the inclusion of the relaxatioh leads to 4 ' ' @) '
slightly different behavior for the intensities in each conju- =
gated pairg3,({) # 95,(£) andg3,£)# 95.(0)- I
Nevertheless, we see that a medium with a nearly maxi- 5
mum coherence is indeed capable of an exchange of a con- 2ot
siderable amount of energy between two pairs of laser waves E y

even in real situations when all possible relaxation processes
are taken into account. We note that this exchange occurs
between the pairsHs,,E,4q) and E3;,E,4), but not between
resonant and far-detuned pairs. All this suggests that it is
possible to convert a large amount of energy to one initially
very weak seed waveésay E,,) or even generate it, with
(E3,E41) being strong pump waves and the wdig being
arbitrarily small.

We now consider such a case of generation of a new e.m. [ ]
wave by the use of phaseoneyf]. This corresponds to a 0 2000 2000 5000
zero input intensity of one of the far-detuned probe waves: Optical length §
042({=0)=0. As one can see from E§32), the solution
does not depend on the phases of input fields in this case,
which is also clear from a physical point of view: the behav- FIG. 10. Frequency conversion in a doullesystem in the
ior of the system does not depend on the phases if the trafimaximum coherence” case. Rabi frequencies of input fieds
sition loop is not closed14]. However, as soon as the gen- =0.45, g3,=0,=2.0, andg,,=0, ['=10"* and detuningsAs;
eration of the fourth wave starts, the interaction systeme0, 8;,=0, andA4;/y=200. (a) Light intensitiesl s,({) (in arbi-
becomes closed and the phases start to influence the procetsty units. (b) Optical length dependence of the phalsg?).

For simplicity, we suppose equal input intensities of the
pump wavesEs, and E4;: g5,({=0)=g%,({=0) (detailed 2(1—b)
analysis shows that this is also the situation which gives the 1= 2-3p (38)
maximum conversion efficiengy We then havea=1, I1

_ 3
;] (2h 4hb+3b )/4m and a SO/IUt'On can be expresseddepend on the mput intensity of ti&y; wave, and are maxi-
through the consta 931(5 0) gO mized at b<1: g42(max)¥go(l 5b/4) and 7=~0.5(1

—_

Phase @ (rad)

Fig. 10

y1=95:(0)/95=7 13b<2 b?=2(1-b)?
X cog \/4b—3bZ¢/A)).
Intensities of other waves are given as
2 2 1-
5 =0(D =00 735 3,0(2 b+2(1-b)
X cog\4b—3b7/A)),

056 =03 ;;b (1—cog \4b—3b%¢/A)). (36)

—b/4). Thus we have arrived at the somewhat surprising
result that the maximum conversion efficiency in phaseo-
neum is achieved when one of the resonant waves is taken to
be weak at the entrance to the medium. This implies that the
coherencguy,~g3:93,/95<1, which is in contrast to the
intuitive requirementu,,|~0.5 for phaseoneum taking place
atg3;~g3,. We recall, nevertheless, that the far-detuned ex-
citation of the second\ system, considered here, ensures
that |1~ Vp11p22 and that atoms are in the gray state
everywhere in the medium even gd,<g2,. We also note
that this takes place only if the frequency difference of the
resonant waves is in the black line range, as follows from
calculations in Fig. 8. At the same time, the generated wave
may be tuned in a quite wide range: at a fixed optical length
{max it remains within 50% of its maximurfEqg. (37)] over a

The intensity of the generated wave reaches its maximum, frequency range of the order afy (of the order of few GHz,

1-b)?
g3 (maxX = g3 i 3b) : (37)

at the optical length .= 7A/\4b—3b?. The efficiencyy
for conversion of power from the pump wavies, andE,; to
the waveE,, can be defined by

_ giz(max)
95 (=0)+05({=0)

We see that both the intensity of the generated wdaag
(37)] and the conversion efficiency,

for example, Fig. 10

The results of numerical simulation of the frequency con-
version in phaseoneum are presented in Fig. 10. The influ-
ence of the “real situation” parameters — finite detunitag
coherence relaxatioh’, and the Doppler broadening — is
similar to the calculations in Fig. 9. The oscillation period
decreases slightly with the length, and the total e.m. energy

is exponentially dissipated with the rate A:)?+F. There-
fore, we have to correct expressi¢od7) for the generated
intensity to

4(1-b)? mA[(LA]?+T)
giAmax) = QOWGX T ab—30?
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and expressiofi38) for the conversion efficiency to Doppler broadening of thé¢l)-|2) transition will appear,
— which could be compensated for, as noted above, by two-
_2(1-b) oxd — mA((1/A)?+T) (39  Photon detuning and a higher input intensity, respectively.
T~ "43D J4b—3b? An interesting regime of the nonlinear generation was found
in Ref. [33] for counterpropagating light waves exciting
These two expressions indicate that decrease of the inpdioubleA atoms — a large parametric gain and mirrorless
intensity of theEz; wave leads not only to an increase of the oscillation within a very short optical length.
“ideal” efficiency [Eq. (38)], but also to an increase ¢f,.x (3) The transversal profile of the laser beams is not taken
and, therefore, to an increase of losses. Hence there is @mo account. This would not influence the results as long as
optimum for A and b which is determined by a particular the profiles of all four frequency components are the same.
experimental situation—by relaxation rdie Doppler width,  However, new features in the light propagation through the
and energy-level spacing in real atoms. In the example ofloubleA medium may appear for distinct input profiles. For
Fig. 10, the doublex medium is assumed to be a gas of Naexample, we can expect the matching of the profiles at reso-
atoms at a temperature 430 K with density,=3  nant excitation and long optical length. At small lengths,
x10' cm™3, excited on theD, line. The generated wave rebuilding of the profiles should occur, which may allow
reaches a maximum af=2050, which corresponds to a their control by the phases of input fields. Also, the process
density-length product of 225102 cm 2 and a gas cell of self-focusing should be substantially modified as com-
length of 8 cm. At this optical length, the conversion effi- pared to both two- and three-level media, and should allow
ciency is #~0.465 from numerical results, angl~0.485 the phase control. These issues will be addressed in our fu-
calculated from Eq(39), which does not take into account ture investigation.
the Doppler broadening. The following conclusions summarize the theory pre-
We note finally that the behavior of the phase in Fig.sented here. We have theoretically investigated the propaga-
10(b) is a bit different from that in Fig. @). We observe tion of c.w. laser radiation through the medium of doulMle-
that, as soon as the generation starts, the ptlasequires atoms. A coupled set of Maxwell-Bloch equations has been
some value different from zero. Then it rapidly approaches alerived and solved both numerically and analytically for
value close tor, and remains unchanged for quite a longsome situations where the effects of quantum interference
optical length. However, when the generated wave applay an important role. The interference of closed-loop exci-
proaches its maximungand the pump waves their mini- tation paths in the doubl&- system may be either construc-
mum), the phase varies very rapidly to change the sign. Thigive or destructive depending on the specific relations be-
means that the phase of the generated wave will be hardliyeen the phases and amplitudes of applied e.m. waves. The
locked to the phases of other waves, because any smaitter case, realized under conditiofi$) and(17), leads to
change in the optical length aroutigl,,, or even its fluctua- the appearance of a superposition of atomic ground states,
tion (e.g., due to gas temperature fluctuatimould lead to a  [EQ. (19)], not excited by the laser light, and to pumping of
considerable change of the phase. Therefore, the correlatidghe population into this dark state. This results in a strong
of the phases in the present scheme seems problematic. reduction of light absorption by atoms. Such an absorption
reduction for specific light phases, amplitudes, and frequen-
VI. SUMMARY AND CONCLUSIONS cies is a basic feature of the process.
We have considered two cases of the laser excitation of a
We should note and comment on some assumption@oubleA medium. In the first one, all four frequencies of the
which have been made in the treatment. laser field are tuned on resonance or close to resonance with
(1) Only the case when all four laser frequencies are closeorresponding atomic transitions. Here the medium is trans-
to each other in the magnitude is considered. Significantlyparent and not refractive for the laser light when conditions
different laser frequencies may lead to two important effectgor the amplitude$Eq. (16)], phase$Eq. (17)], and frequen-
not accounted for in this paper. First, dispersion of the mecies[Eq. (18)] are satisfied at the entrance to the medium. If
dium, induced by the interaction with far-detuned statesany of these conditions is not initially fulfilled, then the laser
other than those of the double-system, may give different energy is dissipated during transmission through the me-
changes of the wave vectdks,,. Hence the phase mismatch dium, and field amplitudes, and phases are changed. The
Akz#0, even if the multiphoton resonance conditi@l) is  amplitudes of individual laser waves may be either amplified
satisfied. However, as has been shown theoretically and exr attenuated in the process. The general trend is, however,
perimentally{ 9], the phase mismatch can be compensated foalways the same: the changes proceed in a direction toward
by a small two-photon detuning,, which is in the range of establishing CPT condition€gs. (16) and (17)], and loss-
the black line. The second effect of different frequencies is dess propagation afterwards. This process can be understood
nonzero Doppler width of the Raman transitigh)-|2) in terms of the “dressed fields[37,30: the CPT component
which adds to decay of the ground-state coherence. Theref the field which implies condition$16)—(18) propagates
fore, the Rabi frequencies of the laser waves should exceadithout absorption, while other field components are damped
this Doppler width in order to establish CPT in the medium.out by the medium. Thus, after some transient regime, both
Thus, the processes considered here can be observed the atomic medium and the laser field arrive at the nonab-
doubleA media with different laser frequencies, with an ap-sorbing state. In the case of conventional EIT, only a particu-
propriate change of input laser intensities and detunings. lar relation between field frequencié®/o-photon resonange
(2) Only copropagating waves are considered. For noncolis required for such a nonabsorbing state. In fact, both the
linear propagation, the phase mismatthz as well as the pulse matchind37] and fluctuation correlatiofi38] found
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for conventional EIT are due to the extinction of Fourier of the waveE,,) takes place when the conjugated wdug
components of the laser field which do not satisfy the two-is weak, and intensities of the strong pump waf®s and
photon resonance condition. In contrast, specific relations foE,, are of the same order in magnitude. Then one may ex-
the field amplitudes, phases, and frequencies are importapect an almost complete transfer of energy from the waves
for EIT in closed-loop media. Therefore, the resonant exci€4, andE,; to E,, andEs; at some predefined optical length.
tation of doubleA atoms yields an efficient preparation of Advantages of this scheme over resonant four-wave mixing
the medium in a coherent state, and complete correlation dhclude the much larger efficiency of the generation due to
the laser fields not only in the pulsed regime, but also in thevery weak total energy dissipation, and the possibility to tune
c.w. regime. This effect can be used, for example, for lasethe frequency of the generated wave. On the other hand, it
phase locking, for amplitude matching, for amplitude andrequires quite large optical densities, and the phase of the
frequency stabilization of c.w. radiation, and for amplitudegenerated wave is not stable with respect to the optical den-
and phase fluctuation correlation. sity fluctuations.

Another mode of the light-atom interaction investigated in  Recent experiments have demonstrated that quantum-
the present paper is a resonant excitation of Ansystem, interference-induced nonlinear optical effects with the
and far-off-resonance excitation of the secokdsystem in  doubleA excitation scheme can be realized not only with
doubleA atoms. Such an excitation scheme ensures prepatomic[9,4,8,24 and moleculaf7] gases, but also with solid
ration of atoms in a nearly dark state throughout the mediummedia[6,21]. These processes provide highly efficient fre-
Therefore, the total energy of laser waves propagating in thiguency conversion and generation of coherent radiation in a
coherent medium is dissipated very weakly, even when thevide frequency range, for very low input pump powers, with
CPT conditions for the amplitudes and phases are not fulnearly ideal quantum noise properties as they combine large
filled. Nevertheless, the change of each individual laser waveonlinearity with substantially reduced spontaneous emission
along the propagation path can be dramatic. We have foundoise[5,11]. All this leads one to expect a bright future for
that both the far-detuned waves and resonant waves amdherent media in many areas of optics, atomic and laser
changing. There are two important consequences of this fagbhysics, and quantum control.

First, the state of the medium, while always dark, changes
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