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Squeezing-induced complete transparency in two-level systems
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The modification of the statistical properties of vacuum fluctuations, via quadrature squeezing, can dramati-
cally reduce the absorptive and dispersive properties of two-level atoms. We show that for some range of
parameter values the system exhibits zero absorption accompanied by zero dispersion of the probe field. This
complete transparency is attributed to the coherent population oscillations induced by the squeezed vacuum.
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I. INTRODUCTION that this effect can be obtained in a weakly driven two-level
system damped by a squeezed vacuum.

The absorptive and dispersive properties of a driven sys- The role played by the squeezed vacuum fluctuations in
tem of atoms have been a subject of extensive research the atomic dynamics has attracted considerable attention in
quantum and nonlinear opti€s]. In early theoretical studies recent yeargg]. An investigation of atom-squeezed vacuum
it has been predicted that near atomic resonances at whidfteractions was made by Gardingd], who demonstrated
the dispersion is |arge’ absorption by the medium is a|s(§hat a two-level atom interacting with a broadband SC]UEEZEd
large. Recently, several schemes have been prog@jéor  vacuum field can decay with two rates of greatly different
obtaining large dispersioflarge refractive indexaccompa- magnitude. The presence of two decay rates was shown to
nied by vanishing absorption. This is an area of increasindgntroduce many unusual features not observed in the normal
interest as such materials could have many practical applic¥acuum spectroscod$]. In the following, we show that the
tions[2]. An enhancement of the refractive index accompa-squeezed fluctuations play a crucial role in obtaining the
nied by vanishing absorption recently has been observed egomplete transparency in a two-level medium.
perimentally[3] in coherently prepared Rb atoms.

Another area of interest, especially in atomic spectros- Il. LINEAR SUSCEPTIBILITY
copy and optical communication, is to produce an optical . . . .
medium that would be completely transparent for an optical The dispersion and absorption properties of a system of

beam in the sense that both dispersion and absorption of gfgoms can be.stud|ed by using the Kramers-Kronig relations,
medium aresimultaneously zetdn a nonlinear medium this which determine the real and imaginary parts of the suscep-

: . : : tibility of a weak field probing the system. The dispersion,
phenomenon is usually achieved by probing the atomic sys hich determines the index of refraction of a system, is

tem very far from resonance. In the area of spectroscopy. by th | vart. wh the ab tion is ai by th
with three- or four-level systems the phenomenon of electro: Iven Dy the real part, whereas the absorplion IS given by the

magnetically induced transparengy—7] can also lead to a imaginary part of the susceptib!li'ty. We consider a collection
complete transparency. While the main interest in this area igf two-level atoms_of the transition frequenay, driven by
focused on obtaining a large refractive index accompanie coherent laser _f|eld and damped by a _squeez_ed vacuum.
by vanishing absorption and lasing without inversion, it is he master equatlon for the rgduced atomic density operator
possible, for specific values of the parameters, to reduce t f the system in a frame rotating at the laser frequencys
susceptibility of a given multilevel system to zero. For ex-

ample, a cascade three-level atom in which one of the two 1 y

possible transitions is driven by a strong coherent field can p=—iA[SZ,p]+ = iQ[St+S,p]+ — [SZpSZ—p]

show a complete transparency for a weak laser beam probing 2 2
the undriven transitiof5—7]. This phenomenon can be in- N Y[ 7IN(w ) +1]

terpreted in terms of the dressed states of the system. In this (2S5 pST—-S*S T p—pS*tS)

system the effect appears in a region of frequencies far from 2
the dressed atomic transition frequencies. yN(w,)
Here we show that the effect of the complete transparency + — (2S*pS —-S S'p—pS SH)
can be obtained in a system of two-level atoms at the reso-
nant frequency. The two-level system is the simplest con- y7IM(w)|e'® P
figuration to provide the complete transparency and does not I E— (257pS"=S"S"p
require the presence of dressing fields. In particular, we show
i®
_pS+S+)62i(w57wL)t_ ')/77| M(;L)|e (287p87
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whereA=w,— o, S*,S% are the usual collective atomic 08
operators;y is the EinsteinA coefficient, andy, denotes the
nonradiative dephasing, e.g., due to the collisions between
the atoms. The Rabi frequency(sand the phase difference
of the laser and squeezed vacuundis 2¢, — ¢, whereg,

is the phase of the laser. The parametééw, ) and
M(w)=|M(w. )|e'® characterize squeezing such that
IM(w)|?<N(w)[N(2ws—w,)+1], where the equality
holds for the minimum uncertainty squeezed statgjs the
carrier frequency of the squeezed vacuum, arislits phase.

We assume that the squeezed vacuum field is produced by ¢ 02 r
degenerate parametric amplifier, whose output is character-
ized by the correlation functiorf4.0] e/ VR 0.0 02 04

x'(wp),x"(mp)
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with A and u denoting the bandwidths of the squeezed
vacuum field. . A

. . . (dashed ling as a function of ,—w )/y for N=2, n=1, w;

The_ parameter_n, ‘appearing in Eq.1), describes the —w,, A=d=,=0, and(a) Q/y=0.3 and(b) Q/y=0.5077.

matching of the incident squeezed vacuum modes to the
va_cniumhmodes colu;)led tq the efltoms. For:' perf_?rr];t matfchmg, In order to study the susceptibility of the system, we sup-
n=1, whereasy<1 for an imperfect matching. The pertect o that after the systerftoherently driven atoms plus
matching can be achieved when all the modes coupled to t ueezed vacuurhas attained equilibrium conditions, the

foms are perturbed by a weak probe field of frequen
requires a ‘“three-dimensional” squeezed vacuum tha peru yaw P ! quengy

: i i wh X : .
couples to the atoms through a fullr4olid angle such that and amplitudez, in whose dispersion and absorption we are

interested. The linear susceptibilipf w,) of the probe beam
the atoms are damped only by the squeezed vacuum. Sucrh frequencyw,, is given in terms of the Fourier transform of

requirement of 4 solid-angle coupling (_Jloes not suit the the expectation value of the two-time commutator of the
present sources of squeezed vacuum fields, the outputs omic operators ad4]

which are generally in the form of Gaussian beams that can
couple only to part of the # solid angle enveloping the C fw

atoms. A possible solution to this problem has been proposed  x(w,)= iQpNJ d7 lim([S (t+7),S*(1)])e'*r", (5)
[11,12 and tested experimentalL.3], involving an optical 0t

cavity. Inside a cavity the atoms couple strongly to those _

modes propagating in a small solid angle about the cavitwhere(}, is the Rabi frequency of the probe field aNdis

axis. By squeezing those modes we can obtain the perfethe atomic density. Equatiof®) can be written as

(#=1) coupling between the atoms and the squeezed _

vacuum field. Therefore, it seems likely that the effects we X(0p) =Q N[ X' (wp) +ix"(wp)], (6)
describe here should be observable in a cavity environment.

The other important assumption here is that all atomsvhere the real pan’(w,) determines the index of refraction
“see” the same intensity and the mode correlations of theof the probe field, whereas the imaginary pef{w,) deter-
squeezed vacuum. It should be noted here that in an extendetnes the absorption coefficient. Using E¢b, (5), and(6),
medium the phasé@ can generally be spatially dependent. we now illustrate the completely transparent effect for two
This problem can be overcome by copropagating the drivinglifferent atomic systems.
field and the squeezed vacuum in the same dired@dnif First we consider the case of coherently driven two-level
the squeezed vacuum and the driving field counterpropagatafoms damped by a squeezed vacuum in the absence of fast
@ will contain the spatially dependent factok 4. collisions(i.e., y,=0) and collective atomic effects. Hence-

FIG. 1. Absorptiony”(wp) (solid line) and dispersiony’ (wp)
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FIG. 2_. Absorptlon?( (wp) (solid ling) and dlspe_rsmrx (wp) FIG. 3. () Same as in Fig. 8, but now Q/y=1 and N
(dashed !lnkas a function of ,— w )/ y for a collective system of ~ _ IM|=0, i.e., for normal vacuurr(b) Same aga) but now voly
atoms withN=1, »=1, vs=w_, andA=d=1y,=0: (a) two- =600.

atom system wherd&)/y=1.024 82 and(b) three-atom system

where(}/y=1.526 268. . . . . .
Y frequencied17-2Q or in a medium with a large nonradia-

forth, we chooseN and|M| to meanN(w_) and|M(w )|,  tive dephasing {,>v). Boyd et al.[21] have shown that a
respectively. Figure (8 illustrates maximum absorption ac- spectral hole due to fast collisions can appear in the absorp-
companied by zero dispersion at the central frequency plotion spectrum at the central frequency, which has been con-
ted for Q/y=0.3, =1, ws=w_, N=2,A=0, and®=0. firmed experimentally by Hillmaret al. [22]. We show in
By increasing the Rabi frequency o/ y=0.5077 we find, Fig. 3@ the absorption-dispersion relation far,=0, A
for the same parameters as in Figa)l that absorption can =0, N=|M|=0, andQ/y=1. Clearly, for vanishing colli-
be suppressed at the central frequency. Thus the comples#ons we see maximum absorption accompanied by vanish-
transparency is obtained at resonance, as seen in @yg. 1 ing dispersion at the atomic frequency. However, when we
When)/y>0.5077 a negative absorption can appear, indiincreasey, [Fig. 3(b)] up to y,/y=600 the absorption can
cating an amplification of the probe beam at the expense dfignificantly be reduced. We note that the absorption spec-
the squeezed vacuum and driving fields. This phenomenotmum is virtually a horizontal straight line representing almost
has been discussed in Rgf5] and interpreted as an ampli- vanishing absorption. This corresponds to the dead zone as
fication without population inversion. Next we examine thediscussed by several authd&3]. The dispersion is always
case where collective atomic effects are important. In thizero at the central frequency and the absorption is almost
case the atomic operatd®s andS?, appearing in the master reduced to zero. Nevertheless, if we look closer at this par-
equation(1), are the collective atomic operators. Figurés)2 ticular dead zong¢see Fig. 8)] we find that the absorption
and Zb) show the real and imaginary parts of the susceptiis not exactly zero in the dead zone and hence does not
bility in the case, respectively, two and three atoms actingepresent the effect of complete transparency.
collectively[16]. Clearly, we again get the total transparency We should emphasize here that the presence of a
at the central frequency, which indicates that the effect is nosqueezed vacuum is essential in obtaining the complete
destroyed by the collective interaction of the atoms. transparency in a two-level medium. The origin of the com-
It should be noted here that the significant reduction of theplete transparency is attributed to the so-called coherent
absorption accompanied by vanishing dispersion can be olpopulation oscillation$15,21,24. These are induced by the
tained in a two-level medium without squeezing. This candriving and probe fields beating together at the difference
happen in a medium driven by two laser fields of differentfrequencyd= w,—w_. In order to show this, we include a
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probe beam in the dynamics of a two-level system describedtom. The imaginary part of the susceptibilffw,) is pro-
by the master equatiofl). Assuming thatQ),<vy and §  portional to the imaginary part of the dipole moment, which
<1y, we find that for long times the atomic population dif- means that the absorptiop’(w,) can be significantly re-
ference is given by duced by the coherent population oscillation. It is easy to
, , , ] , ) show that for the parameter values of Figb)] the imagi-
(§)=(S0 (S sexpliot) +(S7) _sexp(—idt), (7)  nary part of(S™) vanishes, indicating that E¢8) predicts

where (S?%), is the steady-state saturated population inver-aCCurater the vanishing absorption.

sion induced by the driving field an?).. ; are the ampli-
tudes of the coherent population oscillations induced by the . SUMMARY
probe beam. To see how the population oscillations affect

the absorption spectrum of the probe beam, we find from the W& have shown that two-level atoms driven by relatively
master equatioil) the steady-state dipole moment weak coherent (_jr!V|ng fields and damped.by a squeezed
vacuum can exhibit complete transparency in the sense that

in u , we get zero absorption accompanied by zero dispersion at

(S)=7 |20+ (n+2[M[e"'*)(S)_5|, (8  resonance. This effect can exist even in the presence of col-
lective atomic effects. We attribute this effect to coherent
where n=2N+1, D=n+20%(n+2|M|cos®), and u population oscillations, which are significantly enhanced by

=D/(n?—4|M|?). the squeezed fluctuations.
We see that the dipole moment is composed of two parts:
The first part, proportional té),, is driven directly by the ACKNOWLEDGMENTS

probe field and the second is proportional(o The second
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