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We present a comparative theoretical analysis of five different atomic schemes with respect to their perfor-
mance as negativenomalous dispersivetransparentmedia. The schemes discussed are the strongly driven
and the degenerate two-level system, two closely spaced gain lines, and two slightly different double-
schemes with incoherent pumping. The analysis shows that the degenerate two-level scheme is best suited for
applications for which only modest negative dispersion but strongly reduced absorption is required, and
dissipation and loss of the optical fields have to be avoided. Two closely spaced gain lines and one of the
double/A schemes are the best choice for applications which rely on large negative dispersion, but are not too
sensitive to residual absorption and dissipation.
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[. INTRODUCTION of applications, where quantum information on a “signal”
beam is transfered to a “meter” beahl]. In this case dis-
Strongly dispersive media have been discussed for a vasipation and loss of both the drivingigna) and probing
riety of experimental applications. For example, electromag{metey fields have to be avoided.
netically induced transparend§IT [1,2]) has been applied ~ The goal of this paper is twofold. First, we will show how
to slow down lighf3—5] or even to store light in a sample of three quantities provide the means to determine and compare
ultracold atomg6] or in a vapor cell at room temperature the performance of different atomic schemes as strongly dis-
[7]. As this provides nondestructive storage and read out opersive transparent medi&ec. 1): these are the absorption,
coherent optical information, much attention is being payedhe dispersion, and the ratio of dispersion to absorption,
to it within the context of quantum communication and com-Which we will call figure of merit Second, we will discuss
putation( [7] and references thergirFor all of these experi- and compare all schemes known to the authors to provide
ments, strongly positive dispersion and transparency of thBegative dispersion without absorption: the strongly driven
medium are essential. two-level systemSec. Il), the degenerate two-level-system
The complementary situation corresponds to stronglySec. V), the A system driven by a bichromatic off-resonant
negativeor anomalousdispersive transparent media, which driving field (i.e., two closely spaced gain lingSec. \) and
are the subject of this paper. They have been used to realiz&/0 slightly different doubleA schemes with incoherent
superluminal or even negative group velocitj&s Further, pumping(Secs. VI, VI). As one of the results we will show
they have been considered for the realization of broadbanid Sec.VIlI that the degenerate two-level system is the best
high-finesse optical cavitig®,10], for which the anomalous Suited for intracavity applications and especially is the only
dispersion is supposed to cancel the variation of opticafandidate for QND type of measurements. Furthermore, one
wavelength with frequency inside the cavity. These kinds ofof the doubleA schemes provides the largest negative dis-
cavities may be useful for laser interferometric gravitationalpersion and, followed by the bichromatically drivénsys-
wave detectors. Moreover, they would providerae dis- tem, therefore is the optimum choice for experiments aiming
tance measurement between the mirrors of the cavity as th&f superluminal or negative group velocities.
resonance condition would no longer be affected by laser
freq_uency noise. Althoqgh both_kmds of appllcatl_ons, super- Il. DEEINITION OF TERMS
luminal pulse propagation and intracavity operation, depend
on negative dispersion without absorption, they are subjected We now want to point out the strategy behind our analy-
to different requirements: to achieve superluminal or eversis. We will first give a qualitative description of terms used
negative group velocities, the negative dispersion should bkere to determine and compare the performance of different
as large as possible and absorption at the few percentaggomic schemes. Then, some general definitions will be pre-
level is acceptable. For the intracavity application negativesented, which are used throughout the paper to define the
dispersion of modest but well-defined amount is required andifferent atomic schemes. Finally, at the end of this section,
residual transmission losses have to be suppressed to a leveh exact definition of those terms will be given which have
at which they no longer degrade the finesse of the cavity. Iibeen introduced earlier on a qualitative level.
addition, negative dispersive transparent media may be inter- Following the introductory remarks, the figure of merit
esting for(intracavity quantum nondemolitiodfQND) type = may be the most important quantity for intracavity type of
applications as it determines the amount of dispersion avail-
able per residual absorption. However, even ultralarge fig-
*Electronic address: wicht@pallas.amp.uni-hannover.de ures of merit may be of no use if the corresponding disper-
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sion is so small that even at large atomic densities theuencies of the driving and probing field, respectively. The
dispersion of the optical wave numbkri.e., d,k(w)={1  sum runs over all pairkk;), |I;) which are coupled through
+[w/n(w)] d,n(w)}n(w)/cy, barely differs from its the optical fields via dipole interactiom; is a factor of order
vacuum value, which ig k(w)=1/cy. Here,n(w) denotes unity used for normalization purposes and
the index of refraction and, stands for the vacuum speed of _
light. Especially for “fast light” applications this dispersion D =Ky +]1) (K| (3)
has to be small compared tocg/or even has to be negative. o o )
Therefore, in order to compare different atomic schemes fols the generic dipole operator. As we are aiming at a quali-
different kinds of applications, the dispersion and absorptioriative rather than exact quantitative comparison of different
of a specific system should be plotted in a dispersion vsatomic systems we have assumed in E2), for sake of
absorption graph. Lines of constant ratio of dispersion tgsimplicity, that all dipole matrix elements involved are iden-
absorption then denote those points that provide the sanféeal: dy; =d. The Rabi frequencies for the driving and
figure of merit. Hence, the dispersion vs. absorption graph iprobing field will always be defined as
best suited for our discussion.

The most simple system providing negative dispersion is Q:E @)
the two-level scheme only interacting with a weak and reso- 2R
nant probe beam. Unfortunately, this is accompanied with
strong absorption which is why we have to look for alterna-where again =D, P. In order to describe spontaneous emis-
tive schemes. Any of these will have to provide larger negasion or other coherence decay, incoherent pumping or the
tive dispersion andor) or larger figures of merit in order to €effect of finite interaction time we write
be interesting. Therefore, the simple two-level system inter- L
acting only with a weak resonant probe will serve as our I'(p)=Tse(p) +T'pelp) +'ip(p) +T'1r(p).  (5)
reference point and the performance of any other system will
be compared against it: a system will be said to providei€re
enhanced dispersion, enhanced absorption, or an enhanced
figure of merit, if the corresponding value exceeds the one of Tge= Z yil' ) (6)
the two-level reference system. In this sense, negative dis- [ H
persion without absorption is achieved if the figure of merit .
exceeds the reference figure of merit. For sake of clarity, th§ums up all spontaneous emission processes, and
reference system will be included in all dispersion vs. ab- 1
sorption graphs and will be denot®. In addition, a line L= DKkl — 5 2 {[m)(K[(m[p|k)+ k)
labeledA will be shown in all graphs and will mark all those m
points which correspond to the figure of merit defined by the ~
reference poinP, . x{ml(k|p|m)} )

Now we want to address the question which schemes to . - .
consider. Especially for superluminés well as ultraslow IS the generic description qf spontaneous'emlssmn from state

. L : k) into state|l). The sum in Eq(7) describes the depopu-

pulse propagation applications, the deformation of the puls{a . f the|k) and the d f all coh betwéien
shape due to group velocity dispersi8] #2n(w) and dis- ation of the|k) and the decay of all coherences betw

. ) . and any other state due to the spontaneous emission from
persion of the absorptiod, a(w) should be avoided. There- k). In order to account for additional decoherence, we set
fore, certain schemes will not be considered here, such as
strongly dispersive regions at the Rabi sidebands of the _ _ _
strongly driven two-level system, where the absorption FDEzz —Kki|i{<ki|p||i>+<|i|p|ki>}, (8)
monotonically runs througe=0 (¢=0 butd, a+#0). :

We next turn to the general description of the atomic

schemes. The von Neumann equation of a system will, ifVhere i describes the additional decay rate of {héo|!)
general, be given by coherence. Further, incoherent pumping is understood to

transfer population from one state to the other without intro-
ducing additional coherence between these states. The corre-

sponding contribution td' is a sum over all incoherent
pumping processes

\ip=[Fa+H, pl+ 15T (p), (1)

where}i is the density matrix describing the state of the
system,H, is the Hamiltonian of the atom and ~ ~
F|p22irki|iRki|iy (9)

Hy=2 dDyaiE; cod wit) @ here

describes the electric dipole interaction between the atom 5 v/ 1/kl5lk 21 IGO0 kT
and the Optical fields. HerEi:ED, EP and wi=wp, 0p Rkl | >< |< |p| > 2 EI{|I>< |<||p| > | ><I|< |p||>}
are the classical electric-field amplitudes and angular fre- (10
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is the generic description for incoherent pumping from state n'(6=0)

|k) to state|l). Please note that this pumping does not intro- Orom=| mL (15
duce additional coherence betwdéh and|l), but it causes

a decay of all coherences betwelgn and any other state. , i . i

Obviously, the description of incoherent pumping Etp) is ~ @dain a dimensionless quantity. _

the same as of spontaneous emission &} Incoherent As we W|I_I show ne_xt, the def|n|t|ons given above_expre_ss
pumping can be realized experimentally, e.g., by broadbanf® absorption, the index of refraction and the dispersion
optical fields, as it has been demonstrated, for example, bif the index of refractionin natural units of the atom.
Zibrov and co-worker$12]. Finally, to model the effect of FOr the most simple system, our reference system, i.e., the
finite interaction time between the atom and the opticafWo-level atom(TLA) interacting with a single weak probe
fields, we will assume that the atoms are injected at ggte field, we find a(8)=3 [(8/y)?+ 5] and n’(8)=—[3

into the interaction region and that they are equally distrib-— (s574)2]/[ 1 + (5/y)2]2, where$ is the angular frequency
uted among the “ground” states of the atom. In order t0getyning of the probe field from atomic resonance. There-

maintain a constant number of atoms in the interaction zongg,e 4t probe resonanag=0 we find a=2, n' = —4, and
atoms are leaving the interaction zone at rggen all states Orom=2 so that the absorption, the dispersion, and the fig-
of the system ure of merit are basically of order unity for our reference
Ng system. It follows that enhanced absorpti@n gain corre-
=~ ~ Y0 s i ion | i i
T'rr=— yop+ N_||i><|i|_ (11) sp,onds to|a|>2, and enhanced dispersion is realized, if
i=1 Ng In’|>4. Further, media can be considered to provide strong

dispersion without absorption, i#ron>2. The reference

Here the sum runs over all ground states of the systen. two-level atom with a single probe field corresponds to point
plays the role of the transit time limit for the coherence life P, in all dispersionn’ vs. absorptionr graphs, see for ex-
time. ) ) ) ) _ ample Fig. 8. Points in these graphs corresponding to the

We solve the resulting density-matrix equation either anafigure of merit defined byP,, i.e.|n’|=|2a|, will always
lytically (for the strongly driven two-level systénor nu-  pe shown as curva to define a reference for the figure of
merically under steady-state conditions and restrict ourselvegerit.
to the discussion of the weak probe limit, i.e., we solve the  Finally, we would like to mention that we do not consider
density-matrix equations to all orders in the driving-field inhomogeneous broadening.g. Doppler broadeningfor
Rabi frequency(}p and to first order in the probe field Rabi sake of simplicity, although this may give rise to interesting
frequency(Qp. As we are only interested in a comparison of consequencefl3]. We feel that this topic is beyond the
different schemes and not in absolute numbers we define gope of this paper. Also, neglecting inhomogeneous broad-
dimensionless “susceptibility” for the transitiofk)<[l)  ening does not constitute any serious experimental constrains
with respect to the probe field by as experiments can be performed on atomic befirfisor

- cold atomic ensemblgs$].
(Klp(d)[1)

Xk|(5):T, (12)
PLY Ill. STRONGLY DRIVEN TWO-LEVEL ATOM

where vy is specifically defined for each system elnd usually  The TLA strongly driven by an optical field has been

denotes the excited state population decay rdtgn(5)|l)  extensively investigated with the studies being initiated by

describes that part of thi|p|l) coherence which oscillates the work of Rautian and Sobel'mdri4] and Mollow [15]

at the probe field frequency, ads the probe detuning from and being confirmed experimentally shortly thereaftks].

some “resonance” frequency defined independently for eacffror resonant driving the spectra were investigated within the
system. The total dispersion of the system with respect to theontext of negative dispersive transparent media by Szyman-

probe field is then given by owski and co-worker$18], whom the reader is referred to
for a more detailed reference to work related to strongly
driven TLAs.
X( 5):2 X1, (9), (13 A schematic description of the strongly driven TLA is

given in Fig. 1. A strong resonant field with Rabi frequency
where the sum runs over all transitiofis)«|I;) which are  Qp is driving the transitioj0)—|2). A second weak field is
electric dipole allowed. To proceed, we define the dimen+probing the spectrum with Rabi frequen€y, and angular
sionless probe field absorption coefficiamt the index of frequency detuning= wp— wg,, Wherewp is the probe la-
refractionn and the dimensionless dispersion of the index ofser frequency anfl wg, is the energy separation between the

refractionn’ by upper and lower level of the atom. The population of the
excited staté2) radiatively decays into the ground std@®
a(8)=3{x(9}, n(o)=R{x(d)}, n'(8)=rdsn(d). at rate y, which is not shown in Fig. 1. The interaction

(14 Hamiltonian reads

We use the convention that<0 corresponds to absorption. 5 _
The last quantity to define is the figure of merit H,=d Dyf Ep cofwpt)+Ep cofwpt)}, (16
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FIG. 1. Strongly driven two-level atorfTLA). A strong reso- | Q‘}//’ ;
nant driving field with Rabi frequenc@), is driving the transition P //f/ E
|0)—|2). A second weak field with Rabi frequen€y, is probing 10° 1 B2

the spectrum with detuning from the atomic resonance. T T 1T 1T T T T T T 1

1012 10° 106 103 100
and the spontaneous emission is given by -0
= = FIG. 2. Performance of the strongly driven TLA and the degen-
Tse=v T 17 9 g

erate TLA: dispersion vs absorption at probe resonate® with

As the population and coherence decay rate of this system fap Varied fromp=0 10 05> y. The arrows indicate the direc-

. _tion of increasingQp. P, TLA-reference point. £) TLA-
fl’:gg(gl:]et?oe grderﬂ?g?ci'n\ilgeet?l’?]glflzte?j?éEg)ddtllj[]lgr;?(l)rqnesct(z)hteﬁrivg?ference line. 1), (B2) and p): degenerate TLA withyo
th hth ! t'g" i ion. Th yt'b'l't to th b =10 *y. For (B1), (b) and B2) the driving field Rabi frequency
rough the interaction region. The susceptibility to the pro (?SQD<70, Yo< Q0= N2 andy/\2<Qp , respectively. k) de-

field is x = xo2 [Eq(12)]. For the solution of the correspond- ;05 5 regime opositivedispersion(C) strongly driven TLA.
ing density-matrix equations the reader is referrefdlig1§.

This solution shows that in the vicinity of the atomic reso-
nance {5|<y) the probe field absorption is strongly sup-
pressed, while significant negative dispersion still is main
tained. At atomic resonance, in the strong drividgye v)
and weak probing limit Q p<<Qp), the probe field absorp-
tion and dispersion are given by

sipation and loss of both the pump and the probe field is
avoided, this system should exhibit good signal-to-noise
‘properties at the quantum noise level and may be a candidate
for QND type of experiments based on the strong coupling
between probe and pump field through the medium.

More recently, Akulshin and co-workef21] have exten-
sively studied the degenerate two-level system and the de-
= 2 ~ 1 (18) pendence of its optical properties on the system parameters.

[1+8(Qp/7)%]? 32(QD/y)4’ They showed that depending on the angular momenta of the
ground and excited state and for linear and orthogonal pump

n 4 and probe polarizations, electromagnetically induteths-
n'=— ALL+3A0p/y)] ~— ! . (19 parency(EIT) providing strong positive dispersion and elec-
[1+8(Qp/y)*]? 4(Qply)? tromagnetically inducedbsorption(EIA) providing strong

negative dispersion can be realized. Whereas the first is ac-
Hence, we find two basic resulté) this system provides companied with reduced absorption the latter is not, which is
negative dispersion an@) at large driving field intensities, 3 major drawback with respect to what is considered in this
the figure of merit®roy=|n'/a| increases like @p/7)®.  paper. However, the authors cited above did not mention that
Therefore, strongly driven two-level atoms can be used tqnder very specific conditions a degenerate two-level system
realize negative dispersive transparent media, which hagan actually provide negative dispersinithout rather than
been shown experimentally by our gro[4B]. However, as  with increasedabsorption.

In'[<4, enhanced dispersion is not provided. Dispersion vs. This degenerate TLA is shown in Fig. 3. A linearly polar-

absorption for this system is shown in Fig. 2, graj@) ( ized strong pump field with Rabi frequen€d, is resonantly
driving both the|0)—|2) and the|1)—|2) transitions. A
IV. DEGENERATE TWO-LEVEL SYSTEM weak probe field with identical polarization is coupling the

The d te two-level ¢ has b di d game transitions and is scanned across the resonéince
€ degenerate two-level system has been dISCUsse Q/wp—wozz 0. Atoms in the atomic ground states are in-

Friedmann and Wilson-Gordof20] within the context of jected into the interaction region at total ragg. No addi-

e”hat”‘?"?g tthe index_of _:_ifractlontv;hllet fr']mtulth"’.meouflytional ground-state decoherence is assumed, so that the
main daml?f? r ansp?retnfcy. t eyfpmqhe OE g. Iti SYS eb round-state coherence lifetime is given bygl/ The inter-
provides the important feature of neither absorbing the probg ... "1\ Hiltonian reads

nor absorbing the pump field. As the atom’s susceptibility to
the probe field strongly depends on the pump field Rabi fre-
quency Qp, this is an important feature in experimental ﬂlz{d Doyt d @u}i
terms becaus@ must not change along the path of propa- J2
gation through the medium. Even more importantly, as dis- (20

{Ep coq wpt)+Ep coq wpt)},
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|2> ¢ =17, the situation changes: coherent population trapping
(CPT) is established and the system exhibits enharpees-
I tive dispersion, which is shown by gragh As we keep
f increasing the driving field Rabi frequency beyoifit,
Yo Yo =1v/\2 into the strong driving regime the dispersion flips
2 o) Qp 2 sign again and becomes negative again. This regime, which
\ D 1 is represented by grapB2, has three important features.
First, our calculation shows that CPT is still maintained so
|0> |1> that spontaneous emission frgi®) is avoided and neither

the probe nor the driving field experience absorpfionthe

FIG. 3. Degenerate two-level system. A single linearly polarized!Imlt of 70_?0?' It has been mentioned before thaF this is
driving field with Rabi frequency), is resonantly driving both the important within the context of QND type of expe_rlments.
|0)—|2) and the|1)—|2) transitions, wheré0) and|1) are de- Pleas_e note that _the degenerat_e two-level_ system is the only
generate. A weak probe beam with identical polarization also interN@gative dispersive system discussed in this paper and
acts with both transitions and is scanned across the resonanceknown to the authors which provides this feature. Second,
= wp— wgy. Atoms are injected at total ratg, into the interaction  the figure of merit® oy =|n'/a| grows likeQ3, which is
region. due to the fact that the absorption decreases faster than the

dispersion as)p increases(see Fig. 2 This defines the
whereEp andEp are the classical electrical-field amplitudes systems ability to provide negative dispersion without ab-
of the linearly and parallel polarized driving and probing sorption. However, as shown in Fig. 2, the value|of| is
field, respectively. Further, the contribution from spontane-smaller than the reference value definedryyfor any given

ous emission is described by value of () within the anomalous dispersive regime. There-
fore, enhanced negative dispersion is not accessible. Third,
T :Z(f +T,) 21) for strong driving{p>y the dispersion and the figure of
SET 207 T2t merit provided by the strongly driven TLA can basically also

_ ) _ be provided by the degenerate T#dompare graphB2 and
wherey is the population decay rate of the excited st@le ), but then only requiranuch smallerdriving field Rabi
due to spontaneous emission. The injection of atoms into thﬁequencies as our calculation shows. In fact, the point of

interaction region is given by maximum dispersion of grapB2 corresponds td)p~y.
1 Hence large figures of merit can already be achieved at mod-
Tir=v0l —p+ §(|O><O| +]1x1)) |. (22)  estdriving with the degenerate TLA.

Finally, we want to come back to the fact that in the
, . ) strong driving regime the degenerate TLA and the strongly
A system like this could be realized by means oF&l gjyen TLA show the same behavior in the dispersion vs.
—F'=1 transition mvolvmg the lower-state magnetlc sub- absorption graph. This can be understood intuitije], as
levelsm=*1 and the excited-state magnetic subleNe€l o coherent dark state is decoupled from the driving field
=0. Atoms initially in |[F =1, m=0) will be pumped into the \yhile the coherent bright state, the excited state, and the

|[F'=1, m'=*1) sublevels, where they eventually decay griving field are effectively forming a strongly driven two-
into the|[F=1, m=+1) states. No atoms are lost frofi’  |gye| system.

=1, m’'=0) into |F=1, m=0).

We solve the density-matrix equation by the Floquet an-
satz described in Ref20] to all orders in the driving field
Rabi frequency)p and to first order in the probe field Rabi ~ The A system has been employed by Dogariu and co-
frequency )p. Due to the definition of the interaction workers to propagate an optical pulse at superluminal or
Hamiltonian in Eq/(20), of the susceptibility in Eqi12), and  even negative group velociti¢8], which result from nega-
of the Rabi frequencies in E¢4), the total susceptibility to  tive dispersion as mentioned in the introduction. These ex-
the probe field is given by= 2 (xo2t x12)- The only sys-  periments were inspired by the discussion of Steinberg and
tem parameters to optimize afl, and the ground-state co- Chiao[22] who showed theoretically that a gain doublet may
herence decay ratg,. be used to realize negative dispersive transparent media. In

Our calculations show that foflp<vyy no significant the work of Dogariu and co-workers a gain doublet was
ground-state coherence is generated and the system basicahyplemented by means of the gain due to two closely spaced
performs like the two-level reference system. This is showrRaman transitions in A -type atomic system. This is shown
in Fig. 2, where the probe field dispersion and absorption aih Fig. 4. Two driving fields, with frequency differenceA3
probe resonancé=0 are plotted for the ground-state coher- and with equal Rabi frequencig€3y, are strongly detuned
ence decay ratg,=10 %y and for the driving field Rabi from the single-photon resonance of e —|2) transition:
frequencyQp varied fromQp=0 to Qp>y. For very weak A>Qp,Aq,y. Again, y is the excited stat¢2) population
driving Qp<<y, the degenerate TLA is represented by thedecay rate due to spontaneous emission. A weak field is
upper most points of grapB1, which are close to the refer- probing the|0)—|2) transition in the vicinity of the “mean
ence pointP,. However, if (O is increased beyond)p two-photon resonance”: 6= wp—(wg,+A), where A

V. A SYSTEM
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|2> Here,I' has been introduced in order to phenomenologically
S account for finite ground-state coherence life time. Obvi-
I | A ously, the probe beam will always experience gain with the
2A0t ---------- + dispersion switching sign at and being negative for the driv-
e ing field frequency difference obeying,>1T".
* If the driving field is increased some atoms will actually
be transfered to the excited state. Even, if the single-photon
QP scattering rate due to the bichromatic driving field 2
=2 ny,/A2 is much smaller than the excited-state popula-
\_/ |0> tion decay rate, it can have a substantial effect on the ground-
T state coherence as this coherence is diminished by any exci-
tation process. Effectively, the two-photon line widthwill
FIG. 4. A system driven by a bichromatid@=2 A,) far off-  be broadened by half of the sum of the two single-photon
resonant 4) field with the Rabi frequency of both components scattering rates,
denoted by(),. The monochromatic probe is tuned across the
mean of both two-photon resonances. All atoms are pumped into 1 D
state|1) prior to interaction with the optical fields. Phenomenologi- I'=yo+ EZFSC: Yot Y F (29)
cally, the ground-state decoherence fthas been included.

2

— Lyt wpy—2w1), i ands are the enerav separa- where vy, describes the residual nonzero two-photon line
JznwDé t\(/Usz N ;‘F}l | Wworz ot wlznd the ex itgg tpt width which is determined, for example, by the finite inter-
ons between the lower siales & € excrred sta’e, anéjction time or collisional dephasing.

wp1, wp, and wp are the driving fields and probing field 4014 analyze the performance of this system we first
angular frequencies, respectively. The basic idea is to SUQetermine its figure of meri® as
press any absorption related to a single-photon transition by FOM
strongly detuning all optical fields from their respective A2_T?2

. . 0 Y
single-photon resonances. Further, in order to actually FOM=—0— =,
achieve substantial negative dispersi@mnd gain for the Ad+12 T
probe field, the system has to be prepared intd thground
state prior to interaction with the optical fields. The interac-which approaches its maximum at,>T" to yield ® 50
tion time and the probe and driving field intensities have to=y/I". Hence, theA system gains its advantage over a
be small enough to avoid any substantial population of th&écheme based on two closely spaced dipole allowed optical
stateg0) and|2), as in the steady-state case the two-photoriransitions from the fact thdf can be smaller than typical
population inversion between the ground states will vanistoptical decay ratey by several orders of magnitude.
and the sample will basically be “transparent” not only with ~ One parameter to optimize is the driving field frequency
respect to the single photon but also with respect to the twodifference 2\. For y,=10"2y and the saturation parameter
photon interaction. e=03/A?=10"2 we start at larged,=1000y. For large

In order to find an expression for the absorption and disfrequency differences the dispersion is small, but so is the

persion of the probe field, we will not make use of Egs.absorption, see E¢23) and graph B) of Fig. 5. Please note,
(1-12, but start from the discussion given by Dogariu andthat the arrows in this figure indicate the directiorirafreas-
co-workers(Eqs(24) and(26) in Ref.[8]), who used a sim- ing A, and e. As we decrease\y, both quantities grow
plified solution of the Schdinger equation to describe this while the figure of merit remains constant, see EXf). As
system. They assumed that all atoms are prepared ifi}he A, reached’, the dispersion switches from negative to posi-
state prior to interaction with the driving and probe field. Astive according to Eq(23). This is due to the fact that now
then statg|0) is virtually unpopulated and the probe field both Raman transitions are virtually overlapping and nega-
amplitude is assumed to be arbitrarily small, any populatiortive dispersion, in general, cannot be achieved within the
of the excited staté2) due to the absorption of a probe resonance of a single lorentzian shape gain line. From graph
photon can be neglected. Assuming furtfi¢that both driv- B we also note that at maximum dispersion the figure of
ing fields are strongly detuned from the single-photon resomerit is still close to its maximum value. Obviously, this is
nanceA>A,,y and (i) that the|1)—|2) transition is not the optimum working point. From the expression for the dis-
significantly saturated by the driving field, i.eQf/A)?>  persion in Eq.(23) we find, that this point corresponds to
<+, the absorption and the dispersion of the probe beam axOOPTz Jar.

(25

6=0 are given by We will now optimize the saturation parameter
=(Qp/A)2. Please note that according to Eg4) the two-

_ Q% Ty photon line widthl", and therefore the optimum driving field
a= ZF A2+ T2’ @3 jifference frequency 25" T=2/3I'=2/3(y,+¢,) depend

0 on the saturation parameter and on the residual two-photon

QZD (AS—I‘Z) 52 Iine.wi(.alth Yo- Fpr the.optimization ot we will assume that

n~-2— ——"~° vo is fixed while Ay is always kept at its optimum value
A% (AG+T?)? ASPT(€). The result is given by grap® of Fig. 5. For small
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102

101 -]

100 -

10" -

102

10 T T T T FIG. 6. DoubleA system. The two ground statf and|1) are

104 10 102 101 10° connected to the statd) through a drivin_g field with Rabi fre-
quency() tuned to the center of the two single-photon resonances.
A weak field with Rabi frequencf), coupling|0) and|1) to state

FIG. 5. Performance of thd -system driven by a bichromatic |2) is probing the system. Atoms in sta@) and|1) are injected
off-resonant field: dispersion vs absorption at probe resonance into the interaction region at ratg,/2 each. Atoms in the excited

=0. P, TLA-reference point. A) TLA-reference line. B) y,  State[3) are incoherently pumped in{@) at rater. Dephasing of
=102y, €=102 Ay=70,...,1000y. (C) v,=103%y, € the ground-state coherence at raig=10"2 has been introduced

=0,--,1 andA,=AS"T(€)=13, ... I'(¢). The arrows associ- but is not shown here. For bidirectional incoherent pumping a sec-
ated with graphsB) and (C) indicate the direction of increasing ©nd rater (arrow with direction from the stat¢2) to the state3)
Aq ande, respectively. has to be added.

o

saturation parametee the two-photon line widthl', and hancement of the index of refractiq23], and it has also
hence the optimum driving field difference frequencybee” considered for the realization of negative dispersion
2A9PT=T'~2/3y, do not depend ore according to Eq. without absorption in order to provide broadband high fi-
(24). Therefore the figure of merd -\, is constant accord- nesse optical (;aV|t|e&]. AS shov:{n n Fig. (.S.eafh of the
ing to Eq.(25), while @ and—n’ both increase linearly with g_round_ states Is c_:oup!ed to_the E).(C'ted driving” leve)
increasing e, see EQ.(23). As the saturation reaches via a single coupling field with Rak.)' frequenéyp and an-

= (Qp/A)?= y,/7, the two-photon line width is broadened 9ular frequencywp, and to the “excited probe” level2) via

and the figure of merit now starts to decrease as is shown weak probe field with Rabi frequenéyp and angular fre-

graph C of Fig. 5. Basically, this means that)/A)? uencywp
=1yo/v is the optimum saturation parameter as it roughly
maximizes both the absolute value of the dispersion and the
figure of merit simultaneously. LR

For given vy, the optimum system parameters ate * d{Dog+ DigfEp cOg @pl). 26
=(Qp/A)?=yo/y andAy=243 y,. For these parameters, The driving field is tuned exactly to the mean of its single-
n'=—y/(16 yp), a=—1/4, andO®p5{=v/(4 y0). Obvi-  photon resonances, i.op=3(ws+ wsy), wherefi w; is the
ously, the goal is to minimize the residual two-photon lineenergy difference between stateﬁand“), The probe field
width vy, in order to achieve both a large figure of merit andis tuned across its respective mean single-photon resonances,
large absolute value for the dispersion. Then, the bichromatice. wp=3(w,o+ w,;) + 8. Probe field “resonance” then is
cally driven A system provides an enhanced figure of meritunderstood to correspond =0. From each of the excited
(for yo<y/4) and for yo<10 2y it also provides an en- stateg2) and|3) the population decays at rajé2 into each

hanced negative dispersion. of the ground statef)) and|1) due to spontaneous emis-
Finally, it should be mentioned that negative dispersionsion,

without absorption can also be realized with a different kind
of A-type system, which has frequently been discussed
within the context of EIT and strongly positive dispersive
transparent medifl,2]. For a single single-photon resonant
driving field and a single-photon resonant probe field negaHence, 1# is the population lifetime of both of the excited
tive dispersion is provided, only as long 8% exceed€), . states. Further, additional decoherence of the ground states
Therefore, this system cannot be used in the small signal ~ g ~

limit, which is why it has been omitted from our discussion. I'pe=—k01({0]p|1) +(1|p|O)) (29

H,=d{ Do+ D15} Ep cOg wpt)

- Vo e o~
FSEZE (Fpo+ Ty + e+ T3g). (27)

VI. DOUBLE- A-SYSTEM | is included. The performance of the system crucially depends
on how the incoherent pumpir(gee rate, Fig. 6) is imple-
The doubleA system shown in Fig. 6 has been studiedmented which is needed to achieve negative dispersion and
within the context of lasing without inversidri2], the en-  transparency. In general, it is favorable not to incoherently
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pump atoms out off the atomic ground states as this would i
diminish the ground-states coherence and reduce the EIT el )
fect. This is why we chose here to incoherently pump atoms 10% 1
from the excited driving statf8) to the excited probe state T
12), = 10° /
o —
~ ~ n
F|p=r R32- (29) <3 102 PA
From the numerical solution of the density-matrix equation T 3 /
the total susceptibility to the probe beam is calculateg, as e c
= Xoz2t X12- ] |
The idea is the following: For strong drivin@p>A, 10 4 i
significant atomic coherence and coherent population trap: { —T
ping (CPT) of the ground states will be established which 10 108 10° 10% 102  10Q°
will provide strong dispersion without absorption for the 3
probe beam. The small fraction of atoms not being trapped in a(3=10")

the dark state will be equally distributed among the excited , .
driving state and the bright linear combination of the ground G- 7. Performance of the double-system with unidirectional
states. Modest incoherent pumping will then ensure that thif'conerent pumping. Dispersion vs absorption for different values
population in staté2) basically equals the population in the of Ao with ), varied. For each paii, (2p) the pumping rate is
bright state and the sample is rendered transparent for thééouusteOI to achieve transparencyat0. Dispersion and absorption
progbe beam P P are given at6=0 and 56=10 %y, respectively. Notex 5> for

L small 6. P, TLA-reference point. A) TLA-reference line. B)
Before we proceed to optimize the system parameters f°§A0/y= o5 Qp/y=361...,694 with  ropr(Qp)y

maximum figure of merit or maximum negative disp(.ar_sion:24.8 ...048. ©C) 2Mg/y=1, Qply=127,...27.7 with
we will addre_s§ the_ ques'tlon of how to |mplement unldlrec-rOPT(QD)/7:252 ...0.48.B;, B,, B see text. The arrows as-
tional and bidirectional incoherent pumping. If one usedsqciated with graphs) and (C) indicate the direction of increas-
electromagnetic fields in order to pump atoms fr{h di- ing Qp .
rectly to |2), the pumping would actually be bidirectional,
with the effective population transfer depending on the popubecause of the symmetry of the spettfee absorption at a
lation differencebetween3) and|2). This method was dem- detuningé corresponding to the spectral width of teignal
onstrated by Zibroet al.[12], who used a broadband optical will be atypical value for the residual absorption. As we are
field in order to ensure an incoherent transfer of atoms. Ofiot considering a specific signal here, we arbitrarily pitk
course, for the scheme discussed in this paper, one would 10 3y and keep in mind that the residual absorption scales
have to apply, e.g., a broadband rf-magnetic field to transfelike the square of the signal bandwidth, and therefore the
atoms from|3) to |2). Unidirectional incoherent pumping figure of merit scales lik@® gqy 1/,
could be realized, for example, via an intermediate exited The result of our optimization is shown in Fig. 7 for the
state|i). Then, atoms could be pumped frd8) to the in-  specific case of ;=25 y and 2A,= v, see graphsg) and
termediate statéi) by means of a strong optical field. If a (C), respectively. It is assumed thaty> ko=10"3y> v,
significant fraction of the population in staf®) decays to =10 8y. We first want to give a short description of graph
state|2) at a rate considerably larger than the rate of pump{B) and then we will provide a qualitative explanation for
ing from |3) to the intermediate statié), no population is the existence of its two different regimes.
accumulated ini) and both the “optical pumping” from3) Our calculation shows that for the system in order to
to |i) and the decay froni) to |2) are unidirectional. achieve transparenc§), has to excee@3/y>=Aq/y. This

We next want to optimize three system parameters for thsituation corresponds to poinB{). IncreasingQlp to Qp
doubleA system with unidirectional pumping: the ground- =A, [point (B2)] actually decreases the figure of merit. If
states energy differencef2A, the driving field Rabi fre- (p is increased beyonflp=A, absorptiona and disper-
quency ) and the incoherent pumping rateWe choose sion —n’ are reduced, while the figure of megqy is
the following strategy: for any gived, andQ, the inco- maintained. Finally, at large driving field Rabi frequencies
herent pumping is chosen so that the medium becomesQ3/A3= y/(2kq,) [point (B3)] the dispersion switches sign
transparent for the probe at zero probe deturdingd. Then, and the medium shows normal dispersion without absorp-
at fixedA, the driving field Rabi frequenc@) is varied and  tion.
the dispersion at probe resonan®e0 is calculated. As now For a qualitative understanding of the existence of these
the medium is exactly transparent&t 0, we have to find a different regimes let us first consider arbitrarily small driving
different way to quantify how well the absorption is sup- field Rabi frequencies. In this case transparency at zero-
pressed for a given system. To do so, consider ssigi@gal  probe detuningg=0 cannot be achieved for any given inco-
propagating through the strongly dispersive medium. Tcherent pumping rate, which is obvious fo) ;= 0. No sig-
carry any information, it has to have a certain bandwidth. Asnificant ground-state coherence is generated(Igr<A,,
the absorption depends on the probe detuningdike* (we  and the behavior of the system can be well understood in
have just canceled the constant term, there is no linear terterms of a simple rate equation model: we startOaf,r
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<y and increase. This reduces the probe absorption, which ~ Our detailed calculations aiming at the comparison of the
is expected because population is more efficiently pumpedyStem's performance for various values of the ground-state
from |3) to |2) thus reducing thd0)«|2) and|1)<|2) splltt_mg 2A, show thrge major re_sults(l) all parameters
population difference. However, increasingven beyond provide an enhapged figure of merit whereas. only at modest
=y keeps reducing the probe absorption significantly. This isground-state splittingo~ y enhanced dispersion can be re-

due to the fact that the strong incoherent pumpirsgy alized. Compare grapfB{ versus graph() of Fig. 7 (ii)

broadens the line width of the driven optical transitions. DueW'thln the regime where strong coherence is established, all

to this broadening the driving field, which is detuned from systems basically provide the same figure of méiit) for

he sinale-oh ftoctivel 2A,>v the best figure of merit and the largest absolute
the single-photon resonances, more € ectively pumps atomgy e for the dispersion are achieved in the incoherent re-
from the ground states to the excited sti&e. From there,

X X gime, see for example poiitl of graph B). In this regime,
more atoms are transferred to the excited sfajeby inco- already modest driving field Rabi frequencifs,= Aoy

herent pumping. For strong incoherent pumping2Ao s ., and large incoherent pumping rates 2A, are required
>y both ground states start to overlap due to the broadeninging the system qualitatively behaves like two closely spaced
Increasingr even further, and therefore broadening the drlv-gain lines. Our calculations show that large splittidgsare
ing field transition even more strongly actually starts to re-favorable as they guarantee the best figure of merit available
duce the driving field absorption. Hence, now {B¢—|2)  at all. As a reminder to the foregoing discussion, we would
and|1)«|2) population difference starts to increase. Obvi-like to point out again that for the double-system with
ously, for small(), the incoherent pumping that provides the unidirectional pumping the figure of merit, in principle, is
largest reduction of absorption iigpt=2A,. limited only by the bandwidth occupied by the probe signal.
Keepingr=ropt We now increasdlp starting at arbi- We just showed that enhanced dispersion and the largest
trarily small values. Due to the large detunisg>Q, yof  figures of merit are provided for “modest” driving)p
the driving field from the single-photon resonances, neither a-Ao. However, in this regime a large fraction of the popu-
significant saturation of the driving transitions is achievedlation is accumulated in the excited stat@$ and|3). This
nor a significant ground-state coherence is established, artgl @n indication for the fact that this parameter regime will
hence transparency cannot be reached. In order to reach sfgt Provide good signal-to-noise characteristics for the driv-
nificant saturation a driving field scattering rate has to bdnd and probe beam at the quantum noise level due to spon-
established, which is comparable to the radiative decay rai@neous emission associated with the exited-state population.

v of |3). Forrgpr=2Ay>y our calculation shows that this
scattering rate ifSC~Q%/AO, so that the significant satu-

ration is achieved at (p/y)*~Aq/y. Therefore, Qp As mentioned in the preceding section, the implementa-
~\/25/2 y is the minimum driving field Rabi frequency nec- tion of incoherent pumping is crucial for the performance of
essary to achieve transparency at,225y. This corre- the system in terms of providing negative dispersion without
sponds to poinBlin Fig. 7. absorption. We next want to show that tihéirectional
Next we start to increas@p beyondQp= A,y to Qp pumping results in a scheme which does not provide an en-
~A,, which corresponds to poifB2 in Fig. 7. In this first, han.ced'figure of' merit. The corresponding level scheme is
incoherent regime the system simply corresponds to tw@dain given by Fig. 6. _ _
closely spaced gain lines. Enhanced negative dispersion and e have modeled the system by essentially using the
an enhanced figure of merit are provided at frequencies bes@me Hamiltonian as for the doublesystem with unidirec-
tween the two gain lines. tional pumping but have replaced the incoherent pump con-
Now we keep increasinglp beyond Qp=A, to tribution by’ \p=r{R,3+Rs,. We expect that for this sys-
(Qp/Ag)%=17yI/(2kq;), which corresponds to poinB3.  tem in generap,,< pzs<pgo= p11 holds true. Therefore, the
Please keep in mind thatis always understood to be ad- medium should not become transparent under any condition
justed to actually achieve transparency at zero probe deturike. arbitraryQp, Ay, andr), which is confirmed by our
ing. Our calculation shows that the incoherent pumping ratsimulations.
ropt quickly drops fromrgpr=2A¢>7vy to rop~0.5y as We now vary the driving field Rabi frequend)p and
Qp isincreased beyondly. Further, significant ground-state adjustr =rop({)p) in such a way that the figure of merit is
coherence is generated. This coherence assists the reductimaximized. As an example for this optimization procedure
of probe absorption and — unfortunately — reduces thewe give the dispersion and the absorption at resonahce
anomalous dispersion as well. Hence the figure of merit is=0 for a ground-state splitting afy= v, see graphk) of
constant a$)p, is increasing. In this second, coherent regimeFig. 8. A comparison of graphF) versus graphX) clearly
negative dispersion is basically restricted to a probe detuningemonstrates that the doublesystem with bidirectional in-
of |8]=<1. coherent pumping does not exceed or even reach the figure
As we reach Qp/Aq)%2= /(2 koy) (pointB3) the ground  of merit of the TLA-reference system. Our calculations show
states effectively become degenerate due to power broadetirat this result holds true for all other ground-state splittings
ing of the |0)«|3) and|1)«|3) transitions. Beyond this Ag>«kg; as well. In this sense, the double-system with
driving level the dispersion flips sign again and becomegidirectional incoherent pumping does not provide negative
positive. dispersion without absorption. However, enhanced disper-

VII. DOUBLE- A-SYSTEM I
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regime also provides the largest negative dispersion and the

104 S / now take the absorption at a detuning equal to half width at
Py A half maximum bandwidth of a probe signal as a measure for
102 ) \ ,.-" the residual absorption. Sincexé?, the absorption de-
o creases and the figure of meioy=|n’/a| increases qua-
100 - i dratically asdg,g decreases. A probe signal bandwidth reduc-
- tion, say, of a factor of 10 therefore reduces the absorption
? 102 by a factor of 100, which moves grapk) to the left. This
has been indicated by an arrow. Furthermore, as we have
104 shown for this system, negative dispersion can be realized
5 : over a spectral range which is large comparedytaf the
1071 ground-state energy spitting is large compared tand the
10 J driving field intensity is modest (Ag y<Qp<Ag). This
I 1 I 1
10°  10°  10* o 102 10°  10% 10 largest figure of merit among all schemes discussed in this

paper. However, there is a major drawback associated with

FIG. 8. Comparison of five different atomic schemes with re-this scheme. For some applications such as broadband high
spect to their performance as a negative dispersive transparent mgnesse optical cavitiel9] the absorption has to be canceled
dium. The graph shows dispersion vs absorptnTLA-reference very precisely at zero-probe detunidg-0 and the negative
point. (A) TLA-reference line. B) Strongly driven TLA, see graph - gishersion very accurately has to match a certain value. Un-
(C) of Fig. 2.' (C) Degenerate TLA, see grapB.I of F'.g' 2'. 0) fortunately, the residual absorption and the dispersion
A-system driven by an off-resonant bichromatic driving field. Seestrongl depend on the incoherent pumping rate, which poses
graph ) of Fig. 5. (E) DoubleA system with unidirectional in- Seriousyrequests on an experimental realization'

coherent pumping. See curv€) of Fig. 7. (F) same ask), but ) ) . .
with bidirectional incoherent pumping rate. Arrows have been The bichromatically drivenA system D) provides an

added for curves@), (D), and ) to indicate the dependence of enhanged figure of merit if the grognd—state coherence decay
the performance on individual system parameters. For an explan&&t€ Yo is small compared tg and it even shows enhanced
tion see Sec. VIII. negative dispersion if,=<10 2y. In fact, the whole graph
(D) is shifted up or down ify, is decreased or increased,
sion and absorption are realized for modegt Qp=<y. The  respectively. This has been indicated by an arrow in Fig. 8.
comparison between the double-system with unidirec- The advantage of this system consists in providing its maxi-
tional and bidirectional incoherent pumping clearly showsmum figure of merit and maximum dispersion at driving field
how strongly the performance of a system does depend oRabi frequencie$)p <y which can be smaller than the Rabi

the way incoherent pumping is implemented. frequenciesQ)p~Aq=vy needed for the doubla- system
with unidirectional pumping ) by several orders of mag-
VIIl. COMPARISON nitude. If very large figures of merit§gq,=10°) are re-

quired for only a small probe signal bandwidih, s the per-

In this section we compare the five different schemes. Foformance of the bichromatically driveA system D) will,
each of these schemes one graph is shown in Fig. 8: thigowever, tend to be inferior to that of the doullescheme
strongly driven two-level systemB(), the degenerate two- with unidirectional incoherent pumpingEj: with the
level system C), the A-scheme driven by a bichromatic bichromatically drivemA system negative dispersion without
off-resonant driving fieldthe gain doublet(D), the double- absorption is achieved over a spectral bandwidth of order
A system with unidirectional incoherent pumpikdpuble-  y,, see Sec. V. Asy, has to obeyy,> 5, its maximum
A-system ) (E), and the doublekx system with bidirectional figure of merit scales like/ 55, [Eq.(25)], whereas it scales
incoherent pumpingdoubleA -system 1) (F). Again, the like (y/ds,c)? for the doubleA scheme with unidirectional
reference point defined by the simple two-level system withpumping(see Sec. VL Finally it should be emphasized that
a weak probe is given as poifty and curveA as usually the bichromatically driven\ system relies on the following
defines the reference line by indicating all points which pro-assumptions: all atoms are prepared in a single atomic state
vide the same figure of merit as the reference two-level sysprior to the interaction with the driving and probing field and
tem. no significant redistribution of atomic population does occur

According to Fig. 8 the doublé- system with bidirec- during this interaction. This may again require special ex-
tional incoherent pumping, graplF}, is the only scheme perimental attention if one is aiming at very large figures of
providing enhanced absorption. The dispersion is also ermerit.
hanced, but this is less pronounced, so that the figure of merit The strongly driven two-level systenB) does not pro-
never exceeds the reference value. vide enhanced dispersion but can be used to realize an en-

The doubleA system with unidirectional incoherent hanced figure of merit. Its advantage consists in not relying
pumping, graph E), is the only system providing perfect on long-living ground-state coherences as opposed to the
transparency. In principle, its figure of merit is limited only bichromatically drivenA system. It also does not depend on
by the spectral bandwidtids,; of the probe signal: as the how well and how precisely incoherent pumping can be es-
absorption is exactly canceled at probe resonafe® we tablished, a fact which is essential for the performance of the
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doubleA system E). As the figure of merit scales like dispersion(of the index of refractiop and the figure of merit
(Qp/y)? (see Sec. I, large figures of merit can be given by the ratio of the dispersion to the absorption. These
achieved if powerful lasers are available. guantities are always compared to the values corresponding
Finally, the degenerate two-level systei@)(has some to a simple two-level system interacting with a weak and
remarkable features. From the comparison wi),(the resonant probe field. With respect to this reference scheme,
strongly driven two-level system, we find that both schemesve define regimes of enhanced or reduced absorption, en-
basically show the same dispersion vs. absorption graph&anced dispersion, and enhanced figure of merit. Five differ-
However, by means of small ground-state decoherence rategnt atomic schemes have been discussed: the strongly driven
large figures of merit can be achieved with the degenerattwo-level system, a specific degenerate two-level system, a
two-level system at a modest driving field Rabi frequencyA-system driven by a bichromatic, off-resonant driving field,
Qp~1, as it has been mentioned in Sec. IV. From that secand a doubleA system with unidirectional and bidirectional
tion it also follows, that a reduction or increase of theincoherent pumping. These are the only schemes not sub-
ground-state decoherence rateshifts graph C) to the left  jected to group velocity dispersion which are known to the
or right along graph B). This has been indicated by an authors to provide negative dispersion without absorption or,
arrow. Please note that maximum dispersion @) (corre-  equivalently, and enhanced figure of merit.
sponds toQdp~ . This is a significant advantage over the The last scheme mentioned turned out to provide en-
strongly driven two-level system. Even more important is thehanced absorption and dispersion without enhancing the fig-
fact that the degenerate two-level system is the only schemge of merit. The largest dispersion is provided by the
providing negative dispersion without absorption while doubleA system with unidirectional incoherent pumping,
avoiding dissipation of both the driving and probing fields. which also is the only scheme providing perfect transpar-
Therefore this system is the only interesting candidate foency. The bichromatically driven system is competitive in
QND type of measurements. the regime of modestly enhanced dispersion and figure of
Obviously, the optimum choice of the system depends ornerit, as its experimental implementation is more straight-
the application one has in mind. For certain applications, théorward. However, for intracavity applications of these type
enhancement of dispersion can be the most essential goal media, the figure of merit is the most crucial parameter
while residual absorptioisay, at a few percentage leyés  and the strongly driven or degenerate two-level system are
acceptable. Then, the bichromatically drivansystem D)  the most suitable schemes. The degenerate two-level-system
as well as the doubld- system with unidirectional pumping has tighter experimental constrains than the strongly driven
(E) may be the most promising candidates. This is the cas&LA but shows a remarkable advantage over the latter and
e.g. for experiments on superluminal pulse propagdijn all other schemes: it provides an enhanced figure of merit
However, if the figure of merit is the most essential featurewhile avoiding dissipation of both the driving and probing
the strongly driven two-level systenB) or the degenerate field. This is an important feature for QND type of applica-
two-level system C) may be the optimum choice. This ap- tions. Further, when compared to the strongly driven two-
plies, for example, to the realization of broadband high-level scheme, it achieves large figures of merit at smaller
finesse optical cavities. If powerful lasers are availabBd, (  driving field Rabi-frequencie€~ y, which is an important
is the most simple scheme to be implemented experimerfact in experimental terms. Finally, the degenerate two-level-
tally, as it does not rely on small ground-states decoherencgystem is likely to provide the largest figure of merit of all
rates. However, if the dissipation and loss of both the drivingschemes which were discussed.
and probing fields have to be avoided, the degenerate two- Note added in proofRecently, Wilson-Gordon and Fried-

level system C) will be the only choice available. mann[24] discussed the nearly degeneratesystem. In the
limit of strong driving (degenerate limjtthey find negative
IX. CONCLUSION dispersion without absorption.
We have shown that thre@r equivalently twoindepen- X. ACKNOWLEDGMENT
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