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Index of refraction of a system of strongly driven two-level atoms
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We study the refractive index of a system of two-level atoms driven by a strong coherent external field.
We show that this system can produce a large index of refraction accompanied by vanishing absorption.
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The radiative properties of a strongly driven system of
atoms have long been a subject of extensive research in
quantum optics [1]. In an early theoretical study, Mol-
low predicted that strongly driven atoms would display a
three-peaked fluorescence spectrum, quite different from
that observed for weak-field resonance fluorescence [2].
This spectrum was soon observed by a number of experi-
mental groups [3]. Resonance fluorescence is a “physical
laboratory” in which many quantum phenomena can be
detected such as photon antibunching [4], sub-Poissonian
photon statistics [5], and squeezing [6,7]. The absorption
spectrum of a probe field by the driven atoms is also
dramatically different from that by the bare atom [8]. In-
numerable articles have been written over the past 20
years on the subjects of resonance fluorescence and ab-
sorption by a strongly driven atom in a monochromatic
[9] and more recently bichromatic field [10]. In addition,
the technique of high-resolution saturation spectroscopy
[11] is based on the absorption properties of driven
atoms.

On the other hand, the dispersion of radiation by
matter is certainly one of its most fundamental physical
properties [11-13]. The usual dispersion-absorption rela-
tions tell us that at frequencies at which the index of re-
fraction is large, absorption by the medium is also very
large. Near the resonance frequency, the index of refrac-
tion of a gaseous medium at =1 Torr can reach values as
high as 10 or 100, but at these frequencies the absorption
is very high as well, and an incident light beam would be
absorbed within a distance of a small fraction of a wave-
length. Far from resonance, where the gas becomes
transparent, the index of refraction is almost the same as
in a vacuum. Recently, schemes aimed at achieving a
medium having a high index of refraction accompanied
by vanishing absorption via atomic coherence in systems
of three-level [14] and multilevel [15] atoms have become
an area of active interest.

There is a natural fundamental question: What are the
refractive index and dispersion-absorption relations of a
system of two-level atoms driven by a strong, near-
resonant external field? In this paper we answer this
question. In particular, we show that in a range of fre-
quencies the driven atoms produce a high index of refrac-
tion accompanied by vanishing absorption. The two-level
system is simpler than the three- or four-level atomic sys-
tems suggested by Scully and co-workers [14,15] and an
optical material having a high index of refraction along
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with vanishing absorption has potential applications in
fundamental [14,16] and applied physics [17].

We consider a two-level atom, with excited state |2),
ground state |1), and transition frequency w,. The atom
is driven by a coherent external field at a frequency w;
with resonant Rabi frequency 2, and damped at the rate
v by spontaneous emission. In the interaction picture
(with #=1), the master equation for the atomic system
has the form

i =—i[H,p]+LiyLp, (1)
where
_ Q
H_7A002+7(021_012) N (2)
Lp=20p071—0201p—p02013 > (3)
0’22022"'011 . (4)

Here L is the operator representing the damping of the
atom via spontaneous emission; o ;; are the atomic opera-
tors o;=i)(j| (i,j=1,2); and A,=w,—w, is the de-
tuning of the atomic resonance frequency w, from the
driving field frequency w; .

We now suppose that the system of driven atoms is
weakly perturbed by a monochromatic probe field at fre-
quency v, in whose dispersion and absorption we are in-
terested. The linear susceptibility y(v) of the probe field
at frequency v is given in terms of the Fourier transform
of the average value of the two-time commutator of the
atomic operator as [8,18]

XV =iNp? [ “[o(1),05,]),e™d T, (5)

where the index s indicates the steady state of the atomic
system, p is the transition dipole matrix element of the
atom, and N is the atomic density.

The equations of motion for the mean atomic values
(a,-j(t )) (i,j=1,2) can be derived from the master equa-
tion (1) as

d «_ 0
—87(0'12(t)) =—a7<0'2x(t)>

= |- L+ia, (azl(t)>—-%ﬂ(az(t)>,

(6)
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%<az<t>>=—y[1+<a,m>]

—iQ[o,(2))— (o)) ] . (N
The steady-state solution of Egs. (6) and (7) is
2 2
v +4A;
=T 8
(o yi+aAZ +20?2 ®
iQ
(o)s=Cop)5= —y+24, (0.7, . ®

From the quantum regression theorem [19], we know
that for 720 the two-time average (a,-j(r)ok, Y,
(i,j,k,1=1,2) satisfies the same equation of motion as the
one-time average {o;(7)). The equations of motion for
D (1)=([015(7),0,, 1), Py(T)=([0y(7),0,,])s, and
@,(7)=([0,(7),0,;]), thus take the form

Q%A,—2iD(v)
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3 . '
3 Pin)= ‘—Jz’——ma ¢1(T)+éﬂ¢3('r), (10)

3

9 = |2 4 _ i

3 D,(7) 5 +iA, |DPy(7) 20<I>3(7'), (11)
§;¢3(T>=m[¢1(7)—¢2(7)]—yq>3(f) , (12)

subject to the initial conditions

®,(00=—(0,), , (13)
$,(0)=0, (14)
(D3(0):2<0'21>s 5 (15)

where (o, ), and (o,; ), are given in Egs. (8) and (9).

The above equations are simple in form and can be
solved exactly. The linear susceptibility y(v) of the probe
field is then given as

XV)=1NpXo,),

where

D(v)= (y—iA,) . 17

Y _in,
2

%—iAa——iAv

Here A,=v—w, is the detuning of the probe field from
the driving frequency. The linear susceptibility (16) can
be written as

x(v)=x'(v)+ix"(v), (18)

where the real (x’) and imaginary (x'’) parts of y deter-
mine the index of refraction and the absorption
coefficient, respectively, of the probe field. The imagi-
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FIG. 1. Real x’ (solid) and imaginary "’ (dashed) parts of the
linear susceptibility (in units of Np2/y =1) of a probe field in a
system of driven atoms as a function of A,/y for A, /y =0 and
Q/y=2.

(y/72+iA, —iA)D(v)+QXy /2+iA, Ny /2—iA,)

(16)

r
nary part ¥''(v) has been evaluated and discussed by Mol-
low [8] and many others. However, x'(v) has not previ-
ously been explicitly presented (to our knowledge).

In Fig. 1, ¥’ (solid curve) and y"’ (dashed curve) are
displayed (in units of Np?/y=1) as a function of A,/y
for the case of A, =0 and Q/y=2. Clearly, near the
fluorescence sideband frequencies v=w; £Q the index of
refraction (Y’) reaches a maximum value, while the ab-
sorption vanishes. This property is dramatically different
from that of the bare atom, Fig. 2, where Y’ is large at the
same near-resonance frequencies at which y’’ is large. In
Fig. 3, we plot ¥’ and "’ for the case of A, /y =0.5 and
Q/y=2. As in the case of exact resonance (A, =0), the
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FIG. 2. Real x’ (solid) and imaginary "’ (dashed) parts of the

linear susceptibility (in units of Np2/y=1) in a system of the
bare atoms (2 /y =0) as a function of (v—w,)/y.
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FIG. 3. Real )’ (solid) and imaginary "’ (dashed) parts of the
linear susceptibility (in units of Np2/y=1) in a system of the
driven atoms as a function of A,/y for A, /y=0.5and Q/y =2.

index of refraction remains large while the absorption
vanishes. Comparing Figs. 1 and 3 with Fig. 2 we see
that in the system of driven atoms, the index of refraction
is of the same order of magnitude as in that of the bare
atoms. Thus the refractive index of a gaseous medium of
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driven atoms at =1 Torr can reach a very high value,
while the absorption vanishes.

In conclusion, we have calculated the index of refrac-
tion and the dispersion-absorption relation of a system of
driven two-level atoms and have shown that the driven
atoms can produce a high index of refraction accom-
panied by vanishing absorption. A survey of existing
schemes to produce such a transparent, high-index ma-
terial has been given by Scully and co-workers ([14,15],
and references therein). All of these schemes involve
three or more atomic levels, with a pair of these levels
coherently coupled by a strong auxiliary field either be-
fore atomic injection or simultaneously with the test field;
clearly, a two-level atom allows far more freedom both in
atomic selection and in the operation of the device. Some
potential applications of a transparent, high-index optical
material have been suggested in Refs. [14,16,17]; e.g., an
optical interferometer based on a highly dispersive ma-
terial [17] is shown to have potentially superior sensitivi-
ty to that of present devices.
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