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Saturation spectroscopy in optically thick three-level gas media
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High-contrast transmission spectra arising from saturated absorption in optically thick Doppler-broadened three-
level media are analyzed within the formalism of Maxwell-Bloch-type equations. It is found that although in the
strong pumping engine propagation-induced line narrowing and light-shift elimination occur, spectral features
lying within the natural linewidth cannot be resolved.

Saturated absorption spectroscopy (SAS) is a widely
used method for obtaining Doppler-free resonances on
the absorption of a probe beam when atomic and mo-
lecular vapors are simultaneously interacting with a
counterpropagating pump beam of the same frequen-
cy' (see Fig. 1). The technique is mostly used with
modest pump-beam intensities and small number
densities in the sample in order to avoid power- and
collisional-broadening effects, respectively.

An interesting development of SAS has been
achieved recently by Svanberg et al.

2 ' 3 They have
experimentally shown that by working in the regime of
strong pumping intensities and optically thick atomic
samples, natural linewidth resonances on an essential-
ly zero background can be directly obtained. Theo-
retical descriptions of the SAS experiments in the new
regime have also been given, based either on a simple
hole-burning model3 or on a more accurate analysis in
terms of Maxwell-Bloch-type equations.4 Both these
models predict that subnatural linewidths can be
reached, but since they consider samples of Doppler-
broadened two-level atoms, there still remains the in-
teresting question of whether SAS in the new regime
can be used to resolve spectral features that lie within
the natural linewidth.

The simplest model that can give us physical insight
into the subnatural spectroscopy problem is a three-
level system with two nearly degenerate levels (see Fig.
2). A practical example could be an atom or molecule
with a J = 1 ground state and an excited J = 0 state
placed on a static magnetic field parallel to the direc-
tion of the two counterpropagating pump and detec-
tion beams, with the J = 1-J = 0 transition frequency
cwo in the absence of external fields being far apart from
all other absorption frequencies of the system.

The absorbing gaseous medium composed of such
three-level atoms is subjected to irradiation by a
monochromatic field, E(z, t), composed of two coun-
terpropagating plane waves of arbitrary strength,

E(z, t) = a(z)exp(-ict) + c.c.,

a(z) = a+(z)exp(ik0z) + a-(z)exp(-ik 0z),

(1)

(2)

where ko = w/c. Note that the amplitudes of the a+ -
waves depend on the penetration depth z. Specifical-
ly, we consider the simplest setup for SAS1"2 shown in

Fig. 1. The a- wave originates by retroreflection of
the pump beam a+ on a back mirror after traversing
the atomic sample of length L. Each a wave couples
to both 0-1 and 0-2 transitions with respective detun-
ingsA1=A-8andA 2 =A+a,whereA=w-woo. The
coupling of the at fields is characterized by the Rabi
frequencies 29A, which for simplicity are assumed to
be equal for both 0-1 and 0-2 dipole-allowed transi-
tions.

The medium response to the optical field, taking
into account population and coherence effects, is gov-
erned by the ensemble-averaged density matrix p(v, z,
t) whose Fourier components can be expressed in
terms of a continued fraction5 and have been evaluat-
ed within a single-relaxation-rate (single--y) model.

The induced nonlinear polarization P(z, t) can be
expressed in terms of the steady-state susceptibilities
as follows:

P(z, t) = eo(X+a+ + x-a-)exp(-iwt) + c.c., (3)

where eO is the vacuum permittivity and the saturated
medium susceptibilities for the two counterpropagat-
ing waves, x+ and x-, depend on the two phase-
matched Fourier components of the velocity-averaged
atomic coherence,

(4)
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Fig. 1. Simple experimental scheme for SAS in which the
probe beam is obtained by retroreflection of the transmitted
pump beam, which is strongly attenuated despite consider-
able bleaching in the optically dense sample.
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where xI(I+, 1-) is a function of the penetration-
depth-dependent intensity parameter,

I" (Z) = Ila(Z)12 _4 IQA(Z)12,

Is l~~~y2
(8)
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Fig. 2. Three-level system with two nearly degenerate tran-
sition frequencies at cwo + 6 and wo - 6, coupled to two
counterpropagating waves, with the absorber-field interac-
tion characterized by the half-Rabi frequencies Q+ and 9- on
both transitions.

normalized to the line-center saturation intensity I,
These coupled equations, with boundary conditions

I+(z = 0) = Io, the known incident pump intensity, and
I+(z = L) = I-(z = L) for a lossless back mirror, form
the basis for the numerical determination of the re-
troreflected wave, where the quantity of interest is the
reflectivity,

R = [a-(z = O)/a+ = 0)12. (9)

Figures 3-5 show typical transmission spectra of the
retroreflected beam, calculated numerically for differ-
ent values of the normalized incident pump intensity
Io, the splitting parameter 26/y of the lower 1 and 2
levels, and the integrated linear absorption coefficient
aoIL. In addition to the one-photon saturation reso-
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Fig. 3. Spectral line shapes of the probe-beam reflectivity
R for different absorption lengths a0L, with the sublevel
splitting 26 = 10y. All curves are normalized to unity at the
line center.

Fig. 4. Normalized probe-beam reflectivity spectra for dif-
ferent incident pump saturation parameters, with 26 = lO-y
and a0L = 5.

X1 = 2a (Po + P020 ), A = +, -.(5)

Here ao is the resonant unsaturated field absorption
coefficient given by

ao = k~uNf IdI2cy
2eOhc-y

>H

(6) :
ad

where N is the number density of three-level atoms
with an equal electric-dipole moment d for both one-
photon transitions, equal fractional equilibrium popu-
lations (f = 1/2) in both lower levels, and a Maxwellian
velocity distribution with a most probable velocity u.

In the slowly varying envelope approximation the
spatial evolution of the electromagnetic field is found
to satisfy the coupled set of two equations:

da" -2i o* 
dz 2 At = +, -,
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Fig. 5. Probe-beam reflectivity spectra for different sub-
level splittings, with the incident pump intensity Io = 65 and
the optical sample thickness a0L = 5. The applied magnifi-
cation factor has been chosen to normalize the 26 = 2 0y
curve to unity at lA = 0.
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nances, the spectra exhibit at A = 0 a strong crossover
signal where the probe feels through the common ex-
cited level the strong bleaching induced by the pump
beam.

The details of the line-shape alteration as the opti-
cal density increases are shown in Fig. 3 for the case of
a highly saturating incident pump beam, Io = 65. The
line-narrowing effect, related to the preferential wing
absorption for increasing aoL values, can be clearly
seen. However, although power-broadening effects
are substantially reduced in dense media, spectral de-
tails cannot be resolved even at reduced incident
pump levels (see Fig. 4). The saturated absorption
resonances only show up as small bumps, even with a
splitting between the lower levels as large as 10 times
the natural linewidth (26/-y = 10). Note that although
the resonances overlap, Figs. 3 and 4 already suggest
that propagation effects in optically thick media tend
to eliminate the incidence of light shifts,6 despite hav-
ing taken into account in our numerical evaluation all
the nonlinear effects of coherence. This absence of
light shifts appears clearly in the high-contrast and
nonoverlapping spectrum of Fig. 5, in which for 26 =
40y the saturation resonances appear exactly centered
at AIy = +6.

It thus appears that SAS in the new regime should
not be expected to reach the goal of resolving spectral

features that lie within the natural linewidth. The
new technique gives results that are suited to increase
the determination accuracy of the line-center frequen-
cy of isolated transitions, with the obvious advantage
of annulled light-shift effects.
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