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Abstract

A simple model of the Voigt spectral profile is employed to analyze the influence of the sizes of a vapor cell on the shape of
the spectral contour of the linear susceptibility. The width of a resonant spectral line observed in transmission and absorption
spectra measured with such a vapor cell is shown to tend to the natural width as one of the sizes of the vapor cell approaches
the wavelength of the spectral line. The possibility of usingλ-thick vapor cells, as well as one- and two-dimensional photonic
band-gap structures for high resolution measurements is discussed. 2001 Published by Elsevier Science B.V.
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1. Introduction

Doppler broadening of spectral lines is a key issue
in many areas of high-resolution spectroscopy, opti-
cal frequency metrology, and optical frequency stan-
dards. There are several standard ways to alleviate
problems related to Doppler broadening widely used
in ultrahigh-resolution spectroscopic measurements.
The use of nonlinear optical processes in counter-
propagating beams [1,2], hole burning [2–4], measure-
ments on slow, cold, and trapped particles [5–7], laser
spectroscopy of forbidden transitions [3,5], and spec-
troscopy of Ramsey fringes [5,8] are among the most
widespread methods of high-resolution spectroscopy.
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A simple approach to sub-Doppler measurements with
a room-temperature gas has been recently proposed
by Briaudeau et al. [9,10], who observed sub-Doppler
features in transmission spectra of a low-pressure va-
por filling a commercially available thin glass cell with
a thickness of 10–100 µm, thus extending the pillbox-
cavity approach to microwave spectroscopy, proposed
and experimentally implemented by Romer and Dicke
back in 1955 [11], to the optical range.

In this Letter, we will examine the extension of the
approach proposed by Briaudeau et al. [10] to aniso-
tropic vapor cells with one of the sizes reduced to a
characteristic scale of optical wavelength (Fig. 1(a)).
Cells of this type and even one- and two-dimensional
arrays of such cells (often arranged in periodic struc-
tures, called photonic band-gap structures, see Fig.
1(b)) can be fabricated by means of modern technolo-
gies. We will employ a simple model of inhomoge-
neous spectral broadening to analyze the influence of
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Fig. 1. An ultrathin vapor cell (a) and an array of such vapor cells
arranged in a periodic one-dimensional (photonic band-gap) struc-
ture (b):a is the thickness of the cell;b is the thickness of cell walls;
k andω are the wave number and the frequency of incident light, re-
spectively;χ(ω) is the linear susceptibility of the resonant gas fill-
ing the cell;v is the velocity of a gas species; andvz its projection
on thez-axis, which is chosen along the direction corresponding to
the minimum size of the cell.

the sizes of a vapor cell on the shape of the spec-
tral contour of the linear susceptibility. This analysis
shows that the width of a resonant spectral line ob-
served in transmission spectra measured in the direc-
tion perpendicular to the larger dimension of the cell
tends to its natural width as one of the sizes of the va-
por cell approaches the wavelength of the spectral line.

2. The main idea: spectral and time-domain
approaches

In this section, we shall illustrate our main idea of
sub-Doppler measurements with a laser beam shin-
ing on an anisotropic vapor cell where, similar to the
Romer–Dicke pillbox-cavity approach to microwave
spectroscopy [11], one of the sizes is very small. The
gas-cell design is shown in Fig. 1(a). Thez-axis is cho-
sen along the direction where the size of the cell
reaches its minimum valuea. Then, it is natural to as-
sume that the frequency of collisions of gas species
with the cell walls depends on thez-projection of the
velocity of gas species and to start with an expression
for a velocity-dependent Voigt spectral profile of the

linear susceptibility [12]:

χ(ω) = (na − nb)µbaµab

h̄

(1)×
∫

f (vz)

ω0 − ω + kvz − iγ (vz)
dvz,

where na and nb are the populations of upper and
lower resonant levels,µab andµba are the matrix ele-
ments of the electric dipole moment,ω0 is the transi-
tion frequency,f (vz) is the distribution function of ve-
locity projections on thez-axis,k is the wave number
of incident light, andγ is the spectral width depending
on the velocityvz.

Our next key assumption is that the total spectral
width γ for a group of gas species with thez-compo-
nent of their velocities equal tovz can be represented
in our geometry as a sum of the natural spectral width
γ0 and a velocity-dependent partγ1 of the spectral
width, which can be written in its turn asγ1 = vz/a:

(2)γ (vz) = γ0 + |vz|/a.

Thus, we assume that gas species with higher val-
ues of|vz| collide with the cell walls more often and
are, therefore, characterized by a more considerable
spectral broadening than gas species with lower|vz|.
Since the number of particles in the cell remains con-
stant, this implies that the contribution of such parti-
cles to the absorption of light around the line center de-
creases, allowing sub-Doppler features to be observed
at the center of the transmission spectrum. These spec-
tral features free of Doppler broadening are obviously
related to gas species possessing minimum values of
|vz|, i.e., moving perpendicular to thez-axis.

Writing Eq. (2), we assume, of course, that colli-
sions with cell walls play much more important role
than collisions between gas species. This assumption
imposes a limitation on the vapor pressure in the cell.
In particular, the pressure of a saturated cesium va-
por at room temperature is 10−4 Pa [13]. The mean
free path length of cesium atoms under these condi-
tions can be estimated as 3.5 µm, which means that the
resonance wavelength is much shorter than the mean
free path under the above-specified conditions and
Doppler-free measurements can be performed even at
room temperature. The absorption coefficient of Cs va-
por at 852 nm in such a situation can be estimated as
1.3 cm−1, which implies that the use of vapor-cell ar-
rays may be preferable in this case to achieve a no-
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ticeable change in the amplitude of the signal passing
through a rarefied gas. Nanochannel glass plates [14]
and holey-fiber-type structures [15–17] can be em-
ployed for this purpose, as will be discussed in greater
detail below in Section 3.

A physically instructive way of looking at the spec-
tral-line narrowing problem in the above-specified ge-
ometry is to employ the time-domain approach. To un-
derstand changes arising in the spectrum of a resonant
line due to the influence of the gas-cell walls in terms
of the time-domain approach, we consider a group of
gas species with a projectionvz on thez-axis (Fig. 1)
and calculate the time evolution of the impulse re-
sponse (or the time-domain linear optical susceptibil-
ity [8]) of this group of particles, i.e., the response of
this ensemble to aδ-shaped optical pulse of a light
wave propagating along thez-axis (Fig. 1(b)), aver-
aged over the cell volume. We will take the attitude
of Romer and Dicke [11] by assuming that collision
with a cell wall transfers a particle to the state of ther-
mal equilibrium, or at least disturbs the phase of its
oscillating moment, so that particles provide no contri-
bution to radiation after collisions with the walls. We
also ignore collisions with other particles (for time-
domain modeling of processes influencing the shape
of spectral lines in high-density molecular gases, see,
e.g., [18]) and radiation damping. Thus, the macro-
scopic polarization responsible for radiation is propor-
tional to the densityn(vz) of particles that have never
collided the wall since the initial moment of time. As-
suming that these particles are characterized by a uni-
form distribution in the coordinatez, we arrive at

(3)n(vz) =
{

n0(vz)(1− vzt/a), vzt/a < 1,

0, vzt/a > 1,

wheren0(vz) is the density of particles whose velocity
projection on thez-axis is equal tovz. The impulse-
response function averaged over all the particles can
be then represented as

(4)χ̂(t) =
∫

χ̂v(t)n(t, vz) dv,

where χ̂v(t) is the time-domain linear susceptibility
of a single particle whose velocity projection on the
z-axis is equal tovz in the absence of collisions.

It is instructive to compare Eq. (4) for̂χ(t) with the
time-domain susceptibilitŷχL(t) obtained by taking
the Fourier transform of Eq. (1) for the Voigt contour

of χ(ω), which corresponds to the Lorentz model of
the frequency-domain susceptibility of a single parti-
cle. Applying the Fourier transform to Eq. (1), we de-
rive

(5)χ̂L(t) =
∫

χ̂vL(t)nL(t, vz) dvz,

where

χ̂vL(t) = i
µbaµab

h̄
exp

[−i(ω0 + kv)t − γ0t
]

is the Lorentz model of the time-domain susceptibility
of a single particle whose velocity projection on the
z-axis is equal tovz in the absence of collisions and

(6)nL(t, vz) = (na − nb)exp
[−|vz|t/a

]
f (vz)

is the density of particles whose velocity projection on
the z-axis is equal tovz. The decrease innL(t, vz) as
a function of time reflects the fact that the density of
particles that never hit the cell walls lowers with time.

Comparing Eqs. (3) and (6), we find that the Lorentz
model of the frequency-domain linear susceptibility
of a single particle brings us to an exponential time
dependence of the density of particlesnL(t, vz) con-
tributing to the impulse response (the dotted curve
in Fig. 3), while the time-domain approach based on
Eq. (3) gives a linear time dependence of the rele-
vant density of particlesn(t, vz) (the solid curve in
Fig. 3). Fig. 3, displaying the time dependences of
n(t, vz) and nL(t, vz), gives a clear idea of the dif-
ferences between the time-domain approach based on
Eqs. (3) and (4) and the frequency-domain approach
based on the analysis of Eq. (1). However, although
the predictions of these two approaches may quantita-
tively differ from each other, the qualitative features
predicted by these models should be the same, and
the time-domain (more physical in some respect) ap-
proach generally verifies the spectral approach based
on Eq. (1). In particular, we will show below in Sec-
tion 3 that both models give the same criterion for
the appearance of sub-Doppler features in inhomoge-
neously broadened spectra of gases in a thin cell.

3. Results and discussion

We performed calculations of line spectral profiles
assuming that the distribution of gas species in their
velocity projections on thez-axis is described by a
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(a)

(b)

Fig. 2. The spectral profiles of the imaginary (a) and real (b) parts
of the linear susceptibility calculated with the use of Eqs. (1)–(3)
for the 6S1/2–6P0

3/2 transition of Cs atoms with a wavelength of
852 nm fora = 10 (1), 3 (2), 1 (3), and 0.1 µm (4) withkσ/γ0 =
80 andγ0 = 1.8 MHz, which corresponds to the temperatureT =
300 K. The solid lines 5 display the Doppler-free spectral profiles of
the imaginary and real parts of the linear susceptibility with natural
widths of the considered spectral line.

Maxwellian function:

(7)f (vz) = f0(vz) = 1

σ
√

π
exp

[
−

(
vz

σ

)2
]
,

whereσ = √
2kBT /m, kB is the Boltzmann constant,

T is the temperature, andm is the mass of gas species.
Fig. 2 displays the spectral profiles of the imaginary

(Fig. 2(a)) and real (Fig. 2(b)) parts of the linear sus-
ceptibility calculated with the use of Eqs. (1)–(3) for
the 6S1/2–6P0

3/2 transition of Cs atoms with a wave-
length of 852 nm fora = 10 (1), 3 (2), 1 (3), and
0.1 µm (4) withkσ/γ0 = 80 andγ0 = 1.8 MHz, which
corresponds to the temperatureT = 300 K (the hyper-
fine splitting was ignored in these calculations). The
solid lines 5 in Figs. 2(a) and (b) display the Doppler-

Fig. 3. Time dependences of the densities of particlesn(t, vz) and
nL(t, vz) whose velocity projections on thez-axis are equal tovz

and that contribute to the impulse response of the systemχ̂ (t) cal-
culated with Eqs. (3) (solid line) and (6) (dotted line), respectively.

free spectral profiles of the imaginary and real parts
of the linear susceptibility with natural widths of the
considered spectral line. As can be seen from the re-
sults presented in these plots, the sub-Doppler struc-
ture of the spectrum around the resonance frequency
becomes especially well pronounced when the sizea

of the cell becomes comparable with the resonance
wavelength, i.e., whenka ∼ 1 (curves 2–4). In the case
whenka � 1, the spectral profile of the linear suscep-
tibility only slightly differs from the relevant Doppler
profile (curves 1 in Figs. 2(a) and (b), which corre-
spond toka = 7.4).

The fact that the spectral profile of the linear sus-
ceptibility becomes essentially sub-Doppler when the
thickness of the cell becomes comparable with the res-
onance wavelength can be qualitatively understood in
a very simple way. Doppler-free features with a nat-
ural line width become noticeable against the back-
ground of a Doppler-broadened resonance line when
the line width of the spectral profile corresponding to
gas species whose Doppler shift is equal to the nat-
ural width (kvz = γ0) considerably (say, by a factor
of two, see Fig. 4) exceeds the line width of the spec-
tral profile corresponding to species withvz = 0: γ0 +
vz/a � 2γ0. With such a criterion, we arrive at

(8)ka � 1.

In terms of the time-domain approach, this criterion
can be understood if we estimate the phase shift in-
curred by a particle moving with az-projection of the
velocity vz askvzt . Then, to reduce the contribution
of particles with a large phase shift to the inhomoge-
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Fig. 4. Doppler-free features with a natural line width become no-
ticeable against the background of a Doppler-broadened resonance
line when the line width of the spectral profile corresponding to gas
species whose Doppler shift is equal to the natural width (kvz = γ0,
the dotted line) exceeds the line width of the spectral profile corre-
sponding to species withvz = 0 (the solid line) by a factor of two.

neously broadened spectral line, we require that all the
particles with az-projection of the velocity equal to

(9)kvzt ∼ 1

should undergo collisions with the walls, i.e.,

(10)vzt/a > 1.

Combining Eqs. (9) and (10), we arrive at the crite-
rion of Eq. (8), which is now understood as the condi-
tion of reducing the influence of Doppler dephasing. In
other words, if the inequality of Eq. (8) is satisfied and
a light wave propagates along thez-axis (Fig. 1(b)),
a moving particle sees a light wave whose phase re-
mains approximately the same within the entire cell,
with no additional phase shift arising for such a parti-
cle.

An important conclusion that follows from our ex-
amination is that sub-Doppler features become espe-
cially noticeable when an anisotropic vapor cell is de-
signed in such a way that one of its sizes is on the or-
der of the resonance wavelength. This kind of relation
between the optical wavelength and the characteristic
size of the structure is typical of photonic band-gap
(PBG) structures [19–21]. A concept of a PBG cell
seems to offer much promise for sub-Doppler spectro-
scopic applications also because one can benefit in this
case from using many anisotropic cavities instead of
only one (Fig. 1(b)), which is especially useful under
conditions when the gas pressure has to be kept low in
order to reduce the influence of collisional broadening

(see the estimates above). This concept can be also ex-
tended to two dimensions, bringing us to an idea of us-
ing nanochannel glass plates [14] and holey-fiber-type
structures [15–17] for high-resolution spectroscopy
and optical metrology applications. Although we do
not need the periodicity, which is inherent in PBG
structures, to perform sub-Doppler measurements, this
periodicity, as shown in [22], can be employed to filter
and disperse laser radiation, while a carefully designed
photonic-crystal lattice of a PBG structure allows the
laser guiding of atoms [23], thus offering several use-
ful options in high-resolution experiments.

4. Conclusion

Thus, a simple model of the Voigt spectral profile
employed in this Letter allowed us to analyze the in-
fluence of the sizes of a vapor cell on the shape of
the spectral contour of the linear susceptibility. Gas
species with higher absolute values of the transverse
velocity collide with the walls of an ultrathin cell more
often than gas species with lower absolute values of
the transverse velocity. Since the number of parti-
cles in the cell remains constant, this implies that the
contribution of such particles to the absorption of
light around the line center decreases, allowing sub-
Doppler features to be observed at the center of the
transmission spectrum. We have shown that the width
of a resonant spectral line observed in transmission
and absorption spectra measured with such a vapor
cell tends to the natural width as one of the sizes of the
vapor cell approaches the wavelength of the spectral
line. Ultrathin vapor cells designed in such a way that
one of their sizes is on the order of optical wavelength
may allow the observation of this effect in one di-
mension, while nanochannel glass plates, holey-fiber-
type structures, and other two-dimensional photonic
band-gap structures open the way to observe Doppler-
free spectral features in two dimensions, which can be
employed in high-resolution spectroscopy, optical fre-
quency metrology, and optical frequency standards.
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