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Ground-state magneto-optical resonances in cesium vapor confined in an extremely thin cell
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Experimental and theoretical studies are presented related to the ground-state magneto-optical resonance
observed in cesium vapor confined in an extremely thin cell (ETC), with thickness equal to the wavelength of
the irradiating light. It is shown that utilization of the ETC allows one to examine the formation of a magneto-
optical resonance on the individual hyperfine transitions, thus distinguishing processes resulting in dark (re-
duced absorption) or bright (enhanced absorption) resonance formation. We report experimental evidence of
bright magneto-optical resonance sign reversal in Cs atoms confined in an ETC. A theoretical model is
proposed based on the optical Bloch equations that involves the elastic interaction processes of atoms in the
ETC with its walls, resulting in depolarization of the Cs excited state, which is polarized by the exciting
radiation. This depolarization leads to the sign reversal of the bright resonance. Using the proposed model, the
magneto-optical resonance amplitude and width as a function of laser power are calculated and compared with

the experimental ones. The numerical results are in good agreement with those of experiment.
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I. INTRODUCTION

Recently, the high-resolution spectroscopy of alkali-metal
atoms confined in a thin cell has proven very promising for
studies not only of atom-light but also of atom-surface inter-
actions [1]. The realization of such atomic layers has become
possible through the development of so-called extremely thin
cells (ETCs) whose distance between the windows is of the
order of and less than 1 um. Thus, the ETC confines a thin
gas layer with a thickness of less than 1 um and typical
diameters of a few centimeters [2]. This causes a strong an-
isotropy in the atom-light interaction, which leads to two
main effects in the observed absorption and fluorescence
spectra, and makes these spectra different from those ob-
tained in ordinary (centimeter-sized) cells. First, most of the
atoms with a velocity component normal to the cell walls
collide with the walls before completing the absorption-
fluorescence cycle with the incoming light. Hence, these at-
oms give a smaller contribution to the atomic fluorescence
compared to atoms flying parallel to the cell walls. Since
generally the light propagation direction is perpendicular to
the cell windows, the Doppler broadening of the optical tran-
sitions between various levels of the hyperfine structure
(hfs), noted for simplicity further as hfs transitions, is signifi-
cantly reduced. Thus, the hfs transitions, which are strongly
overlapped in ordinary (centimeter-sized) cells, in the ETC
are well resolved with single-beam spectroscopy. Unlike in
saturation spectroscopy, the sub-Doppler absorption in an
ETC is linear up to relatively large laser power densities,
which allows, for example, the determination of transition
probabilities of the different hfs transitions [3]. The absence
of crossover resonances can also be advantageous when in-
vestigating more complex spectra.

Second, the investigation of atoms confined in cells
whose thickness L is comparable to the wavelength of the
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light, A, leads to the observation of interesting coherent ef-
fects. It has been shown that the width of the hfs transitions
in absorption changes periodically with cell width, with
minima at L=(2n+1)\/2 [4], because of the realization of
the Dicke regime [5] in the optical domain. Moreover, for the
ETC a significant difference between the absorption and
fluorescence spectra can be observed because the faster at-
oms with sufficient interaction time for the absorption of a
photon, but not enough for its subsequent release, will con-
tribute to the absorption signal but not to the fluorescence
signal [2,6].

Coherent population trapping (CPT) resonances prepared
in the Hanle configuration have been widely investigated for
Cs and Rb atoms confined in ordinary cells. The alkali-metal
atoms are situated in the magnetic field B with time-
dependent variations around B=0. At the same time they are
irradiated by a monochromatic laser field in such a configu-
ration that different polarization components of the light
couple the atomic Zeeman sublevels of one of the ground-
state hfs levels through a common excited one, and introduce
coherence between ground magnetic sublevels at B=0. The
applied magnetic field B is oriented in a direction orthogonal
to the atomic orientation and alignment produced by the
light. As has been shown in [7-12], for degenerate two-level
systems in the absence of depolarizing collisions of the ex-
cited state, two types of resonance can be observed, depend-
ing on the ratio of the degeneracies of the two states involved
in the optical transition: electromagnetically induced trans-
parency (EIT, dark magneto-optical) resonance or electro-
magnetically induced absorption (EIA, bright magneto-
optical) resonance. The EIT resonance is realized when the
condition Fo—F,=F,-1,F, is met, while the EIA reso-
nance is observed for the F,— F,=F,+1 type of transitions.

8 8
Here, F, and F|, are the hfs quantum numbers of the ground-
and excited-state hfs levels, respectively.

The significant disadvantage of magneto-optical reso-

nance studies in ordinary cells is that, because of the Doppler
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FIG. 1. Energy-level diagram for the D, line of 133¢s. F,—F,
<F, transitions (solid line) are distinguished from F,—F,>F,
transitions (dashed line).

broadening in thermal cells, a strong overlapping takes place
between hfs transitions responsible for dark and bright reso-
nances. Therefore, it is important to make use of the fact that
in an ETC the hyperfine transitions are well resolved, and the
coherent effects can be investigated under better-defined con-
ditions than in the case of ordinary cells. Moreover, the pos-
sibility of separating the contributions of slow and fast atoms
to the magneto-optical signal, provided by using the ETC,
will result in a better understanding of the transient processes
in the formation of the coherent resonances. In addition,
magneto-optical resonance investigations in ETCs could give
information about the influence of the cell walls on the
atomic polarization, because the main contribution to the
magneto-optical signal is expected from the atoms flying “a
long way” along the cell window.

In this work, we present experimental and theoretical re-
sults concerning the ground-state magneto-optical reso-
nances on the D, line of Cs, obtained at the individual hfs
transitions starting from F g:3 and 4. It is shown that, in the
ETC (with thickness equal to the light wavelength), dark
(reduced absorption) magneto-optical resonances are ob-
served at I o Fe=F,— 1,F o transitions, which are similar to
the results obtained in ordinary cells. A very interesting re-
sult is obtained at F\,— F,=F,+1 transitions. For these tran-
sitions, we demonstrate here that the bright (enhanced ab-
sorption) resonance registered in ordinary cells in the case of
an ETC is reversed into a dark one. This effect is attributed
to the depolarization of the Cs atoms’ excited levels due to
elastic collisions with the ETC walls. A theoretical model has
been developed based on the optical Bloch equations and
involving the elastic interaction processes of atoms in an
ETC with walls that affect the polarization of the atomic
excited levels. The numerical results are in good qualitative
agreement with the experimental ones.

II. CESIUM ENERGY LEVELS AND
EXPERIMENTAL SETUP

The relevant Cs energy levels and hfs transitions involved
are illustrated in Fig. 1. The two groups of allowed hfs tran-
sitions (starting from F,=3 and 4) are denoted. The hfs tran-
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FIG. 2. Experimental setup (a) and sketch of ETC (b).

sitions responsible for the formation of dark or bright
magneto-optical resonances are denoted by solid or dashed
lines, respectively. It should be noted that the Doppler broad-
ening of the optical hfs transitions in an ordinary cell
(~400 MHz) is larger than the separation between the
excited-state hfs levels. As a result, in the ordinary cell the
profiles of the three hfs transitions starting from a single
ground hfs level strongly overlap and form a single absorp-
tion (fluorescence) line. Hence, the three different types of
hfs transitions, responsible for the formation of both dark
and bright resonances, are involved in a single fluorescence
line.

In the case of monomode laser excitation of dilute Cs
vapor (without velocity-changing collisions between atoms)
contained in an ordinary cell [12], the three hfs transitions
forming the fluorescence line will be excited independently,
each one at a different velocity class of atoms. Under these
conditions, the open transitions are depleted because of the
optical pumping to the ground hfs level, which does not in-
teract with the laser light. Therefore, they do not play a sig-
nificant role in the formation of the magneto-optical reso-
nance. Thus, the sign of the magneto-optical resonance is
mainly determined by the closed transition, which does not
suffer hfs optical pumping. As a result, in the ordinary cells
dark resonances are observed at the fluorescence line starting
from F,=3 and bright resonances at the fluorescence line
starting from the F,=4 levels. The dark resonance observed
on the fluorescence line starting from F,=3 has been attrib-
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uted to the contribution of the F,=3— F,=2 closed transi-
tion, while the bright resonance is related to the F,=4—F,
=5 closed transition.

The experimental setup used is schematically presented in
Fig. 2(a). A cw extended cavity diode laser (ECDL) was used
as the radiation source. It was operated in single-frequency
mode with A=852 nm and linewidth of about 3 MHz. Thus,
because of the narrow bandwidth of the laser, it was possible
to excite separately the different hfs transitions of the D,
line of '**Cs atoms [682(Fy=3)—6P5,(F,=2,3,4) or
6S,,(Fy=4) —6P5,(F,=3,4,5)]. The main part of the laser
beam was directed at normal incidence onto the ETC
[zoomed in Fig. 2(b)] with a source containing Cs. The ETC
operates with a specially constructed oven which maintains a
constant temperature gradient between the Cs atom source
(temperature T) and the cell windows (temperature T5), T,
>T,. The Cs vapor density is controlled by changing the
source temperature. The ETC is placed between a pair of
coils in Helmholtz configuration, which allows application of
magnetic field B varied around B=0 and oriented in a direc-
tion orthogonal to the laser beam propagation direction. No
shielding against stray laboratory magnetic fields B, (of
about 0.5 G) is provided. The light transmitted through the
ETC is measured by photodiode PDI.

Most of the experiments were performed by irradiating Cs
atoms by means of linearly polarized light. In this case the
varied magnetic field B is orthogonal both to the laser beam
and to the light polarization. When light with circular polar-
ization is used, a quarter-wave plate is inserted before the
ETC, after the polarizer P.

First, an experiment was performed, aimed at general ob-
servation of the magneto-optical resonance amplitude and
sign along the entire absorption line profile. In this case, the
laser frequency was scanned over the absorption profile with
a rate of about two orders of magnitude less than that of the

Laser frequency detuning [MHz]

magnetic field variation around B=0. This double-scanning
technique, introduced in [12], is discussed in more detail in
Sec. IV. During the second part of the experiment related to
the magneto-optical resonance study, the light frequency was
fixed at the center of the examined hfs transition and Cs atom
absorption was measured as a function of the magnetic field
B.

The remaining part of the laser beam was separated into
two parts and was used for laser frequency control: one part
was sent to a scanning Fabry-Pérot interferometer in order to
monitor the single-mode operation of the ECDL, and the
second one to an additional branch of the setup including an
ordinary, 3-cm-long Cs cell, for simultaneous registration of
the saturated absorption (SA) spectrum. The latter was used
for precise scaling and reference of the laser frequency. In
addition (see Sec. V), the ordinary cell was used for moni-
toring of the magneto-optical resonances in the probe beam
absorption. In this way, the B=0 points can be determined
experimentally during the performed double scan of laser
frequency and magnetic field B (see Sec. IV).

ITII. ABSORPTION SPECTRA AT THE ETC THICKNESS
L=N/2 AND L=\

In order to help further the discussion related to magneto-
optical resonances observed in the ETC, in this section we
present the absorption spectra of both absorption lines at two
thicknesses of the ETC (Fig. 3), observed at B=0 (i.e., under
the influence of the weak By, only). For L=\/2, the absorp-
tion spectra of the lines starting from F,=3 and 4 are illus-
trated in Figs. 3(a) and 3(c). It can be seen that the spectral
profiles of all hfs transitions are well resolved due to the
significant enhancement of atomic absorption at the hfs tran-
sition center and its reduction toward the wings. As was
mentioned in the Introduction, the origin of the narrowing of
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the hfs transition profiles is attributed to the Dicke effect.
The processes responsible for the coherent Dicke narrowing
of the hfs transition profile at L=\/2 can be briefly summa-
rized as follows [4,6,13]. If an atom at the moment of leav-
ing the cell wall is excited by resonant light, the excitation
will start to precess in phase with the exciting electromag-
netic field at the wall position. However, with the atomic
motion the excitation will drift gradually out of phase with
the local exciting field. The phase mismatch appearing on the
line center under a weak exciting field is independent of the
atomic velocity and, for a cell thickness up to A/2, all re-
gions of the cell interfere constructively, leading to a strong
absorption enhancement at the hfs transition center. How-
ever, if the exciting light is detuned from the hfs transition
center, the angular precession of the atomic excitation be-
comes velocity dependent, resulting in a smooth reduction of
the absorption in the wings of the profile.

Unlike the atomic spectra observed at L=A/2, when the
cell thickness rises up to L=\, a completely different behav-
ior of the transition absorption occurs [Figs. 3(b) and 3(d)].
Under this condition, the Dicke narrowing vanishes and at
low light power density the Doppler profiles of hfs transi-
tions forming the absorption line are completely overlapped.
However, starting from a power density W of several
mW/cm?, narrow dips of reduced absorption occur, centered
at each hfs transition. The observed dips are attributed to
velocity-selective saturation of the hfs transition and to
velocity-selective population loss due to optical pumping to
the ground-state level that does not interact with the exciting
light field. To complete the saturation and/or optical pumping
process, the atom needs a longer interaction time with the
exciting light than for the single act of absorption [14]. Due
to this, primarily the very slow atoms or those flying parallel
to the ETC windows can contribute to the reduced absorption
dips at L=N\. Note that it is expected that the latter group of
atoms will be responsible for magneto-optical resonance for-
mation, because this process is also slower than ordinary
linear absorption.

IV. DOUBLE LASER FREQUENCY AND MAGNETIC
FIELD SCANNING

As shown in the previous section, an important advantage
of using the ETC is that it is possible to study the absorption
behavior of the individual hfs transitions. In order to use this
advantage for the magneto-optical resonance study, the fol-
lowing experiment is performed. The laser frequency is
slowly scanned over the hfs transition profile. During this
slow scan, the magnetic field is varied around B=0 with a
frequency about two orders of magnitude higher than the
frequency of the laser scan. Such a double-scan method was
proposed in Ref. [12], and it allows the observation of a
sequence of magneto-optical resonances superimposed on
the absorption profile of the transition, registered during the
laser frequency detuning. For the dark resonance, the mini-
mum absorption should be observed at B=0, while it is op-
posite for the bright one: the maximum absorption is at B
=0. This technique is illustrated in Fig. 4, for the absorption
line starting from the F,=4 level on the D, line of Cs atoms
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FIG. 4. Illustration of the double laser frequency—magnetic field
scanning approach, in the case of an ordinary cell at room tempera-
ture (20 °C). Laser frequency detuning is denoted starting from the
F,=4—F,=5 transition. The bright magneto-optical resonances are
superimposed on the absorption profile of the Fy=4 set of transi-
tions (solid line). For monitoring of the B=0 positions, the simul-
taneous magnetic field variations are also shown (dotted line). Cs
atoms are irradiated by circularly polarized laser light.

contained in an ordinary cell. From the figure, it can be seen
that a number of bright magneto-optical resonances are su-
perimposed on the Cs absorption profile. Note that the bright
resonances are observed over the entire absorption line. The
width and separation of these resonances depend on the ratio
of the laser frequency and the magnetic field scanning rates,
as well as on the value of the magnetic field variation.
Hence, this approach cannot be used for characterization of
the magneto-optical resonance profile. However, at each la-
ser frequency detuning, the resonance sign (bright or dark)
can be unambiguously determined.

V. MAGNETO-OPTICAL RESONANCE OBSERVATION
IN AN ETC WITH THICKNESS L=\: THE
BRIGHT RESONANCE SIGN REVERSAL

The approach briefly described in the previous section is
applied for investigation of the magneto-optical resonances
in an ETC. First, the magneto-optical resonances at the three
hfs transitions starting from the F,=3 level are examined
(Fig. 5). For precise monitoring of the B=0 points during the
double scan used, magneto-optical resonances are simulta-
neously registered in the probe beam of the ordinary cell
used for SA resonance observation (Fig. 5, dashed lines). The
ordinary cell is situated outside the Helmholtz coils, so the
magnetic field from the Helmholtz coils there is not homo-
geneous and its value is lower than that applied to the ETC.
Hence, it is not possible to compare the widths of magneto-
optical resonances observed in both cells but the determina-
tion of the B=0 points, which are the minima of the dark
resonances in the ordinary cell, is correct. The magneto-
optical resonances in the ordinary cell are registered only for
determination of the B=0 points. As shown in Ref. [12], in
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FIG. 5. Magneto-optical resonances superimposed on the ETC
absorption (solid line) obtained by laser frequency detuning in
small intervals around the centers of Fy=3— F,=2 (a) (inset: illus-
tration of single magneto-optical resonance), F,=3 — F,=3 (b), and
F,=3—F,=4 (c) (inset: dark resonance at the intrinsically bright
transition) transitions. For monitoring of the F,=3 positions, a si-
multaneous recording of the resonances in the absorption of the
ordinary cell is shown (dashed line). Cs source temperature is
120 °C, ETC thickness L=\, and laser power W=66 mW/cm?. Cs
atoms are irradiated by linearly polarized laser light.

the case of an ordinary cell, dark resonances are observed at
the F,=3 absorption line.

Figure 5(a) illustrates the fact that magneto-optical dark
resonances are observed in a frequency region of a few tens
of megahertz around the F,=3—F,=2 transition center.
This interval is significantly narrower than the Doppler width
of the corresponding hfs transition. The resonance profile as
a function of magnetic field B is illustrated in the inset of
Fig. 5(a). The sign of the magneto-optical resonance ob-
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served in the ETC corresponds to that observed in an ordi-
nary cell. A dark resonance is observed at the F,=3—F,
=3 transition [Fig. 5(b)], and it also exists in a narrow region
around the hfs transition center. For this transition, the reso-
nance sign is also in agreement with the observations in or-
dinary cells. From Fig. 5(b) it can be seen that the dark
resonance (with minimum absorption at B=0) observed for
slow atoms is superimposed on another feature having maxi-
mum absorption at B=0. Three full profiles of this type of
feature can be seen in Fig. 5(b) for laser frequency detuning
in the interval of 155-170 MHz. They are clearly observed
for atoms with velocity higher than that of slow atoms hav-
ing Doppler shift within the homogeneous width around the
center of the hfs transition. This type of Cs absorption de-
pendence on the magnetic field, which is broader than the
dark resonance, has a maximum at B=0, and is not related to
the coherent superposition of atomic levels, will be discussed
in more detail later in this section.

As mentioned in the Introduction, bright resonances are
observed at F,— F,=F,+1 transitions of dilute alkali-metal
atoms contained in the ordinary cells, where the collisions
between atoms can be neglected. Due to this, in the ETC, a
narrow bright resonance was expected for the F,=3—F,
=4 transition. However, at the intrinsically bright F,=3
— F,=4 transition, a dark resonance is observed in the ETC
[Fig. 5(c)]. As can also be seen from the inset of Fig. 5(c),
the absorption (at the F,=3 — F,=4 transition) as a function
of magnetic field B shows a dark resonance. Hence we dem-
onstrate that in the dilute vapor confined by the ETC the
bright resonance sign is reversed to a dark one. It should be
pointed out that the F,=3 — F,=4 transition is an open one,
with a transition probability significantly less than that of the
closed F,=3— F,=2 transition. As a result, in the ordinary
cell it was not possible to observe the magneto-optical reso-
nances determined by this transition.

In order to obtain more information about the behavior of
the F,—F,=F,+1 type of transitions in the ETC, the F|,
=4 set of transitions was investigated, where the F g:4
— F,=5 transition is closed and has the highest probability.
The results obtained are presented in Fig. 6 where only the
ETC signal is shown (in the presence and in the absence of
the magnetic field B). In the first case (Fig. 6, solid line), the
B=0 points are not noted and we will specify the magneto-
optical resonance sign. At low light power [Fig. 6(a)], the
above-mentioned broader features predominate over the
whole region of the presented absorption spectrum, including
the central regions of the three hfs transitions. At the centers
of the hfs transitions, only very small-amplitude dark
magneto-optical resonances are observed, superimposed on
the tops of the profiles having maxima at B=0. When in-
creasing the light power [Fig. 6(b)], the dark resonance am-
plitude increases and, as in the case of the F’ g=3 set of tran-
sitions, they are observed in a narrow interval around the
center of the hfs transitions. More specifically, the magneto-
optical resonances are observed only within the frequency
intervals where the reduced absorption dips occur in the Cs
absorption spectrum at L=\ (Fig. 6, dashed curve obtained
at B=0). Hence, only slow atoms within the homogeneous
linewidth contribute to the formation of the magneto-optical
resonance.
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FIG. 6. Magneto-optical resonances superimposed on the ETC
absorption spectrum (solid line) and the corresponding part of the
ETC absorption spectrum (dashed line) at the F,=4 absorption line
for two different laser powers W=13 (a) and 133 mW/cm? (b). Cs
source temperature is 131 °C, L=\, linearly polarized laser light.

In the remaining regions of the light frequency scan, only
the above-mentioned features, which are assumed to be of
noncoherent origin, are observed. Our experiment has shown
that, for very low laser power, these features are observed
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over the entire absorption spectra of both F,=3,4 sets of
transitions. Hence, the discussed features appear under con-
ditions sufficient for the realization of a single event of ab-
sorption. As the formation of the magneto-optical resonance
requires alignment and orientation of atoms (including sev-
eral absorption-fluorescence cycles), which is a much longer
process, we believe that the formation of the noncoherent
feature is related to the large magnetic field scan (=90 G,
+90 G) needed to register the magneto-optical resonance. To
understand this effect, suppose that the laser light is in reso-
nance with a certain velocity class of atoms. As the width of
the irradiating light is small (3 MHz), only at B=0 will all
transitions starting from different Zeeman sublevels be in
exact resonance with the laser light. Taking into consider-
ation the Zeeman splitting of the ground-state levels
(0.35 MHz/G) and the excited state (0.93 MHz/G for F,
=2,0.00 for F,=3, 0.37 MHz/G for F,=4, 0.56 MHz/G for
F,=5), it can be estimated that the magnetic field increase
will significantly shift from the laser light frequency the cen-
ters of the optical transitions starting from different ground-
state Zeeman sublevels. These shifts will be proportional to
the my value, and only the mp :0—>mpe=0 transitions will
stay in resonance with the laser light during the magnetic
field scan.

In general, the shifts of centers of the different transitions
are significant compared to their natural width and might be
considered as a reason for the reduced absorption of the Cs
atom when the magnetic field is detuned from zero value.
Thus features are formed in the absorption dependence on
magnetic field, with maxima at B=0. To summarize, we at-
tribute the discussed features to the noncoherent dependence
of the absorption on the magnetic field, whose origin are the
shifts of the Zeeman transition centers from the light fre-
quency with the magnetic field scan. Hence, only slow at-
oms, which have time enough to suffer optical pumping and
saturation, are involved in the formation of the magneto-
optical resonances. Fast atoms, which have much shorter in-
teraction time with the light, are mainly responsible for the
appearance of the noncoherent feature.

Figure 7 illustrates the dependence of the magneto-optical
resonance [Figs. 7(a) and 7(b)] and the noncoherent feature
[Fig. 7(c)] on magnetic field. The dark magneto-optical reso-
nance that is observed for slow atoms at all F,—F,=F,
—1,F, transitions is illustrated in Fig. 7(a), for the closed
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FIG. 8. Illustration of the transformation of bright to dark reso-
nance at the F,=4— F,=5 transition, in the case of depolarizing
F,=5 level collisions between Cs and buffer gas atoms.

F,=3—F,=2 transition. In Fig. 7(b), the dark magneto-
optical resonance that is observed in the case of slow atoms
at the F,=3—F,=4 transition is shown. The case of fast
atoms is illustrated in Fig. 7(c). Similar results are observed
by irradiating Cs atoms with circularly polarized light and
applying a magnetic field orthogonal to the laser beam.

Coming back to Fig. 6(b), it should be particularly
stressed that for the closed F,=4— F,=5 transition a dark
resonance is also evidenced in the case of the ETC. This
result is very interesting, because precisely for this transition
a very well-resolved bright resonance is observed in the or-
dinary cell containing dilute Cs atoms [12] (see also Fig. 4).
However, it turns out that the bright resonance is very sensi-
tive to the buffering of the ordinary cell. It has been found
[12] and very recently confirmed [15,16] that if a cell con-
taining alkali-metal atoms is buffered by some noble gas, the
magneto-optical resonance at the F\,=4 — F,=5 transition is
changed from a bright to a dark one. Theoretical modeling
has shown that this transformation of the resonance sign can
be attributed to the depolarization of the F, level by colli-
sions of alkali-metal atoms with the buffer gas atoms. At the
same time, these collisions do not lead to depolarization of
the F, level, thus preserving the coherent superposition of
the ground state magnetic sublevels introduced by the light
at B=0. Note that the ordinary cell buffering does not re-
verse the sign of the dark magneto-optical resonances ob-
served on the F,— F,=F,—1,F, type of transition.

To easily picture the physical processes that lead to the
magneto-optical resonance sign reversal due to collisions be-
tween alkali-metal and buffer gas atoms in the ordinary cell,
it is better to consider Cs atoms irradiated by circularly po-
larized light. In this case, the magneto-optical resonance is
observed in absorption (fluorescence) as a function of the
magnetic field orthogonal to the laser beam and scanned
around B=0. Let us consider the F,=4 — F,=35 transition on
the D, line of Cs (Fig. 8). In the absence of depolarizing
collisions and in the presence of circularly polarized light
(%), because the Clebsch-Gordan coefficients increase for
transitions starting from Mg, =—4 to Mg, =4, most atoms will
circulate on the mr, —4—>mF =5 transmon which is the
transition with the hlghest probablhty of absorption for o*
polarization. Therefore, at B=0 a maximum in the absorp-
tion (fluorescence) will be observed. In the presence of a
magnetic field perpendicular to the atomic orientation, part
of the population of the my =4 sublevel will be redistributed
to the other sublevels and the absorption (fluorescence) will
be decreased, which results in the observation of a narrow
resonance of enhanced absorption (fluorescence) determined
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as a bright magneto-optical resonance. However, if a buffer
gas is added, a large fraction of the atoms accumulated on
the mFe=5 sublevel will be redistributed among the other
Zeeman sublevels of the F,=5 level because of the depolar-
izing collisions between Cs and buffer gas atoms. Taking
into account the difference in the probabilities of the transi-
tions between the different Zeeman sublevels, it has been
shown [12] that this redistribution leads to an accumulation
(at B=0) of many atoms on the m; =—4 sublevel, having the
lowest probability for o* excitation. Thus, the bright reso-
nance observed in pure and dilute Cs vapor transforms into a
dark one when buffer gas is added to the ordinary cell.

In analyzing the results related to the bright resonance
sign reversal due to the depolarization of the excited state, an
assumption has been made that in the ETC a similar depo-
larization of the excited state can occur due to the long-range
interaction between alkali-metal atoms and the two window
surfaces of the ETC. In support of this assumption, note that,
during their interaction with the light, atoms responsible for
the magneto-optical resonance formation fly a long way (on
the order of a millimeter) along the ETC windows, which are
separated only by a tiny gap very close to 852 nm. In fact,
our experiment shows that only atoms within the homoge-
neous width of the hfs transition contribute to the magneto-
optical resonance formation. Hence, the velocity selection of
atoms forming the coherent resonance is much stronger than
that of atoms participating in the ETC absorption events. As
an additional support to the assumption related to the depo-
larization of the excited state, we report here the results of
our measurement of the polarization of the fluorescence col-
lected in a direction orthogonal to the laser beam. While in
an ordinary cell containing dilute Cs vapor we measured a
degree of fluorescence polarization P=0.24, in the ETC sig-
nificant depolarization of the fluorescence was observed,
yielding P=0.02. A theoretical model has been developed to
analyze the experimental observations that will be presented
in the following section.

VI. THEORETICAL MODEL

A. Introduction and definitions

We consider the dipole interaction of an atom with a laser
field in the presence of an external static magnetic field B.
We assume that the atomic center of mass moves classically,
which means that the only effect of the dipole interaction of
the atom with the laser field is an excitation of a classically
moving atom at the internal transitions. In this case the in-
ternal atomic dynamics is described by the semiclassical
atomic density matrix p, which parametrically depends on
the classical coordinates of the atomic center of mass.

We are interested in the optical Bloch equations (OBEs)
for the density matrix elements Pgigp Paep Pegp and p, o
where g; and g; label atomic ground- state magnetlc sublev-
els, and ¢; and e; excited-state magnetic sublevels. In writing
the OBEs (see, for example, [17]),

g A A
zﬁ;l;:[H,p]+zﬁRp, (1)

we consider the relaxation R due to spontaneous emission,
transit relaxation, and interaction of atoms with the cell
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walls—in both nonelastic and elastic collisions. We also as-

sume that different velocity groups do not mix in atom-atom

or atom-wall interactions, since the atomic density is suffi-

ciently low (experiments are performed in dilute Cs vapor).
The Hamiltonian

H=Hy+Hz+V (2)
includes the unperturbed atomic Hamiltonian 71\0, which de-
pends on the internal atomic coordinates: Hy|WV,)=E,|¥,),
PfB\ is the interaction of an atom with the external magnetic
field B, and V=-d-E(7) is the dipole interaction operator,

where d is the electric dipole operator. The exciting light is
described classically by a fluctuating electric field &(r) of
definite polarization e:

E()=e(e+e (1)e", (3)

S(I) — |8E)|e—z‘1>(z)—z(c§—k‘3v)t (4)

with the center frequency of the spectrum w and the fluctu-
ating phase ®(r), which gives the spectrum a finite band-
width Aw. The line shape of the exciting light is Lorentzian
with full width at half maximum (FWHM) Aw.

B. Optical Bloch equations

Writing the OBEs explicitly for the density matrix ele-
ment p;;, we get

ap;; I _~ A
P _ L
P ——h[H,Pij]"‘RPij

I o~ A .
== %[Ho,Pij] + g[d : E(t)?pij] + Rp;;
! .
== lwjip;+ %E(l‘)g (dix - prj = pix - dij) + Rpj;
1 l *
=—1w;p;+ gs(f)z diprj+ 58*0)2 dipyj
k k

l l A
~ o0 Z dypu— e O dgpu+ Rpy. (5)
k k

where w;;=(E;—E;)/f, and the transition dipole matrix ele-
ments d;;=(i|d|;) and d;;=(i|d-e|j) can be calculated using
the standard angular momentum algebra [18-20].

C. Simplification of the OBEs

Next, we apply the following procedure, which simplifies
the OBEs. First, we use the rotating wave approximation
[21]. After that we have stochastic differential equations [22]
with stochastic variable dd(z)/ dt. In the experiment we mea-
sure time-averaged (stationary) values. Therefore, we need to
perform the statistical averaging of the above equations. In
order to do that, we solve the equations for the optical co-
herences and then take a formal statistical average over the
fluctuating phases. We also apply the “decorrelation approxi-
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mation” (which in general is valid only for Wiener-Levy-
type phase fluctuations), allowing for separation of atom and
field variables. With the decorrelation approximation, the
small fluctuations of p;;(r) around its mean value {p;;(#)) can
be neglected. Finally, we assume a “phase diffusion” model
for the description of the dynamics of the fluctuating phase.
This model is usually used for description of the fluctuations
of a single-mode laser with fluctuating phase. Thus we obtain
a phase-averaged OBE. For a detailed description of the pro-
cedure of statistical averaging, the decorrelation approxima-
tion, Wiener-Levy-type phase fluctuations, and the phase-
diffusion model, see [23] and references cited therein.

D. Steady-state excitation

Now we assume that atoms in the cell reach stationary
excitation conditions (steady state). Under such conditions
all density matrix elements in the OBEs become time inde-
pendent. In these conditions we can eliminate the optical
coherences Py, and Peg; [14,17] from the OBEs. Thus, for
the optical coherences we obtain the following explicit ex-
pressions:

— 4 |8(T)| * *
pgie- = _—(E dgiekpekej - E dgkejpgigk) ’ (6)

3 8k

peigj = _—l<2 deigkpgkgj - 2 dekgjpeiek) 5 (7)
8k K

where

Aj=w-Kkzv - w; (8)
and kv represents the Doppler shift of the transition energy
of an atom due to its spatial motion. Here k is the wave
vector of the excitation light and v is the atom velocity. In
the present study it was assumed that in the ETC kzv=0. [,
describes the effective relaxation,

r —£+%+ +T 9)
R_2 2 Y col>

where ' is the spontaneous relaxation from level e, y de-
scribes the relaxation rate, Aw is the relaxation due to the
finite linewidth of the laser (this relaxation is a consequence
of the statistical averaging over the laser field fluctuations),
and I',,; describes the relaxation due to elastic atomic colli-
sions with the cell walls.

E. Rate equations for Zeeman coherences

By substituting the expressions for the optical coherences,
Egs. (6) and (7), in the equations for the Zeeman coherences,
we arrive at the rate equations for the Zeeman coherences
only (see [23]):
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Here I‘E""! describes the spontaneous relaxation from pee
Pys A descrlbes the rate at which “fresh” atoms move 1nt0
the interaction region in the transit relaxation process, 8(i, )

is the Dirac delta symbol, and N;; describes the relative rate
of the elastic interaction of atoms with the walls of the ETC:

A? !
Njj=——— 12
’ A?ol+|wij|2 (12)

F. Model for elastic collisions

When atoms move through the cell, they may experience
elastic and inelastic interactions with the walls of the ETC.
As was shown in [1], the ETC provides the possibility to
explore the long-range atom-surface van der Waals interac-
tion and modification of atomic dielectric resonant coupling
under the influence of coupling between two neighboring
dielectric media, and even the possible modification of inter-
atomic collision processes under the effect of confinement.
In addition, if an atom is flying very close to the surface, it
can even experience the periodic potential coming from the
crystalline surface of the ETC. We will speak about these
effects as the effects of elastic collisions occurring with the
rate I",,;.
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We assume the following model for elastic collisions.
First, these collisions do not affect the ground state [Eq.
(10)], as in the ground state L,=0, and we assume that these
collisions cannot turn the spin—neither the electronic spin S,
nor the nuclear spin /. Thus, the collisions affect the excited-
state Zeeman coherences and populations [Eq. (11)], as well
as the optical coherences described by Egs. (6) and (7).

The second assumption is that elastic collisions redistrib-
ute populations only among excited-state magnetic sublevels
[see Eq. (11)], which means that both the optical coherences
and the excited-state Zeeman coherences are destroyed com-
pletely with the rate I',;.

Finally, we want to note that the external B field not only
causes magnetic sublevel splitting w,, and Wggp but also
alters the dipole transition matrix elemerjlts by mixing the hfs
levels with the same magnetic quantum number m and with
different hfs level angular momentum quantum number F,

ey = 2 c\|Fmy), (13)
Fe‘

|8i>=201('g)|Fgmi>' (14)
Fg

The numerical values of the magnetic sublevel splitting

energies D, and w, ,, as well as the hf state mixing coef-

@9 @

ficients ¢;”’ and c;>’, are obtained by dlagonahzatlon of the

magnetic field interaction Hamiltonian Hj, Eq. (2).

The third assumption is the phenomenological model for
the redistribution of the excited-state population due to col-
lisions, namely, Eq. (12). The quantity 2, N, . inEq. (11) is
the normalization coefficient. As can be seen from Eq. (12),
we assume that the distribution of the probability for the
atomic interaction with the ETC walls to mix the populations
in the excited state of the atoms has a Lorentzian shape with
FWHM A_,;. Thus A, could be called the effective width of
the elastic collisions.

VII. COMPARISON BETWEEN THEORETICAL
AND EXPERIMENTAL RESULTS

Based on the model developed for the ETC, the magneto-
optical resonance profiles have been computed for laser fre-
quency detuning over all hfs transitions and for both types of
excitation, namely, by linearly and circularly polarized light.
In the calculations, the following parameters related to the
experimental conditions have been used: I'=6 MHz, vy
=5 MHz, Aw=3 MHz, I'.,=200 MHz, A, ,,=50 MHz.

In all the cases considered, the theoretical results are at
least in qualitative agreement with the experimental observa-
tions. As in the experiment, reduced absorption magneto-
optical resonances are predicted by the theory for all F,
—F,=F,~1,F, transitions.

The inclusion in the theoretical model of the influence of
the cell walls on the polarization of the excited atomic level
has as a result the sign reversal of the bright magneto-optical
resonance. Mixing of the excited-state Zeeman sublevels ac-
cording to Eqgs. (11) and (12) is assumed, which for the F,
— F,=F,+1 transitions results in atomic accumulation in the
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ground-state Zeeman sublevels with the lowest probability of
excitation (at B=0). This atomic accumulation in the less
favored ground sublevel is the reason for the bright magneto-
optical resonance sign reversal. The experimentally observed
reduced-absorption magneto-optical resonances at this type
of transition support our theoretical result. We would like to
remind the reader that, in the case of the F o F.=F g+1
transitions, without the cell window influence, atomic exci-
tation by light of any polarization would result in atomic
accumulation in the ground-state Zeeman sublevel with the
highest probability of excitation (at B=0), and hence in the
observation of enhanced-absorption, bright magneto-optical
resonance.

Let us discuss the behavior of particular magneto-optical
resonances when the laser frequency is tuned to the central
frequencies of the different hfs transitions. In an interval of a
few tens of megahertz around the F,=3 — F,=2 transition, a
dark resonance is experimentally observed and is shown in
Fig. 9 together with the theoretically simulated profile of the
resonance. Here, Cs atoms are irradiated by linearly polar-
ized light and the magnetic field is orthogonal to the polar-
ization vector and to the light propagation direction. A good
quantitative agreement between the theoretical and the ex-
perimental results can be seen. The resonance amplitude in-
creases with the light power density, and here the agreement
of the theory with the experiment is very good. Some dis-
crepancy still remains between the theoretical and experi-
mental resonance widths for low laser power, which can be
due to the residual Doppler broadening not accounted for in
the model. When the laser power is increased, the transition
saturation effects start to dominate over the Doppler broad-
ening. The F,=3 — F,=3 transition behaves similarly to the
F,=3—F,=2 transition. Here also a dark magneto-optical
resonance is observed, and also the theoretical profile param-
eters are in agreement with those of the experimental pro-
files.

It should be pointed out that the magneto-optical reso-
nance width in the ETC is an order of magnitude larger than
that obtained in the ordinary cell. This broadening can be
attributed to the larger value of the transit relaxation rate due
to the nanometric scale of the ETC thickness as compared to
the centimeter dimensions of the ordinary cell. Note that the
ETC is not shielded against the laboratory magnetic field
because of technical reasons connected with its shape and
because the magnetic field must be scanned in quite a large
interval. But since By, ~0.5 G, the lack of shielding should
not significantly influence the resonance width. Moreover, an
experiment with an unshielded ordinary cell situated very
close to the ETC shows a magneto-optical resonance with
less than 1 G width, which proves that the laboratory mag-
netic field cannot be the main reason for the resonance
broadening.

The F,=3—F,=4 transition represents an interesting
case. As mentioned above for the case of the ordinary cell,
because of the strong overlapping of the Doppler profiles of
the hfs transitions and the low probability of the F,=3
— F,=4 open transition, when tuning the laser frequency in
resonance with this transition, it has not been possible to
observe enhanced-absorption, (bright) magneto-optical reso-
nances. In the ETC, however, a large-amplitude magneto-
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FIG. 9. Comparison between theory and experiment, for F,=3
— F,=2 transition and excitation by linearly polarized light: (a)
magneto-optical resonance experimental and theoretical profiles; (b)
magneto-optical resonance amplitude as a function of the light
power density; (c) magneto-optical resonance width as a function of
power density.

optical resonance is observed when the laser frequency is
tuned to the center of the transition. But instead of a bright
resonance, a dark resonance appears at the F,=3—F, =4
transition, in agreement with the theoretical model. Both the
theoretical and experimental resonance profiles are illustrated
in Fig. 10 for irradiation by linearly polarized light. Here
also the magnetic field B is oriented in a direction orthogonal
to the light polarization and to the propagation direction. In
the case of this resonance, the theory is also in very good
quantitative agreement with the experiment related to the
dependence of the resonance amplitude on the laser power
density. Here, in the magneto-optical resonance width, a dis-
crepancy between the theory and the experiment is observed
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=3— F,=4 transition and excitation by linearly polarized light: (a)
magneto-optical resonance experimental and theoretical profiles; (b)
magneto-optical resonance amplitude as a function of light power
density; (c) magneto-optical resonance width as a function of power
density.

that is even larger than in the previous case. The experimen-
tally observed resonance is significantly narrower than the
theoretical one. The origin of this discrepancy can be attrib-
uted to the fact that the F,=3 — F,=4 transition is an open
transition. Therefore, a significant population loss occurs
from the F,=3 level to the F,=4 level as a result of the
optical pumping through spontaneous transitions from the
F,=4 level. In [24-26], it has been shown that, in the case of
open transitions, a significant coherent resonance narrowing
takes place, because the resonance destruction is more effec-
tive at the wings, while at the center the resonance is more
resistant to the loss.

Based on the results presented in Fig. 10, we can conclude
that, unlike the dark magneto-optical resonance, the bright
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resonance is very sensitive not only to the depolarization
collisions of alkali-metal atoms with those of the buffer gas
in the ordinary cell, but also to the surface-atom interactions,
about which it can provide valuable information.

In order to confirm the sensitivity of the Fy— F,=F,+1
type of transition to the depolarizing influence of the ETC
windows, the behavior of the closed and high-probability
F,=4—F, =5 transition is investigated in detail by irradiat-
ing Cs atoms with linearly or circularly polarized light. In the
first case the scanned magnetic field is oriented orthogonally
to the atomic alignment, while in the second case it is or-
thogonal to the orientation of the atoms. In both cases
reduced-absorption magneto-optical resonance is observed
experimentally. Expanding the discussion related to Fig. 8, it
can be pointed out that, in the case of dilute atoms confined
in the ordinary cell and B=0, irradiation by linearly polar-
ized light also results in atomic accumulation in the ground-
state Zeeman sublevels with the highest excitation probabili-
ties. Similarly, also in the case of linear polarization the
excited-state depolarization by alkali-metal atom collisions
with buffer gas atoms results in a sign reversal of the
magneto-optical resonance.

The results obtained from studies with both polarization
excitations and with the laser frequency tuned to the central
frequency of the F,=4—F,=5 transition confirm the as-
sumed analogy between the excited-state depolarization by
atomic collisions (for the ordinary cell) and its depolarization
by the influence of the electrical potential of the ETC win-
dow. In Fig. 11, a comparison between the experimental and
theoretical results is presented for the F,=4— F,=5 transi-
tion, in the case of Cs atoms irradiated by circularly polar-
ized light with magnetic field B applied in a direction or-
thogonal to the light propagation. It can be seen that in
relation to the magneto-optical resonance width, the agree-
ment between the theory and the experiment is better for the
F,=4—F, =5 transition. The reason for this can be the fact
that, unlike the F,=3— F,=4 transition, the F,=4—F,=5
transition is a closed one, and so the resonance narrowing
due to the population loss is not expected. From Figs. 10 and
11 it can be seen that the resonance amplitude at the closed
transition increases faster with power than that at the open
one, but at the expense of faster broadening of the resonance
profile. Note the deviations of the dependences shown in
Figs. 10(b), 10(c), 11(b), and 11(c) from linear, which can be
expected due to the specific interaction of atoms with the
walls (that reverses even the sign of the magneto-optical
resonance) and due to the different dynamics of contributions
of atoms depending on their velocities and the light intensity.

VIII. CONCLUSION

We have presented an experimental and theoretical study
of the ground-state magneto-optical resonances observed in
Hanle configuration on the D, line of Cs. In a centimeter-
scale ordinary cell containing Cs vapor, the optical hyperfine
transitions starting from a single ground-state level are
strongly overlapped, which is a reason for the mixing of the
contribution of different hfs transitions that are responsible
for the dark and bright magneto-optical resonances. It is
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shown that the utilization of an extremely thin cell with
thickness equal to the wavelength of the irradiating light al-
lows one to examine the formation of a magneto-optical
resonance on the individual hfs transitions due to the experi-
mentally proven fact that only very slow atoms possess
enough interaction time with the light to form the magneto-
optical resonance. The fast atoms, mainly exhibiting a single
act of absorption during their interaction with the light, do
not contribute to the magneto-optical resonance formation.
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It is shown that in the ETC, dark (reduced absorption)
magneto-optical resonances are observed at Fy— F,=F,—1,
F, transitions, much like in ordinary cells. However, in the
case of the F,— F,=F,+1 transitions, Cs atoms confined in
ETC exhibit completely different behavior as compared to
those contained in an ordinary cell. For the latter, bright (en-
hanced absorption) magneto-optical resonances have been
observed in dilute Cs vapor. As a result of our study, we
report on the bright resonance sign reversal in Cs atoms con-
fined in the ETC. Both (F,=3—F,=4 and F,=4—F,=5)
intrinsically bright transitions are responsible for dark
magneto-optical resonance formation in the ETC.

A theoretical model is proposed based on the optical
Bloch equations that incorporates the elastic interaction pro-
cesses of atoms with ETC walls. The assumed elastic colli-
sions of Cs atoms with the cell walls do not affect the ground
state of alkali-metal atoms and do not reorient the electronic
and nuclear spins of the atom, but do affect the excited-state
Zeeman coherences and populations, as well as the optical
coherences. The involvement of elastic collisions of this type
results in depolarization of the Cs excited state that had been
polarized by the exciting radiation. This depolarization leads
to the accumulation of atomic population in ground-state
Zeeman sublevels with the lowest probability of excitation.
This is opposite to the situation in the ordinary cell, where
atoms accumulate on the Zeeman sublevel possessing the
largest probability of excitation. Hence, the influence of the
ETC wall on the atomic polarization leads to the sign rever-
sal of the bright resonance. Using the proposed model, the
magneto-optical resonance amplitude and width dependences
on laser power are calculated and compared with the experi-
mental ones. The numerical results are in good agreement
with the experiment.

The obtained results show that the magneto-optical reso-
nances observed in the ETC could potentially be applied to
study atom-surface interactions. Further investigations are
needed for clarification of the physical reason behind the
elastic collision process.
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