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Bright and dark nonlinear magneto-optical resonances associated with the ground state Hanle effect have
been studied experimentally and theoretically for D1 excitation of atomic cesium. This system offers the
advantage that the separation between the different hyperfine levels exceeds the Doppler width, and hence
transitions between individual levels can be studied separately. At the same time, the system retains the
advantages offered by ordinary glass cells, including simplicity and subnatural width Hanle resonances. Ex-
perimental measurements for various laser power densities and transit relaxation times are compared with a
model based on the optical Bloch equations, which averages over the Doppler contour of the absorption line
and simultaneously takes into account all hyperfine levels, as well as mixing of magnetic sublevels in an
external magnetic field. In contrast to previous studies, which could not resolve the hyperfine transitions
because of Doppler broadening, in this study there is excellent agreement between experiment and theory
regarding the sign �bright or dark�, contrast and width of the resonance. The results support the traditional
theoretical interpretation, according to which these effects are related to the relative strengths of transition
probabilities between different magnetic sublevels in a given hyperfine transition.
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I. INTRODUCTION

The nonlinear magneto-optical resonances associated with
the ground state Hanle effect �1� are a beautiful example of
the manifestation ground state Zeeman coherences, which
are related to the effects of electromagnetically induced ab-
sorption and electromagnetically induced transparency �2�.
These subnatural linewidth resonances appear in the fluores-
cence spectra of alkali metal atoms that are excited at the
hyperfine transitions, and they may be “dark” �3,4� or
“bright” �5�. Although straightforward theories have been
proposed to explain the bright and dark resonances �6–8�,
they have thus far eluded unambiguous verification because
of experimental subtleties in the systems available for test-
ing. In particular, theoretical predictions did not agree with
experimental results from previous studies in normal vapor
cells �9,10� because they could not resolve each individual
hyperfine transition under Doppler broadening. To overcome
these limitations, experiments were performed �11� in an ex-
tremely thin cell �12�, with dimensions of less than 1 �m,
which offers sub-Doppler resolution. Nevertheless, once
again some surprising results were obtained, possibly be-
cause of interactions with the walls of the cell. In order to
unambiguously verify the theoretical treatment of these
bright and dark resonances, and to sort out the causes of
discrepancies in various complex systems, it would be desir-
able to study the ground state Hanle effect in a system that
allows all hyperfine levels to be resolved even in a normal
vapor cell. If, in addition, such a system could be described
accurately with a sophisticated theoretical model, the foun-
dation would be laid to understanding what happens in more
complex cases. We believe that the transitions of the cesium
D1 line offer precisely such an opportunity.

We present an experimental and theoretical study of
bright and dark resonances in the hyperfine transitions in-

duced by D1 excitation of atomic cesium, 6 2S1/2 �Fg=3,4�
→6 2P1/2 �Fe=3,4�, as shown in Fig. 1. This system was
used in �13� to measure ground state coherence times. Com-
pared to previously studied systems, the cesium D1 line of-
fers a much better defined test situation because the separa-
tion between hyperfine levels of different total angular
momentum F, which is about 1.2 GHz, exceeds the Doppler
width. Therefore the different transitions from ground state
levels Fg=3,4 to excited state levels Fe=3,4 can be studied
individually and the models can be verified in a more
straightforward manner than heretofore possible. At the same
time, the system retains the advantages offered by ordinary
glass cells, including simplicity and subnatural width Hanle
resonances. In contrast, studies in extremely thin cells �11�
can achieve F resolution, but only at the cost of much
broader resonances and, possibly, interactions with walls that
must be taken into account in the description.

The ground state Hanle effect was first observed by Leh-
mann and Cohen-Tannoudji in cadmium vapor in 1964 �14�.
Alzetta and co-workers �3� observed dark resonances related
to coherent population trapping in a vapor cell of sodium
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FIG. 1. Transition of the cesium D1 line. The fractions on the
arrows indicate the relative transition strengths �22�.
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atoms. Dark resonances are caused when atoms become
trapped in a ground state sublevel of a particular magnetic
quantum number m. These resonances can be considered to
be one manifestation of the more general phenomenon of
coherent population trapping.

Interest in coherent phenomena in atomic ground states
intensified in the late 1990s because of applications to mag-
netometry �15�, lasing without inversion �16�, laser cooling
�17�, electromagnetically induced transparency �18�, and co-
herent information storage in halted light pulses �19,20�. For
many years only dark resonances had been observed, but in
2000 Dancheva and co-workers, working with alkali metal
vapors in glass cells, reported bright resonances for the first
time �5�. This new type of resonance was quickly interpreted
�7,8�. Unfortunately, subsequent experimental studies that
applied these models could not always predict the correct
sign of the resonance �bright or dark�; for example, Ref. �9�
could not explain the observation of a bright resonance at the
Fg=2→Fe=3 transition of the 85Rb D1 line under excitation
by circularly polarized laser radiation, while �10� observed a
dark resonance for the 6 S1/2 ,Fg=4→6 P3/2 ,Fe=3,4 ,5 tran-
sition of cesium, when a bright resonance had been pre-
dicted. One of the reasons for the difficulty was that Doppler
broadening allowed several total angular momentum F levels
to participate in the transitions, while the numerical models
were able to take into account only the cycling transition.
Other experimental studies were plagued by difficulties in
reproducing sufficiently homogeneous magnetic fields near
zero �21�; thus resonances that were expected to have high
contrast were smeared out and barely visible. Finally, a re-
cent study �11� of bright and dark resonances in cesium at-
oms confined in a nanometric cell �12� was able to take ad-
vantage of the sub-Doppler properties of the nanometric cell
to focus on transitions between individual F levels. However,
the nanometric cell adds additional subtleties that reverse the
sign of some resonances �Fg→Fe=Fg+1 transitions of the
cesium D2 line�, and the interpretation of these phenomena
requires further study. Thus, although a beautiful and
straightforward theoretical explanation of bright and dark
ground state Hanle resonances has existed for some time, the
overall situation has remained somewhat unsatisfactory be-
cause of ambiguous experimental results.

The goal of our study was to gain confidence in the the-
oretical understanding of the bright and dark resonances and
to try to settle outstanding doubts. In addition to our experi-
mental studies, we have continued to develop our modeling
capability to take into account all F levels that could be
excited by tails of the laser radiation distribution, to average
over all velocity groups, and to account for magnetic sub-
level mixing in a magnetic field. We thus planned to apply a
well-developed model to a simple system and to compare
experimental results and theoretical expectations under a
wide variety of experimental conditions. We could select the
transition, vary the intensity of laser light and the transit
relaxation rate �related to laser beam diameter�, and observe
the sign of the resonance, its contrast, and its width. A thor-
ough and successful theoretical description in a simple sys-
tem such as ours will provide a solid foundation from which
to understand what happens in more complicated situations,
such as when hyperfine levels cannot be resolved, or when
collisions with walls introduce new effects.

II. EXPERIMENTAL DESCRIPTION

Cesium vapor was confined at room temperature in a cy-
lindrical glass cell with a diameter of approximately 5 cm.
The cesium vapor was irradiated by linearly polarized laser
radiation from an external cavity diode laser in the Littrow
configuration, which was based on a Thorlabs L904P030 la-
ser diode and was operated at the cesium D1 line �894.4 nm�.
The maximum laser power available at the entrance of the
cell was 2.5 mW. This power could be attenuated incremen-
tally up to 200 times. Four beam profiles with cross-sectional
areas of 0.125, 0.8, 2.0, and 4.7 mm2 were obtained by
means of lenses. The beam profile was characterized with a
Thorlabs BP104-VIS beam profiler and the beam size was
determined by considering as part of the beam all areas in
which the intensity was greater than 50% of the maximum
intensity. Two lenses directed the laser-induced fluorescence
onto a Thorlabs FDS-100 photodiode that was operated in
photovoltaic mode. No polarizers were inserted between the
cell and the photodiode, so that the fluorescence was ob-
served regardless of polarization. The observation direction
was perpendicular to the laser beam and to the direction of
polarization of the laser �see Fig. 2�. The cell was located
inside a three-axis Helmholtz coil system. The magnetic field
in the direction of fluorescence observation was scanned by a
Kepco BOP-50-8M bipolar power supply. The ambient mag-
netic field in the other two directions was compensated by
the Helmholtz coils.

The magnetic field along the observation direction was
slowly scanned in 200 or 400 discrete steps of duration 300
ms. At each step, five distinct fluorescence measurements
were taken. Thus, a typical scan lasted either 60 or 120 s.
The laser beam was chopped at frequencies of several hun-
dred hertz for phase-sensitive detection. The fluorescence
signal was amplified by a transimpedance amplifier and fed
into an Ortholoc-SC 9505 two-phase lock-in amplifier. The
time constant of the lock-in amplifier was 30 ms. The ampli-
fied signal was digitized by a National Instruments PCI-
6024E data acquisition card and stored on a PC. The back-
ground was determined by moving the laser off-resonance,
and this background was subtracted from the measured sig-
nals.

The laser induced fluorescence was measured as a func-
tion of magnetic field for the transitions from the ground

FIG. 2. Relative orientation of the laser beam, laser polarization,
magnetic field, and observation directions.
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state hyperfine level with total angular momentum Fg=3 to
the excited state hyperfine level with Fe=3, from Fg=3 to
Fe=4, from Fg=4 to Fe=3, and from Fg=4 to Fe=4 �see
Fig. 1�. The transitions were identified with the help of a
HighFinesse W/S 6 wavemeter, whose absolute accuracy was
600 MHz. No active stabilization was needed, since the laser
tended to remain on a particular transition long enough to
collect many scans. Results were averaged over several scans
and are shown in Figs. 3 and 4, the background having been
subtracted �see Sec. IV�.

III. THEORY

Bright and dark resonances can be explained qualitatively
with a simple model that was proposed in �7,8,10�. This
model is based on the relative strengths of transition prob-
abilities between different magnetic sublevels in a given hy-
perfine transition. A dark resonance signal is expected when
the atoms are optically pumped into a nonabsorbing coherent
quantum state, which is destroyed by the applied magnetic
field. This case applies to the transitions Fg=3→Fe=3, Fg
=4→Fe=3, and Fg=4→Fe=4. The coherences created by
the optical pumping are destroyed when the Larmor fre-
quency of the ground state becomes comparable to the relax-
ation rate of the ground state, which in our experiment oc-
curs roughly when the magnetic field is on the order of 0.1
G. More details on the qualitative model can be found in
�7,8,10�.

The actual theoretical model used in the calculations
makes use of the quantum density matrix formalism. The
Liouville equations �optical Bloch equations� for the density
matrix were reduced to rate equations for magnetic sublevel
populations and Zeeman coherences without losing the com-
pleteness of the description �23�:
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FIG. 3. �Color online� Dark and bright resonances of the cesium D1 transition. The intensity of the laser induced fluorescence in relative
units is plotted against the magnetic field along the observation axis. Results are shown for the �a� Fg=4→Fe=3, �b� Fg=4→Fe=4, �c�
Fg=3→Fe=3, and �d� Fg=3→Fe=4 transitions. Solid squares, experiment; solid line, theory. Note that the vertical axis is identical for
�a�–�c�, but markedly differs in �d�.
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where �gigj
and �eiej

are the density matrix elements for the
ground and excited states, respectively. The first term in Eq.
�1� describes the repopulation of the ground state and the
creation of Zeeman coherences due to induced transitions,
�p,giej

and �p,eigj

� represent the interaction strengths between
the ground and excited states, and d1

eigj is the dipole transition
matrix element. The second term stands for the changes of
ground state Zeeman sublevel population and creation of
ground state Zeeman coherences due to light absorption. The
third term describes the destruction of ground state Zeeman
coherences by the external magnetic field. The fourth term
describes the repopulation and transfer of excited state co-
herences to the ground state due to spontaneous transitions.
The fifth and sixth terms show the relaxation and repopula-
tion of the ground state due to nonoptical reasons �mainly
atoms flying in and out of the interaction zone, i.e., transit
relaxation; thus � is the inverse value of the time needed for
atoms to fly through the laser beam and can be estimated
from the thermal velocities of the atoms while � is the popu-
lation supply rate to the particular magnetic sublevel due to
transit relaxation�.

In Eq. �2� the first term stands for the light absorbing
transitions from the ground to the excited state; the second
term denotes induced transitions to the ground state; the third
describes the destruction of excited state Zeeman coherences
in the external magnetic field; and the fourth term denotes
the rate of spontaneous transitions to the ground state.

The term �p,giej
can be calculated as follows:

�p,giej
=

�	�̄�2


2

1

���

2
+

��

2
	 � i��̄ − k�̄v − �ejgi

�
 , �3�

where � stands for the natural linewidth of the transition, ��
is the linewidth of the exciting light, �̄ is the frequency of
the exciting light, k�̄v is the energy shift due to the Doppler
effect, and �ejgi

is the actual energy difference between the
particular ground and excited state magnetic sublevels, 	�̄ is
the electric field strength of the laser radiation at the central

laser frequency �̄, and
�	�̄�2


2 is proportional to the laser power
density. Instead of the laser power density, the Rabi fre-
quency appears in the numerical calculations; it is propor-
tional to the square root of laser power density. The Rabi
frequency depends on a range of parameters, such as the
reduced matrix elements and the correspondence of the laser
line profile to the absorption profile, which were not known
with sufficient accuracy. Therefore to fit the theoretical re-
sults and observed signals, the conversion factor between the
squared Rabi frequency and the laser power density was
theoretically estimated �21� and afterward fine tuned to find
the best match between theory and experiment. Once the best
conversion factor was found, the same is used for all the
transitions.

The calculations have been made for the full system,
which means that if the laser light is tuned, for example, to
the hyperfine transition Fg=3→Fe=3, all other possible
transitions �Fg=3→Fe=4, Fg=4→Fe=3, Fg=4→Fe=4�

FIG. 4. �Color online� Dark resonance at the Fg=4→Fe=4 transition. The intensity of the laser induced fluorescence is plotted in relative
units as a function of the magnetic field along the observation axis. Solid squares, experiment; solid line, theory.
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with their respective probabilities are also taken into account,
as are the probabilities for the excited level to decay to both
hyperfine levels of the ground state.

The dipole transition elements are calculated as d1
eigj

= �ei�d1 ·e�gj�. Once the magnetic field is applied, all the hy-
perfine levels are split into magnetic Zeeman sublevels with
different energies. Moreover, the initial quantum state �F ,m�
becomes a superposition of all possible hyperfine sublevels F
with the same magnetic quantum number m denoted as
�
 ,m�. In general gi and ej states can be represented by

�
,m� = �
F

c�
,F,m��F,m� , �4�

where c�
 ,F ,m� are the coefficients of mixing. To obtain
these coefficients and also the energy shifts of the nonlinear
Zeeman effect, the energy matrix describing the interaction
between hyperfine levels for each possible magnetic sublevel
is constructed as follows:



��F0� ��F0,F0 + 1� 0 0

��F0,F0 + 1� ��F0 + 1� ��F0 + 1,F0 + 2� 0

0 ��F0 + 1,F0 + 2� ��F0 + 2� . . .

0 0 . . . �

� .

As can be seen, the interactions with �F=1 are taken into
account; only these states are mixed by the magnetic dipole
interaction. The elements of the Hamilton matrix can be cal-
culated in this way:

��F,mF� =
A0

2
C + B0

3/4C�C + 1� − I�I + 1�J�J + 1�
2I�2I − 1�J�2J − 1�

+ �BgFmFB , �5�

��F,F − 1,mF�

= −
�B

2
�gJ − gI�B

����J + I + 1�2 − F2

F
	� F2 − mF

2

F�2F + 1��2F − 1�
	 ,

�6�

where A0 and B0 are the magnetic dipole and electric quad-
rupole hyperfine constants, C=F�F+1�− I�I+1�−J�J+1�, I
is the spin of the atomic nucleus, J is the total angular mo-
mentum of electrons, �B is the Bohr magneton, g is the
Landé factor, and B denotes the external magnetic field
strength. When the matrix is constructed, one must find its
eigenvalues and eigenvectors, which represent the energy
splittings and level mixing coefficients, respectively. Al-
though for any particular �F ,m� state the admixtures of other
states are typically less then 0.1% for a magnetic field of 1.5
G, and thus play a negligible role in our experiment, they
become significant at large fields �24�. We include them so
that the model will be useful in describing experimental data
in cases where shorter relaxation times lead to broader reso-
nances.

To make the model more precise, the results have been
averaged over the Doppler profile in the following way: the

width of the Doppler profile has been estimated, and the
signal has been obtained by summing the results calculated
at all possible Doppler energy shift values multiplied by ap-
propriate statistical weights, which represent the number of
atoms in a particular velocity group.

IV. RESULTS

Figure 3 shows the intensity of laser induced fluorescence
as a function of magnetic field along the observation direc-
tion for all transitions of the cesium D1 line excited at com-
parable laser power densities. Dark resonances are observed
at the Fg=4→Fe=3 �a�, Fg=4→Fe=4 �b�, and Fg=3→Fe
=3 �c� transitions. At the Fg=3→Fe=4 �d� transition, a
bright resonance is observed, as expected from the theoreti-
cal model. The contrast of the bright resonance is very small
because the transition is not closed, but “leaky,” which
means that some excited atoms spontaneously decay to the
other ground state and are lost. Therefore they cannot par-
ticipate in repeated absorption as would be required for the
repopulation pumping cycle �25�. The laser power density
was approximately 7.5 mW /cm2 for the dark resonances and
10 mW /cm2 for the bright resonance. Although the laser
power density was relatively high, agreement between theory
and experiment is excellent, except for the case of the Fg
=4→Fe=3 transition, in which case the theoretical model
predicted a somewhat smaller width �see Sec. V for a discus-
sion�. We point out that the contrast of the bright resonance
is extremely small: approximately 0.2%. Nevertheless, it is
clearly visible and well fitted by the theoretical model.

Figure 4 shows typical results for the case of a dark reso-
nance. The intensity of the laser induced fluorescence is plot-
ted as a function of the magnetic field along the observation
direction. Experimentally measured values are represented
by solid squares, while the black line shows the results of the
theoretical calculation. In this case the Fg=4→Fe=4 transi-
tion has been studied for various power densities of laser
radiation in the range from 0.1 to 120 mW /cm2. The inten-
sity scale has been arbitrarily normalized to unity for signal
levels at fields far from the resonance, where the fluores-
cence intensity does not appear to depend on the magnetic
field, at least to first order. The relationship between the mag-
netic field and the measured current in the coils was deter-
mined for high field values by means of a three axis Hall
probe manufactured by Senis GmbH of Switzerland. The
zero field point is assumed to be at the resonance position.
Figure 4 shows that the contrast of the resonance increases as
the laser intensity increases. By contrast we mean the ratio
between the minimum fluorescence intensity at the resonance
position and the fluorescence intensity far from the reso-
nance. The phase sensitive detection eliminated any back-
ground that was not associated with the laser. We determined
the background that was due to scattered laser light by mea-
suring the signal when the laser was tuned far away from any
transition. There was an additional backgroundlike compo-
nent due to scattered fluorescence light. Since the Hanle ef-
fect causes a spatial redistribution of fluorescence intensity,
any stray fluorescence light that is detected will act as a kind
of background and will tend to reduce the signal contrast.
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The magnitude of this effect was determined by fitting ex-
perimental curves to the theory to obtain a single background
parameter for each transition; its magnitude was on the order
of 10% of the signal.

V. ANALYSIS AND DISCUSSION

The theoretical model was tested under a wide range of
conditions in order to determine the accuracy of the model
itself and to understand better the nature of bright and dark
resonances. Figure 5 shows the resonance contrast as a func-
tion of laser intensity for all of the transitions of the cesium
D1 line. The bright resonance at the Fg=3→Fe=4 transition
�d� displays a behavior that differs markedly from that of the
other transitions, which are dark. The contrast of the dark
resonances increases monotonically as the laser power den-
sity increases, and approaches a saturation value. The reason
for the increase in contrast with laser power density is that,
as the power density increases, more and more atoms are
pumped into a noninteracting magnetic sublevel of the origi-
nal ground state. One would expect saturation, just as in any
optical pumping phenomenon.

The contrast of the bright resonance displays a maximum
around a laser power density of 1 mW /cm2 and then de-
creases. This behavior follows from the fact that, in the case
of bright resonances, there are no noninteracting magnetic
sublevels of the ground state. Instead, bright resonances are
produced by changes in the ground state population distribu-
tion of atoms that are cycling between a ground and an ex-

cited state. If all excited atoms were to decay spontaneously
to the original ground state level, the contrast of bright reso-
nances would increase with increasing laser power density
until some saturation value �10�, just as in the case of the
dark resonances. However, on the cesium D1 transition Fg
=3→Fe=4, atoms can decay spontaneously to both ground
state levels Fg=3 and Fg=4. This possibility is described as
leakage. As a result of sufficiently strong laser power density,
a substantial part of the atoms is “pumped” from the ground
state level Fg=3 to the ground state level Fg=4. As a result,
the atoms that are lost to the Fg=4 ground state level no
longer contribute to the bright resonance, and the resonance
contrast decreases. It is quite remarkable in a “leaky” system
that bright resonances are observed at all. It is even more
remarkable that there is such excellent agreement between
theory and experiment for such a subtle effect.

In the case of the dark resonance at the Fg=4→Fe=3
transition, the measured shape deviates slightly from the
shape predicted by the model. We believe that the reason for
this discrepancy is that optical pumping effects were stronger
at this transition and, therefore, our treatment of the ground
state relaxation rate was no longer fully adequate. In the
Fg=4→Fe=3 transition there are two nonabsorbing mag-
netic sublevels in the ground state, whereas in the case of the
Fg=4→Fe=4 and Fg=3→Fe=3 transitions there is only
one nonabsorbing magnetic sublevel in the ground state.
Also, the line strength of the Fg=4→Fe=3 transition is
greater than is the case for the other two dark resonances �see
Fig. 1�; therefore pumping is more effective at the same in-

FIG. 5. �Color online� Contrast of bright and dark resonances as a function of laser power density. The contrast of the resonances is
plotted as a function of laser power density for the same cesium D1 transitions as in Fig. 3. Solid squares, experiment; solid line, theory. Note
that the laser power density is plotted on a logarithmic scale. The Fg=3→Fe=4 transition �d� is a bright resonance, whereas the others are
dark. The cross-sectional area of the beam S was 2 mm2.
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tensity. Indeed, the contrast of the resonance at the Fg=4
→Fe=3 transition is about twice as great as the contrast of
the other two dark resonances. The width of the resonances
is mainly determined by the ground state relaxation rate,
which in this case is the transit relaxation rate. It was theo-
retically demonstrated that the dynamics of the transit relax-
ation from strong optical pumping deviate substantially from
an exponential �26� and cannot be described by a single rate
constant � as in our model �see Eq. �1��. If needed, the non-
exponential transit relaxation rate could, in principle, have
been included in the theoretical model, as was done previ-
ously in �26�. However, available computational resources
allowed us to include into the model either realistic transit
relaxation dynamics or the Doppler averaging and magnetic
sublevel mixing in an external magnetic field. The latter ef-
fects were estimated to be more important and were therefore
incorporated in the model. We believe that this approach was
fully justified by the results presented in this paper.

In Fig. 6�a� the resonance contrast is plotted against laser
power density for various beam sizes. The theoretical curves
agree quite well with the measured points for the larger beam
sizes. Deviations become more and more significant as the
cross-sectional area S of the beam decreases, probably be-
cause the uncertainty in the transit relaxation time increases
for small beam dimensions. At our experimental conditions,
the ground state collisional relaxation rate can be estimated
to be on the order of �col�100 s−1, and thus it can be ne-
glected. Considering the fact that the theoretical model was
developed for a somewhat idealized beam profile, the agree-
ment is quite satisfying.

We also studied how the resonance width varies with the
dimensions of the laser beam. The dimensions of the laser
beam are related to the transit relaxation time. The width
�full width at half maximum �FWHM�� of the Fg=4→Fe
=3 transition is plotted as a function of beam dimension in
Fig. 6�b�. The intensity was held constant at 20 mW /cm2.
The points correspond to experimentally measured values.
The line is the result of the theoretical model. The theoretical
model uses a transit relaxation time determined from the
beam dimensions and the thermal velocity of the atoms. The
model assumes that the beam had a sharp cutoff. The real
beam did not have a sharp cutoff, and its profile was gener-
ally asymmetric. We expect the smaller dimension to domi-
nate the relaxation time. Nevertheless, since it was somewhat
difficult to define the exact beam dimension in our experi-
mental conditions, we plot error bars to indicate the maxi-
mum and minimum dimensions. The experimental results
show good qualitative agreement with the theoretical model.
As expected, the width tends to zero as the transit relaxation
rate tends to zero, and increases monotonically with increas-
ing transit relaxation rate.

VI. CONCLUSION

Bright and dark resonances were studied experimentally
and theoretically on the cesium D1 transitions. This system
was interesting because, unlike in other systems studied until
now, each distinct F level could be experimentally resolved
and studied individually. Therefore this transition can be

used as a test system to understand better the formation of
dark and bright resonances and to study their properties. One
bright and three dark resonances were observed. The ob-
served signs of the resonances �bright or dark�, as well as
their contrast, were exactly as expected according to our the-
oretical model, which was based on the optical Bloch equa-
tions. The model included magnetic sublevel mixing in the
magnetic field as well as averaging over the Doppler profile
and the influence of the other F levels due to the Doppler
effect and off-resonance absorption, even though it should to
be small. Moreover, the theoretical description was ex-
tremely successful at reproducing not only the correct sign of
the resonance, but also the width and contrast, even in cases
where the contrast was on the order of a fraction of a percent.
Only at high pumping rates were there some deviations in
the widths of measured and calculated resonance signals, but
even here the agreement in the contrast was very good. The
slight deviations that did occur could be explained by the
nonexponential character of the transit relaxation at high la-

(b)

(a)

FIG. 6. �Color online� Resonance width and contrast as a func-
tion of beam properties. In �a� the contrast is plotted as a function of
laser power density for various beam cross sections. The points of
different shapes correspond to the experiment. The lines correspond
to calculations; the sequence of the lines from top to bottom corre-
sponds to the sequence of the points in the legend. In �b� the width
is plotted as a function of the beam dimension for the Fg=4→Fe

=3 transition. The asymmetric beam was parametrized by a single
dimension that was the square root of the cross-sectional area S.
The horizontal error bars reflect the asymmetric nature of the beam.
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ser light intensity. We believe that these results establish that
the assumptions on which the theoretical model was based
are essentially correct. The model will therefore be useful in
understanding more subtle effects in more complex systems.
For example, the model indicates that, for the 6 S1/2 ,Fg=4
→6 P3/2 , Fe=3,4 ,5 transition of cesium, a dark resonance
appears at very low laser intensities, whereas at higher laser
intensities the resonance becomes bright, which is in quali-
tative agreement with the experimental results published in
�10�, and which could not be explained by the simpler model
used in that previous study. Furthermore, our more complete
model also successfully models magnetic field level-crossing
resonances away from zero magnetic field, such as, for ex-
ample, those that were measured in �21�, but not successfully
described by a simpler model. To understand in detail the
behavior of bright and dark resonances in an extremely thin
cell �ETC�, experiments on the rubidium D1 and D2 transi-
tions for rubidium vapor confined in an ETC are currently in
progress.

In the event that ground state Hanle resonances in alkali
vapors could serve as the basis for optical switches or adap-
tive optics �see, for example, �27��, it will be necessary to

have a good grasp of the influence of all possible system
parameters. This work has demonstrated that it is possible to
construct a detailed and robust theoretical model that accu-
rately models the ground state Hanle effect. Such a model
would be indispensable in the design of optical devices.
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