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Evolution of dark state of an open atomic system in constant intensity laser field
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We studied experimentally and theoretically the evolution of open atomic systems in the constant intensity laser
field. The study is performed by analyzing the line shapes of Hanle electromagnetically induced transparency
(EIT) obtained in different segments of a laser beam cross section of constant intensity, i.e., a �-shaped laser
beam. Such Hanle EIT resonances were measured using a small movable aperture placed just in front of the
photodetector, i.e., after the entire laser beam had passed through the vacuum Rb cell. The laser was locked to the
open transition Fg = 2 → Fe = 1 at the D1 line of 87Rb with laser intensities between 0.5 and 4 mW/cm2. This
study shows that the profile of the laser beam determines the processes governing the development of atomic
states during the interaction. The resonances obtained near the beam center are narrower than those obtained near
the beam edge, but the significant changes of the linewidths occur only near the beam edge, i.e., right after the
atom enters the beam. The Hanle EIT resonances obtained near the beam center exhibit two pronounced minima
next to the central maximum. The theoretical model reveals that the occurrence of these transmission minima is
a joint effect of the preparation of atoms into the dark state and the optical pumping into the uncoupled ground
level Fg = 1. The appearance of the transmission minima, although similar to that observed in the wings of a
Gaussian beam [A. J. Krmpot et al., Opt. Express 17, 22491 (2009)], is of an entirely different nature for the
�-shaped laser beam.
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I. INTRODUCTION

Coherent effects in Doppler-broadened alkali-metal-atom
vapors have been intensively investigated because of numerous
applications of phenomena based on such coherent effects.
Coherent population trapping (CPT) [1,2], electromagnetically
induced transparency (EIT) [3], and electromagnetically in-
duced absorption (EIA) [4] have been observed and examined
in either pump-probe or Hanle configurations [5,6]. All these
phenomena strongly depend on the intensity of the applied
laser field and consequently also on the radial profile of the
intensity of the laser beam. Most often, in experiments, the
radial laser beam profile is Gaussian, while theoretical models
assume that the intensity of the laser field is constant across
the diameter of the laser beam. The latter will be referred to
throughout this paper as the � laser beam. For the interaction
of the Gaussian or � laser beam with alkali-metal-atom vapor,
the different effects such as Ramsey and Dicke narrowing,
transit time, and Doppler broadening are examined either in
vacuum [7,8] or in buffer gas cells [9–12] The differences
in EIT line shapes for Gaussian and � laser beams were
presented in [13–15] by considering only the entire laser beam
contribution without focusing on the details of laser-atom
interaction within the laser beam. However, different parts
of the laser beam cross section, after passing through the
alkali-metal vapor cell, carry different information about the
atomic state and yield different EIT resonances [16].

In this paper we study time and space evolution of atomic
states as the Rb atoms traverse the �-shaped laser beam,
i.e., electric field of nearly constant intensity. Such studies
were performed by measuring EIT line shapes from different
circular segments of the laser beam cross section, much smaller
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than the laser beam diameter, and after the entire beam had first
passed through the Rb cell. We used a Hanle configuration with
the laser locked to the Fg = 2 → Fe = 1 hyperfine transition
of the D1 line in the 87Rb isotope in the vacuum vapor
cell. Similar examinations of the EIT resonances in different
segments, but for the Gaussian laser beam cross section, were
performed in an effusive regime in the Rb vacuum cell [16]
and in a diffusive regime in the dense 4He+ vapor [17].
Due to interaction with a laser electric field having different
distributions in the Gaussian and �-shaped beams, the atomic
state develops differently in the presence of a small external
magnetic field. Narrowing of the Hanle EIT in the wings
of the Gaussian laser beam is observed and explained by
the interference of the laser light and coherently prepared
atoms coming from the central part of the beam [16]. Such
Ramsey-type narrowing of dark-state resonances was studied
also in different geometries in Refs. [18,19]. The narrowing is
accompanied by the appearance of Ramsey-like transmission
minima in Hanle EIT line shapes detected in the Gaussian
beam wings. Therefore, it is expected that examination of
EIT line shapes obtained in different segments of � laser
beam cross section should reveal some details about the
transient evolution of interacting atoms. It can also help in
understanding differences in linewidths and amplitudes of
EIT resonances obtained using two laser beam profiles and
reported in Refs. [13–15]. To our knowledge, partial Hanle
EIT from different segments of the � laser beam was not
thoroughly investigated. The significance of using the �

profile is in the elimination of the effects due to transverse
variation of the laser intensity, providing conditions for more
direct insight into the laser-atom interaction. Experimental
results of the spatial dependence of EIT line shapes along
the laser beam profile are compared with the theoretical
calculations. The theoretical model is based on time-dependent
optical Bloch equations (OBEs) predicting the evolution of the
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FIG. 1. (Color online) (a) Experimental setup: ECDL - external cavity diode laser; OI - optical isolator; DDAVLL - Doppler-free dichroic
atomic vapor laser lock; VNDF - variable neutral density filter; PPP - plan parallel plate; SMF - single-mode fiber; FC - fiber collimator;
P - polarizer; BE - beam expander; PD - photodiode. The aperture moved on the translation stage allows only a selected part of the laser beam
to reach the detector, while the rest of the laser beam is blocked.

Zeeman sublevel populations and coherences in the laser field
of profiled intensity. It unveils the influence of the optical
pumping into the uncoupled ground-state hyperfine level on
the obtained Hanle EIT line shapes.

II. EXPERIMENT

The experimental setup is shown in Fig. 1. The external
cavity diode laser is frequency locked to the Fg = 2 → Fe = 1
transition of the D1 line in 87Rb, where Fg and Fe represent the
angular momenta of the ground- and excited-state hyperfine
levels, respectively. Laser locking is performed in an auxiliary
vacuum Rb cell using the Doppler-free dichroic atomic vapor
laser lock (DDAVLL) method [20,21]. The variable neutral
density filter is used for laser power adjustments. Single-
mode fiber was used to provide the Gaussian laser beam.
After passing through the Glan-Thompson polarizer, the laser
beam becomes linearly polarized. The �-shaped laser beam
profile was obtained after expanding the Gaussian laser beam
from the single-mode fiber to 20 mm in diameter and then
extracting its central part using the circular aperture placed
on the entrance window of the cell. After experimenting with
different diameters of the expanded Gaussian laser beam, sizes
of apertures, and thicknesses of the foil used for the apertures,
we obtained the �-shaped laser beam whose radial intensity
profiles have the least pronounced diffraction effects as shown
in Fig. 2. The beam profiles measured by the beam profiler
are 3 cm [Figs. 2(a) and 2(c)] and 30 cm [Figs. 2 (b) and
2(d)] away from the 3- or 6-mm aperture on 0.1-mm-thick
foil. The first profile is at a distance equal to the distance
between the aperture and the midsection of the Rb cell. This
profile is referred to as �-shaped throughout the paper. We
used the beam profile at 30 cm from the aperture to show

relatively small changes in the profile with distance and to
justify use of the �-shaped profile in the theoretical model.
A well-collimated �-shaped laser beam then passes through
the 6-cm-long vacuum Rb cell containing a natural abundance
of rubidium isotopes. The cell is placed in the solenoid used
for scanning the axial magnetic field between −100 and +
100 μT. The cell and the solenoid are placed inside the
triple-layered μ-metal cylinders to eliminate Earth’s and stray
magnetic fields. In order to measure Hanle EIT from only small
parts of the laser beam cross section, a movable aperture of
0.5 mm in diameter is placed in front of the photodiode with
a large detection surface (area, 80 mm2). “Small aperture”
will henceforth refer to an 0.5-mm aperture in order to differ
from the 3- or 6-mm aperture used for laser beam shaping,
placed in front of the Rb cell. By moving this small aperture
with the precise translation stage we allow only light from
a small segment of the transmitted laser beam to reach the
photodiode, after the entire beam passes through the Rb cell.
The signal obtained from this photodiode while scanning the
external magnetic field is recorded by the digital oscilloscope
and transferred to the computer.

III. THEORETICAL MODEL

Hanle EIT resonances were calculated for the D1 line
transition Fg = 2 → Fe = 1 of 87Rb coupled to a linearly
polarized laser in a Rb vacuum cell. The energy level diagram
given in Fig. 3 shows hyperfine levels either coupled to
the laser light or populated due to spontaneous emission.
The quantization z axis is chosen to be parallel to the
external magnetic field. The complete magnetic sublevel
structure is considered in calculations. The model is based on
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FIG. 2. Two �-shaped beam profiles recorded by a beam profiler placed at different distances from the circular aperture: at 3 cm (a) and
30 cm (b) for the 3-mm profile, and at 3 cm (c) and 30 cm (d) for the 6-mm profile.

time-dependent optical Bloch equations for the density matrix
of a moving atom,

ρ̇ = − i

h̄
[Hatom(B) + Hint(t),ρ] + ρ̇SE, (1)

where

Hatom(B) =
∑

j

h̄ωj (B)|gj 〉〈gj | +
∑

k

h̄ωk(B)|ek〉〈ek| (2)

is the atomic Hamiltonian corresponding to ground (ex-
cited) states |gj 〉 ≡ |Fg,mg = j 〉 (|ek〉 ≡ |Fe,me = k〉) with

FIG. 3. (Color online) Zeeman sublevel scheme in 87Rb at the D1

line. The solid lines denote coupling with σ+ and σ− components
of linearly polarized laser light. Dashed lines represent spontaneous
emission.

Zeeman-shifted energies h̄ωj (B) [h̄ωk(B)] in the external
magnetic field B. Laser-atom interaction is given by

Hint(t) = −
∑
j,k

E(t) · djk(|gj 〉〈ek| + |ek〉〈gj |), (3)

where E(t) is the time-dependent laser electrical field and djk

is the atomic electric dipole moment for the transition between
states |gj 〉 and |ek〉. Spontaneous emission is included through
the Lindblad-form term

ρ̇SE = �

2

∑
m

2AmρA†
m − A†

mAmρ − ρA†
mAm, (4)

where � = 2π × 5.746 MHz is the D1 line decay rate of the
excited state and Am are operators corresponding to dipole
transitions from the excited- to ground-state manifold, leading
to

〈ei |ρ̇SE|ej 〉 = −�ρeiej
, 〈ei |ρ̇SE|ej 〉 = −�

2
ρeigj

,

〈gi |ρ̇SE|gj 〉 = (−1)i+j (2Fe+1)�Fe→Fg

1∑
q=−1

(
Fe 1 Fg

j + q −q −j

)

×
(

Fe 1 Fg

i + q −q −i

)
ρei+q ej+q

. (5)
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�Fe→Fg
is the decay rate from Fe to one Fg ground hyperfine

level given by

�Fe→Fg
= (2Je + 1)(2Fg + 1)

{
Jg Je 1
Fe Fg Ig

}2

�, (6)

where J and I represent the electron and nuclear angular
momentum quantum numbers. Equations for density matrix
elements related to the Fg = 1 ground level are excluded
since that level is not coupled by the laser. For additional
details please refer to [15]. It is assumed that after colliding
with cell walls, atoms reset into an internal state with equally
populated ground magnetic sublevels. Between collisions with
cell walls, rubidium atoms interact only with the axially
oriented homogeneous magnetic field and spatially dependent
laser electric field. Collisions among Rb atoms are negligible
due to very low Rb vapor pressure at room temperature, so an
atom moves through the laser beam with constant velocity v =
v‖ + v⊥, where v‖ and v⊥ are velocity components parallel
and perpendicular to laser propagation direction, respectively.
The former affects the longitudinal direction of the atomic
trajectory and Doppler shift of the laser frequency seen by
a moving atom, while the latter determines the transverse
direction of the trajectory and the interaction time. The
dependence of the laser intensity on the radial distance r for a
�-shaped profile was modeled using the following equation:

I (r) = Ī a{1 + erf [p(r0 − r)]}2, (7)

where r0 is the beam radius, Ī is the beam intensity (total
laser power divided by r0

2π ), a is the normalization constant,
and p is a positive parameter affecting the steepness of the
profile near r = r0. In our calculations we neglect longitudinal
changes of the beam profile compared to transverse ones so
that only the transverse direction of the trajectory matters.
Therefore, we drop the explicit dependence on z of all physical
quantities. From the reference frame of the moving atom, the
electric field varies and the rate of variation depends only
on v⊥. Assume that the transverse projection of the atomic
trajectory is given by

r⊥(t) = r0⊥ + v⊥t, (8)

where r0⊥ is the perpendicular component of the atom position
vector at t = 0. The temporal variation of the laser intensity
seen by the atom is given by

I (t) ≡ I (r⊥(t)) = I (r0⊥ + v⊥t), (9)

representing the spatial laser intensity variation along the
trajectory of the atom in the laboratory frame. Additionally,
due to the cylindrical symmetry of the beam profile, spatial
dependence becomes purely radial dependence. The observed
resonances in EIT experiments are a probabilistic average of
the contributions of many individual, mutually noninteracting
atoms. Rb atoms traverse the laser beam at different trajec-
tories with different velocities. Maxwell-Boltzmann velocity
distribution, diversity of atomic trajectories, and custom
cylindrically symmetric radial profile of the laser electric field
are treated similarly as in [15]. The trajectories having different
distances from the laser beam center are chosen so that the
beam cross section is uniformly covered (Fig. 4). The chosen
trajectories correspond to different angles φ defined as shown

FIG. 4. Schematic of atomic trajectories chosen to cover the entire
laser beam cross section (horizontal straight lines). Each trajectory
defines certain angle φ, e.g., φ1 and φ2. The contribution of each
segment, like the gray ring segment, is obtained by integrating the
density matrix over all trajectories containing points with radial
distances in the interval (r,r + 	r).

in the Fig. 4. For a representative set of atomic velocities
the atomic density matrix ρ(B; v; r⊥) along a given trajectory
is calculated assuming constant magnetic field B during the
atomic transit through the laser beam. To obtain the atomic
ensemble density matrix ρ(B; r) across the beam cross section
for a set of radial distances r , the calculated density matrices
are first averaged over the Maxwell-Boltzmann velocity
distribution. Furthermore, by integrating the density matrix
over all trajectories containing points with radial distances
in the interval (r,r + 	r) the contribution ρ(B; r) of a certain
segment of the laser beam cross section is obtained. In our case
	r = 0.5 mm corresponds to the diameter of the collecting
aperture. Owing to the cylindrical symmetries of the laser
beam profile and the atomic velocity distribution, the velocity-
averaged density matrix will also be cylindrically symmetric.
Thus, the angular integral appearing in the averaging over
velocity v(φ) = (φ,v⊥,v‖) can be replaced by an angular
integral over space

ρ(B; r) =
∫ 2π

0

dφ

2π

∫ ∞

0
dv⊥W⊥(v⊥)

∫ ∞

−∞
dv‖W‖(v‖)

×ρ(B; 0,v⊥,v‖; r cos φ,r sin φ), (10)

with the Maxwell-Boltzmann velocity distribution given by

W⊥(v⊥) = 2v⊥
u2

e−(v⊥/u)2
, W‖(v‖) = 1

u
√

π
e−(v‖/u)2

, (11)

where u = (2kBT /mRb)1/2 is the most probable velocity of Rb
atoms at temperature T.

The effects of the laser propagation along the cell and
induced atomic polarization of the Rb vapor are included
using the following approximations. We first compute the
Rb vapor ensemble density matrix ρ(B; r) and polarization
P assuming the constant value of the electric field E along
the z direction of laser propagation within the cell. The
polarization of Rb vapor is obtained from the ensemble density
matrix

P(B; r) = n(T ) Tr[ρ(B; r) er̂], (12)
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where the 87Rb concentration at temperature T is given by [22]

log10n(T ) = log10

(
0.2783 × 133.322

kBT

)
− 94.0483

− 0.0377169 T −1961.26/T +18.4902 log10(T ).

(13)

Due to trace operation including dipole operator er̂, the
polarization P depends only on the optical coherences between
the ground and the excited Zeeman sublevels. Using the
computed Rb polarization, we calculate the change of the
electric field due to propagation of the laser through the Rb
vapor. Assuming that the change of electric field along the
length L of the Rb cell is small enough, the exact relation

∂E(B; r,z)

∂z
= iω0

2ε0c
P(B; r,z) (14)

in the first approximation takes the form

E(B; r,z = L) = E(B; r,z = 0) + iω0

2ε0c
P(B; r)L, (15)

where ε0 is the vacuum dielectric constant and ω0 is the laser
frequency. The transmitted electric field of Eq. (15) is used in
the calculations of Hanle EIT resonances. The cell temperature
was set to 25 oC as in experiments.

IV. RESULTS AND DISCUSSION

Experimental and theoretical Hanle EIT resonances ob-
tained at different positions of the small aperture along
the beam diameter are presented in Figs. 5(a) and 5(b),
respectively. Hereafter r = 0 mm refers to the center of
the laser beam cross section. The beam diameter is 3 mm
and overall intensity is 4 mW/cm2. Results in Fig. 5 show
significant differences in shapes, widths, and amplitudes of
resonances obtained at different positions within the cross

FIG. 5. (Color online) Experimental (a) and theoretical (b) Hanle
EIT resonances obtained from the small segments of the � beam
cross section. Green, red, blue, and orange curves are for r = 0 mm,
0.75 mm, 1.0 mm and 1.5 mm, from bottom to top, respectively, where
r is the radial distance of the small aperture from the beam center.
The beam diameter is 3 mm and the total intensity is 4 mW/cm2.
The theoretical results were normalized to the experimental results at
r = 0 mm.

FIG. 6. (Color online) Calculated total population
∑

ρei ei
of all

Zeeman sublevels of the Fe = 1 excited level at different magnetic
fields as a function of position along the 3-mm beam diameter of the
�-shaped laser beam. The curves corresponding to the magnetic fields
0–100 μT from the legend appear from bottom to top, respectively,
at r = −1.25 mm. The beam intensity is 4 mW/cm2. The atomic
velocity is 180 m/s at temperature 300 K. The thin gray line represents
the cross section of the laser beam with an arbitrary intensity unit.
The atom enters the beam from the left.

section of the � profiled laser beam. The Hanle EIT resonances
originating from the central parts of the � beam cross section
exhibit two transmission minima next to the central maximum
of the EIT resonance. Further, resonances in the center of the
laser beam cross section are narrower than those originating
from the outer parts of the beam. These results are reversed
to the results obtained from different segments of a Gaussian
laser beam cross section. In the latter case two minima appear,
and the resonances are narrower, when the small aperture is
placed at the wings of the Gaussian beam cross section [16].

Neglecting small intensity variations of the �-shaped laser
beam (see Fig. 2) atoms interact with a constant electric field
of the laser in the presence of constant external magnetic field
during the passage through the laser beam. The evolution of
the atomic state under these conditions is different than in the
case of the Gaussian beam. In Fig. 6 we present a calculated
variation of the total population of the excited state Fe = 1
as a function of distance from the entrance in the laser beam
(leftmost), considering atoms with the most probable radial ve-
locity of 180 m/s at room temperature (300 K). When an atom
enters the laser beam at zero magnetic field (B = 0), it starts to
absorb photons and the population of the excited state, i.e., the
sum of the populations of all excited-state Zeeman sublevels,
increases (red thick line in Fig. 6). Shortly after entering the
laser beam, atoms are prepared into the dark state and do not
absorb photons afterward yielding maximal transmission. At
small magnetic fields the preparation of atoms into the dark
state is less efficient and there is certain probability for photon
absorption during the entire interaction of the atom and the
laser light. Thus, the excited-state population decreases less
rapidly than for B = 0 as atoms move through the laser beam
and transmission decreases. As Fig. 6 shows, the atomic total
excited-state population, for atoms near the laser beam center,
is largest for a magnetic field at about 30 μT (dark yellow thick
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line) when transmission reaches minimum. At larger magnetic
fields (e.g., 75 μT, orange thick line), pumping into the
uncoupled Fg = 1 hyperfine level becomes considerable and
transmission noticeably increases. The observed behavior of
the excited-state populations and resulting laser transmission
are due to the fact that the rates of pumping into the dark state
and into the uncoupled level depend oppositely on the external
magnetic field. Therefore, the appearance of two transmission
minima at about 30 μT is a joint effect of preparation of atoms
into the dark state and optical pumping into the uncoupled
ground hyperfine level.

Behavior of the excited-level population at different mag-
netic fields explains the origin of the two symmetrically placed,
with respect to the central transmission peak, transmission
minima present in the Hanle EIT resonances recorded near
the center of the laser beam. For a given laser intensity, atoms
have to spend a certain time in the laser beam before these
minima emerge in the Hanle EIT curves. It turns out that if the
laser beam has a 3-mm diameter, for most atoms this shape
of the EIT would only be observed in the laser beam center.
If one considers a laser beam with a diameter lager than 3
mm, under the same experimental conditions (the same cell
temperature, i.e., the most probable velocity, and the same
laser intensity), it is expected that optical pumping would
significantly affect EIT line shapes at the same distances of
∼1.5 mm from the edge of the beam. Consequently, with the
larger beam diameter, transmission minima should occur in the
wider area around the beam center. The curves in Fig. 7 present
experimental and theoretical Hanle EIT resonances obtained
at different positions of the small aperture along the 6-mm
diameter �-shaped laser beam. Overall intensity is similar as
before, 4 mW/cm2. Now, transmission minima are present in
Hanle EIT resonances obtained not only in the center of the
laser beam, but also up to a certain distance away from the
center. Moreover, the resonances obtained up to that distance

FIG. 7. (Color online) Experimental (a) and theoretical (b) Hanle
EIT resonances obtained from the small segments of the � laser beam
cross section at four distances from the beam center: 0, 1.0, 2.0, and
2.75 mm (from bottom to top, respectively). The beam diameter is 6
mm and the total laser intensity is 4 mW/cm2. The theoretical results
were normalized to the experimental results at r = 0 mm. Note that
the curves for r = 0 and r = 1.0 mm almost overlap.

FIG. 8. (Color online) Calculated total population
∑

ρei ei
of all

Zeeman sublevels of the Fe = 1 excited level at different magnetic
fields as a function of position along the 6-mm beam diameter of
�-shaped laser beam. The curves corresponding to the magnetic
fields 0–100 μT from the legend appear from bottom to top,
respectively, at r = −2.75 mm. The beam intensity is 4 mW/cm2

intensity. The atomic velocity is the most probable velocity at room
temperature (180 m/s). The thin gray line represents the laser beam
cross section profile.

are almost the same, as in the case of overlapping resonances
for r = 0 and r = 1 mm in Fig. 7.

The explanation for the appearance of transmission minima
in Hanle EIT line shapes in the case of a 6-mm-diameter laser
beam could be made tracing the behavior of the total excited-
state populations given in Fig. 8 and applying the same logic as
in Fig. 6, i.e., for the 3-mm beam diameter. It is apparent from
Figs. 6 and 8 that under the same experimental conditions,
the distance from the beam edge where the total excited-state
population at B = 75 μT (orange thick line) falls down to
zero is the same in both cases, approximately 1.5 mm. For the
3-mm beam diameter this point coincides with the location
of the beam center, while for the 6-mm-diameter beam this
location is, of course, away from the beam center. Therefore for
the 6-mm-diameter beam, transmission minima in Hanle EIT
resonances at around B = 30 μT will occur as long as EIT res-
onances are taken from the central region of 3 mm in diameter.

To further clarify the influence of optical pumping on
Hanle EIT line shapes we performed calculations by artificially
closing the transition Fg = 2 → Fe = 1, i.e., eliminating the
optical pumping. Calculated Hanle EIT resonances, for the
laser intensity of 4 mW/cm2, are shown in Fig. 9. Obtained
Hanle EIT line shapes are broader than for the open system be-
cause there is no population-loss-induced narrowing [23,24].
The absence of population loss also yields the same line shapes
regardless of the distance from the beam center. There is no
transmission minima in line shapes obtained at the central
regions of the beam cross section. In this case, a slight increase
of transmission at very large magnetic fields (∼200 μT) is
due to the broad single-photon Hanle background on which
the EIT resonances are superimposed. Next, we investigate
the influence of the overall laser intensity on line shapes
of the EIT obtained in different segments of the �-shaped laser
beam. The curves in Figs. 10(a) and 10(b) are experimental
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(a) (b)

FIG. 9. (Color online) Calculated Hanle EIT resonances obtained
from the small segments of the � laser beam cross section of
(a) 3 mm and (b) 6 mm diameter. It is assumed that the transition
Fg = 2 → Fe = 1 is closed. The resonances almost completely
overlap and can be barely distinguished only near B = 0 (see insets).
The curves corresponding to decreasing radial distances from the
legends appear from bottom to top, respectively. The laser intensity
is 4 mW/cm2. Note a different scale for the magnetic field than in
Figs. 5 and 7 and a broadening of resonances in the case of the closed
transition.

and theoretical Hanle EIT resonances obtained for the laser
intensity 0.5 mW/cm2 at different positions of the small
aperture along the beam diameter of 6 mm. At lower laser
intensity, transmission minima are missing (experiment) or
barely visible (theory) in the Hanle EIT profiles, because of
the weak optical pumping. Since there are diffraction effects
between the planes of the two apertures (see Fig. 1) the radial
position of the collecting aperture does not map exactly the
corresponding position in the atomic cell. This introduces
some averaging that may explain why the structures are
smoother in the experiments with respect to the calculations.
In Fig. 10(c) we show the total excited-state populations for
an atom traversing the beam with velocity 180 m/s as a
function of the radial distance from the beam center at different
magnetic fields. Even at a very high magnetic field (75 μT),
the population is not zero as it was at high laser intensities
(see Fig. 8) because optical pumping to the Fg = 1 level is not
as efficient. In this case the transmission of the vapor will not
increase at high magnetic fields and consequently there are no
transmission minima at Hanle EIT resonance profiles at any
position along the beam diameter.

As discussed above, EIT line shapes obtained in different
parts of the �-shaped laser beam cross section are determined
by evolution of the dark states and (particularly around the
beam center) by the optical pumping. On the other hand, the
change of atomic coherence in the magnetic field is found to
play a significant role in the line shapes obtained in parts of the
Gaussian laser beam cross section [16]. Results in Figs. 11(a)
and 11(b) confirm different mechanisms responsible for EIT
line shapes for two radial profiles of the laser beam. Here
we compare the calculated phase of the coherence, induced
between the mF = −1 and mF = 1 Zeeman sublevels of Fg =
2 hyperfine level for atoms passing through the Gaussian and

(c)

FIG. 10. (Color online) Experimental (a) and theoretical (b)
Hanle EIT resonances obtained from the small segments of the �

laser beam cross section at four distances r from the beam center.
The resonances are nearly identical except for the resonance obtained
close to rim of the beam (pointed to with the arrow). The beam
diameter is 6 mm and the total intensity is 0.5 mW/cm2. Note that
the magnetic field range is smaller than in Figs. 5 and 7. (c) Calculated
total population of all Zeeman sublevels of the Fe = 1 excited level
at different magnetic fields as a function of position along the 6-mm
beam diameter of �-shaped laser beam. The curves corresponding to
the magnetic fields 0–100 μT from the legend appear from bottom
to top, respectively, at r = −2.5 mm. The curves for B � 20 μT are
almost identical. The atomic velocity is the most probable velocity at
room temperature (180 m/s). The thin gray line represents the laser
beam cross section profile.

the � laser beam. The magnetic field during transit time of
an atom is assumed constant. The results are shown for those
magnetic fields at which transmission minima appear in Hanle
EIT resonances, i.e., 10 μT (30 μT) for the Gaussian (�) laser
beam. Both beams have the same average intensity. Since the
laser electric field tends to keep the phase of the coherence
constant while the magnetic field tends to change the phase,
when both magnetic and electric field are present, the phase
of atomic coherence depends on the magnitudes of these two
fields. The atom is coherently prepared and the phase is kept
fixed by the laser field in the central parts of the Gaussian
beam. In the wings of the Gaussian beam the phase value of
the same atomic coherence depends on the local laser intensity.
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(a)

(b)

FIG. 11. (Color online) (a) Change of the argument of atomic
coherence ρg−1,g1 during atom passage through the 3-mm-wide
Gaussian laser beam at constant magnetic field. The dashed lines
denote the positions along the beam radius where the Hanle EIT
resonances exhibit very pronounced transmission minima. The
transmission minima at the Hanle EIT resonances appear in the
wings of the Gaussian beam cross section when arg ρg−1,g1 , i.e., the
atomic phase is equal to π/2 [16]. (b) Change of the argument of
atomic coherence during atom passage through the 6-mm-wide �

laser beam at constant magnetic field. It is obvious that the phase is
constant during atom passage through the � laser beam, regardless of
the laser intensity. The magnetic field values of 10 μT and 30 μT for
the Gaussian and � laser beams, respectively, are chosen because the
transmission minima in the Hanle EIT resonances appear exactly at
those values in corresponding laser beam profiles. The beam profile
is presented by the gray line.

When the atomic phase reaches π/2, i.e., the atomic state
becomes bright, two transmission minima appear in Hanle
EIT resonances obtained in the wings of the Gaussian laser
beam [16]. In a constant and strong field of the �-shaped laser
beam, the phase of the coherence is constant across the beam
and therefore it is not the change of the phase that affects the
observed Hanle EIT line shapes.

Physical processes leading to line narrowing or broadening
of coherent resonances were extensively studied under dif-
ferent experimental conditions, laser beam geometries, and
cell dimensions [7–12,16,25–28]. Figures 12(a) and 12(b)
show experimental and theoretical results for the dependence

FIG. 12. (Color online) (a) Experimental and (b) theoretical
Hanle EIT linewidths at different positions of small aperture along
the 6-mm-diameter �-shaped laser beam. I is the laser intensity. The
dashed lines in (a) denote the Hanle EIT linewidths when the whole
laser beam is detected.

of linewidths of the Hanle EIT resonances on the radial
position r of the small aperture along the 6-mm diameter
of the �-shaped laser beam. The dashed lines in Fig. 12(a)
denote the Hanle EIT linewidths when the whole laser beam is
detected. Results are given for three different laser intensities.
It is obvious that there is Hanle EIT line narrowing from the
edge toward the beam center. This is population-loss-induced
transit time narrowing [23,24]. As seen in Fig. 12, it is more
pronounced at higher laser intensities, when most significant
Hanle EIT narrowing apparently occurs in the region close
to the beam edges, i.e., very soon after the atom enters the
beam.

Important information about atomic evolution during inter-
action with the constant intensity laser field can be obtained
by comparing the linewidths of the Hanle EIT resonances for
central and outer regions of the � laser beam cross section
and for the whole beam, at different laser intensities. Figure 13
shows Hanle EIT linewidths versus laser intensity for (a) 3 -
and (b) 6-mm beam diameters. For the 3-mm diameter � laser
beam, the linewidths are presented for resonances in the center
(r = 0), for the resonances obtained at the outer region of the
beam (r = 1.5 mm) and when the whole beam is detected.
The resonances measured in the center of the laser beam cross
section are noticeably narrower. For the 6-mm-diameter �

laser beam, besides resonances at the center (r = 0), at the
edge (r = 3 mm), and for the whole beam, the linewidths
of resonances obtained at r = 1.5 mm are also presented.
The results for r = 1.5 mm support the discussion related
to Fig. 8. It is shown that the most rapid changes of atomic
state, for atoms with the most probable radial velocity, occur
shortly after the atom enters the laser beam, i.e., after passing
a distance of about 1.5 mm from the beam edge. Figure 13(b)
shows that the resonances recorded close to the laser beam
edge (r = 3 mm) are significantly wider than those from the
inner parts of the beam (r = 1.5 mm and r = 0). In addition,
an expanded laser beam (6-mm diameter) causes narrower
resonances in the center of the beam cross section and also
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FIG. 13. (Color online) Dependence of Hanle EIT resonance
linewidths from the laser intensity for the central regions of the � laser
beam cross section, the circumference region, and the whole beam.
Results are shown for two laser beam diameters (a) 3 and (b) 6 mm.
The results for the r = 1.5 mm in case of the 6-mm-diameter beam
are presented for better comparison because this radius coincides with
the edge of the 3-mm-diameter beam.

for the whole beam, comparing to the smaller beam diameter
(3 mm).

The results from Fig. 13 show that as the diameter of the
�-shaped laser beam increases, the contribution of the Hanle
EIT from the rim of the beam cross section to the whole
beam resonance linewidth decreases. In other words, when
increasing the laser beam diameter the whole beam resonance
becomes more similar to those from the inner region of the
laser beam cross section.

V. SUMMARY

We have studied the evolution of atomic states in constant
magnetic and laser fields using �-shaped laser beam resonant
to the open Fg = 2 → Fe = 1 transition in 87Rb. This laser
radial profile allows such studies to be unaffected by intensity
variations of the laser electric field. Information about the
transient evolution of the atomic state during the interaction

with the laser beam was obtained by detailed analysis of
features in line shapes of the Hanle EIT resonances from
small segments of the laser beam cross section. Experimentally
and theoretically these resonances were obtained by sampling
the transmitted laser light at various positions of the small
aperture along the radius of a well-collimated laser beam,
after the entire beam had passed through the Rb cell. We
have shown that considerable absorption occurs immediately
after atoms enter the laser beam. At low magnetic fields
this leads to the efficient preparation into a dark state and
consequent evolution with low photon absorption throughout
the inner region of the beam cross section. At higher magnetic
fields, the initial absorption is followed by optical pumping
into an uncoupled ground hyperfine level which dominates
the behavior of the atomic state throughout the laser beam
cross section. The appearance of transmission minima, as
sidebands to the EIT resonance, in the inner regions of the
laser beam is due to strong dependence of optical pumping on
the magnetic field. Transmission minima were also observed
for Hanle EIT resonances obtained using the Gaussian laser
beam, but such EIT line shapes were only observed in the
wings of the beam [16]. Their presence was attributed to
the interference of the laser light in the beam wings and
coherently prepared atoms coming from the central part of the
beam. Thus, essentially different physical mechanisms, optical
pumping (incoherent) in � laser beams and Ramsey-like effect
(coherent) in Gaussian laser beams, yield seemingly similar
results, i.e., the appearance of the transmission minima in
Hanle EIT line shapes. In addition, the observed narrowing
of Hanle EIT resonances toward the center of the �-shaped
laser beam cross section is induced by population loss during
the atomic transit through the laser beam. It is apparent that
for the proper modeling of experiments and identification and
understanding of dominant processes affecting the dark-state
evolution within the laser beam, it is essential to take into
account a real beam profile.
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