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Abstract

Experimental and theoretical analyses show the effect of laser beam radial intensity
distribution on line-shapes and line-widths of the electromagnetically induced transparency
(EIT). We used Gaussian and IT (flat top) laser beam profiles, coupling the D, transition of
87Rb atoms in the vacuum cell in the Hanle experimental configuration. We obtained
non-Lorentzian EIT line-shapes for a Gaussian laser beam, while line-shapes for a IT laser
beam profile are very well approximated with Lorentzian. EIT line-widths, lower for Gaussian
than for I, show nonlinear dependence on laser intensity for both laser beam profiles. EIT
amplitudes have similar values and dependence on laser intensity for both laser beams,
showing the maximum at around 0.8 mW cm 2. Differences between the EIT line-shapes for
the two profiles are mainly due to distinct physical processes governing atomic evolution in the
rim of the laser beam, as suggested from the EIT obtained from the various segments of the

laser beam cross-section.

(Some figures may appear in colour only in the online journal)

1. Introduction

Electromagnetically induced transparency (EIT) [1-3], an
effect causing the narrow coherent resonance in a laser
transmission through the atomic vapour media, is essential for
subjects like slow light and storage of light [4], lasing without
inversion [5], frequency mixing [6], Kerr nonlinearities [7], etc.
The importance of EIT has become evident after several recent
applications, including the development of atomic frequency
standards [8, 9] and magnetometers [10, 11]. Prior to EIT,
magneto-optical effects, like the ground-state Hanle effect
and nonlinear Faraday effect, were studied and their possible
application in extremely low magnetic field measurements was
shown [12-15]. EIT resonance line-shape and line-width are
of interest for many EIT applications. EIT line-shape in alkali
vapours contained in gas cells is altered from the fundamental
Lorentzian shape of atomic resonances by several factors. In

0953-4075/13/1755014-08$33.00

addition to power broadening, thermal motion of atoms in
vacuum cells affects the shape of EIT resonance through a
transient evolution of the state of the atoms passing through
the laser beam [16-18]. The investigation of the temporal
evolution of the optical pumping into a dark state in an atomic
beam, with special attention given to the influence of the weak
external magnetic field, has been performed in [19]. Studies
of EIT dependence on laser beam radius [20], laser intensity
[21, 22] and radial profile of the laser intensity [16, 23-26]
were performed. Recent experiments have shown effects of
different laser modes i.e. a Laguerre-Gaussian laser beam gave
narrower EIT than a Gaussian laser beam [27]. In buffer gas
cells, filled with a mixture of alkali atoms and inert gas at
several Torr, EIT line-shapes are influenced by diffusion of
the alkali atoms in and out of a laser beam. Such repeated
interaction effectively enables Ramsey-induced narrowing
and non-Lorentzian EIT line-shape in media where Doppler

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. (a) Experimental setup: ECDL—external cavity diode laser; DDAVLL—Doppler-free dichroic atomic vapour laser lock;
SMF—single-mode fiber; P—polarizer; BE—beam expander; PD—large area photo diode. For certain measurements the small aperture on
the translation stage is placed in the laser beam allowing only a selected part of the laser beam cross-section to reach the detector, while the
rest of the laser beam is blocked. I1-shaped beam profiles were recorded by a beam profiler placed at 3 cm (b) and 30 cm (c) from the 3 mm
circular aperture. (b) The dashed (red) curve is the profile of the Gaussian laser beam of the same power and diameter as the IT-shaped
beam. Note that, in order to have the same overall power of the two laser beams, the peak of the Gaussian beam in the present graph has to
have double the value of the flat region of the IT-shaped beam if the diameter of the Gaussian beam is measured at 1/e? of the peak intensity.

broadening is not influential (see [28, 29] and references
therein).

Theoretical studies of EIT line-shapes in vacuum cells
were mainly carried out assuming a IT (flat top) function
for the radial intensity distribution of the laser radiation (see
[21] and references therein). Measurements of the EIT line-
width as a function of the laser intensity [22], performed with
the Gaussian laser beam, show different EIT behaviour with
laser intensity than theory [21]— theory predicts wider EIT
resonances than experiment, with the discrepancy increasing
with the laser intensity. The importance of the laser beam
profile on the EIT was indeed demonstrated theoretically for
the vacuum [26] and the buffer gas cells [23-25]. Our previous
studies have shown that the evolution of the states of the atoms
passing through laser beams of different profiles is governed by
distinct physical processes [17, 18]. Consequently, line-shapes
of EIT resonances obtained from various segments of the laser
beam cross-section reflect these differences. It is expected that
line-shapes of EIT resonances obtained by detecting whole
laser beams of different profiles should also present distinct
properties. However, there are no detailed investigations of this
kind for vacuum alkali-metal vapour cells. In this work we
confirm that the mentioned difference in physical processes
significantly affects the overall EIT resonance line-shapes.
Besides the results of [17, 18], here we take into account
relative amplitudes of EIT resonances from various segments
of the laser beam cross-section. The goal of this work is to
show how laser intensity affects: (a) differences between the
whole beam EIT resonances that are obtained using two laser
profiles, (b) contribution of EIT resonances from different parts
of the laser beam cross-section to the whole beam EIT and

(c) necessity of using a realistic laser beam profile in
calculations for proper modelling of experimental results.

The present study is concerned with the radial intensity
distribution effects of the laser beam on Zeeman EIT line-
shapes in 8’Rb contained in a vacuum cell. The study was
performed using the Hanle technique. EIT resonances are due
to Zeeman coherences developed in the F, = 2 hyperfine
level of ®’Rb by using resonant laser light that couples
the F, = 2 level to the excited hyperfine level F, = 1.
We have investigated the dependence of the EIT line-widths
and amplitudes on the laser beam profile for a wide range
of laser intensities, 0.1-4 mW cm™2. Experimental results
are compared with the results of the theoretical model that
calculates the density matrix elements by taking into account
all of the Rb atomic levels (with Zeeman sublevels) that are
resonantly coupled by the laser light.

2. Experiment

The Zeeman EIT experiment employs a single laser whose
radiation frequency and polarization are stable and well
controlled. Essential for Zeeman EIT measurements is the
elimination of laboratory stray magnetic fields, and creation
of a variable, homogeneous magnetic field over the entire
volume of the Rb cell, directed along the axis of the cell.
For the present studies, a careful control of the laser diameter
and radial distribution of laser radiation is also necessary. A
schematic of the experiment is given in figure 1. We used
the extended cavity diode laser whose frequency is stabilized
to the F;, = 2 — F, = 1 transition of the D; line in
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Figure 2. Zeeman sublevels scheme in 8Rb at the D; line. The solid
lines denote coupling with o+ and o~ components of the linearly
polarized laser light. Dashed lines represent spontaneous emission.

87Rb, where F, and F, represent the angular momenta of the
ground- and excited-state hyperfine levels, respectively. The
stabilization scheme is based on the Doppler-free dichroic
atomic vapour laser locktechnique [30, 31]. The laser beam is
linearly polarized.

The laser beam with Gaussian radial intensity dependence,
and 3 mm diameter (measured at 1/e? of the peak intensity),
is obtained by the single-mode optical fibre, beam collimator
and beam expander. For the IT distribution of the laser beam
intensity along its radius, the laser beam behind the fibre is first
expanded to about 20 mm, and then the circular diaphragm of
3 mm in diameter is placed over the central part of the laser
beam. We used thin foil with a 3 mm hole to obtain the IT
profile of laser radiation over the entire length of the Rb cell.
The laser beam profile, measured with the commercial beam
profilometer, which we consider as the IT radial profile, is
given in figures 1(b) and (c), at different distances from the
aperture (3 and 30 cm, respectively). In the experiment, this
aperture is at the entrance cell window. Laser beam intensity
is controlled by the variable neutral density filter. The vacuum
Rb vapour cell is 5 cm long and 25 mm in diameter, and is
held at room temperature.

The solenoid surrounding the Rb cell produces the
magnetic field for the Hanle experiment in the range of
4100 uT. In order to minimize the stray magnetic fields in the
interaction volume, the solenoid and cell are placed inside the
triple layered p-metal. Intensity of the transmitted laser light,
as a function of the magnetic field, is detected by the large
area photo diode and recorded by the storage oscilloscope.
With the small aperture (0.5 mm in diameter) placed in front
of the photo diode (with 10 mm in diameter), which we can
move along the laser diameter, we were able to obtain EIT
resonances only from a small cylindrical segment of the well
collimated laser beam.

3. Theoretical model

Zeeman EIT resonances were calculated for the D; line
transition between hyperfine levels of 8Rb coupled by a
linearly polarized laser. The energy level diagram given in
figure 2 shows hyperfine levels either coupled to the laser light
or populated due to spontaneous emission. The quantization
axis is chosen to be parallel to the external magnetic field. The
complete magnetic sublevels structure of the transition F, =
2 — F, = 1 is considered in the calculations. The theoretical
model is based on time-dependent optical Bloch equations for

the density matrix of a moving atom assuming purely radiative
relaxation. Equations for density matrix elements related to
the ground level F, = 1 are excluded since that level is not
coupled by the laser. For additional details about the resulting
equations please refer to [18, 26]. 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 vapour pressure at room
temperature, so that an atom moves through the laser beam
with constant velocity v = v + v, where v and v, are
longitudinal and transverse velocity components, respectively,
with regard to the laser propagation direction. 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 Gaussian and
IT-shaped profile were modelled using the following equations

IGauss (1) = Zfexp (_2 r2/r(2))’
In(r) = la(1 + erf(p(ro — 1)))*

where r is the beam radius, [ is the beam intensity (total laser
power divided by r37), a is the normalization constant and p is
a positive parameter affecting the steepness of the profile near
r = rg. 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. 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
ri(t) =ro. +v,t, wherery, is the perpendicular component
of the atom position vector at = 0. The temporal variation of
the laser intensity seen by the atom is given by

I(t) = 1(ro(1)) = I(roL + v11), @)

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 non-interacting atoms. Rb atoms traverse the
laser beam at different trajectories with different velocities.
Maxwell-Boltzmann velocity distribution, diversity of atomic
trajectories, the custom cylindrical symmetric radial profile
of the laser electric field, effects of the laser propagation along
the cell and induced atomic polarization of the Rb vapour are
treated similarly as in [18, 26]. The cell temperature was set
to room temperature as in the experiment.

ey

4. Results and discussion

In this section we compare EIT resonances obtained with
two laser beam profiles in vacuum Rb gas cells. Previous
comparisons between the EIT resonances obtained with
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Figure 3. (a) Experimental and (b) theoretical Zeeman EIT resonances obtained by Gaussian and IT laser beam profiles. Laser intensity is

4 mW cm~2 and the laser beam diameter is 3 mm for both profiles.
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Figure 4. Experimental Zeeman EIT resonances and their Lorentzian fits for the (a) Gaussian and (b) IT laser beam profile. The resonances
are obtained under the same conditions like in figure 3(a). Insets show the resonances in the vicinity of their peaks. Residuals, obtained as
the difference between the raw data and the corresponding fit, for Gaussian and IT profiles are given in (c) and (d), respectively.

Gaussian and IT laser beam profiles were performed for alkali
atoms in buffer gas cells [23-25]. It was calculated, assuming
motionless atoms, that EIT line-shapes obtained with a IT laser
beam profile are pure Lorentzian. It was also found that the
resonances line-shapes are narrower for the Gaussian than for
the IT laser beam profile [25]. On the other hand, analysis of
the effects of the laser beam shape on EIT in vacuum Rb cells
was treated only theoretically [26].

Our EIT resonances were obtained by measuring and
calculating the laser transmission as a function of the
scanning longitudinal magnetic field, for the Gaussian and
the IT laser radial profiles, and for the laser intensity range
0.1-4 mW cm™2. The laser is locked to the Fop=2—>F =1
transition of the 3Rb D, line. Figure 3 shows measured

and calculated resonances for two laser profiles at the laser
intensity of 4 mW c¢cm~2. The EIT line-widths and amplitudes,
shown and discussed below, were extracted from resonances
like these in figure 3, normalized at their maximum values.
As seen in figure 3, EIT resonance obtained with the Gaussian
laser beam is narrower than the one obtained with the IT laser
beam.

If the relaxation of atomic coherences is determined by the
radiative decay or by atomic collisions, the line-shapes of the
magneto-optical resonances are Lorentzian [16, 23-25, 32].
Experimental resonances and their Lorentzian fits, for the
two laser beam profiles, are given in figures 4(a) and (b).
It is apparent from these figures, and from residuals between
the data and the fits, given in figures 4(c) and (d), that the
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cases. The curves are to guide the eye.

Lorentzian function can better fit the resonance with the IT
laser beam profile than with the Gaussian profile. This is
particularly the case in the vicinity of a resonance peak, as
shown in the insets of figures 4(a) and (b). Corresponding
R-square factors, representing the fit goodness, are Rgauss =
0.998 71 and Ry = 0.999 341. These differences between the
two profiles remain for all laser intensities.

Figure 4 shows that in an effusive regime of the vacuum
cell, the Gaussian laser beam profile gives the EIT line-shape
that is narrower in the vicinity of the resonance peak than pure
Lorentzian. This is in accordance with the previous results [16]
and could be attributed to the time of flight and Ramsey-like
narrowing during the free atomic passage through the Gaussian
laser beam [17]. In buffer gas cells and diffusive regimes, non-
Lorentzian shape (similar to figure 4(a)) is also observed due
to the Ramsey effect. However, in buffer gas cells, the Ramsey
type narrowing occurs because coherently prepared atoms,
after leaving the laser beam and spending time outside of the
beam, come back into the laser beam [28]. Line-shapes of
the EIT resonances obtained with the IT laser beam profile
are Lorentzian. In the case of the IT laser beam profile, laser
intensity is constant during the atomic passage through the

—
R

275uT

0.6

Integrated fluorescence [arb. units]

T

00 05

Radial distance r[mm]

05

beam and there is no Ramsey-like narrowing like in the case
of the Gaussian beam [17]. In figure 5 we present variations of
EIT line-widths with the laser intensity for the two laser beam
profiles. As the laser intensity increases the difference between
the corresponding EIT line-widths also increases. Theoretical
results show very good agreement with the experiment, both
qualitatively and quantitatively. For the entire range of laser
intensities EIT line-width increases nonlinearly with intensity,
but the slope decreases at higher laser powers. This increase in
line-width is due to power broadening. For the range of laser
intensities as in this work, analytical results, based on the three-
level atomic system, predicted square root dependence on laser
intensity [21]. What we have observed in the vacuum gas cell
is different from line-width dependence on laser intensity in
buffer gas cells where the linear dependence of line-width on
the laser intensity is reported [25, 33-35].

Without entering into details of the atom—laser interaction
for particular laser beam profile, one can give a qualitative
argument as to why a [l-shaped laser beam yields broader
resonances than the Gaussian laser beam. In vacuum cells
Rb atoms traverse a laser beam without collisions and along
straight lines. During the transit through the laser beam, the
atomic state is influenced by both the laser electric field and
the external magnetic field. The laser electric field prepares the
atoms into a dark state determined by the laser polarization.
In such a state, absorption probability of the laser light is
minimal—a manifestation of EIT. The external magnetic field
introduces oscillations of the atomic Zeeman ground-state
coherences at the corresponding Larmor frequencies, and also
degrades the dark state. At low laser intensities, the influence
of the magnetic field is more significant, and the dark atomic
state degrades more easily. The omnichanging electric field of
the Gaussian laser beam decreases the robustness of the dark
state with respect to the external magnetic field. If the dark
state is more robust, the transmission decreases more slowly
with the magnetic field. Therefore, greater robustness of the
EIT with respect to the external magnetic field requires a larger
magnetic field to halve the peak transmission and hence yields
larger EIT line-widths for the IT-shaped beam than for the
Gaussian beam.

Differences in robustness of dark atomic states for the
two beam profiles are illustrated in figure 6. We present
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Figure 6. Integrated fluorescence along the atomic trajectory during the atomic passage through (a) Gaussian and (b) IT laser beam at

different magnetic fields (given by numbers below each curve). Laser intensity is 4 mW cm™2 and radial atomic velocity 180 m s
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Figure 7. Experimental EIT obtained from only a small circular portion (0.5 mm in diameter) of the laser beam transmitted through the
RD cell when this portion is (a) on the beam axis (r = 0.0 mm) and (b) near the beam edge (r = 1.5 mm).

fluorescence calculated from the total population of excited
Zeeman sublevels of the F, = 1 hyperfine level, integrated
along the atomic trajectory that passes through the beam centre,
for several values of the external magnetic field. We assume
that atom enters the laser beam from the left side with a radial
atomic velocity of 180 m s~!, which is the most probable in
room temperature Rb vapour. From the curves corresponding
to the same magnetic fields, it is apparent that the integrated
atomic fluorescence, at the exit of an atom from the laser
beam, has increased more for the Gaussian profile than for the
IT profile.

In figure 7 we show the EIT obtained by detecting
only a portion of the laser beam, defined by (movable)
aperture placed in front of the large area photo diode (see
section 2 for details). This aperture is centred on the beam axis
(r = 0.0 mm) for the resonances in figure 7(a), and is near
the beam edge (r = 1.5 mm) for data in figure 7(b). The EIT
resonances obtained near the centre of the laser beam are very
similar for two laser beam profiles. A large difference exists
between EIT measured with the aperture near the beam edges
of these two beam profiles. The Gaussian laser beam produces
much narrower Zeeman EIT resonances near its edge than the
IT-shaped beam.

Further understanding of what causes different EIT line-
widths with two laser beam profiles can be obtained from
measurements and calculations of EIT amplitudes at various
distances from the beam axis, presented in figures 8(a)—(d).
Results are given for two laser beam profiles and for two laser
intensities. Amplitudes of EIT resonances are increasing with
the distance from the beam axis for both beam profiles, which
is more pronounced at higher laser intensities. Amplitudes are
the highest in the beam segments that have a high geometrical
contribution to the total laser beam cross-section. As seen in
figure 7, these are also the segments where the resonances for
the Gaussian beam are much narrower than for the IT beam
profile. Thus, the results of figures 7 and 8 show that the outer
parts of the laser beam cross-section are primarily responsible
for the observed differences between EIT line-widths obtained
with the two laser beam profiles. Physical mechanisms leading
to such differences are explained in detail in [17, 18].

Next, we show the behaviour of the EIT amplitudes
obtained with the entire Gaussian and IT laser beams. In
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Figure 8. Experimental (a) and (c), and theoretical (b) and (d)
amplitudes of the Zeeman EIT resonances obtained at different
positions of small aperture along the laser beam radius for the two
laser beam profiles.

figure 9 we present measured and calculated EIT amplitudes
as a function of the laser intensity. As seen in figure 9, there are
no essential differences between EIT amplitudes obtained with
the two laser beams. At lower intensities EIT amplitudes show
a steep, nearly linear increase with intensity, like in buffer gas
cells [36]. The decrease in EIT amplitudes above ~1 mW cm 2
is caused by the increase of the population loss due to optical
pumping to the F, = 1 hyperfine level of the Rb ground state,
which is not coupled by the laser. Indeed, when the re-pumper
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is used to bring the population back to F, = 2 as in [37], the
contrast of the amplitudes increases considerably. Figures 9(a)
and (b) also show good agreement between experiment and
theory.

5. Conclusion

We have demonstrated substantial differences between
Zeeman EIT line-shapes and line-widths obtained using two
laser radial intensity profiles: Gaussian profile—frequently
used in experiments, and I1-shaped laser radial distribution—
common in theoretical calculations. Our work is concerned
with the effects of these two laser radial profiles on EIT,
generated in the Hanle configuration by laser coupling
F, = 2 — F, = 1 hyperfine levels in 87Rb atoms in
vacuum gas cells. We have shown theoretically and confirmed
experimentally the different line-shapes of EIT resonances:
those obtained with IT laser beam are very well approximated
with Lorentzian, while the Gaussian laser beam profile gives
non-Lorentzian Zeeman EIT resonances. EIT resonances are
wider for the IT laser beam than for the Gaussian laser beam
profile and this difference becomes larger as the laser intensity
increases. The study is performed for laser intensities up to
4 mW cm~2. We have shown that major differences in line-
widths between two laser profiles are in the regions near the rim
of the laser beams. The differences in line-shapes are attributed
to different physical processes that Rb atoms undergo during
the interaction with the two laser beam profiles. In the wings of
the Gaussian laser beam, a Ramsey-like effect can reshape EIT
resonances with respect to those near the laser beam centre, as
shown in [16, 17]. For the IT profile, optical pumping to the
uncoupled ground level dominantly influences the line-shape
[18]. The theory demonstrates that the atomic dark state is
more sensitive to magnetic field when the atoms are traversing
the Gaussian laser beam than when passing through a constant
intensity field of the IT laser beam. Larger sensitivity of the
atomic dark state to magnetic field variation implies narrower
Zeeman EIT line-shapes. The increase of EIT line-widths
with the laser intensity is square-root-like for both profiles.
Amplitudes of the EIT increase linearly for a laser intensity

up to 0.8 mW cm™? for both profiles and decrease at higher
intensities due to pumping to the F, = 1 hyperfine level of
87Rb. Observed dependence of line-widths and amplitudes of
the EIT with the laser intensity in vacuum gas cells is different
from previous results in buffer gas cells.
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