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Abstract:  Amplitude and linewidts of the Hanle EIA, obtained from
transmission of the laser locked to closed Fg — Fe = Fg+ 1 transitions in
8Rb and 8’Rb, have maximum values at few mW/cm?2. Amplitude of the
EIA reaches steady value different from zero for higher laser intensities,
even for laser intensities of 40 mW/cm?. Theoretical model of EIA, for
the same atomic system as in the experiment, show that the laser intensity,
at which maximum of amplitudes and widths occur, depends on the laser
detuning. For smaller laser detuning of a few tens of MHz, EIA has a
maximum and then vanishes at higher laser intensities. For larger laser
detuning of the order of hundreds MHz (but still in the range of Doppler
broadening) amplitude of the EIA has very broad maximum and remains
above zero for intensities above 40 mW/cm?. Such theoretical results
indicate that Hanle absorption peak remains in the experimental results,
regardless of the laser intensities, due to Doppler effect.
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1. Introduction

Electromagnetically induced absorption (EIA) is a phenomenon of increased absorption of ra-
diation in atomic vapor resulting from the atomic coherence [1]. EIA is complementary effect
to more thoroughly studied electromagnetically induced transparency (EIT). While EIT is re-
lated to a coherent population trapping (CPT) developed in a three-level A system [2], EIA is
associated with low-frequency Zeeman coherences in a near-degenerate two-level system. EIA
is observed in transitions when CPT can not be developed, that is when degeneracy in upper
hyperfine level Fe is higher than in a ground hyperfine level Fq, where Fqe are total angular
momentum of the ground and excited state, respectively [2, 3]. When external magnetic field is
present and is taken as the quantization axis, EIA is explained by the spontaneous transfer of
coherence induced between excited Zeeman sublevels, to the ground sublevels [4]. With quan-
tization axis defined by the light polarization vector, EIA can be explained by the transfer of
population [5, 6]. Investigations of EIA, like investigations of EIT are important because of the
role of low-frequency Zeeman coherences in laser spectroscopy and quantum optics. Coher-
ences between Zeeman sublevels play major role in sub-Doppler and sub-recoil laser cooling
mechanisms [7, 8].

In atomic vapor with EIA increased laser absorption is accompanied by a steep anomalous
dispersion and negative group velocity. Light storage and retrieval, demonstrated in media with
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EIT [9], was also shown in gas vapor with EIA [10]. Yet there are much less studies of EIA
compared to studies of EIT. EIA resonances were investigated in so-called Hanle configuration.
Although Hanle effect was observed in fluorescence light where directions of exciting light and
magnetic field were crossed [11] it is possible to explain it for arbitrary experimental geometry
by density matrix approach. In the Hanle configuration of our experiment sub Doppler reso-
nances are observed when external magnetic field B is scanned near zero value, due to the
alignment of atoms induced by the laser at B, = 0 and destroyed at B, > 0. More specifically
for our configuration, a single optical field, parallel to the external magnetic field is used and
coherent effects are induced by its two counter-rotating circular polarization components. The-
oretically Hanle effects were analyzed on a closed Fg — Fe = Fy+ 1 transition, by calculating
a steady-state population of excited states at different laser intensities [5] and light polarization
[12]. Previous experiments in Hanle configuration and on closed transitions show bright res-
onances due to EIA by measuring fluorescence emitted from vapor cells [12, 13, 14, 15, 16].
Studies of EIA resonances were also done with bi-chromatic field, when typically one mea-
sures transmission of a weak probe laser, as a function of its detuning in the presence of a
strong pump laser (probe-pump studies) [1, 6, 17, 18, 19].

Vanishing and sign reversal of EIA, i.e., appearance of transmission peak at two photon reso-
nance, was observed when laser light changes from linear to circular [14]), and when coherence
of the exited state is significantly destroyed by collisions with the buffer gas [6]. Effect of laser
intensity on Hanle EIA amplitude was predicted theoretically by Renzoni et al. [5]. Theoretical
studies of probe laser EIA show that the EIA also vanishes at very high pump laser intensities.
Such is the work by Taichenachev et al.[4], where, using a four-state N-scheme approximation,
the probe EIA diminishes at high pump laser intensity . In very detailed study of open and
closed Fg = 1 — Fe = 2 transition for the D1 line of 87Rb Goren at al., [20] have shown that
for the same linear polarization of probe and pump lasers, probe EIA can switch to absorption
dip only if Doppler broadening is not taken into account. Effect of Doppler broadening on EIA
at various laser ellipticity was recently studied and it was shown that maximum of the EIA
amplitude at the laser ellipticity different from zero can be explained only if Doppler effect
is taken into account [21]. Experimental probe-pump studies of EIA have shown that a probe
transmission keeps its EIA shape at high pump laser intensity [1, 22]. Using orthogonally polar-
ized probe and pump lasers, Kim et al.[18] demonstrated the switch from EIA to a transmission
peak at pump laser intensity of 150 mW/cm?.

In this work we have made experimental and theoretical investigation of the Hanle EIA
dependence on the laser intensity for the laser tuned to Fg = 3 — Fe = 4 transition in 8Rb
andFg=2 — Fe=3in 87Rb. We covered a wide range of laser intensities, below and above
the saturation level. Our theoretical analyzes was done for the full atomic system of 16 Zeeman
sublevels and for laser intensities used in the experiment. We also investigate, theoretically,
effect of small stray laboratory magnetic field of a few mG on the shape of Hanle absorption
spectra and on EIA amplitudes and widths. Amplitudes and widths of EIT as a function of laser
intensity was thoroughly studied in homogeneously and inhomogenously broadened medium
[23]. There are not such studies of EIA. Previous data on EIA widths were observed in probe-
pump studies, for the laser intensities < 1 mW/cm? [1]. To our knowledge this work is the
first detailed study of behavior of Hanle EIA amplitude and linewidht at broad range of laser
intensities.

2. Experiment

The experimental set-up is shown in Fig. 1. Depending of the Rb cell we have used, the extended
cavity diode laser (DL) is locked to either Fg = 3 — Fe = 4 of 8®Rb or Fy = 2 — Fe = 3 of
87Rb hyperfine transitions of the D2 line using Doppler free dichroic atomic vapor laser lock
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Fig. 1. Experimental set-up. DL - diode laser, L - collimating lenses, D - detector.

technique (DDAVLL) [24]. The plane of laser polarization was determined by linear polarizer
(P), while the laser power was set by rotating half-wave plate (A/2) in front of the polarizer.
Results for the Fg = 3 — Fe = 4 transition were obtained in 8 cm long Rb cell, while results
for the Fy = 2 — Fe = 3 transition were obtained in 1 cm long Rb cell (with enriched 8/Rb
isotope). The cell was at room temperature. The cell is placed into the center of a large three
pairs Helmholtz coils. Around the cell is a coaxial solenoid which provides the magnetic field
B, parallel with the laser beam and the gas cell axis and is used to scan the magnetic field in
the =1 G range. Before entering the cell the laser light is collimated by a pair of lenses (L)
to a beam waist between 1 and 15 mm. Laser intensity is obtained from measured laser power
and a beam profile at the sample. The input laser intensity was between 0.05 mW/cm 2 and 120
mW/cm?2. Figure 2 shows absorption curves for two Rb cells. Normalized transmission, | ot /lin,
is between 35 — 60% and 60 — 75% for closed transitions in 8°Rb and 8’Rb, respectively. For
values of laser intensities in the following discussions and figures we will state mean values of
laser intensities in the cell, assuming its exponential decay in the cell.

3. Theory

In this section we present the model used to calculate transmission of a laser beam, resonant to
the closed Fg = 3 — Fe = 4 transition of 85Rh. Optical Bloch equations were solved for density
matrix elements p; ; for the atomic system of magnetic sublevels of both the ground Fg =3
and of the excited Fe = 4 states. Zeeman sublevels are coupled by the linearly polarized laser
field propagating in a direction of the external magnetic field. The model includes spontaneous
transfer of low-frequency coherence of the excited sublevels to the ground states [4]. The optical
Bloch equations, assuming pure radiative relaxation and the closed system, have the form

) 2 .
Pee, = [—§FL|g1|2+|(wej — g )] Peej —
. 3 ~ ~
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4 3
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where e and g refer to the ground and the excited state hyperfine levels, respectively. The
diagonal elements of pge; (pgg;) are populations of ej (gi) sublevels, and off-diagonal elements
are Zeeman coherences between eje; (gig;) sublevels. Terms peg; represent optical coherences
between € and gj sublevels. Fast oscillations at laser frequency @y in Eq.1 were eliminated
by the substitution

Pag; = Pag e . @)
The matrix elements of the electric dipole moments in Eq. 1 were calculated from
_ 3 1 4
=% (=1 . 3
e omg.a = “1(—1) <m3 q _me> 3)

where q = 0,+1. Parameter ¢, is proportional to the reduced matrix element of the dipole
operator between the ground and the excited states.
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Reduced matrix element is taken from [25]. In Eq. (1) we hand wg h are energies of the atomic
sublevels of the excited and ground levels, gl“|_|€¢1|2 =T, I' = 275.89 MHz is the decay rate

of the excited state. ¢, = 5\%% and Ey)o is the amplitude of the laser electric field. The laser

electric field written in the rotation coordinate system with unit vectors u,; (U1 = ex\;%ey,
Upg=— ex;iiey) is

U_1—Up
2V2
Laser detuning is given by A = As+ Ag, where As= a1) + 0y, — e, (difference between laser
frequency and D2 line) is a single photon detuning, and AR is a Raman, two-photon detuning
due to Zeeman splitting. Raman detuning is calculated from Zeeman splitting of ground and
excited states using Age) = 1.39962 Iy MHz/Gauss, where Iy is the Lande g-factor for
two hyperfine levels. For 8°Rb splittings of Fe = 3 and of Fe = 4 levels with magnetic field are
0.46 MHz/Gauss and 0.7 MHz/Gauss, respectively. The light Rabi frequency of the individual

transition is

E(ro.t) = e W Egyg )

QRy e, = Dolgyce; (6)

The first term in the expression for pgg; in (1) corresponds to the transfer of population and of
coherence from the excited to the ground level [4, 26]. The parameter 0 < b < 1 is the amount of
off-diagonal elements pgg; transferred onto coherences in ground states pgg;. The theoretical
results presented below are for b = 1. The ground state relaxation rates were taken into account
by v. In the vacuum Rb cell at room temperature y is determined by the atom transit time
through the laser beam. Under these assumption we have calculated y from y = vmp/r, where
Vmp = 1/2ksT /M is the most probable velocity of the atoms (equal ~ 240 m/s for Rb atoms
at room temperature [27]) and r is the radius of the laser beam. In our theoretical treatment,
the change in the laser beam intensity along the Rb cell (Fig. 2) and along the laser beam
diameter (usually Gaussian profile) have not been taken into account. The effect of magnetic
field transversal to B, was included by the way of quantization axis along the total magnetic
field.

The system of equations given in (1) was solved assuming a steady state of an atomic system.
Such approximation is correct for cold atoms, like for laser cooled atomic gas, when the inter-
action time between the atoms and the laser are long enough so that a steady-state is reached.
Our experimental results can be compared to the steady state solution of the Eq. (1) since the
estimated atom transit time through the laser beam is longer than calculated time required for
atoms to reach a steady state when suddenly illuminated by light tuned to a closed transition
[28]. Light absorption is calculated from the sum of populations of all magnetic substates of the
excited state, i.e., diagonal density matrix elements, Y, pge . Theoretical results shown below are
in fact presented as a laser transmission, obtained after subtracting total absorption from unity.
Note that measurements of total fluorescence is also a measure of the total light absorption, as-
suming the same decay rate for all sublevels. Calculations were performed for the same range
of the laser intensities as in the experiment.

4. Discussion

4.1. Experimental results

Figure 3 shows experimental Hanle EIA for two laser intensities, 0.1 and 11 mW/cm?2, for
transition Fg=2 — Fe=3/in 87Rb and for the laser beam diameter of 2.5 mm. For intensities
above these, experimental results also show characteristical EIA shape, like curves in Fig. 3.
These curves were obtained by averaging more than 500 samples on the storage oscilloscope.
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Fig. 3. Hanle EIA for (a) 0.1 mW/cm? and (b) 11 mW/cm? of the laser intensity. The laser
is locked to the D2 Fy = 2 — Fe = 3 transition in 8’ Rb; beam diameter is 2.5 mm.

Experimental results for the Hanle EIA amplitude and width as a function of the laser in-
tensity are given in Fig. 4 for the Fg = 2 — Fe = 3 transition in 8’Rb, and in Fig. 5 for
Fg = 3 — Fe = 4 transition in 8Rb. Solid lines in figures are to guide the eye. We evalu-
ated amplitudes and widths at the interval of magnetic fields between -1 and 1 G. On these
range there are no complex curves like these in Fig. 7(b) and only one peak is observed. Ampli-
tude was evaluated like the difference between maximum of the curve and a minimum between
2 maxima. Width is a full width at half of the amplitude of the Hanle transmission curves.
This method agrees with fitting the curves with double Lorentzian. Data points in these curves
were also obtained after fitting transmission curves, like curves in Fig. 3 by double Lorentzian.
One of Lorentzian represents a wider Hanle signal, much wither than our scanning range. Sec-
ond Lorentzian represents EIA resonance which is of opposite sign than Hanle signal. Widths
present domain of magnetic field in which Zeeman coherences are not yet destroyed. Note that
data given in two figures were obtained using two Rb cells. For results in Fig. 4 we used 1
cm long cell with enriched 87 isotope. Both amplitude and width of the EIA have maximums.
From results presented in Figs. 4 and 5 it follows that maximums for 85 and 87 isotopes ap-
pear at similar laser intensities after correction for different laser absorption (due to different
absorption coefficients and different cell lengths, Fig. 2) are taken into account. Insert in Fig.
4(a) shows amplitude variations at lowest laser intensities. This interesting width narrowing of
EIA at high laser intensity is in contrast to well established EIT behavior vs laser intensity.
The errors for widths and amplitudes, given by error bars in Figs. 4 and 5 were estimated from
experimental conditions and they are primarily due to presence of laboratory stray magnetic
field, quality of polarizing optics, stability of laser intensity and frequency, and errors originat-
ing from fitting transmission curves. We like to note that we made few measurements at much
higher intensities then those presented in Figs. 4 and 5. For the laser intensity of 100 mW/cm 2
(obtained when using 1 mm diameter laser beam), we also had similar results in a sense that
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Fig. 4. (a) Amplitude of the Hanle EIA and (b) Full width at half maximum and as a
function of the laser intensity for Fy = 2 — Fe = 3 transition in 87Rb. Points in the insert
are experimental data for at lowest laser intensities and line is the linear fit.

transmission minimum at B,=0 remains at steady value, and never changed sign.

Dependence of the EIA width on the inverse value of the laser beam diameter, for the laser
intensity of 0.8 mW/cm? is shown in Fig. 6. Solid line is a linear fit with a coefficient 410 + 75
mG mm. Such dependence of the widths suggests that at these intensities inverse of atomic
time of flight through the laser beam can be taken as coherence decay (like in our calculations).
Dependence of Hanle EIA width is similar to the result observed in the atomic fluorescence in
the pump-probe experiment [1].

4.2. Theoretical results

Numerical calculations for transmission of the laser were done for the atomic transition Fg =
3 — Fe =4 in 8°Rb. Detunings of the order of a few MHz simulate experimental transmission
curves (Fig. 3) better than zero detuning. Results in Fig. 7 are for the laser detuning As = +3
MHz. In Fig. 7(a) the laser intensity is 0.1 mW/cm?, and in Fig. 7(b) we present calculations
for higher laser intensities, from 1 to 40 mW/cm?2. Small EIA, still observed at 1 mW/cm? at
the center of wide transmission gain disappears at 3 mW/cm?. Calculations of transmission of
a probe laser in probe-pump studies show that probe EIA changes with a laser intensity and,
similar to a Hanle EIA, switches to a transmission peak at high Rabi frequency [4, 29].

Residual magnetic fields at the location of the Rb cell also influence the shape, amplitude and
width of EIA. Magnetic fields transversal to B, field, measured at the center of large Helmholtz
coils, are < 5 mG. Such level of stray magnetic field should not change the amplitude or the
width of the EIA, according to our calculations. Calculated EIA curve for transversal mag-
netic field of 20 mG (dashed line in 7(a)) shows very small difference from the curve at zero
transversal magnetic field.

In a gas with Maxwell velocity distribution, total transmission is a superposition of trans-
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Fig. 6. Full width at a half maximum of the EIA as a function of inverse laser beam diam-
eter. The solid line is linear fit through the data. The laser intensity is 0.8 mW/cm?.
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from the Fy = 3 — Fe = 4 transition in 85Rb, as a function of the magnetic field for laser
intensity (a) 0.1 mW/cm? (transversal magnetic field zero (solid line) and 20 mG (dashed
line)), and (b) 1,3,20,30 and 40 mW/cm? for curves from top to bottom, respectively.
Please note different scales for magnetic fields in (a) and (b).

missions calculated for different velocities i.e., corresponding detunings A s. Each of these cal-
culeted curves has certain weigth. Maxwell-Boltzmann velocity distribution gives wide Doppler
inhomogeneous broadening, but most of atoms have values of v, (z-axis components of veloci-
ties, direction of laser light propagation) such that laser detuning due to Doppler effect is in the
range of a few MHz. Theoretical results for the EIA amplitudes and widths, as a function of
the laser intensity, are given in Fig. 8. Curves in Fig. 8 correspond to different laser detunings
As # 0. They show that intensities at which EIA amplitude has maximum and intensities at
which EIA vanishes, strongly depend on the laser detuning. As laser detunings increase, they
both move towards larger laser intensities. Moreover, at temperature T = 300 K even atomic ve-
locities corresponding to detunings of several hunderds of MHz have a non-negligable weight.
Theory indicates that at such large detunings, amplitude and width do not fall to zero at the
highest experimental laser intensity or even higher. \ery important conclusion then follows
from theoretical results: we were not able to experimentally observe vanishing of EIA, because
of Doppler broadening.

Behavior of EIT amplitude and width at low and high laser intensities were studied previ-
ously. Javan at al., [23] in their thorough analyzes gave analytical expressions for EIT widths
as a function of the laser intensity. They found square-root dependence at low laser intensity
(below saturation) and linear dependence at higher laser intensity. We have shown in this work
that EIA amplitude and width behave quite differently with increasing laser intensity. These
results can be understood from numerical results of the population, p g g, and of coherence,
Pgi.g; Of Zeeman sublevels of the ground state hyperfine level as a function of the laser intensi-
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Fig. 8. Calculated (a) amplitude and (b) width of the EIA as a function of the laser intensity
when input light is near-resonant to Fy = 3 — Fe = 4 transition in 85Rh. Maximum of both
EIA amplitude and width shifts to higher laser intensities as the laser detuning takes values
3,5,10,15 and 20 MHz.

ties. Figure 9 shows how the populations of each Zeeman level change with the laser intensity.
When we choose quantization axis parallel to the external magnetic field B, the laser pumps
the population in the ground state Zeeman sublevels mg, = 3. This is not the result of a strong
correlation among sublevels of the same hyperfine state, instead it is the result of saturation of
the Zeeman sublevels of Fe = 4, via strong coupling between mg, = 3 and mg, = 4 sublevels.
With increasing laser intensity, population of ground sublevels mg, = +3 goes through a maxi-
mum and increasing laser detuning moves this maximum towards higher laser intensities. This
can explain observed behavior of EIA amplitude.

5. Conclusion

In this paper we presented experimental and theoretical results for amplitudes and widths of
the Hanle EIA, obtained with the laser resonant to close Fg — Fe = Fy+ 1 transitions in both
8Rb and 8'Rb, as a function of the laser intensity. Amplitudes and widths were obtained from
measured and calculated absorption resonances for the range of external magnetic field B ;= +1
G. Effect of laboratory stray magnetic field on such resonances was evaluated theoretically and
was found that measured residual, transversal (in respect to B;) magnetic field below 5 mG does
not influence the main result of the paper. Same results of EIA amplitude and width obtained
with two Rb cells of very different lengths, also indicate that stray magnetic field was well
compensated.

Both amplitude and width of the EIA, as a function of laser intensities, have maximums.
Therefore, EIA behaves differently from well known behavior of EIT. Behavior of the theoret-
ical EIA amplitudes and widths depends on the laser detuning - detuning influences intensity
corresponding to maximums of amplitude and width. Beyond the maximum, theoretical EIA
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Fig. 9. Calculated population of Zeeman sublevels of Fy = 3 in 85Rb as a function of the
laser intensity; mg = £3 (solid line), mg = £2 (dashed line), mg = +1 (dotted line), mg =
0 (dashed-dotted line).

amplitude goes to zero and then switches sign to a broad transmission gain. Instead, experimen-
tal EIA amplitude and width saturates at the value different from zero. Theoretical results of the
EIA amplitude and widths at different laser detunings suggest that the reason for discrepancies
between theory and experiment is Doppler effect present in the experiment. Appearance of the
maximum of the EIA amplitude, at particular laser intensity, can be understood from similar
behavior of the loss of population of the ground state Zeeman sublevels, most coupled by the

laser light.
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