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Angular momentum alignment-to-orientation conversion in the ground state of Rb
atoms at room temperature
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We investigated experimentally and theoretically angular momentum alignment-to-orientation conversion
created by the joint interaction of laser radiation and an external magnetic field with atomic rubidium at room
temperature. In particular, we were interested in alignment-to-orientation conversion in the atomic ground state.
In the experiment the laser frequency was fixed to the hyperfine transitions of the D1 line of rubidium. To simulate
the measured signals we used a theoretical model that takes into account all neighboring hyperfine levels,
the mixing of magnetic sublevels in an external magnetic field, the coherence properties of the exciting laser
radiation, and the Doppler effect. The experiments were carried out by exciting the atoms with linearly polarized
laser radiation. Two orthogonal circularly polarized laser induced fluorescence (LIF) components were detected
and afterward their difference was taken. The combined LIF signals originating from the hyperfine magnetic
sublevel transitions of 85Rb and 87Rb rubidium isotopes were included. The alignment-to-orientation conversion
can be incontrovertibly identified in the difference signals for various laser frequencies, and a change in signal
shapes can be observed when the laser power density is increased. We studied the formation of and the underlying
physical processes behind the observed signals of the LIF components and their difference by performing an
analysis of the influence of incoherent and coherent effects. We performed simulations of theoretical signals that
showed the influence of ground-state coherent effects on the LIF difference signal.
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I. INTRODUCTION

Laser radiation by its very nature has a spatially anisotropic
electric field distribution. First, if we neglect beam divergence,
the laser beam defines a direction in space to which the vector
of the electric field of the light is always perpendicular. In
other words, the light electric field is always in a plane perpen-
dicular to the beam direction. In addition, the laser radiation
very often is polarized.

When such a radiation is absorbed by an ensemble of
atoms, it creates an anisotropic spatial distribution of angular
momentum in atoms. This anisotropy in the spatial distribu-
tion of angular momentum has the same spatial symmetry as
the electric field vector of the exciting light.

When the laser beam is linearly polarized, it causes the
angular momenta of the atoms in the excited state to become
aligned. If the absorption is nonlinear, alignment is created
in the ground state of the atoms as well. Angular momentum
alignment can be imagined as a double-headed arrow. Let us
set the quantization axis along the external magnetic field.
If the angular momentum of the atoms is aligned along the
quantization axis, the alignment is called longitudinal. In the
case of longitudinal alignment the populations of magnetic
sublevels with quantum number +mF and −mF are equal,
but the population is different for different |mF | states. But
if the angular momentum is aligned perpendicularly to the
quantization axis (called transverse alignment), it means that

*arturs.mozers@lu.lv

there is a coherence created between magnetic sublevels with
quantum numbers that differ by �mF = ±2 (for details see
[1,2]).

In a similar way we can introduce longitudinal and trans-
verse orientation of angular momentum. Usually orientation
can be created by a circularly polarized laser excitation. In the
case of orientation of the angular momentum, the spatial dis-
tribution can be represented symbolically by a single-headed
arrow, and in the case of longitudinal orientation the magnetic
sublevels with quantum numbers +mF and −mF in general
have different populations. However, the case of transverse
orientation corresponds to coherence between magnetic sub-
levels with values that differ by �mF = ±1 [1,2].

Changes in the fluorescence polarization, such as de-
polarization of laser-induced fluorescence in the magnetic
field—the Hanle effect [3]—or the rotation of the plane of
polarization of laser radiation that propagates in a gas of atoms
[4], have a broad range of applications. For example, these
effects can be used to measure the magnetic field. Other man-
ifestations and applications of magneto-optical resonances
include electromagnetically induced transparency [5], infor-
mation storage in atoms [6,7], atomic clocks [8], various types
of optical switches [9] and filters [10], as well as optical
isolators [11].

Under some specific conditions the alignment created by
excitation with a linearly polarized laser can be converted into
orientation. This process is called alignment-to-orientation
conversion (AOC) [2]. For this process to take place, some
additional perturbation is needed, such as a magnetic field
gradient [12] or anisotropic collisions [13–15].
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FIG. 1. Frequency shifts of the magnetic sublevels mF of the
excited-state fine-structure level 52P1/2 as a function of magnetic
field for 85Rb. Zero frequency shift corresponds the excited-state
fine-structure level 52P1/2.

Unlike an electric field [16,17], a magnetic field alone
cannot create atomic angular momentum orientation from an
initially aligned ensemble, because it is an axial field that has
even parity. In other words, it is symmetric under reflection
in the plane perpendicular to the field direction. However, if
the strength of the magnetic field interaction with an atom is
comparable to the hyperfine interaction in the atom, the joint
action of both interactions can cause AOC [18].

At intermediate values of the magnetic field strength the
hyperfine interaction can cause a nonlinear dependence of
the energies of the magnetic sublevels on the magnitude
of the magnetic field—the nonlinear Zeeman or hyperfine
Paschen-Back effect (see Figs. 1 and 2). If, in addition, we
have exciting radiation that is linearly polarized in such a
way that it contains simultaneously linear (π0) and circular
(σ±) polarization components in the reference frame defined
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FIG. 2. Frequency shifts of the magnetic sublevels mF of the
ground-state fine-structure level 52S1/2 as a function of magnetic
field for 85Rb. Zero frequency shift corresponds to the ground-state
fine-structure level 52S1/2.

FIG. 3. Excitation and observation geometry. The linearly polar-
ized excitation laser light �E can be split into two circularly polarized
excitation light components σ±

Exc and one linearly polarized excita-
tion light component π 0

Exc.

by the magnetic field direction (see Fig. 3), then �mF = 1
coherences can be created, which leads to the breaking of the
symmetry of the angular momentum spatial distribution [18]
and creates the angular momentum orientation in a direction
transverse to the magnetic field direction.

AOC in an external magnetic field was first studied the-
oretically for cadmium [19] and sodium [20], and observed
experimentally in cadmium [21] and in the D2 line of ru-
bidium atoms [22]. Also the conversion in the opposite
sense—conversion of an oriented state into an aligned one—is
possible [23].

In the previous studies AOC caused by the joint action of an
external magnetic field and the internal hyperfine interaction
was studied in the excited state of rubidium atoms [18,24].
The magnetic sublevels of the excited-state angular momen-
tum hyperfine levels in Rb atoms in an external magnetic field
start to be affected by the nonlinear Zeeman effect already at
moderate field strengths on the order of several tens of gauss.
It should be noted that at such values of the magnetic field
strength, the ground-state Zeeman effect is still close to linear.

The strongest alignment-to-orientation conversion happens
at the magnetic field strength at which coherently excited
magnetic sublevel pairs undergo level crossing due to nonlin-
ear magnetic sublevel splitting [18,24]. Such level crossings
do not happen in the ground state of alkali atoms. For this
reason the question of AOC in the ground state is usually
not analyzed. At the same time it is known (see for example
[18]) that, although level crossing strongly enhances AOC
signals, conversion can also happen without level crossing.
The only requirement is that the excitation conditions are such
that between certain magnetic sublevels coherences can be
created, for example, due to the finite absorption linewidth
of the atoms and the width of the spectral profile of the laser
radiation.
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The aim of this study is to examine AOC-creating pro-
cesses in detail and to trace AOC in a particular case to the
various effects that are active in the AOC—processes in the
excited state, processes in the ground state, changes in the ab-
sorption probabilities caused by the magnetic sublevel scan-
ning in the external magnetic field, and the fact that several
isotopes of an atom can interact with the same laser radiation
simultaneously.

Although AOC effects usually are small, especially those
that are caused in the ground state of atoms, it is important
to have a clear understanding of them not only out of theo-
retical interest, but also because of practical and fundamental
applications in which they can play an important role.

The signals obtained from experiments were analyzed by
a numerical theoretical model based on the optical Bloch
equations (see Sec. II). We carried out experiments where
two oppositely circularly polarized laser induced fluorescence
(LIF) components and, afterward, their difference were ob-
served (Sec. III). A detailed explanation of the observed
experimental signals, which clearly show AOC taking place,
is provided in Sec. IV.

II. THEORETICAL MODEL

Prior to the experimental measurement, we assessed which
hyperfine transitions in Rb atoms are the most suitable for
detecting alignment-to-orientation conversion in the atomic
ground state. To estimate the expected signal strengths and
to analyze the experimental signals, we used the Liouville or

optical Bloch equations (OBEs) for the density matrix ρ. The
atomic density matrix was written in a basis defined by the
whole manifold of hyperfine levels in the ground and excited
states: |ξ, Fi, mFi〉, where Fi refers to the quantum number
of the hyperfine angular momentum in the ground (i = g) or
the excited (i = e) state, mFi denotes the respective magnetic
quantum number, and ξ represent all the other quantum num-
bers that are not essential for the current study.

The time evolution of the density matrix was described by
the optical Bloch equations [25]

ih̄
∂ρ

∂t
= [Ĥ, ρ] + ih̄R̂ρ, (1)

where Ĥ is the total Hamiltonian operator of the system and
R̂ is the relaxation operator. The full Hamiltonian can be
written as Ĥ = Ĥ0 + ĤB + V̂ , where Ĥ0 is the unperturbed
system Hamiltonian, ĤB describes the interaction with the
external magnetic field, and V̂ = −d̂ · E(t ) is the operator that
describes the atom–laser field interaction in the electric dipole
approximation. The operator includes the electric field of the
exciting light E(t ) and an electric dipole operator d̂.

The general OBEs (1) can be transformed into explicit
rate equations for the Zeeman coherences within the ground
(ρgig j ) and excited (ρeie j ) states by applying the rotating-wave
approximation, averaging over and decorrelating from the
stochastic phases of the laser radiation, and adiabatically elim-
inating the optical coherences [26–29]:

∂ρgig j

∂t
= (

�giem + �∗
g j ek

) ∑
ek ,em

d∗
giek

demg j ρekem −
∑
ek ,gm

(
�∗

g j ek
d∗

giek
dekgmρgmg j + �giek d∗

gmek
dekg j ρgigm

)

− iωgig j ρgig j +
∑
ekel


ekel
gig j

ρekel − γ ρgig j + λδ(gi, g j ), (2a)

∂ρeie j

∂t
= (

�∗
gmei

+ �gke j

) ∑
gk ,gm

deigk d∗
gme j

ρgkgm −
∑
gk ,em

(
�gke j deigk d∗

gkem
ρeme j + �∗

gkei
demgk d∗

gke j
ρeiem

) − iωeie j ρeie j − (
 + γ )ρeie j .

(2b)

Equation (2a) describes the time evolution of the popu-
lations and Zeeman coherences in the manifold of magnetic
sublevels of all the hyperfine levels in the atomic ground
state. The first term describes the repopulation of the ground
state and the creation of Zeeman coherences due to induced
transitions, while �giem and �∗

g j ek
represent the strength of

the atom–laser field interaction. The matrix element dgie j =
〈gi|d̂ · e|e j〉 is the dipole transition matrix element for tran-
sition between hyperfine magnetic sublevels gi and e j when
excited by laser radiation with polarization e. The dipole
transition matrix element is calculated using the rule of scalar
product for complex vectors and the Wigner-Eckart theorem
[1], from which the reduced dipole matrix element ||d|| is
excluded, because it is transferred to the reduced Rabi fre-
quency, Eq. (7). The second term denotes the changes in the
ground-state Zeeman sublevel population and the creation of
ground-state Zeeman coherences due to light absorption. The
third term describes the influence of the external magnetic

field on the ground-state Zeeman coherences, where ωgig j

is the energy difference between magnetic sublevels |i〉 and
| j〉. The fourth term describes the repopulation and trans-
fer of excited-state coherences to the ground state due to
spontaneous transitions. The transitions are closed within the
hyperfine structure, so that

∑
eie j



eie j
gig j = 
. The fifth and sixth

terms in (2a) describe the transit relaxation in the ground state.
The fifth term accounts for the process of thermal motion in
which atoms leave the region of interaction with a spatially
restricted laser beam. The rate of this process is characterized
by the constant γ . It is assumed that the atomic equilibrium
density matrix outside the interaction region is the unit matrix
1̂ divided by the total number of the magnetic sublevels ng in
the ground-state hyperfine manifold. Therefore the repopula-
tion rate is connected to the transit relaxation rate γ as λ =
γ /ng, where ng is the total number of magnetic sublevels in
the ground state. The transit relaxation rate γ can be roughly
estimated as the inverse of the average time that atoms spend
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in the laser beam when they are traversing it due to thermal
motion.

Similarly to Eq. (2a), in Eq. (2b) the first term denotes the
changes in the excited-state density matrix caused by light ab-
sorption, the second term describes induced transitions to the
ground state, the third stands for the influence of the external
magnetic field on the excited-state Zeeman coherences, where
ωeie j is the splitting of the excited-state Zeeman sublevels.
Finally, the fourth term describes the combined rate of spon-
taneous decay and transit relaxation (atoms are leaving the
region where they interact with laser radiation due to thermal
motion) of the excited state.

The atom–laser radiation interaction strength �gie j , used in
(2), is expressed as

�gie j = �2
R


+γ+�ω

2 + ı̇
(
ω̄ − kω̄ · v + ωgie j

) , (3)

where �R is the reduced Rabi frequency, �2
R being propor-

tional to the laser power density. The term �ω represents the
finite spectral width of the exciting radiation, ω̄ is the central
frequency of the exciting radiation, kω̄ is the wave vector of
exciting radiation, and kω̄ · v = 2π�D is the Doppler shift
experienced by an atom moving with velocity v.

Since the experiments were conducted at continuous wave
excitation conditions, we were interested in the stationary
solution of Eqs. (2),

∂ρgig j

∂t
= ∂ρeie j

∂t
= 0, (4)

reducing the differential Eqs. (2) to a system of linear equa-
tions. The solution of the system yields density matrices for
the ground and excited states.

The observed fluorescence intensity Iob of polarization eob

then was calculated from the excited-state density matrix
elements as

Iob(eob) = Ĩ0

∑
gi,e j ,ek

d∗(ob)
gie j

d (ob)
ekgi

ρe j ek , (5)

where d (ob)
ekgi

= 〈ek|d̂ · eob|gi〉 are the dipole transition matrix
elements for the radiation with specific polarization (eob)
observed in a chosen direction. Ĩ0 is the constant of propor-
tionality.

The thermal motion of the atoms was accounted for by sig-
nal averaging over the thermal velocity distribution of atoms.
This averaging was performed by solving Eqs. (2) for each
velocity group, accounting for the relative probability of an
atom to have this velocity and averaging the fluorescence
intensity (5) over this distribution.

To simulate the expected signals and to fit the experimental
results, we estimated the values of several parameters to first
approximation.

The transit relaxation rate was estimated from the mean
thermal velocity vth of the atoms projected onto the plane
perpendicular to the laser beam and from the laser beam
diameter d:

γ = vth

d
. (6)

For d = 1400 μm and T = 293 K we estimated γ = 2π ×
(0.019 MHz).

The reduced Rabi frequency was estimated as

�R = kR
||d|| × |ε|

h̄
= kR

||d||
h̄

√
2I

ε0nc
, (7)

where kR is a dimensionless fitting parameter, ||d|| =
4.231ea0 [1] is the reduced dipole matrix element for the D1

transition, e is the electron charge, and a0 is the Bohr radius
[30]. The term I represents the power density (directly related
to the amplitude of the electric field |ε|), ε0 is the electric
constant, n is the refractive index, and c is the speed of light.

In practice, the power density I is not constant across the
laser beam, so that the estimation of the parameter kR is not
straightforward. The theoretical model used a constant value
for the power density instead of the actual power distribution.
As the power density is increased, �R cannot be related to the
square root of the power density I by the same constant kR as
for the lower power densities [29,31], if one merely assumes
that the laser power density distribution within the beam is
Gaussian.

This leads to a more complex relationship between I and
�R, which has a simple explanation. Our experiment was per-
formed in the regime of nonlinear absorption, which leads to
strong depletion of the ground-state population for large laser
power densities. For low laser power density, the ground-state
population is only slightly changed, even at the center of the
beam, where the light is most intense. However, when the
laser power is increased, the atoms in the center of the beam
are more actively excited, leaving a diminished ground-state
population in the center of the beam. When the laser power
density is increased even more, the region of population de-
pletion expands to the “wings” of the Gaussian power density
distribution.

Due to this spatially dependent population depletion, the
main contribution to the signal for weaker laser radiation
comes from the central parts of the laser beam where the
power density is the highest, and the theoretical proportion-
ality of �R to the square root of power density continues to
hold. However, for stronger laser radiation power density, the
peripheral parts of the laser beam, where power density is
lower, start to play a larger role in the absorption process,
because the ground-state population there is more significant
than at the center of the beam. Therefore, when increas-
ing the laser power density, the different parts of the laser
beam play a dominant part in the absorption process, which
should be related to the Rabi frequency �R in the theoretical
model. We accounted for this effect by adjusting the value of
the coefficient kR in the theoretical model to achieve better
correspondence between the experimental measurements and
theoretical calculations.

By finding the best agreement between theoretical and
experimental signals an appropriate estimate of the spectral
width used in the theoretical model was found to be �ω =
2π × (2 MHz), which is close to the value given by the
manufacturer of the laser.

III. EXPERIMENT

The experiments were performed on atomic rubidium va-
por at room temperature. The cylindrical (diameter 25 mm,
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FIG. 4. Side view of the experimental setup. The beam enters the
coils at an angle of 45◦ with respect to the y axis in the yz plane (axes
shown in the inset).

length 25 mm) Pyrex atomic vapor cell with optical quality
windows contained rubidium isotopes in their natural abun-
dance. The atoms were excited with linearly polarized light
with its polarization vector E in the y-z plane and making
a π/4 angle with respect to the quantization axis z defined
by the external magnetic field B as shown in Fig. 3. The two
circularly polarized laser induced fluorescence (LIF) compo-
nents IL and IR were observed along the x direction. The LIF
passed through a pair of convex lenses while IL or IR were
selected by changing the relative angle between the fast axis
of a zero-order quarter-wave plate and the polarization axis
of a linear polarizer. These optical elements were aligned in a
lens tube while the linear polarizer was rotated by means of a
rotation mount.

A tuneable, grating-stabilized, external-cavity, single-
mode diode laser DL 100, produced by Toptica AG, with
a wavelength of 794.98 nm (D1 line of Rb) and a typical
linewidth of a few MHz, was used in all of the experiments.
During the experiments the laser frequency was fixed to a
saturation absorption spectrum (SAS) signal coming from
another atomic rubidium vapor cell, which was placed in a
three-layer μ-metal shield. A dedicated feedback controller
(DigiLock by Toptica AG) managed the laser’s temperature,
current, and piezo scan controllers to lock the laser to a partic-
ular peak of the SAS, i.e., to a particular hyperfine transition.

Figure 4 shows a schematic of the experimental setup. The
magnetic field was applied using an electromagnet with an
iron core with a diameter of 10.0 cm. The separation between
the surfaces of the poles was 4.3 cm. The inhomogeneity of
the field in the center of the poles was estimated to be no
more than 0.027% by a finite-element electromagnetic field
solver, based on the geometry of the magnet. The current for
the electromagnet was supplied by a bipolar power supply,
and the symmetrical triangular current scan was generated by
a function generator. The frequency of the magnetic field scan
was 2.00 mHz with a maximum scan amplitude resulting in a
magnetic field range from −3100 to +3100 G.

The elliptical beam profile that emerged from the laser
diode was corrected with a diaphragm. Using a beam profiler,
the beam diameter was measured to be 1400 μm at the full
width at half maximum (FWHM) of the Gaussian fit. The
laser power was adjusted using a half-wave Fresnel rhomb

retarder followed by a linear polarizer. In this way, the laser
power values could be varied from 10 μW to 600 μW, which
translates into laser power densities from 0.36 mW/cm2 to
28.6 mW/cm2. The LIF was detected with a photodiode
(Thorlabs SM1PD1A) which was placed at the end of and
fixed into the observation lens tube. The LIF from each cir-
cularly polarized component was detected independently, i.e.,
successively one at a time. The signal from the photodiode
was amplified by a transimpedance amplifier with a gain of
106, followed by a voltage amplifier with a gain of 104. Every
scan was acquired with an Agilent DSO5014A digital oscillo-
scope and transferred to a PC with a minimum of 16 scans in
total for each component.

The experimental signals of each circular LIF component
were averaged over multiple scans. To eliminate any resid-
ual asymmetry in the signal, the scans were averaged over
the negative and positive values of the magnetic field. When
comparing the experimental signals to theory, the constant
background was subtracted before the signals were normal-
ized to the maximum of each component. The background
was measured by blocking the laser beam and recording the
signal from the photodiode. During data processing we al-
lowed the background value to vary for different laser power
densities in order to achieve a better agreement between the
experiment and the theory, but the variation of the background
value never exceeded 3%, which is within the measurement
error of the measured background value. As the LIF com-
ponent signals were relatively large in comparison to their
difference and circularity signals, a Savitzky-Golay smooth-
ing filter [32] was applied to the LIF difference signals.

IV. RESULTS AND DISCUSSION

Let us start with the analysis of the general structure of the
observed signals. We will show only one of the components
(IL) in this paper as an example, since the differences in the
two oppositely circularly polarized LIF components are small
and can be barely seen when the two observed circularly
polarized LIF components are depicted side by side. Figure 5
shows a typical result for a measurement of a single circu-
larly polarized LIF component when the laser frequency was
locked to the Fg = 2 → Fe = 2 transition of the 85Rb. At zero
magnetic field an initial relative minimum of the LIF signal
can be observed. The increase of the magnetic field lifts the
degeneracy and the LIF signal rises because of other atoms
with different velocity coming into resonance. The LIF signal
starts to fall after approximately 250 G. The diminishing of
the signal has the same underlying mechanism as the increase
in signal working in the opposite sense: the nonlinear Zeeman
effect both for the ground and excited state leads to a decrease
in the number of atoms that interact with the laser light. A
pronounced feature can be seen at approximately 1500 G (and
another at 2800 G): an increase in the LIF signal. This increase
is caused by magnetic sublevels coming back into resonance
with the excitation laser radiation. In particular, one can de-
duce exactly which magnetic sublevels are interacting with the
laser field from Fig. 6. This figure shows the dependence of
the energy difference �ν between pairs of magnetic sublevels
on the external magnetic field. When �ν is equal to 0, the en-
ergy difference between pairs of magnetic sublevels coincides
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FIG. 5. LIF of a single circularly polarized light component (IL).
Black dots: experimental data; red dashed curve: theoretical data
(left axis); colored lines: theoretical data without averaging over the
Doppler profile (right axis). Magenta solid curve (dark gray): central
velocity group of 85Rb; orange curve (light gray): central velocity
group of 87Rb; blue short-dashed curves: negative velocity shift;
green short-dotted curves: positive velocity shift.

with the laser frequency. Thus it can be easily deduced that
the pair of magnetic sublevels that corresponds to the increase
in LIF at 1500 G is mFg=3 = −3 → mFe=3 = −2.

Usually magnetic sublevels from only one isotope
are considered in theoretical simulations. For a complete
understanding of the shapes of these signals one has to take
into account both isotopes, as the magnetic field is large
enough to bring the magnetic sublevels of the 87Rb hyperfine
levels into resonance. In order to combine the LIF signals
from both isotopes, the signals were weighted according to
the difference in isotope abundance and line strength [1].

The width of these nonzero field structures in the observed
signal can be attributed to the fact that the interacting atoms
are in thermal motion, and so the Doppler effect plays a large
role in the formation of the line shapes. The solid, short-
dashed, and short-dotted curves near the bottom of Fig. 5
are the result of the LIF signal simulations, where the av-
eraging over the Doppler profile was omitted and a single
velocity group was selected from the Doppler profile. Now
the width of the shapes in the experimental data as well as in
the simulated red dashed curve in Fig. 5 can be interpreted as
LIF coming from different velocity groups. The width of the
narrow peaks appearing in the simulated LIF curves for single
velocity groups is related to the width that arises from the
combined action of the natural linewidth and excitation laser
linewidth. The different relative amplitudes of these peaks
in the LIF signals from different velocity groups are related
to transition probabilities between magnetic sublevels; i.e.,
when an external magnetic field is applied, the wave functions
of magnetic sublevels mix, and their transition probabilities
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FIG. 6. The colored lines represent the dependence of the energy
difference between various pairs of magnetic sublevels on magnetic
field. �ν = 0 corresponds to laser frequency equal to the Fg = 2 →
Fe = 2 hyperfine transition of the 85Rb. (Only pairs crossing �ν = 0
are shown.)

change [33]. The summation over all of these LIF curves from
different velocity groups (Doppler components) would yield
the complete simulated LIF curve (Fig. 5, dashed red). As was
shown in [34] the summation over all the velocity groups is
crucial for the explanation of the observed signals.

A rather counterintuitive feature can be noticed at approx-
imately 1250 G. The zero-velocity group LIF curve [Fig. 5,
�D = 0 MHz, magenta (dark gray) solid] shows an increase
in the signal, and in Fig. 6 magnetic sublevels mFg=2 = −1 →
mFe=2 = −1 come into resonance with the laser. However, the
averaging over the Doppler profile produces a minimum in the
LIF signal. To understand the cause of such a peculiar feature
in the observed signal, we show LIF from several Doppler
components (velocity groups) in Fig. 5 and the energy differ-
ence �ν between pairs of magnetic sublevels in Fig. 6. For a
peak to appear in the observed signal the shift in transition
frequency between two magnetic sublevels (change in �ν)
should be larger than the change in the absolute value of the
applied magnetic field (change in B). When a rather large
change in B is necessary to achieve the same change in �ν, the
Doppler components get spread out more and as a result the
overall signal is flattened, which leads to a relative minimum
in the observed signal.

We performed an analogous examination of all measured
circularly polarized LIF signals for different exciting laser
frequencies and power densities. All experimentally obtained
signals were fitted to simulated curves. Figure 7 shows all of
the Rabi frequency values (squared) obtained from the data
fitting procedure vs laser power density. The different colors
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FIG. 7. Dependence of the Rabi frequency squared �2
R on the laser power density I together with a linear fit for all the fixed laser

frequencies used in the experiment (colored data points).

in Fig. 7 correspond to different laser frequencies. The data
points within the margins of error are in good agreement with
a linear fit based on Eq. (7). We allowed the fitting parameter
kR to vary in order to achieve better agreement between the ex-
periment and the theoretical curves, which led to a symmetric
distribution of data points in Fig. 7. Nevertheless, upon closer
examination the data points show a tendency to fall below the
linear fit at laser power densities above 20 mW/cm2. This
discrepancy is due to the fact that the theoretical model does
not take into account the spatial distribution of the exciting
optical field. The influence of different laser power density
values at different spatial positions on the fluorescence signal,
which causes the atoms to interact differently with the laser
beam, has been studied in [35].

The dependence of the LIF signal on laser detuning was
analyzed in terms of the difference between the two observed
LIF components defined as IL − IR. We show the difference
signals as they depend only on the transverse orientation of
the angular momentum. The other measure of orientation,
circularity (IL − IR)/(IL + IR), has almost the same shape.
However, it depends not only on the transverse orientation, but

is slightly influenced by the angular momentum alignment as
well [2].

Figure 8 shows the dependence of IL − IR on the external
magnetic field for different laser frequencies. As the laser
frequency decreases [from (a) to (d) in Fig. 8], a change in
line shapes can be observed. The difference signal when the
laser frequency was fixed to the Fg = 2 → Fe = 3 tran-
sition of the 85Rb changes from slightly positively cir-
cularly polarized light (from ≈ +0.5% when converted
to circularity values) to slightly negatively circularly po-
larized light (≈ −0.5%). This indicates that the trans-
verse orientation of the angular momentum of the en-
semble of atoms also changes from slightly positive val-
ues to slightly negative values. In contrast, when the
laser frequency was fixed to other hyperfine transitions,
the sign of the difference signal did not change depending on
the magnetic field. The largest circularity value of ≈4% was
observed when the laser frequency was set to the Fg = 2 →
Fe = 2 transition of the 85Rb.

For the purpose of this study it is important to examine
how the difference signal for the two circularly polarized

(a)

(b) (c) (d)

FIG. 8. The dependence of the difference between the two LIF components on the hyperfine transitions to which the laser frequency was
fixed. The laser frequency was fixed to (a) Fg = 2 → Fe = 3, (b) Fg = 2 → Fe = 2, (c) Fg = 3 → Fe = 3, (d) Fg = 3 → Fe = 2 hyperfine
transition of 85Rb. (a)–(d) laser frequencies are in descending order.
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(a) (b) (c)

(d) (e) (f)

FIG. 9. The first row (a)–(c) shows the signal of a single circularly polarized LIF component IL as a function of laser power density. The
second row (d)–(f) shows the corresponding circularity dependence on laser power density for the case when the laser frequency was fixed to
the Fg = 2 → Fe = 3 hyperfine transition of 85Rb. Black dots: experimental data; red curve: theoretical calculation.

fluorescence components (which in the chosen geometry of
excitation-observation is directly proportional to the trans-
verse orientation of the angular momentum) depends on the
power density of the excitation radiation. This dependence
serves as one of the indicators that helps to separate the effects
of the atomic excited state, which are present even in the
linear absorption region, from the ground-state effects that are
intrinsically nonlinear with respect to the light intensity and
do not manifest themselves at weak excitation laser power
density.

Figure 9 shows the signal dependence on laser power den-
sity for the case when the laser frequency was fixed to the
Fg = 2 → Fe = 3 transition of the 85Rb. As the laser power
is being increased, the aforementioned change of the sign of
circularity disappears for laser power densities greater than
1.78 mW/cm2; i.e., for all magnetic field values the circu-
larity stays negative. In order to understand the root cause of
the circularity line shapes, theoretical simulations that omit
the averaging over the Doppler profile were carried out for
various velocity groups of the Doppler profile (Fig. 10). The
pronounced peak (structure) seen in Fig. 9(d) at approximately
1500 G would appear to be connected with magnetic sublevels
that come into resonance with the laser light, but the LIF
component signals in Figs. 9(a)–9(c) clearly show a minimum
at 1500 G. The origin of this nonzero circularity can be un-
derstood by looking at Fig. 10: as different velocity groups
come into resonance some shift the transverse orientation of
the angular momentum in the positive direction and some in
the negative. When the signals from all of these contributing
velocity groups are combined, only the ones that were not
compensated by other velocity groups contribute to the ob-
served circularity signal. The arbitrary units in both vertical
axes in Fig. 10 are directly comparable. The right vertical axis

corresponds to the LIF signals from different velocity groups.
The signals from all the velocity groups, of which only a few
are shown in Fig. 10, are summed to obtain the red, dashed
curve, which corresponds to the left vertical axis.
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FIG. 10. Red dashed curve (left axis): theoretical data of the dif-
ference between two circularly polarized light components (IL − IR)
with averaging over the Doppler profile. Colored curves (right axis):
theoretical data of the difference between two circularly polarized
light components without averaging over the Doppler profile. Dif-
ferent colors represent various velocity groups from the Doppler
profile. Magenta solid curve (dark gray): central velocity group;
blue short-dashed curves: negative velocity shift; green short-dotted
curves: positive velocity shift.
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FIG. 11. IL − IR dependence on the magnetic field from the cen-
tral velocity group; averaging over the Doppler profile is omitted.
Red curve: theoretical data from 85Rb with Rabi frequency 100 MHz
with large γnondiagonal; black curve: theoretical data from 85Rb with
Rabi frequency 100 MHz with normal γnondiagonal.

The transverse angular momentum AOC is a coherent
effect. A coherent superposition of atomic states is the ba-
sis for many interesting and useful effects in atomic and
molecular physics: the linear and nonlinear Hanle effect [36],
electromagnetically induced transparency (EIT) [37], stimu-
lated Raman adiabatic passage (STIRAP) [38], “slow” and
“superluminal” light [39], coherent population trapping (CPT)
[40], and lasing without inversion [41] are just some of these
effects. Several of them are exclusively related to coherences
in the excited state of atoms and several in the atomic ground
state.

With this in mind we wanted to distinguish between the
ground-state coherent effects and the excited-state coherent
effects that contribute to the observed AOC signal. At low
Rabi frequencies the effect of ground-state coherence transfer
was minute, and because the underlying causes for the signal
shapes can be better understood by analyzing the LIF signals
that come from separate velocity groups (omitting the averag-
ing over the Doppler profile), we show the simulated curves
in Fig. 11 for the central velocity group (with respect to the
exciting laser frequency) with large Rabi frequency.

With the aim of determining which features in the signal
are caused by ground-state coherent effects, we set the non-
diagonal density matrix elements [in Eq. (2a)] to zero. We
did this by increasing the relaxation rate γnondiagonal of only
these elements with the ratio of γnondiagonal/γdiagonal = 109 with
respect to the γdiagonal, which is the normal transit relaxation
rate experienced by diagonal elements. This allowed us to
observe the influence of the transfer of coherence from the
ground state to the excited state. Figure 11 shows the compar-
ison of the two cases of simulated LIF signals from the central
velocity group. The red curve (in Fig. 11) corresponds to the
case when the ground-state coherent effects were set to zero
whereas the black curve shows the case when all the elements
in the density matrix experience normal relaxation.

As can be seen from the differences in the two curves
(Fig. 11); some features, e.g., at approximately 1300 G, persist

in both curves virtually unchanged, but other features experi-
ence a dramatic change. For example, the features at 1000 G
and 1750 G changed dramatically, which indicates that these
features are directly connected to the ground-state coherent
effects. Both features show a change in the direction of angu-
lar momentum orientation when the ground-state coherences
were set to zero IL < IR, while the black curve shows the
signal to be IL > IR when the parameters for all effects were
set to normal values. When the averaging over the Doppler
profile is included, these features become less pronounced as
the signals from different velocity groups compensate each
other, causing the overall signal to approach zero (much like
in the analysis of Fig. 10). This is partially verified by exper-
imentally observed signals: the features at 1000 G and 1750
G [see Fig. 9(f)] also tend toward an increase in the IL − IR

signal.

V. CONCLUSION

When the coherent effects in the manifold of atomic angu-
lar momentum magnetic sublevels, induced by the interaction
of atoms with laser radiation, are conceptually discussed, very
often the preponderance of attention is paid to the creation of
coherent superpositions of these sublevels due to two factors:
first, excitation light polarization components capable of ex-
citing coherently these sublevels are considered and, second,
transition probabilities determined by the transition dipole
moments between angular momentum states are accounted for
[1].

In this paper we analyze in detail and show that on top of
these effects a very important role in this process is played
by the magnetic scanning of the magnetic sublevels in the
external magnetic field. In the Paschen-Back regime two ef-
fects are important: first, nonlinear magnetic sublevel splitting
that can lead to symmetry breaking of the spatial distri-
bution of angular momentum—the alignment-to-orientation
conversion—and, second, changes in the transition probabili-
ties due to magnetic sublevel mixing in the magnetic field.

Another very important aspect of the analysis of laser
light–atom interaction is the necessity of a clear separation of
incoherent (related to the populations distribution of magnetic
sublevels) and coherent (determined by well-defined phase
relations of magnetic sublevel wave functions) contributions
to the observed signals.

In this paper we have shown that, for example, in the Rb
atoms used in this study, at different values of the magnetic
field strength, not only different hyperfine transitions of a
specific isotope of an atom come into resonance with laser
radiation, but the same laser radiation at different values of
the magnetic field strength can excite hyperfine transitions
in different isotopes of rubidium atoms. This effect appears
because of magnetic sublevel scanning and primarily is an
incoherent effect (see Fig. 5 the subsequent analysis).

Finally, based on the comparison of signals obtained from
a numerical model in which we are able to “switch-off” and
“switch-on” different relaxation processes, we managed to
show that specific features in the observed signals are de-
termined by the alignment-to-orientation conversion in the
atomic ground state (see Figs. 9 and 11 and the analysis
there). We believe that alignment-to-orientation conversion
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in the ground state of atoms has not been identified be-
fore. The clear understanding of the presence of these effects
is important for applications as well as for fundamental
research using table-top atomic physics experiments, such
as in the search for a permanent electric dipole moment
(EDM) of an electron. In EDM experiments [42,43] per-
formed with atoms and polar diatomic molecules [44] even a
very small misalignment between applied external magnetic
and electric fields can complicate the interpretation of the
results.
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