PHYSICAL REVIEW A 80, 033830 (2009)

Electromagnetically induced absorption in a bichromatic laser field
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In this paper we describe experimentally and theoretically the increase in the electromagnetically induced
absorption (EIA) resonance under the influence of an additional optical field. EIA was observed on the cycling
transition of the rubidium D, line in the Hanle configuration in the presence of the second-laser field acting on
an open transition coupled with a cycling one via a common ground state. We present results obtained for
different polarization orientations and propagation directions of the two laser beams. A systematic theoretical
analysis based on the optical Bloch equations explains most of the experimental data. A lot of attention is also
paid to a qualitative understanding of the EIA—its resonance shape, amplitude, and the response to the

additional optical fields.

DOI: 10.1103/PhysRevA.80.033830

I. INTRODUCTION

Magneto-optical properties of atomic gases have been
studied for many years. Important phenomena such as Hanle
effect in the excited and the ground states [1,2] and optical
pumping with polarized radiation of resonance lamp [3] have
been discovered and efficiently used in metrology of time
and frequency [4] and magnetometry [5]. The development
of tunable narrow-linewidth lasers gave new experimental
possibilities in optical pumping of atoms. An important ex-
ample is the discovery of coherent population trapping
(CPT) made with polychromatic laser radiation [6,7]. The
transmission of two optical fields that couple two ground
states with a single excited state in a A configuration reveals
maximum when the frequency difference of the optical fields
is equal to the ground state splitting. The effect named elec-
tromagnetically induced transparency (EIT) has found many
new applications in laser cooling [8], atomic clocks [9], and
magnetometers [10]. An unexpected effect was observed
when the same technique of probing transmission of resonant
gas with bichromatic radiation was used for degenerate
ground state levels [11]. While a regular EIT resonance was
displayed in the transmission versus frequency difference of
the laser fields when the angular momentum of the ground
state F, was greater than or equal to angular momentum of
the excited state F,, it changed the sign for the cycling tran-
sition with F,=F,+1. It was demonstrated later that this
resonance of EIA appeared also for open transitions provided
condition F,=F,+1 was fulfilled, although the effect was
smaller in this case due to hyperfine optical pumping [12].
Meanwhile for a long time there was an alternative and ex-
perimentally simpler technique to probe the distribution of
populations and coherences in the ground state of atoms. In
this technique the two optical fields propagate along mag-
netic field and have the same frequencies but different or-
thogonal circular polarizations (Hanle configuration). The
transmission of these fields is measured as a function of the
magnetic field that varies energy of Zeeman sublevels and
violates the CPT condition fulfilled at zero magnetic field.
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The experiments carried out in Hanle configuration for Rb
and Cs atoms revealed the same signs of resonances: trans-
mission for F,=F, and absorption for F,=F,+1 [13]. A
concise review of early works on this subject has been given
in [14].

Typically, the contrast of EIA resonance does not exceed
1%. Significant increase in contrast has been found in two
works. In one of them [15] a bright narrow resonance of a
circularly polarized light was displayed as a function of
transverse magnetic field. In the second one, the increase in
EIA resonance in Hanle configuration was observed for D,
line of ®’Rb in the standing wave configuration of a single-
frequency laser field [16]. The Doppler broadened cycling
(Fy,=2—F,=3) and open (F,=2— F,=2,1) transitions with
resonance frequencies v, 3, v, ,, and v, , respectively, over-
lap in the low-frequency hyperfine component of D, line of
rubidium. The laser frequency was decreased in small steps
from the cycling (v, ;) to the open (»,,) transition. For each
value of fixed frequency the dependence of absorption on
magnetic field was taken. It was natural to expect that the
amplitude of EIA resonance should decrease monotonously
and change sign with laser frequency approaching the v, ,
frequency, that is, EIA should turn to EIT. Indeed this was
observed in the experiment for all frequencies but a small
region in the vicinity of crossover Doppler-free resonance
that occurs at v=(v,,+ 1, 3)/2. In this range the amplitude of
EIA increased dramatically. Depending on the laser field am-
plitudes, this increase could reach the value of 25 times.

In the present paper we focus on the study of the increase
in EIA observed at cycling transition under influence of ad-
ditional field acting on coupled open transition. We present
experimental results obtained with the use of a second laser
tuned to different open transitions of D, line for different
polarizations of the laser fields and for the cases of copropa-
gating and counterpropagating laser beams and explain these
results theoretically. The paper is organized as follows. The
experimental part describes interaction of atoms with bichro-
matic radiation resonant to two adjacent transitions (V con-
figuration). In the first part the bichromatic radiation is pro-

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.80.033830

ZHUKOV et al.

Cell Solenoid

[ = /%\lg\lm'

HS=— e
M2 P —J BS P M2

5> Magnetic shield -——
Forward wave Backward wave
(780 nm) (780 or 795 nm)

FIG. 1. Experimental setup. P stands for polarizers, BS is a
beam splitter (reflects ~8% of incident light), N/2 are half wave
plates, and PD is a photodetector.

duced for a group of atoms with a specific velocity
projection on the laser beams in a standing wave of a single-
frequency field tuned to the frequency of the crossover reso-
nance. These atoms see two different resonant frequencies
due to the Doppler shifts. The second part describes the ex-
periment carried out by using two independent laser fields
which makes the experiment more flexible. The two waves
can copropagate or counterpropagate and be tuned to differ-
ent (D; and D,) lines. Then the theory for the case of the two
laser fields tuned in resonance with closed (cycling) and
open transitions coupled via common ground state in V con-
figuration is given. It explains variations in the effect for
different polarizations and intensities of the laser fields ob-
served in the experiment and predicts its dependence on the
involved g factors. The theoretical part also provides detailed
physical explanation of both the EIA and the relatively broad
structure in its background for the case of a single-laser field.
Following [14] we use in explanation a basis in which the
quantization axis is parallel to the electric field of laser ra-
diation. Partially these results exactly coincide with those in
[14] but we derive them in a simpler way and give more
details.

II. EXPERIMENT

The experimental setup is similar for the two parts of the
experiment and is shown in Fig. 1. In the first part of the
experiment both the forward and the backward waves were
formed by one laser working on the D, line (A\pw=Apw
=780 nm) of Rb. In the second part the forward wave was
formed by the D, laser while the backward wave was formed
by an independent D, laser (\pw=780 nm, Agw=795 nm).
At first we describe results obtained with a single laser.

A. Experiment with a single laser

An extended cavity diode laser [17] was a source of
monochromatic (linewidth <1 MHz) and tunable (20 GHz
in the vicinity of the D, line of Rb) radiation. A part of
radiation was split off and directed to the frequency stabili-
zation system (not shown) that utilizes modulation of mag-
netic field for error signal generation [18].

The energy-level structure of the ®’'Rb and the involved
transitions are shown in Fig. 2. The laser frequency was sta-
bilized to the crossover resonance that occurs via combina-
tion of F,=2—F,=2 and F,=2— F,=3 transitions. The ex-
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FIG. 2. Energy levels for (a) the D, line of 8’Rb and (b) the
transitions involved in the experiment. FW and BW are forward and
backward waves, v is laser frequency, v, ; are the frequencies of the
transitions between levels i and j, and v, is atomic velocity projec-
tion on the direction of the light propagation.

periment was carried out with a glass cylindrical cell (60
X 55 mm?) containing natural mixture of Rb (72%) and
87Rb (28%) that was kept at room temperature (23 °C, con-
centration of ~8.7X10° cm™). The cell did not contain
buffer gases and had no antirelaxation coating of the walls.
In order to decrease the laboratory magnetic field and its
inhomogeneity a solenoid with the cell inside of it was
placed inside a three-layer magnetic shield. The residual
magnetic field within the cell dimensions was less than 2
mG. The transmission of the cell was measured for both
forward and backward waves as a function of longitudinal
magnetic field that was produced by the solenoid. The mag-
netic field was linearly changed across its zero value.

We studied the influence of the backward wave power on
the EIA resonance observed in the forward wave radiation
for different polarization orientations of the waves [linear
parallel (linlllin) and linear orthogonal (lin L lin)].

Figure 3 shows the cell transmission of the forward wave
tuned to D, line for different values of the backward wave
power for (a) the linlllin and (b) the lin 1L lin cases. The beam
diameters were 5 mm, the forward wave power was 1 mW,
and the backward wave power was varied from 0 to 1.5 mW.
In the following discussion of resonance widths we use both
the magnetic field and the frequency scales, which are con-
nected with a coefficient of 0.7 MHz/G (the energy splitting
between neighboring Zeeman sublevels of the ground state).
The signals presented in Fig. 3 consist of structures of dif-
ferent widths. The wider one stems from the saturation pro-
cesses and Zeeman splitting and has the width of about the
natural width of the excited state. The narrow feature near
the zero magnetic field is a level crossing resonance of the
ground state (or EIA) and its properties are the main subject
of the paper. The displacement of different curves along the
ordinate axis is not artificial but corresponds to the actual
variation in the baseline. It is clearly seen from Fig. 3(a) that
the backward wave increases significantly the amplitude of
the EIA resonance in the linll/lin case. When the polarizations
of the waves are linear and orthogonal the influence of the
backward wave considerably differs from linlllin case: the
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EIA resonance is smaller and changes its sign two times. In
the power range of the backward wave below 40 uW itis a
dip in a transmission, then it transforms to a peak, and then
again becomes a dip at 1.5 mW of the backward wave laser
power [Fig. 3(b)].

Note that for laser frequency tuned to v=(v,,+v,3)/2
both probe and counterpropagating waves interact with two
groups of atoms with velocity projections v,=*\(v,3
—1,,)/2. The first group goes in the opposite direction with
respect to the probe beam (v,<<0). Here the probe beam is
resonant to F,=2— F,=3 transition, while the counterpropa-
gating wave excites atoms at F,=2— F,=2 transition. For
the second group of atoms moving along the probe beam
(v.>0) interaction is different: the probe beam excites open
transition (F,=2— F,=2) while the backward wave is reso-
nant to the cycling one. In theoretical description we took
into account only the first group of atoms. To justify this
assumption and to study other geometries and transitions the
experiment with two lasers has been carried out.

B. Experiment with two independent lasers

In this part of the experiment we studied the influence of
radiation resonant to different open transitions in D line of
Rb on the EIA resonance displayed on cycling transition of
D, line. The experimental setup was essentially the same as
in experiment with one laser (Fig. 1) except that the back-
ward wave was formed by the laser tuned to D, line (795
nm). The beam diameters were both equal to approximately
5 mm, the forward wave power was 150 uW, and the back-
ward wave power was varied from 0 to 4 mW.

Figure 4 shows the energy levels involved and laser fre-
quencies. Both lasers were tuned to the peaks of the corre-
sponding Doppler broadened lines. In this case only one
group of atoms was in resonance with both optical fields
(Fy=2— F,=3 transition of the D, line and F,=2— F,=2 or
F,=2—F,=1 transitions of the D, line) simultaneously. The
transmission spectra of the forward wave for different back-
ward wave powers in the linlllin case are shown in Fig. 5.
The spectra look practically the same as in the single-laser
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experiment [Fig. 3(a)]. For the lin L lin case transmission
spectra also reproduce those depicted in Fig. 3(b). The same
results were obtained for copropagating laser beams. A small
angle between the beams was introduced in that case in order
to separate signal from a probe beam. It was found also that
the simultaneous and coordinated off tuning of both laser
frequencies from the center of the Doppler line led only to
the decrease in the signal without changing its main features.
Thus, the results obtained with two lasers confirm that in the
case of a single-laser experiment the EIA signal is formed
only in one group of atoms in which the forward (probe) and
backward waves induce F,=2—F,=3 and F,=2—F,=2
transitions, respectively. We note that the influence of the
additional field on the EIA signal (displayed in the D, line)
depends on its polarization and a specific type of the open
transition involved. When the second laser is tuned to the
F,=2—F,=1 transition of the D, line (instead of the F,
=2—F,=2 transition) the EIA enhancement occurs in the
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e ﬂ
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FIG. 4. Level diagram of 87Rb and laser frequencies used in the
experiment with two independent laser fields. The forward wave
was produced by a laser tuned to the Fy=2— F,=3 transition of the
D, line, while the backward wave was produced by an independent
laser tuned to Fy=2—F,=2 or F,=2—F,=1 transitions of the D,
line.
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lin 1 lin case while the sign of narrow resonance changes in
the linlllin case. In other words, changing both the types of
the open transition and the polarization of the second field
does not vary the dependence of the narrow signal on the
second-laser intensity.

It is clear qualitatively that the change in absorption of
laser radiation tuned to the cycling transition of D, line in-
duced by radiation resonant to D line may occur via changes
in coherences and/or in populations of the common ground
state sublevels. The o* and o~ components of polarization in
radiation resonant to D, line produce Zeeman coherence in
the excited state. This coherence is transferred spontaneously
to the ground state [19]. The o* and o~ polarization compo-
nents of the second-laser field (tuned to D; line) also produce
the Zeeman coherence in the ground state, which is respon-
sible for the EIT resonance observed for the F,=2—F,=2
transition of the Dy line. This new coherence can change the
transmission of the radiation tuned to D, line because both
transitions are excited from a common ground state level.

Variations in populations may also contribute to EIA. To
see it one has to take into account another ground state sub-
level (F,=1). When the magnetic field is nonzero, D; line
laser pumps atoms to the F,=1 state (through the F,=2 or
F,=1 states) and, consequently, reduces the population of the
F,=2 state. For zero magnetic field a considerable part of
atoms is trapped in the dark state (with respect to the D, line
radiation) and remains in the F g=2 state. Therefore, the
population of the F,=2 state is greater in the zero magnetic
field. The width of this population resonance equals by the
order of magnitude to the width of the EIT resonance ob-
served on the D; line. This narrow absorption resonance is
observed with a D, line laser even when it is circularly po-
larized and does not produce its own coherence. The depen-
dence of amplitude of this resonance on D, line laser power
is shown in Fig. 6 (circles).

Figure 6 shows that in the case of linearly polarized D,
line laser radiation the EIA amplitude increases with the D,
line laser power faster than in the case circularly polarized
D, line laser light. To describe all these features it is neces-
sary to take into account natural width structures which ap-
pear for the linearly polarized radiation and which also

Longitudinal magnetic field (G)

change with increasing in the D, line laser power. We give a
consistent theoretical analysis of the observed features in the
next two parts.

III. THEORY

A. Theory of EIA resonance: Basic equations and the case of a
single probe wave

Theoretical description of the effects under consideration
is based on a solution of the optical Bloch equations (OBEs)
for the density matrix of an atom interacting with two optical
waves propagating in opposite directions along a longitudi-
nal magnetic field B (Fig. 7). The waves are linearly polar-
ized and the angle between their polarization planes equals «
in general case. The forward (probe) and backward (drive)
waves are resonant to adjacent atomic transitions having the
same |g,F,=J—-1) ground state and different |e,F,=J) and
le’,F,-=J-1) exited states [Fig. 7(a)].

The Rabi frequencies of different induced transitions are
given by the products of the values Q=d,E,/2h, a=1,2
(where E, are laser field amplitudes and d,={(e,J||d||g,J

—M— Linear polarization
—@— Circular polarization

Amplitude of the ETIA
resonance (arb. units)
[o)}

0 T T T T T T T T
00 02 04 06 08 10 12 14 1.6

Power of the D . laser (mW)

FIG. 6. The amplitude of the EIA resonance vs the laser power
tuned to D, line (F,=2— F,=2) in the cases of linearly (squares)
and circularly (triangles) polarized radiation of laser tuned to the D,
line (Fy=2—F,=3).
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FIG. 7. (a) Three-level scheme of the optical transitions (straight
lines) induced by forward (~();) and backward (~{),) waves. The
wavy lines illustrate the spontaneous emission process. (b) Orienta-
tion of the electric field vectors of the two waves relative to the
direction of light propagation and the magnetic field vector.

-1) and d,={e’,J—1]||d||g,J—1) are reduced dipole matrix
elements), and the corresponding Clebsh-Gordon coeffi-
cients. Both involved transitions, shown in Fig. 7(a), are sup-
posed to be closed, i.e., the exited states |e) and |e’) sponta-
neously decay only to their common ground state |g) with
the rates 7y;~7,, respectively. The laser frequencies are
tuned to the exact resonance of the corresponding atomic
transitions for motionless atoms in zero magnetic field. We
recall that /=3 in the experiment. However further we
mainly focus on the case J=2, that is, we take F=1, F,=2,
and F,»=1, which provides the simplest model describing the
experimental results.

The EIA resonance manifests itself as a narrow peak in
the absorption of the probe wave near zero magnetic fields.
Amplitude and width of the peak are controlled by the coun-
terpropagating wave. To provide a clear physical interpreta-
tion of the resonance it is convenient to use different quan-
tization axes [14]. In the “Hanle basis” with the quantization
axis along B the magnetic sublevels of the ground and exited
states experience Zeeman splitting determined by the values
fiwg 1 =84 .. mpB, Where g, , .- denote g factors of the cor-
responding states and up is Bohr magneton. Optical transi-
tions between these sublevels of the ground and exited states
are induced by ¢* and ¢~ polarization components of the
respective light fields. When the waves have different linear
polarizations the corresponding circular components get a
relative phase shift determined by the angle « between po-
larization planes.

If the axis of quantization is chosen along the electric field
of the probe laser wave (“polarization basis”) a nonzero
magnetic field gives rise to transitions between the substates
of the ground state that obey |Am|=1 condition, with m be-
ing magnetic quantum number. The same happens in each
exited state. The transition frequencies are given by @, , .
We note that in this case the probe wave induces only “ver-
tical” transitions between the states |g) and |e) without
change in magnetic quantum numbers. Therefore for the zero
magnetic field the two extreme sublevels of the exited state
le) are not involved in the interaction.

Basic equations in the weak saturation regime. Now we
consider the weak saturation regime when Q,<7y, (a=1,2)

PHYSICAL REVIEW A 80, 033830 (2009)

for both optical fields and describe the influence of the coun-
terpropagating wave on the narrow structure in the absorp-
tion of the probe wave. The EIA resonance occurs in a small
vicinity of zero magnetic fields provided Zeeman frequencies
obey the conditions

wg,e,e’ -~ Qﬁ/% < Ya- (1)

The strong inequalities [Eq. (1)] allow to neglect magnetic
field terms in equations for density matrix elements p(¢,

ple?, p(g/e/), and p(ge') since the equations contain the decay
rates y, or y,. Moreover, as soon as the time of interaction 7
is much greater than 1/v, these elements can be adiabati-
cally eliminated and we arrive at the following set of equa-
tions for the ground state density matrix elements
pffi),(m,m’zo, +1)=p,, in the Hanle basis:

d

7181
—poo=—"—19pgo — 2 +p 11— P11 — P-
8tp00 45 [ Poo (p11+ p-1—1 = P12 = p-11)]

725,
- TPOO’ (2)

4 7151

—P11=""—| 9P00—Sp11+ P11 +2p1_1 +2p_
(%Pn 90[000 P11+ P-1-1 P1-1 P-11

6A,i $2%
+—(pio —po) [+~ Poo — P11t P-1-1
Y1 6
ZAzl —2ai ai
+—(e : P—ll—e2 pl—l):|’ (3)
Y2

d J . . Y151+ %S,
P =P = | 2w |p-n

Jat ot 3
’ylSl ZAIZ
-\ 3poo+p-ici+pu+ —(pri—poi-1)
30 4
Y252 i 2A,i
- e p_i_ +py+poot+ — (s —p1d) |-
6 Y2
4)
Here
1,
(5)

5, =——a
A4

denote the two field saturation parameters which depend on
the Doppler shifts Aa=—/€aﬁ =—k,v due to an atomic velocity
v along the laser beams. Since k,=~—k; the Doppler shifts
have opposite signs but practically the same absolute values,
i.e., A\=A=-A,. It is clear that the characteristic values of
|A,| are of the order of y,.

Due to the weak saturation regime the interactions with
the probe (~S;) and driving (~S,) fields give additive con-
tributions to Egs. (2)-(4).

We would like to emphasize that the magnetic field terms
w, are small according to Eq. (1) and appear only in Eq. (4)
for nondiagonal matrix elements. Here they are combined
with the parameter y;S;+ ,5,. The latter describes the decay
rate of the coherence between the ground state sublevels with
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m= * 1. The decay of the coherence is given by the total rate
of spontaneous transitions from the states |e¢) and |e’) to the
ground state |g), i.e., by the sum of the excitation probabili-
ties |Q,|>/v* multiplied by ,. In other words, the decay of
the coherence induced in the common ground state occurs
due to interaction with both optical waves. The values w,
and ,S;+ 1,8, ~|Q,|*/ y,< 7, are comparable and their ra-
tio, as we will see below, is responsible for the structure of
the EIA resonance. Namely, the width of the central peak is
given by the ratio w,/(y;S;+7,S,) of these parameters. Note
that Egs. (2) and (3) for diagonal matrix elements lead to the
conservation law Spp=W(v) for each given atomic velocity
described by the distribution function W(v). With the substi-
tution p— W(v)p, the conservation law for each velocity
reads Spp=1.

The angle « between polarization planes results in the
relative phase factors exp(*2ia) that appear in terms de-
scribing the influence of the second wave on the nondiagonal
density matrix elements in contrast to the terms appearing
due to the first field. This result follows immediately from
the fact that the polarization planes of the two waves can be

obtained from each other via rotation around the axis B by an
angle of a. Therefore, the corresponding density matrix ele-

ments are connected via the unitary operator U=0U(a,B)
generated by this rotation, i.e.,

p— UpU*. (6)

Due to the unitary transformation [Eq. (6)], the nondiago-
nal matrix elements acquire the phases *2ia.

Further simplification is based on the assumption that the
interaction time 7 is large enough, ie., 7S,y,~ 71Q.*/ 7y,
>1, when we can omit the time derivatives and find the
stationary solution for Egs. (2)—(4).

Absorption of the probe field. The absorption coefficient
of the probe field is proportional to the population W,
=(Spp'®) of the exited state |e) integrated with the velocity
distribution function W(v). Below we omit, for shortness, the
symbol (---) of averaging. The population, of course, does
not depend on the basis used for calculations, i.e., W,
=Spp'?=Spp'®, where p denotes the density matrix in the
polarization basis. Now we recall that in this basis the probe
wave induces only vertical transitions between the states |g)
and |e) without change in magnetic quantum numbers. Pro-
vided the conditions given by Eq. (1) are fulfilled the upper
state population is determined only by populations f)(,f;i) of
the ground state sublevels. The contributions of the nondi-

agonal matrix elements 5%1), into the upper state population

contain an additional small factor w§ and can be neglected.
In such a situation we can easily derive W, for the transition

Fg:J—l < F,=J with an arbitrary J,

J-1

P
W, =45, 2 L Sge)

. 7
it J(4J2— 1)pmm ( )

The excitation probability W, is proportional to the satu-
ration parameter S; of the probe field and includes the diag-
onal matrix elements %8 which depend on w,, i.e., on the
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magnetic field and on the both saturation parameters S,. The
J-dependant multiples come from the Clebsh-Gordon coeffi-
cients.

Equation (7) simplifies when J=2, i.e., F,=1 and F,=1.
Indeed, by using the symmetry 5$¢'=p5'¢) and the conser-
vation law, we express the sum in Eq. (7) through the popu-
lation p“(o%g) of the single sublevel with the projection m=0 in
the polarization basis. Hence in this case we get for W,,

251( 1 )
W= 1+=pg . 8
5 3Poo (®)

As we see below the compact expressions [Egs. (7) and
(8)] allow interpreting qualitatively the structure of the EIA
resonance in a quite simple way.

Now we remind that the density matrix p in the polariza-
tion basis is connected with 7 in the Hanle basis via unitary
operator U= ﬁ('n’/ Z,EXE) generated by the /2 rotation

around the axis (EXE) ie., p= (A]pf]*, which gives

1
P =L o - ol ). )

Therefore the absorption coefficient or, strictly speaking,
the exited state population [Eq. (8)], being expressed through
the density matrix elements p %, =p, . in the Hanle basis,
reads

251( P11+ P-1-1 =~ Pi1-1 —P—n)
=—\ 1+ .

W,
5 6

(10)

In connection with Eq. (10) we would like to make a few
remarks: (i) the expression [Eq. (10)] can be derived directly
from OBE in the Hanle basis; (ii) due to the weak saturation
regime the probability W, is given by the same combination
of the ground state density matrix elements p,,, as in the
case of a single probe wave described in [14]; and (iii) the
formula is rather convenient for concrete calculation of the
absorption coefficient because the values p,,,,r are given by
the stationary solution for Egs. (2)—(4) and these equations
depend on the magnetic field in a very simple way.

The shape of EIA resonance for a single probe wave. For
completeness of the whole picture we briefly recall the
known results [14], related to the simplest situation of EIA
resonance for a single forward wave. The lowest experimen-
tal curves in Figs. 3 and 5 correspond to this case. If the
backward wave is switched off, i.e., S,=0, the stationary
solution for Egs. (2)—(4) gives

4 4
8w§ + gS%(y% + gA%)
17 4 .
soe 253 e 1)
(1)

Therefore the absorption coefficient [Eq. (10)] finally
reads [14]

2
Poo = §(P11 +p_jo1 = P11~ Po) =
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FIG. 8. The shape of the EIA resonance in the case of a single
forward wave with Rabi frequency is equal to (1) [Q,|=0.1y, and
(2) [Q4|=02;.

W, = iS<1+—(1/25)I‘2 ) (12)
NI 4o+ (171512 )

where F2=S%()/%+4A%/5). We also recall that (---) denotes
the averaging over the velocity distribution W(v). The ex-
pression [Eq. (12)] describes the form of the EIA resonance
as a function of w, in the vicinity of zero magnetic field.
Since |A|~ 1y, the width [e,| ~ Sy, ~|Q,[*/y; of the nar-
row structure is proportional to the coherence decay rate.
This simple result of the width going down to zero if [Q,[?
— 0 is true for our model based on a closed atomic transition
and a large interaction time 7, i.e., 75,7y, ~ 7Q,|>/y;>1. In
the case of an open atomic transition the width of a narrow
structure is limited by a finite transit time and a decay rate to
some nonresonant atomic states.

At zero magnetic field when w,=0 the function [Eq. (12)]
has the local maximum,

W, (0, =0) = (8/17)(Sy). (13)

In the field domain Sy, <|w,|< 7y, the function W, (w,)
does not depend on w, and reaches its “asymptotic” value,

W, (20) = (5/11)(S). (14)

To avoid any misunderstandings we note that the
asymptotic behavior given by Eq. (14) occurs only in the
field domain Sy, <[w,/ <7y, and changes when |w,|=y,.
The latter domain will be discussed bellow.

As it follows from Egs. (13) and (14), the contrast of the
resonance is about 3%. It does not depend on the field inten-
sity and qualitatively corresponds to experimental data. The
ratio W,(w,)/W,(0) given by Egs. (12) and (13) is plotted in
Fig. 8 for two values of the Rabi frequency. We see that the
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width of the peak increases with {); while asymptotic values
of the ratio W,(w,)/W,(0) do not change.

Equation (8) allows explaining the EIA effect, which is
why the function W, has the local maximum at zero mag-
netic field in a simple way. First of all we note that when
B=0 the relative probabilities of induced and spontaneous
transitions result in the following relation for stationary
populations of the ground state sublevels in the polarization
basis:

piee):pise) 5lss) = 9:4:4, (15)

Hence we have %%g)=9/ 17 and thus the probability W,
[Eq. (8)] at zero magnetic field w,=0 is given by Eq. (13).
As it has been mentioned above a weak magnetic field B
induces transitions between neighboring sublevels m
=0«<m= % 1. The transition amplitudes are the same and
proportional to a small frequency w,~ B. Since the rate of
transitions from a given sublevel is proportional to its popu-
lation the relation [Eq. (15)] means that the rate of forward
transitions m=0<m=*1 exceeds the rate of backward
ones m= * 1 <>m=0. Therefore the population f)g%g) becomes
smaller and W, decreases in the vicinity of B=0.

In the case of an arbitrary angular momentum the sum
[Eq. (7)] includes 2J—1 terms. Due to symmetry relations
and the conservation law it depends, in fact, on J— 1 diagonal
matrix elements. Nevertheless the above arguments in favor
of the local maximum at B=0 are still valid.

Now we turn to the asymptotic value given by Eq. (14).
This important characteristic parameter of the narrow struc-
ture can also be derived in a simple way but in the Hanle
basis. Indeed, strong enough magnetic fields satisfying the
condition S, y<< |wg| < 7y destroy the coherence, i.e., the non-
diagonal matrix elements p_;; and p;_; vanish. Therefore, the
absorption coefficient [Eq. (10)] depends only on the popu-
lation pgy,. It can be found from the stationary solution for
Eq. (2) in absence of the second wave. By neglecting the
nondiagonal matrix elements and using the conservation law
we have pyy=2/11 and the probability W, is given by Eq.
(14).

B. Theory: Control of EIA resonance
with a counterpropagating wave

Now we turn to our main problem and describe the ab-
sorption of a probe wave controlled with the counterpropa-
gating wave acting on the adjacent atomic transition (Fig. 7).

To calculate the absorption coefficient (W,) [Eq. (10)], we
use, as before, the stationary solution for Egs. (2)—(4). Ana-
lytical expression for W, becomes rather complicated if Dop-
pler shifts are taken into account. Therefore we present here
only the result for zero atomic velocity, i.e., A=0, when it
reads

5(14+5)(5+75)&+ (3 +55)[8+s(7+cos 2a— £ sin 2a)]

WE=S1

5(145)(11+155)&+ (3 +55)(17 + 155)

(16)

033830-7



ZHUKOV et al.

Here £é=6w,/(y;S1+7,S,) is the dimensionless Zeeman
frequency and s=S,y,/S;7y; depends on the ratio of field
saturation parameters.

The expression for W, [Eq. (16)] allows us to analyze
qualitatively the dependence of the shape of the EIA reso-
nance on the relative intensity of the drive wave for different
angles between the polarization planes. The width of the EIA
resonance is given by the condition [£~1, ie., |®,~ 7S,
+7,5,|. That is both fields contribute to the width. For an
arbitrary angle « the form of the EIA resonance, i.e., the
function W, (), is not symmetric because the nominator has
a term linear with respect of & In special cases of parallel
(a=0) or orthogonal (a=1r/2) polarizations the linear term
disappears and W, (§) becomes a symmetric function. The
difference between these two situations follows immediately
from the structure of Eq. (3). Indeed, if @=0,7/2 the phase
factors exp(*=2ia)=*1 are real. Since A=0, the two last
terms in the right-hand side of Eq. (4) are also real. There-
fore, the value of 2 Re p_;;, as well as diagonal matrix ele-
ments, which enter the absorption coefficient [Eq. (10)] de-
pends only on wz. If a#0,7/2 the phase factors are
complex and the function 2 Re p_;; contains terms with an
odd power dependence on w,~ B. These peculiarities are
clearly seen when s> 1 and Eq. (16) simplifies to the form

7 ( cos 2a — £ sin 2a>
l+——

W,=8,—
¢~ s 7(E+1)

(17)

Following the experiment we now examine in more detail
the two special field configurations when the counterpropa-
gating waves have parallel or orthogonal linear polarizations.
First of all we note that in these cases the forms of EIA
resonance differ dramatically. Indeed, depending on the mag-
netic field the second term in round brackets in Eq. (17),
being positive for a=0, becomes negative for a=/2.
Hence, if the drive wave is strong enough a local maximum
at zero magnetic field of W,(&) function for parallel polariza-
tions turns into a local minimum for orthogonal polariza-
tions.

The case of parallel polarizations. Absorption coefficient
[Eq. (10)] of the probe wave in the case of parallel polariza-
tions is plotted in Fig. 9 for several intensities of the drive
wave. We use the stationary solution for Egs. (2)—(4) with
a=0 and Doppler shifts taken into account. The final result
for the absorption probability is obtained by averaging over
the velocity distribution.

We see that the function W,(w,) describing the narrow
peak in the absorption coefficient increases, as a whole, with
intensity of the drive wave. Moreover, the maximum value of
the function increases faster than its asymptotic wings and
enhances, in that way, the contrast of EIA resonance. Such
behavior agrees with experimental results shown in Figs. 3
and 5.

There are simple analytical expressions that describe
these two characteristic values of the function W,(w,) and
clearly demonstrate the mentioned properties. So the func-
tion has the maximum value

8 28
W, (0,=0) = —51(1 + +72> (18)
17 17S1’)/1+1552'}/2

at zero magnetic field and reaches the asymptotic value
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FIG. 9. The shape of the EIA resonance in case of fixed Rabi
frequency |Q;|=0.17y, of the probe wave and various Rabi frequen-
cies of the backward wave, (1) |Q,|=0, (2) [Q,/=0.1y;, and (3)
|Q,]=0.27,, in the case of parallel polarizations (=0) and y,=7,.

5 2 S
W, = —51(1 +—2—72) (19)
11 51189, + 158,79,

in the domain

S12Y12 <o, < ¥15. (20)

If S,—0 Egs. (18) and (19) coincide with Egs. (13) and
(14) for a single probe wave.

The results given by Egs. (18) and (19) show, as we al-
ready said, that the drive wave increases the absorption of
the probe field and enhances the contrast of EIA resonance.
The increase saturates when the intensity of the drive field
becomes large enough, i.e., y;S; << ¥,S,<7v. By using Egs.
(18) and (19) we get then W,(w,=0)=(8/15)(S;) and W,
=(7/15)(S,). Therefore, the maximum contrast is equal to
1/8~12%. This value is about four times larger than that in
the case of a single wave.

The role of the drive wave can be easily interpreted in the
polarization basis. Since both waves have the same polariza-
tion the drive field induces only vertical transitions between
sublevels of the ground |g) and exited |e’) states with equal
magnetic quantum numbers. If F,=F,, =1 the transition be-
tween sublevels with zero projections is forbidden. Therefore
the interaction with the drive field leads to increase in ﬁf)%g)
due to optical pumping by spontaneous transitions to the
sublevel with m=0. According to Eq. (8) the absorption of
the probe wave depends on the value pi¥). Hence the in-
crease in the population [)g%g) increases the absorption prob-
ability. The less is the magnetic field the more effectively this
mechanism works because the field induces an additional
mixing of magnetic sublevels.

The case of orthogonal polarizations. Absorption coeffi-
cient [Eq. (10)] of the probe wave in the case of orthogonal
polarizations is plotted in Fig. 10 for several intensities of the
drive wave. The result is based, as before, on the stationary
solution for Egs. (2)—(4), now with a=m/2, it takes into
account Doppler shifts and includes final averaging over
atomic velocities.
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FIG. 10. The shape of the EIA resonance in case of fixed Rabi
frequency |Q;|=0.17y, of the probe wave and various Rabi frequen-
cies of the backward wave, (1) |Q,|=0, (2) |Q,/=0.1y;, and (3)
|Q,|=0.27,, in the case of orthogonal polarizations (a=7/2) and

Y1=72-

We see now that the function W,(w,) describing the nar-
row peak in the absorption coefficient exhibits quite different
behavior. In particular, the extremum of the function at zero
magnetic field reads

8 9 S
W,(w,=0) = —S,(l - —2—72> 1)
17 4 17S1 Y+ 15S2'}/2

and coincides, of course, with Eq. (13) if S,—0. In contrast
to Eq. (18), the second term in round brackets has the nega-
tive sign, and so the extremum of the function decreases
when the intensity of the drive wave becomes larger. The
asymptotic wings of W,(w,) in the domain [Eq. (20)] are
given by Eq. (19) and increase, as in the case of parallel
polarizations, with intensity of the drive wave. Therefore
EIA resonance changes its sign for large enough intensities
of the drive wave and a dip appears instead of a peak. Such
a behavior agrees with experimental results shown in Figs. 3
and 5.

A few lines above we have mentioned that the asymptotic
values of W,(w,) in the domain [Eq. (20)] are described by
same Eq. (19) for parallel (e=0) and orthogonal (a=m/2)
polarizations. This statement is true for any angle between
the polarization planes. Indeed, Egs. (2)-(4) depend on the
angle « only via nondiagonal matrix elements that describe
the coherence between the ground state sublevels with m
== 1. In the domain given by Eq. (20) the magnetic field is
strong enough and destroys the coherence. Therefore nondi-
agonal matrix elements tend to zero and the dependence on
the angle « disappears.

When the intensity of the drive field becomes large
enough, i.e., 8| < 7,5, <7y, ,, the two characteristic values
of the function W,(w,) given by Eqgs. (21) and (19) saturate.
The minimum value at zero magnetic field is equal to
W (w,=0)=(2/5)(S;). Since the asymptotic values do not
change in comparison to the case a=0, i.e., W,=(7/15)(S),
the contrast is 1/6=17%.

To describe qualitatively the influence of the drive wave
on the absorption coefficient we return to the polarization

PHYSICAL REVIEW A 80, 033830 (2009)

Probe field absorption

FIG. 11. Dependence of the EIA resonance shape on the angle
between polarization planes for fixed Rabi frequencies |Q;,
=0.1vy, of forward and backward waves (y;=7v,).

basis. Linear polarization of the wave acting on the transition
F,=1<F, =1 is orthogonal to the quantization axis. In this
case the 0" and o™ fields induce optical transitions leading to
decreasing the population ﬁ)%g) of the sublevel with m=0 due
to the pumping of extreme sublevels with m=*1. In par-
ticular, in absence of the probe wave and magnetic field the
interaction would result in the well known effect of EIT
when the sublevel m=0 is empty and we meet a pure A
scheme with a “dark state.” Therefore, according to Eq. (8),
in presence of the orthogonally polarized drive wave the ab-
sorption of the probe wave decreases. The EIA resonance for
the forward wave is controlled by the effect of EIT for the
backward wave whose influence increases with intensities. It
is necessary to emphasize that such a simple interpretation is
true in the domain of zero or very small magnetic fields.
Nonzero magnetic fields, as well as the probe wave itself,
destroy the dark state and cause the increasing of absorption.
That is why for large enough drive fields the structure of EIA
resonance looks like a dip with the minimum value at zero
magnetic field.

The case of arbitrary angles. As we have already seen
from Egs. (16) and (17), written for zero atomic velocities
along laser beams, the shape of EIA resonance becomes
more complicated if «# 0, 7/2. Thus, there appear contribu-
tions having the dispersion form due to the terms with an odd
power dependence on the magnetic field. The dependence of
the shape of EIA resonance on the parameters of the drive
wave, that is, the functions W,(w,, «) for the fixed intensity
of the second wave and W,(w,, QJ?) for the fixed angle a, is
shown in Figs. 11 and 12.

These results demonstrate that an angle between polariza-
tion planes together with an intensity of the drive wave pro-
vide us with an effective tool to control the shape of EIA
resonance.

The case of Fy=1<F, =0 transition. In the experiment
with the backward light wave acting on the atomic transition
F,~F,=F,~1 it was found that parallel and orthogonal
polarizations switched the roles in comparison with the
above situation. Namely, the absorption coefficient at the
center increases for orthogonal polarizations and exhibits the
sign change in the case of parallel polarizations.
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Probe field absorption

FIG. 12. Dependence of the EIA resonance shape on the Rabi
frequency |€,|/y, of the backward wave for the fixed angle a
=m/2 between polarization planes. Rabi frequency of the probe
wave is equal to |Q;|=0.1y, and y,=7y,.

We discuss qualitatively the simplest case when the drive
wave acts on the transition F\,=1 F,,=0. We remind that in
the polarization basis the absorption coefficient [Eq. (8)] de-
pends only on the population 5(0%”') of the ground state sub-
level with m=0. In the case of parallel polarizations the
single vertical transition induced by the drive wave results in
optical pumping of extreme ground state sublevels with m
= * | and decreasing the population f)f)%g). Hence, the absorp-
tion coefficient decreases and the resonance can change its
sign. In the case of orthogonal polarizations transition in-
duced by the 0" — o™ configuration of the drive wave leads to
optical pumping of the sublevel with m=0 and the absorp-
tion coefficient increases.

Broad structure of the absorption coefficient. Magnetic
field dependence of absorption exhibits not only a narrow
peak in the vicinity of B=0 but also a broad structure corre-
sponding to Zeeman shifts ugB/f of the order of optical
resonance width y. Experimental curves in Figs. 2 and 4
clearly show the broad structure in the domain wuzB/(f7y)
= 1. In most of the published papers theory of this structure
is omitted since its full analytical description for two coun-
terpropagating waves gives rather cumbersome expressions
even for F,=1 «—F,=2,F, =1 transitions. Therefore, for
qualitative understanding of this structure we consider the
asymptotic behavior of the absorption coefficient for large
magnetic fields in the case of a single probe wave,

’y< Q)g’g < kUT, (22)

where kv is the Doppler width. Here and below we omit the
index 1 related to the probe wave.

In this case Zeeman shifts of magnetic sublevels exceed
the optical resonance width. Hence, in the weak saturation
regime, () <y, every induced transition between correspond-
ing sublevels of the ground and exited states (m<—m=*1)
occurs mainly in atoms having the resonant velocities A
~m(w,~ w,) * w,. Here a manifold of induced transitions is
decomposed to a set of independent two-level atomic sys-
tems with different resonant velocities. Generally speaking
these two-level systems are not closed with respect to spon-
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taneous transitions. Any spontaneous transition from the up-
per state of a given two-level system, i.e., of an atom with a
given resonant velocity, to the ground state of another two-
level system removes the atom from the resonance. The two
exceptions are connected with the atomic transition
|1,1),<|2,2), having the resonant velocity (A=2w,—w,)
and the transition |1,-1),+|2,-2), corresponding to the op-
posite velocity. It is clear that these two-level systems are
closed with respect to spontaneous transitions. Therefore the
main contributions to W, come from populations p{$(A) and
P (A)=p{s)(~A) of the two marginal sublevels, while the
other diagonal elements are negligibly small. In its turn the
matrix element pl is determined only by the ground state
population p(lglg) =p;, and reads

p%) = 28(B)py 1, (23)

where the saturation parameter

Q]
Qw, - w,— A2+ V4

depends now, in contrast to Eq. (5), on Zeeman shifts w, and
o, for excited and ground states.

The population p;; can be found from the stationary so-
lution for the ground state OBEs. Since nondiagonal matrix
elements contain nonresonant denominators they are small in
the parameter [Q[*/ w; ,< 1 and can be neglected. Therefore,
we deal with simple balance equations. The solution p;;(A)
of these equations smoothly changes in the wide enough
range |A|~ w, > 7y of velocities. However we see from Egs.
(23) and (24) that only the resonant velocities 5=|2we—wg
—A|~y< w, . contribute to the absorption probability W.,.
After averaging over the velocity distribution we arrive at

W, = HS(B)py) = 2p11(8=0)(S). (25)

Hence, in the asymptotic domain of magnetic fields [Eq.
(22)], the absorption coefficient reaches a constant value
given by Eq. (25).

The value p,;(6=0) reads

5(£-1)73(6-1)+(-3)°
3 ((-17+5(L-3)7

where {=g,/g,. This result means that the absorption prob-
ability W, depends only on the ratio of g factors of the
ground and exited states. In particular, for equal g factors,
ie., =1, we get p;;=1 and W,=(4/5)(S). The latter exceeds
the local maximum of the central peak given by Eq. (13),
i.e., the value W,(B=0)=(8/17)(S).

It is interesting to note that the value of p;; [Eq. (26)]
strongly depends on the sign of £, i.e., on the relative posi-
tions of Zeeman shifts for the ground and exited states. For
instance, if {=—1 we have p;;=9/29 and W,=(1/4)(S)
which is smaller than W,(B=0). It means that in this case the
broad structure changes its “sign” (Fig. 12).

The results of numerical calculations of the absorption
coefficient in the weak saturation regime are shown in Fig.
13. Shape of the curves exhibits both the narrow structure of
the EIA resonance in the vicinity of B=0 (it is shown also in
the inset) and a broad structure in a wide domain of magnetic

S(B) = (24)

-1
P11(§)=(1+ ) . (20)
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FIG. 13. Dependence of the absorption coefficient on the mag-
netic field for two sets of g factors: (1) g,=1/2,¢,=2/3 and (2)
g¢=—1/2,8,=2/3. The Rabi frequency is equal to [Q;|=0.17;. The
inset shows the narrow structure of EIA resonance at a larger scale.

fields. We see that the two curves calculated for an opposite
sign of the ratio g,/ g, differ dramatically. Note that g factors
(g,=1/2,8,=2/3) used for the curve 1 correspond, in fact,
to the transition F,=2+ F,=3 in 87Rb and have been chosen
just for convenience.

As it is known there is another contribution to the broad
(natural) structure of the signal in Hanle configuration, which
stems from stimulated Hanle effect [20] whose origin is
similar to that of Lamb dip. It appears since saturation in a
single group of atoms in a running linearly polarized wave at
zero magnetic field is greater than the saturation in two
groups of atoms interacting with two circularly polarized
waves when splitting in magnetic field exceeds natural
width. We have considered in theory low intensities of laser
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fields and have neglected the saturation due to atoms pumped
to the excited state. However, in real atom there is stronger
saturation mechanism connected to the optical pumping of
atoms into another hyperfine sublevel of the ground state. We
have not considered this known contribution to broad struc-
ture since our “model atom” does not have another hyperfine
sublevel of the ground state (a closed system approach).

IV. CONCLUSION

The dependence of EIA signal observed at cycling transi-
tion of ’Rb D, line in Hanle configuration on parameters of
additional field applied to an adjacent open transition in V
scheme has been studied in detail experimentally. We have
found that subnatural and natural structures (in terms of the
width of the excited P state) are very sensitive to intensity
and polarization of additional field and specific type of the
open transition involved, that is, whether it is F g=2—>Fe
=2 or F g=2—>Fe=1. On the contrary, it is not sensitive to
geometry (copropagating or counterpropagating beams) and
to the wavelength of transition resonant to the second field
(780 or 794 nm). Most of the experimentally observed re-
sults are in good agreement with theory based on OBEs in
spite of the fact that theory has been developed for a system
with reduced F numbers. We have analyzed behavior of both
subnatural and natural structures in signal and have given
physical explanation for most features of the observed ef-
fects. Some new properties such as dependence on g factors
and dispersionlike signals for arbitrary angle between linear
polarizations of two laser fields have been predicted by
theory. Preliminary experiments confirmed the first predic-
tion. To check the dependence on g factors we need experi-
ments with other atoms.
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