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Coherent two-field spectroscopy of degenerate two-level systems

A. Lezama,* S. Barreiro, A. Lipsich, and A. M. Akulshin†

Instituto de Fı´sica, Facultad de Ingenierı´a, Casilla de Correo 30, 11000 Montevideo, Uruguay
~Received 29 June 1999; published 8 December 1999!

Spectroscopic features revealing the coherent interaction of a degenerate two-level atomic system with two
optical fields are examined. A model for the numerical calculation of the response of a degenerate two-level
system to the action of an arbitrarily intense resonant pump field and a weak probe in the presence of a
magnetic field is presented. The model is valid for arbitrary values of the total angular momentum of the lower
and upper levels and for any choice of the polarizations of the optical waves. Closed and open degenerate
two-level systems are considered. Predictions for probe absorption and dispersion, field generation by four-
wave mixing, population modulation, and Zeeman optical pumping are derived. On all these observables,
subnatural-width coherence resonances are predicted and their spectroscopic features are discussed. Experi-
mental spectra for probe absorption and excited-state population modulation in theD2 line of Rb vapor are
presented in good agreement with the calculations.

PACS number~s!: 42.50.Gy, 32.80.Bx, 42.62.Fi
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I. INTRODUCTION

When an atomic transition is driven by quasireson
light, after a transient evolution, the quantum state describ
the atomic system becomes correlated in time with the ex
ing light field. This correlation is in turn responsible for th
coherent interaction between the atomic system and the l
Of special interest is the case when the atomic system in
acts with two optical fields. In this case, in addition to t
induced atomic coherence at the frequencies of the
fields, the nonlinearity of the medium is responsible
atomic coherence at frequencies that result from the lin
combinations of the frequencies of the two incident opti
fields. These additional frequency components in the ato
dynamics manifest themselves in the spectral dependenc
different observables such as absorption or new field gen
tion.

The response of a pure two-level system, driven by
monochromatic pump wave and tested by a weak probe
variable frequency offset with respect to the pump, is w
known @1–3#. In the case of a relatively weak pump fie
~Rabi frequency no larger than the transition natural widt!,
the coherent interaction of the two-level system with the t
fields is responsible for narrow features in probe absorp
~occurring when the two-level transition is open! whose
width is determined by the ground-state relaxation rate@4,5#.
Although theoretical predictions based in the simple tw
level model have proven to be powerful for the interpretat
of a large number of experimental results, pure two-le
systems are seldom found in real experiments. In most ca
the atomic levels are degenerate and the vectorial natur
the electromagnetic field plays an essential role.

Well before the advent of the laser, it was realized t
resonant light can modify the state of a degenerate ato
level through optical pumping among Zeeman sublevels@6#.
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Experiments using optical and/or radiofrequency excitat
demonstrated the occurrence of orientation, alignment,
Zeeman coherence. The invention of the laser opened
way to the study of the coherent response of a degene
system in the optical domain. Essential theoretical contri
tions in this subject are due to Berman and co-workers@7–9#.
In their work, the crucial role of optical pumping in a dege
erate two-level system is underlined and it is demonstra
that subnatural-width spectroscopic resonances are as
ated to the nonconservation of population, orientation,
alignment. The connection between these narrow spec
scopic features and sub-Doppler cooling was establishe
@8# and the pump-probe spectroscopy of degenerate t
level systems including the effect of the atomic recoil w
considered in@9#. Bo Gao@10,11# has developed a metho
allowing the calculation of the weak probe absorption by
closed degenerate two-level system driven by a linearly
larized pump wave and no magnetic field. The resona
fluorescence spectrum of a driven degenerate two-level
tem was qualitatively discussed with the help of the dres
atom model@12# and explicitly derived@13#. Also, let us
mention that several authors have been concerned with
steady-state preparation of a degenerate two-level sys
due to the excitation by a unique field of arbitrary ellipt
polarization@14,15,10,16–18#.

In this paper we are concerned with the spectrosco
features of the coherent response of driven degenerate
level systems. Our attention is placed on the subnatu
width resonances associated to the coherent nature of
interaction of an atomic system with a drive and a pro
field. As discussed below, such resonances are present
large variety of physical observables such as probe abs
tion, dispersion, fluorescence, four-wave mixing~FWM!, etc.
The aim of this paper is to discuss the essential spectrosc
features of the coherence resonances present on these ob
ables and discuss the dependence of these features in pa
eters such as external magnetic field, optical fields polar
tions, light intensity, and atomic level characteristics.

Additional motivation for the study of degenerate tw
level systems arises from the connection of this problem w
w,
©1999 The American Physical Society01-1
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that of the study of multilevel configurations where intere
ing coherent effects have attracted considerable attentio
recent years. Among them is the phenomenon of cohe
population trapping~CPT! @19# and the related effect of elec
tromagnetic induced transparency~EIT! @20# observed in
three-level systems~mainly L systems!. These effects have
found interesting application for subrecoil laser cooling@21#,
magnetometry@22#, refractive index enhancement@23#, en-
hancement of nonlinear susceptibility@24#, steep dispersion
@25#, and ultralow group velocity propagation@26#. Degen-
erate two-level systems provide us with the possibility
analyze some of the level schemes studied so far with
unique theoretical frame. Under the appropriate choice of
pump and probe polarizations and the angular moment
the involved levels, the degenerate two-level system in
presence of two fields reduces, as a particular case, into
eral of the multilevel configurations previously studie
(L,V,N configurations, etc.!. One can thus expect that de
generate two-level systems will be suitable for the obser
tion of coherent effects including those previously predic
and observed in three-level configurations. In addition, n
effects such as electromagnetically induced absorption~EIA!
@27,28# appear in the degenerate two-level system that
not present in three-level configurations.

The first part of the paper is devoted to the presentatio
a theoretical model allowing the calculation of the compl
response to first order in the probe field of an atomic sys
composed of two degenerate levels of given total ang
momentum driven by a pump wave. The model is based o
semiclassical treatment of the atom1fields dynamics based
on optical Bloch equations@7–11#. It is intended to be suit-
able for the numerical calculation of the response of
atomic medium in a wide variety of cases: Arbitrary valu
of the total angular momentum of the ground and exci
levels can be considered. Arbitrary and independent ellipt
polarizations are allowed for the pump and probe waves.
presence of an external magnetic field is included. Both o
and closed two-level systems can be treated.

The model results in the derivation of Eq.~16! below
satisfied by the operators defined in order to contain al
density-matrix terms corresponding to the response of
atomic system~under the presence of the arbitrarily inten
pump wave! to first order in the probe wave. Different spe
troscopic observables such as probe absorption and dis
sion, new field generation, population modulation, and m
netic orientation are subsequently derived from the oper
s as discussed below. The spectral features present on
observables are then discussed with special attention on
subnatural-width resonances due to the coherent interac
between the atomic system and the fields. The predict
are illustrated with experimental observations of probe
sorption and fluorescence modulation carried on theD2 lines
of Rb vapor.

The paper is organized as follows. The second sectio
devoted to the presentation of the theoretical model an
the derivation of the expressions for different observab
The spectroscopic features of each of these observables
function of the optical and magnetic field parameters are s
cifically discussed. The third section is devoted to expe
01380
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mental observations concerning probe absorption and po
lation modulation spectra. Finally, some conclusions
presented.

II. THEORY

A. Model

The model was developed having in mind transitio
within the D lines of alkaline atoms. However, it is not re
stricted to this case. It can be applied to any dipole-allow
atomic transition from a long-living lower level to an upp
level rapidly damped by spontaneous emission. We cons
two degenerate levels: a ground levelg of total angular mo-
mentumFg and energy\vg , and an excited statee of an-
gular momentumFe and energy\ve . The total radiative
relaxation coefficient of levele is G. We assume that the
atoms in the excited state can radiatively decay into
ground stateg at a ratebG, whereb is a branching ratio
coefficient that depends on the specific atomic transition
<b<1). b51 for a closed~cycling! transition. In the case
of open transitions (b,1), excited atoms can decay bac
into level g or into one or several levels external to the tw
level system where they remain~see Fig. 1!.

Let us consider a homogeneous ensemble of atoms at
However, in order to simulate the effect of a finite interacti
time of the atoms with the light, we assume that the ato
escape the interaction region at a rateg (g!G). This es-
cape is compensated, at steady state, by the arrival of f
atoms in the ground state.

The atoms are submitted to the action of a magnetic fi
B and two classical optical fields:

EW j~ t !5Ejêje
iv j t1Ej* êj* e2 iv j t ~ j 51,2!. ~1!

êj are complex polarization vectors. The Hamiltonian of t
system can be written as

H~ t !5H01V1~ t !1V2~ t ! ~2!

with

H05HA1HB , ~3!

HA5\~Peve1Pgvg!, ~4!

HB5~bgPg1bePe!FzB, ~5!

Vj5Ejêj•DW gee
iv j t1Ej* êj* •DW ege

2 iv j t, ~6!

FIG. 1. Level scheme considered for the model. The grou
level g and the excited levele are degenerate with total angula
momentumFg and Fe , respectively. Vertical arrows: excitatio
fields. Black dashed arrows: radiative decay. Oblique gray arro
arrival and departure from the interaction zone.
1-2
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COHERENT TWO-FIELD SPECTROSCOPY OF . . . PHYSICAL REVIEW A 61 013801
wherePg and Pe are the projectors on the ground and e
cited manifolds, respectively.bg and be are the gyromag-
netic factors of levelsg and e, respectively.Fz is the com-
ponent of the total angular momentum operatorFW along the
magnetic field direction.DW ge5DW eg

† 5PgDW Pe is the lowering
part of the atomic dipole operator~we assume thatPgDW Pg

5PeDW Pe50W ). In Eq. ~6! the usual rotating-wave approx
mation is used.

The temporal evolution of the atomic density matrixr is
governed by the master equation@29#

]r

]t
52

i

\
@H,r#2

G

2
$Pe,r%1bG

3 (
q521,0,1

Qge
q rQeg

q 2g~r2r0!, ~7!

whereQge
q 5Qeg

q†(q521,0.1) are the standard componen
of the dimensionless operator:

QW ge5A2Fe11
DW ge

^giDW ie&
. ~8!

Fe(g) is the total angular momentum of the excited~ground!
state and̂ giDW ie& is the reduced matrix element of the ele
tric dipole operator.

The first term on the right-hand side of Eq.~7! represents
the free atomic evolution in the presence of the two opti
fields and the magnetic field. The remaining terms cor
spond to atomic relaxation. The second term on the rig
hand side accounts for the radiative relaxation of the exc
state. The third term describes the feeding of the gro
level by atoms decaying from the excited state. The last t
phenomenologically accounts for the finite interaction tim
and ensures the relaxation of the system, in the absenc
optical fields, to the thermal equilibrium state assumed to
described by the density matrixr05Pg /(2Fg11) corre-
sponding to an isotropic distribution of the atomic populati
in the ground state. Since there is no specific ground-s
relaxation mechanism andg!G, the rateg effectively plays
the role of a ground-state relaxation coefficient.

In order to find the response of the system to the t
fields, we first consider the effect of fieldE1 ~hereafter des-
ignated aspumpfield! to all orders. Next, we calculate th
effect of fieldE2 ~probefield! to first order. This procedure
is analogous to that employed in the classical deduction
Mollow @3#.

To obtain the response of the atomic system to the pu
it is convenient to introduce the slowly varying matrixs0
given by

s05sgg
0 1see

0 1sge
0 1seg

0 ,

sgg
0 5PgrPg ,

see
0 5PerPe , ~9!

sge
0 5PgrPee

2 iv1t,

seg
0 5PerPgeiv1t.
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After substitution into Eq.~7! ~with V250) one has for the
steady-state value ofs0 the equation

2gr052
i

\
@H01V̄12\v1Pe ,s0#2

G

2
$Pe ,s0%

1bG (
q521,0,1

Qge
q s0Qeg

q 2gs0 ~10!

with

V̄15E1ê1•DW ge1E1* ê1* •DW eg . ~11!

Equation~10! represents a system of coupled linear eq
tions involving the coefficients of the density matrixs0. We
have numerically solved this system by employing a Lio
ville space formalism@30,31# in which the state of the sys
tem is represented by a vectorx whose elements are th
coefficients of the density matrixs0. In the Liouville space
Eq. ~10! can be put into the formLx5x0 (L is a linear
operator andx0 a constant vector! and readily inverted.

The relaxation term describing the return of the unp
turbed system to equilibrium@fourth term on the right-hand
side of Eq.~10!#, as well as the possible escape to exter
levels whenb,1, do not conserve the total population.
consequence, the solution of Eq.~10! must be normalized by
the total number of atomsN5ng1ne1next, whereng , ne ,
and next are the populations of the ground level, excit
level, and external level~s!, respectively. Since at steady sta
the population of the external level~s! obeys the balance
equationG(12b)ne5gnext, we have

N5ng1ne@11~12b!G/g#, ~12!

whereng and ne are the ground- and excited-state popu
tions obtained from the numerical solution of 10, respe
tively. After normalization of the solution of Eq.~10!, s0

fully accounts for the preparation of the system by the pum
This includes effects such as optical saturation and indu
coherence between ground and excited states, orienta
and alignment due to Zeeman optical pumping and depo
lation.

To analyze the effect to first order of the probe field
the atom1 pump system, we seek a solution of Eq.~7!
under the form@3#

rgg~ t !5Pgr~ t !Pg5sgg
0 1sgg

1 eidt1sgg
2 e2 idt,

ree~ t !5Per~ t !Pe5see
0 1see

1 eidt1see
2 e2 idt,

~13!
rge~ t !5Pgr~ t !Pe5eiv1t~sge

0 1sge
1 eidt1sge

2 e2 idt!,

reg~ t !5Per~ t !Pg5e2 iv1t~seg
0 1seg

1 eidt1seg
2 e2 idt!,

with d5v22v1 . After substitution into Eq.~7! and keeping
only terms to first order inE2 , one has the following system
of linear equations couplingsge

1 , seg
1 , sgg

1 , andsee
1 :
1-3
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iE2~ ê2•DW ge!seg
0 52 i @Hg ,sgg

1 #2 i\dsgg
1

1b\G (
q521,0,1

Qge
q see

1 Qeg
q 2\gsgg

1

2 i ~E1ê1•DW geseg
1 2sge

1 E1* ê1* •DW eg!,

2 iE2seg
0 ~ ê2•DW ge!52 i @He ,see

1 #2 i\dsee
1 2\~G1g!see

1

2 i ~E1* ê1* •DW egsge
1 2seg

1 E1ê1•DW ge!,
~14!

i ~E2ê2•DW gesee
0 2sgg

0 E2ê2•DW ge!52 i ~Hgsge
1 2sge

1 He!

2 i\~d1v1!sge
1 2\S G

2
1g Dsge

1 2 i ~E1ê1•DW gesee
1

2sgg
1 E1ê1•DW ge!,

052 i ~Heseg
1 2seg

1 Hg!2 i\~d2v1!seg
1 2\S G

2
1g Dseg

1

2 i ~E1* ê1* •DW egsgg
1 2see

1 E1* ê1* •DW eg!.

It is convenient at this point to introduce the non-Hermiti
matrix s defined as

s5S sgg
1 sge

1

seg
1 see

1 D . ~15!

After inspection it can be seen that Eqs.~14! can then be
rewritten in the operatorial form

i FV2

2
,s0G52

i

\
@H01V̄12\v1Pe ,s#2 ids2

G

2
$Pe ,s%

2gs1bG (
q521,0,1

Qge
q sQeg

q , ~16!

where we have introduced the probe Rabi frequencyV2

5(2EW 2•DW ge)/\.
Equation ~16! is numerically solved by the sam

Liouville-space procedure used to solve Eq.~10!. The result-
ing value of the operators simultaneously provides the va
ues of the four matricessge

1 , seg
1 , sgg

1 , andsee
1 , each of

which contains useful information on the atomic response
will now be discussed.

The information concerning the optical atomic polariz
tion oscillating at the probe frequency is contained in ma
sge

1 @see Eqs.~13!#. The complex macroscopic atomic pola
ization at the frequency of the probe is given by

PW ~v2!5«0xEW 25n Tr~sge
1 DW eg!, ~17!

where«0 is the vacuum dielectric constant,x5x81 ix9 is
the complex susceptibility tensor, andn is the atom density.
From the complex polarization we get the probe absorp
coefficient as
01380
s

-
x

n

a~v2!5k2~ ê2•x9ê2!5
nk2

E2
ê2•Im@Tr~sge

1 DW eg!#. ~18!

k2 is the modulus of the probe wave vector.
Similarly, the dielectric tensor«5«0(11x8) describing

the dispersion of the probe by the atomic medium obeys

ê•«ê25«0H 11
n

E2
ê•Re@Tr~sge

1 DW eg!#J , ~19!

whereê is an arbitrary unit vector.
The matrix seg

1 contains information about the off
diagonal elements of the density matrix evolving at the f
quency 2v12v2 . The corresponding atomic polarization
responsible for the generation of a new optical field at t
frequency by four-wave mixing~FWM! @32#.

The intensity of the field generated by FWM satisfies

I FWM~2v12v2!}n2uTr~seg
1 DW ge!u2. ~20!

The matricessgg
1 andsee

1 contain information concerning
the pulsation of the ground- and excited-state population
the difference frequencyd between the pump and the prob
fields. Opposite fluctuation of the total population occurs
the ground and the excited state. The effect of the mod
tion of the population of the excited state can be direc
observed as an oscillating component~at frequencyd) of the
fluorescence emitted by the atoms. The pulsation of the t
fluorescence power emitted per atom is

DW~ t !52bG\v0@Tr~see
1 !eidt1c.c.#. ~21!

Finally, the matricessgg
1 and see

1 also provide informa-
tion about population redistribution and coherence amo
Zeeman sublevels~orientation and/or alignment! in the
ground or excited state due to the simultaneous interac
with the pump and probe fields. This results in addition
observables evolving at frequencyd. As an example, the
oscillating magnetic dipole induced in the ground state
the coherent interaction with the pump and probe fields
given by

MW g~ t !5nbg@Tr~sgg
1 FW !eidt1c.c.#. ~22!

In the following sections we present and discuss the sp
troscopic features of the atomic response. Particular atten
is given to the absorption and population pulsation spe
for which experimental results are presented.

B. Probe absorption spectra

1. Spectra with zero magnetic field

We initially consider the results obtained for motionle
atoms in the absence of a magnetic field. Some example
level configurations and the corresponding probe absorp
spectra for particular choices of the polarizations of t
pump and probe fields are shown in Figs. 2 and 3. In gene
the spectra are composed of a Lorentzian peak, whose w
is given by the excited-state relaxation rate and, in m
1-4
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COHERENT TWO-FIELD SPECTROSCOPY OF . . . PHYSICAL REVIEW A 61 013801
cases, a narrow resonance~hereafter named coherence res
nance! arising when the frequency offsetd between pump
and probe satisfies the condition for two-photon Raman re
nances between Zeeman sublevels. In the particular cas
Figs. 2 and 3, a unique coherence resonance atd50 occurs
sinceB50. Let us first discuss the case of closed~cycling!
transitions. Depending on the choice of the total angular m
mentum of the ground and excited states, the coherence
nance corresponds to a reduction in the absorption~EIT! or
an enhancement of the absorption~EIA! @27,28#. No coher-
ence resonance appears for some configurations. As
cussed in Ref.@28#, EIA occurs provided that three cond
tions are satisfied:~i! The transition is closed,~ii ! Fg.0, and
~iii ! Fg,Fe . This is the case of Fig. 2~a!. On the other hand
EIT occurs ifFg>Fe andFg.0 @Fig. 2~b!# @33#. Finally, no
coherence resonance occurs ifFg50 @Fig. 2~c!#.

When the transition is open (b,1), the previous results
are modified. In addition to an overall reduction of the a
sorption as a consequence of population loss to the exte
levels, significant changes concern the coherence reson

FIG. 2. Probe absorption spectra as a function of the freque
offset d ~solid lines! with B50 and V1 /G[2E1^giDie&/(\G)
50.4, g/G50.001 for different closed (b51) atomic transitions.
The spectra are normalized to the maximum of the linear absorp
~represented in dotted lines!. The pump and probe polarizations a
linear and orthogonal ina,b,c and parallel ind. The corresponding
angular momenta and magnetic sublevels scheme is shown in
case. Solid~dashed! arrows represent the pump~probe! field.
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WhenFg,Fe andFg.0 for sufficiently large values of the
escape rate (12b)G compared tog, a narrow transparency
dip appears at the place of the absorption enhancemen
served for cycling transitions@5# @Fig. 3~a!#. A similar ab-
sorption dip is present in the case of theFg50→Fe51
transition with equal pump and probe polarizations@Fig.
3~d!#, a situation that corresponds to the pure two-level s
tem. The origin of the narrow dip is the same in the tw
cases. It can be attributed to the resonant scattering of
probe field by the modulation in the atomic populations
duced by the two fields@1,32#. As in the case of closed
transitions, no narrow resonance occurs for theFg50→Fe
51 transition when the polarizations are orthogonal (V sys-
tem! @Fig. 3~c!#. Finally whenFg>Fe @Fig. 3~b!# a large EIT
resonance is observed. As in the case of cycling transitio
the transparency dip is essentially associated to the fallin
the system into a dark state in the ground level rather tha

cy

n

ch

FIG. 3. Probe absorption spectra as a function of the freque
offset d ~solid lines! with B50 and V1 /G[2E1^giDie&/(\G)
50.4, g/G50.001 for different open (b50.5) atomic transitions.
The spectra are normalized to the maximum of the linear absorp
~represented by dotted lines!. The field polarizations are the same
in the corresponding case of Fig. 2. The insets represent enla
views around the center of the spectra.
1-5
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LEZAMA, BARREIRO, LIPSICH, AND AKULSHIN PHYSICAL REVIEW A 61 013801
the escape to external levels@18#.
In the present context, both EIT and EIA appear in t

same theoretical framework as the result of the coheren
teraction of the degenerate atomic system with the two fie
This result clearly stresses the role of the atomic dynamic
the common origin of the two phenomena. It is neverthel
interesting to point out that from a different point of view
EIT has been usually associated to the existence of a sta
ary dark state~a quantum superposition of ground-state su
levels not coupled to the excited state! in which the atomic
population is trapped@19#. This raises the question o
whether a corresponding ‘‘bright state’’ can be identified to
correspond to EIA.

The identification of the steady state of the system, in
case of EIA, as well as for EIT, is greatly simplified in th
present context~degenerate levels,B50) since at resonanc
(d50) the pump and probe fields reduce to a single fie
Consequently, the stationary state of the system is simply
result of the optical pumping of the degenerate two-le
system by the unique field. When the conditions for EIT a
satisfied (Fg>Fe), this results in the falling of the system
into the uncoupled subspace of the ground level. When E
occurs (Fg,Fe), all the ground level manifold is affected b
the light. In this case, the steady state of the system is sh
by the ground and the excited level. Unlike in the case
EIT, the steady state corresponding to an EIA resonanc
obviously not stable~in the absence of the fields! since it is
affected by spontaneous emission.

We address now the question of the amplitude of the
herence resonance in the probe absorption. We restrict
selves to closed transitions of the typeFg→Fe5Fg11
where EIA occurs. The coherence resonance amplitude
pends on the angular momenta of the levels considered
optical polarizations, the pump intensity, and the rateg.
Some examples of the intensity dependence of the absorp
at d50 for differentFg (Fe5Fg11) and the optical polar-
izations are shown in Fig. 4. The absorption is normalized

FIG. 4. Absorption atd50, B50, andg/G50.001 for different
closed atomic transitions and different pump and probe polar
tions as a function of the saturation parameterS
[2@2E1^giDie&/(\G)#2 ~solid lines!. The absorption is normal
ized to the maximum linear absorption. The dashed lines repre
the incoherent optical pumping contribution~see text!. The corre-
spondingFg→Fe5Fg11 transition is indicated in each case. Th
pump and probe polarizations are linear and orthogonal (a,b), cir-
cular and equal (c,d), and circular and opposite (e, f ).
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the probe absorption in the absence of the pump and
presented as a function of the saturation parameteS
[2@2E1^eiDig&/(\G)#2, which is proportional to pump in-
tensity. Also shown in Fig. 4 is the contribution to the pro
absorption which is only due to the incoherent optical pum
ing by the pump field. This contribution, obtained takin
V̄150 in Eq. ~16!, includes the effect of Zeeman optica
pumping and optical saturation produced by the pump fi
but ignores coherent two-photon processes involving b
fields. The maximum resonant enhancement of the abs
tion occurs for linear and perpendicular pump and probe
larizations. Notice that in this case, the incoherent opti
pumping contribution remains below the linear absorpt
for all intensities. When the polarization of the two fields
the same@Figs. 4~c! and 4~d!# the coherent enhancement
the absorption is smaller and there is a significant contri
tion to the absorption enhancement from incoherent opt
pumping. No absorption enhancement occurs for circular
opposite pump and probe polarizations@Figs. 4~e! and 4~f!#.
Notice that Figs. 4~d! and 4~f! correspond to the pure two
level and V schemes, respectively.

As is also the case for EIT@34#, in the weak pump limit
the amplitude of the EIA resonance is linear in the pum
intensity as shown in Fig. 5 for linear and perpendicu
pump and probe polarizations@35#. Notice that for a weak
pump field the higher absorption enhancement factor is
tained forFg51 and decreases for increasingFg . However,
the maximum value of the enhancement increases withFg
for the values considered in Fig. 5. The maximum absorpt
enhancement is obtained for a saturation parameter clos
unity. At higher intensities the absorption at zero frequen
offset decreases as a consequence of the dynamic Star
fect @3#.

The linewidthD of the EIA and EIT resonances~FWHM!
is determined, at low pump field intensities, by the fin
interaction time. It is given byD52g. At larger pump in-
tensities power broadening occurs withD increasing linearly
with the pump intensity~see Fig. 6! @27#. This behavior is

a-

nt

FIG. 5. Relative absorption enhancementh5(a2aL)/aL at d
50, B50, and g/G50.001 for differentFg→Fe5Fg11 closed
atomic transitions as a function of the saturation parameterS (aL is
the maximum linear absorption!. The pump and probe polarization
are linear and orthogonal.
1-6
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analogous to that observed for EIT resonances inL configu-
rations@19#.

The sharp variations in the absorption corresponding
EIT or EIA resonances are accompanied by modifications
the refractive index. Figure 7 shows the calculated refrac
index variation for the probe field for two different close
transitions with linear and orthogonal pump and probe po
izations. Very steep normal and anomalous dispersion ta
place for EIT and EIA, respectively@36#, corresponding to
small absolute values of the group velocity which may
negative in the case of EIA@37#.

2. Spectra in the presence of a magnetic field

The presence of a magnetic field removes the degene
of the atomic level. As a consequence, the narrow resona
corresponding to EIT or EIA split into several componen
The position of each component is given by a resona
condition for a Raman transition between two ground-st
Zeeman sublevels involving one pump photon and one pr
photon. The selection rules determining the number of re
nances are the same for EIT or EIA. However, the spe
obtained under the same polarizations and intensities of

FIG. 6. LinewidthD ~half-width at half maximum! of the co-
herence absorption resonance atd50, B50, andg/G51024 for
the closedFg51→Fe52 transition as a function of the saturate
parameterS. The pump and probe polarizations are linear and
thogonal.

FIG. 7. Refractive index for the probe field as a function of t
frequency offsetd for two closed atomic transitions.B50, V1 /G
50.4, andg/G50.001. The pump and probe polarizations are l
ear and orthogonal. The vertical scale is the same for both cur
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pump and probe fields present some qualitative and qua
tative differences in addition to the sign inversion. Figure
present the comparison of the EIT and EIA spectra cal
lated for the closed transitionsFg53→Fe54 and Fg52
→Fe51. It is interesting to point out that whenever it
allowed by the Raman selection rules, the line correspond
to transitions from Zeeman sublevels to themselves
present in the spectra. This is the case of Fig. 8~a!. The
corresponding peak occurs at zero pump-probe freque
offset independently of the value of the magnetic field. Al
for some combinations of the pump and probe polarizati

-

-
s.

FIG. 8. ~a!–~c! Calculated probe absorption spectra under
presence of a magnetic field (bgB/G50.01, V1 /G50.3, andg/G
50.001) for the transitionsFg53→Fe54 ~solid! and Fg52
→Fe51 ~dashed!. The vertical positions of the traces are arbitra
The vertical scale~arbitrary units! is the same for all curves.~d!–~f!
Measured probe absorption spectra with the laser tuned to the
sitions 5S1/2(Fg53)→5P3/2 ~solid! and 5S1/2(Fg52)→5P3/2

~dashed! of 85Rb under the presence of a magnetic field (bgB/2p
'50 kHz, G/2p55.9 MHz). The vertical positions of the trace
are arbitrary. The vertical scale~arbitrary units! is the same for all
curves.

FIG. 9. Power of FWM emission as a function of the frequen
offset d for the closedFg51→Fe52 transition (B50, V1 /G
50.4, andg/G50.001). The pump and probe polarizations a
linear and orthogonal.
1-7
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~for instances1 and s2, respectively! there is a unique
resonance whose position depends on the value of the m
netic field @Fig. 8~c!#.

C. Four-wave-mixing spectra

The importance of level degeneracy on FWM generat
was long ago appreciated@38#. It plays an essential role in
connection with the study of collision-induced resonan
@39,7,8#. Recently, FWM in a degenerate two-level syste
was used for the construction of a phase conjugate reson
@40#. We analyze now the predictions of our model conce
ing the generation of a new field by FWM according to E
~20!.

When the conditions for coherence resonances are s
fied, a large increase in the intensity of the field generate
frequency 2v12v2 occurs. The generated FWM power as
function ofd is presented in Fig. 9 in the case of orthogon
and linear pump and probe polarizations and no magn
field ~notice the vertical logarithmic scale!. As seen, the co-
herence resonance peak of FWM can be several order
magnitude larger than the nonresonant background of w
;G. The high contrast is a consequence of the triple re
nant interaction of the three fields involved in the nonline
mixing process@32#.

Under the presence of a magnetic field, the FWM spe
split into several peaks. Figure 10 shows some example
calculated spectra obtained for different pump and probe
larizations. The selection rules governing resonant FWM
sult from two simultaneous requirements on the pump
probe polarizations.~a! A three-photon transition from the
ground to the excited level involving the absorption of tw
pump photons and the emission of one probe photon sh
be permitted.~b! An electric dipole transition should be a
lowed between the initial~ground! and the final~excited!
sublevels connected by the three-photon processes. T
rules are different from the rules corresponding to probe
sorption. For instance, no coherence resonance in FWM
curs if the pump and probe polarizations are circular a
opposite. However, absorption resonances are generally
servable in this case.

To our knowledge, the results presented here consti
the first detailed calculation of coherence resonances sp

FIG. 10. Power of FWM emission as a function of the frequen
offsetd for the closedFg51→Fe52 transition under the presenc
of a magnetic field (bgB/G50.005, V1 /G50.01, and g/G
50.001). The pump and probe polarizations are~a! linear, orthogo-

nal, and transverse with respect toBW ; ~b! linear, orthogonal, and

probe alongBW ; ~c! pump circular transverse, probe linear alongBW .
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in FWM involving Zeeman sublevels in a degenerate tw
level system.

D. Population modulation spectra

The modulation of the excited-state population results
modulation of the emitted fluorescence according to E
~21!. This modulation has a similar origin to that discussed
the context of CPT in a drivenL system@41#. As mentioned
in @41#, the modulation in the fluorescence is intimately co
nected to FWM. In the context of the present paper, t
connection is the natural consequence of the coupling
tweensge

1 , seg
1 , sgg

1 , andsee
1 described by Eq.~16!.

Population modulation is due to the coupling of the op
cal coherence induced by one of the fields between two Z
man sublevels in the ground and the excited state with
second field. In consequence, it occurs when the two fie
couple the same pair of excited and ground Zeeman sub
els. If the polarizations of the two fields are the same a
correspond to a proper polarization with respect to the m
netic field orientation (s1, s2, or p), the modulated fluo-
rescence presents no resonance narrower thanG as a function
of the pump to probe frequency offset. However, interest
interference effects, resulting in coherence resonances~line-
width determined byg), occur for other pump and prob
polarizations. Figures 11~a! and 11~b! show the calculated
modulated component of the total fluorescence for two d
ferent transitions as a function of the magnetic field for fix
pump-probe frequency offset and the same transverse li
polarization. Three coherence resonances are present in
case. The central one corresponds to zero magnetic field.
positions of the two lateral peaks correspond to the con
tions for resonant Raman transitions between Zeeman
levels. The signs of the resonances are opposite in the ca
transitions corresponding to EIA@Fig. 11~a!# or EIT @Fig.
11~b!#. Notice the larger relative variation of the pulsatio
amplitude in the case of EIT.

y

FIG. 11. Fluorescence modulation amplitude~arbitrary units!
for d/2p5200 kHz as a function of magnetic field.~a! Calculated
signal for the closed transitionsFg53→Fe54 ~solid! and Fg52
→Fe51 ~dashed! with V1 /G50.3, g/G50.001, and G/2p
55.9 MHz. ~b! Measured signal with the laser tuned to the tran
tions 5S1/2(Fg53)→5P3/2 ~solid! and 5S1/2(Fg52)→5P3/2

~dashed! of 85Rb. The pump and probe polarizations are line

parallel, and transverse with respect toBW . The vertical positions of
the traces are arbitrary.
1-8
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E. Oscillating magnetic dipole spectra

The simultaneous interaction of an atomic system w
two fields can result in the driving of Zeeman coherence
the ground state. This coherence can in turn be respon
for electromagnetic emission@42#. To illustrate this phenom-
enon, in the case of a degenerate two-level system, we
lyze the predictions of our model concerning the induc
ground-state magnetic dipole oscillating at frequencyd @Eq.
~22!#.

The selection rules governing the oscillating magnetic
pole spectra differ from those of the previously analyz
processes. Some examples of the predicted oscillating m
netic dipole as a function of the magnetic field for fixe
pump to probe frequency offset are shown in Fig. 12. Coh
ence resonances in the oscillating dipole modulus take p
when the two fields couple adjacent ground-state Zeem
sublevels. This is the case of Fig. 12~a! corresponding to
p-polarized pump and a transverse and linearly polari
probe. The coherence resonance illustrated in Fig. 12~b! cor-
responding to transverse, orthogonal linearly polarized pu
and probe is somehow different since its position (B50)
does not correspond to a two-photon process between di
ent Zeeman sublevels. The resonance can be understoo
this case, as the result of interference between two nonr
nant two-photon processes. In every case the reson
width is determined by the relaxation rateg.

III. EXPERIMENTS

A. Setup

The experiments were performed on theD2 line of 85Rb.
The experimental setup is similar to the one previously p
sented@27,28#. We remind the reader of the principal fe
tures. The pump and probe fields were generated from
output of a unique extended cavity diode laser. This la
was locked, with the help of an external servo loop, to
saturated absorption line obtained from a reference Rb va
cell. The frequency uncertainty of the locked laser is le
than 1 MHz over several minutes. Most of the power of t
laser beam was used as the pump field. The probe field
generated by frequency shifting a fraction of the laser be

FIG. 12. Calculated modulus of the ground-state magnetic
pole modulated at frequencyd for bgB/G50.01,V1 /G50.01, and
g/G50.001. The pump and probe polarizations are~a! pump linear

transverse, probe linear alongBW ; ~b! pump and probe linear or

thogonal and transverse with respect toBW .
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with two consecutive acousto-optic modulators, one of th
driven by a variable rf source. In this way two mutual
coherent pump and probe waves were generated with tun
frequency offsetd. The polarizations of the two fields wer
independently controlled. Perfect overlap between the
fields was achieved by propagating them along a 50
single mode optical fiber that did not significantly modify th
polarizations. The light was sent through a 2 cmlong vapor
cell. The powers of the pump and probe at the atomic sam
were 0.8 mW and 50mW, respectively. The atomic cel
was placed within Helmholtz coils for magnetic field contro
For the probe absorption measurements, the pump beam
blocked by a polarizer~extinction ratio larger than 200!
while the probe intensity was detected with a photodiode.
enhance sensitivity and signal-to-noise ratio, a tw
frequency lock-in detection technique was used@43#. For
this, the pump and probe fields were chopped at the frequ
cies f 1 and f 2 ~around 1 kHz!, respectively, and the photo
diode output current was analyzed at frequencyf 11 f 2 by a
lock-in amplifier. This means that only the nonlinear comp
nent of the probe transmission, dependent on the pump
probe intensities, was detected.

For the measurement of the excited-state popula
modulation, the atomic fluorescence was collected with
large area photodiode~1 cm diameter! situated close to the
vapor cell. The photodiode current was sent to an rf f
quency analyzer operating in the zero span mode, tha
measuring the rf input amplitude at a fixed frequency
equal to the probe to pump frequency offsetd. A fixed value
of d5200 kHz was used while the longitudinal magne
field at the cell was scanned over a few hundred milliga
around the zero magnetic field. During these measurem
the cell was surrounded by am-metal shield reducing the
ambient magnetic field to less than 10 mG. The scanning
the longitudinal magnetic field was accomplished with co
placed inside the magnetic shield.

B. Results

1. Probe absorption

Figures 8~d!–8~f! shows several examples of probe a
sorption spectra obtained for different orientations of t
magnetic field and the optical field polarizations. In ea
figure division, two spectra obtained from the excitation
the lower and the upper ground-state hyperfine levels
85Rb under the same optical fields intensities and polar
tions are presented. When the lower ground-state hyper
level is addressed, EIT resonances are observed, while in
case of the upper ground-state hyperfine level, EIA occ
The agreement between the predictions of the model and
observations is quite satisfactory. This agreement may s
rather surprising since in the vapor cell, due to the veloc
distribution, three different atomic transitions, one clos
and two open, contribute to the signal in each case. On
open transitions as well as on the closedFg52→Fe51
transition, EIT occurs. Only on theFg53→Fe54 transition
does EIA take place@28#. However, due to optical pumping
the absorption signal is essentially determined by the clo
transitions resulting in the qualitative agreement with t
theoretical prediction. Some differences are nevertheless

i-
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served: The relative strengths of the EIA and EIT transitio
are not the same as in the calculation and the small
resonance predicted in Fig. 8~c! is not visible in the experi-
ment @Fig. 8~f!#. We have verified that a closer agreeme
between the experimental observation and theory can
achieved by taking into account the excited-state hyper
structure and the atomic velocity distribution according
the procedure described in@28#.

2. Modulated fluorescence

The measured signal corresponding to the fluoresce
modulated at frequencyd5200 kHz is presented in Figs
11~c! and 11~d!. The traces are composed of a constant ba
ground over which narrow resonances are visible. The mo
lated fluorescence is of the order of 1023 times the total
fluorescence. The contrast of the coherence resonances
respect to the constant background is larger in the case o
lower ground-state hyperfine level (;20%) compared to
that of the upper ground-state hyperfine level (;5%). The
width of the peaks is determined by magnetic field inhom
geneities.

The main features in the observed curves are in g
qualitative agreement with the predictions based on the
oretical model valid for atoms at rest. This indicates that,
in the case of absorption, the spectra are dominated by
corresponding cycling transition and that the influence of
Doppler effect on the coherence resonances positions is
essential. More elaborate calculations including velocity
tegration and summation over excited-state hyperfine le
provide closer agreement with the observations@44#. The
results reported here constitute, to our knowledge, the
demonstration of the observation of coherence resona
through the analysis of fluorescence modulation.
ev
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C. Conclusions

The response of a degenerate two-level atomic system
the simultaneous presence of a pump and a probe field
been examined with the help of a theoretical model allow
the numerical calculation of the atomic response in a la
variety of situations. Based on this model, the manifestati
of the coherent nature of the atom-field interaction on diff
ent observables were analyzed and the corresponding sp
calculated. Most of these observables present narrow co
ence resonances whose width is essentially determined
the ground-state relaxation. The dependence of the coher
resonance spectra on the atomic transition, the optical fi
polarizations, and magnetic field was investigated. Two
perimental observations are compared with the prediction
the model: the probe absorption spectra in the presence
magnetic field and the modulated fluorescence depend
on magnetic field.

The results reported in this paper illustrate the richnes
the coherent response of degenerate two-level systems.
ther study of coherence resonances in degenerate two-
systems should broaden our present understanding of co
ent processes. In addition, it may provide the basis for in
esting applications such as magnetic field measurement@22#
or refractive index manipulation@37#.
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