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Coherent two-field spectroscopy of degenerate two-level systems
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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 iy, e of Rb vapor are
presented in good agreement with the calculations.

PACS numbefs): 42.50.Gy, 32.80.Bx, 42.62.Fi

[. INTRODUCTION Experiments using optical and/or radiofrequency excitation
demonstrated the occurrence of orientation, alignment, and
When an atomic transition is driven by quasiresonanZeeman coherence. The invention of the laser opened the
light, after a transient evolution, the quantum state describingvay to the study of the coherent response of a degenerate
the atomic system becomes correlated in time with the excitsystem in the optical domain. Essential theoretical contribu-
ing light field. This correlation is in turn responsible for the tions in this subject are due to Berman and co-worke+s)|.
coherent interaction between the atomic system and the lighkn their work, the crucial role of optical pumping in a degen-
Of special interest is the case when the atomic system inteerate two-level system is underlined and it is demonstrated
acts with two optical fields. In this case, in addition to thethat subnatural-width spectroscopic resonances are associ-
induced atomic coherence at the frequencies of the twated to the nonconservation of population, orientation, or
fields, the nonlinearity of the medium is responsible foralignment. The connection between these narrow spectro-
atomic coherence at frequencies that result from the lineagcopic features and sub-Doppler cooling was established in
combinations of the frequencies of the two incident optical[8] and the pump-probe spectroscopy of degenerate two-
fields. These additional frequency components in the atomitevel systems including the effect of the atomic recoil was
dynamics manifest themselves in the spectral dependence obnsidered if9]. Bo Gao[10,11] has developed a method
different observables such as absorption or new field generallowing the calculation of the weak probe absorption by a
tion. closed degenerate two-level system driven by a linearly po-
The response of a pure two-level system, driven by darized pump wave and no magnetic field. The resonance
monochromatic pump wave and tested by a weak probe witfluorescence spectrum of a driven degenerate two-level sys-
variable frequency offset with respect to the pump, is welltem was qualitatively discussed with the help of the dressed
known [1-3]. In the case of a relatively weak pump field atom model[12] and explicitly derived[13]. Also, let us
(Rabi frequency no larger than the transition natural width mention that several authors have been concerned with the
the coherent interaction of the two-level system with the twosteady-state preparation of a degenerate two-level system
fields is responsible for narrow features in probe absorptionlue to the excitation by a unique field of arbitrary elliptic
(occurring when the two-level transition is opewhose polarization[14,15,10,16—1B
width is determined by the ground-state relaxation [418]. In this paper we are concerned with the spectroscopic
Although theoretical predictions based in the simple two-features of the coherent response of driven degenerate two-
level model have proven to be powerful for the interpretationlevel systems. Our attention is placed on the subnatural-
of a large number of experimental results, pure two-levelwidth resonances associated to the coherent nature of the
systems are seldom found in real experiments. In most casesteraction of an atomic system with a drive and a probe
the atomic levels are degenerate and the vectorial nature dield. As discussed below, such resonances are present in a
the electromagnetic field plays an essential role. large variety of physical observables such as probe absorp-
Well before the advent of the laser, it was realized thation, dispersion, fluorescence, four-wave mixigyVM), etc.
resonant light can modify the state of a degenerate atomiThe aim of this paper is to discuss the essential spectroscopic
level through optical pumping among Zeeman suble{@]s features of the coherence resonances present on these observ-
ables and discuss the dependence of these features in param-
eters such as external magnetic field, optical fields polariza-
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fchat of the study of multilevel conflgurathns where mter_est-_ __e____N "

ing coherent effects have attracted considerable attention in 5 T 1N

recent years. Among them is the phenomenon of coherent - 0 ! \(1-b)r

population trappingCPT) [19] and the related effect of elec- !

tromagnetic induced transparen¢iIT) [20] observed in
three-level system@mainly A systems These effects have
found interesting application for subrecoil laser cooligg],

magnetometry22], .refract|ve mdt_ax_ enhancemeﬁ_ﬂ], en- FIG. 1. Level scheme considered for the model. The ground
hancement of nonlinear susceptibilit®4], steep dispersion . )

o5 d ultral locit tid@el. D level g and the excited levet are degenerate with total angular
[25], and ultralow group velocity propagatid@6]. Degen- momentumF, and F,, respectively. Vertical arrows: excitation

erate two-level systems provide us with the possibility t0gq|4s lack dashed arrows: radiative decay. Oblique gray arrows:
analyze some of the level schemes studied so far within &iyal and departure from the interaction zone.

unique theoretical frame. Under the appropriate choice of the

pump and probe polarizations and the angular momenta dgfhental observations concerning probe absorption and popu-
the involved levels, the degenerate two-level system in théation modulation spectra. Finally, some conclusions are

presence of two fields reduces, as a particular case, into seRresented.
eral of the multilevel configurations previously studied

(A,V,N configurations, et¢. One can thus expect that de-

generate two-level systems will be suitable for the observa- A. Model
tion of coherent effects including those previously predicted N . "
and observed in three-level congfiguratio%s. In ad):jilgion, new _T_he mode_l was deve!oped having in mlnql transitions
effects such as electromagnetically induced absori&A) within the D lines of alkaline atoms. However, it is not re-

[27,28 appear in the degenerate two-level system that argtrictgd to th.is case. It can be.a.pplied to any dipole-allowed
not’present in three-level configurations atomic transition from a long-living lower level to an upper

The first part of the paper is devoted to the presentation Olgeveldramdly dtan:pedl b_y sponta(rﬁous ?in;ss;lon. VYe consider
a theoretical model allowing the calculation of the complete wo degenerate levels: a ground leged otaranguiar mo-
response to first order in the probe field of an atomic systen%mamum':g and energyhwg, and an excited state Of. an-
composed of two degenerate levels of given total angulagUIar rT‘Ome”t“T“.ce and energyﬁwe. The total radiative
momentum driven by a pump wave. The model is based on 5elaxat|_on coefﬁmgnt of levee is T \_/Ve_ assume th"’.lt the
semiclassical treatment of the aterfields dynamics based atoms in the excited state can rad_|at|vely dec_ay mtq the
on optical Bloch equationf/—11]. It is intended to be suit- grour_m! stateg at a ratebl’, whereb IS a branchlng ratio
able for the numerical calculation of the response of theCoeffICIent that depends on the_ specific _a_tom|c transition (0
atomic medium in a wide variety of cases: Arbitrary vaIuesSbSl)' b= 1.f.or a cIosechyc!mg) transition. In the case
of the total angular momentum of the ground and exciteqof open trans'ltlons l{<1), excited atoms can decay back
levels can be considered. Arbitrary and independent elliptica 't |€velg or into one or several levels external to the two-

polarizations are allowed for the pump and probe waves. ThiVe! System V\_/Qere tr?ey remaisee Fig. 1 bie of
presence of an external magnetic field is included. Both open Let us consider a homogeneous ensemble of atoms at rest.
and closed two-level systems can be treated. However, in order to simulate the effect of a finite interaction

The model results in the derivation of E6L6) below time of the atoms with the light, we assume that the atoms

satisfied by the operatar defined in order to contain all escape the mteractl(()jn reg|ondat a ra{te(byﬁl;). Thlslesf-f h
density-matrix terms corresponding to the response of th&2P€ IS compensated, at steady state, by the arrival of fres

atomic systenfunder the presence of the arbitrarily intense2{0MS in the ground state. . .
pump wave to first order in the probe wave. Different spec- The atoms are subm'ltted.to the action of a magnetic field
troscopic observables such as probe absorption and dispds-and two classical optical fields:

sion, new field generation, population modulation, and mag- = A e ki o

netic orientatior? are subsegugntly derived from the operat%r Ej()=Ejeje’i'+Efefe ' (j=1,2. (1)
o as discussed below. The spectral features present on theg,e
observables are then discussed with special attention on t
subnatural-width resonances due to the coherent interactio
between the atomic system and the fields. The predictions H(t)=Hg+ V(1) +V,(1) 2
are illustrated with experimental observations of probe ab- |

sorption and fluorescence modulation carried onDhdines with

sssnmmnm, 7

/' br ext N
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Il. THEORY

are complex polarization vectors. The Hamiltonian of the
stem can be written as

of Rb vapor. _ o Ho=Ha+Hsg, 3
The paper is organized as follows. The second section is

devoted to the presentation of the theoretical model and to Ha=%(Pewet Pywg), (4)

the derivation of the expressions for different observables.

The spectroscopic features of each of these observables as a Hg=(BgPgt BePe)F B, 5)

function of the optical and magnetic field parameters are spe- - L L _

cifically discussed. The third section is devoted to experi- Vi=Eje;-Dyee'“i' tEF € - Dege™ ', (6)
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where Py and P, are the projectors on the ground and ex-After substitution into Eq(7) (with V,=0) one has for the
cited manlfolds respectively3, and g, are the gyromag- steady-state value af° the equation
netic factors of levelg ande, respectiverFZ is the com-

ponent of the total angular momentum operaﬁoalong the
magnetic field directionD ge= D = P4D P is the lowering
part of the atomic dipole operatgwe assume thaP,DP,

=P,DP.=0). In Eq. (6) the usual rotating-wave approxi- +bF 2 Qgea Qd,— vo® (10)
mation is used.
The temporal evolution of the atomic density matpixs

T o T
_VPO:_%[HO+V1_ﬁwlPevU ]_E{Pev‘f}

governed by the master equatif2f] with
) i r — - -
&—It):—?l[H,p]—E{Pe'p}—{—b]" Vi=E18; Dyet EFef Doy (11

Equation(10) represents a system of coupled linear equa-
X Elo . QgerQag— ¥(P—po), (7)  tions involving the coefficients of the density mattiX. We
have numerically solved this system by employing a Liou-

where Qgez Qq (q_ —1,0. ]_) are the standard Componentsvme space fOFma'ISfT[3O 3]} in which the state of the Sys-

of the dimensmnless operator: tem is represented by a vectarwhose elements are the
. coefficients of the density matri’. In the Liouville space
> D Eqg. (10) can be put into the formCx=x, (£ is a linear
= 2Ft1 ge q p o (
Qge= +1 ( g||D||e) (8) operator anc, a constant vectgrand readily inverted.

The relaxation term describing the return of the unper-
Fe(g is the total angular momentum of the excit@lound  turbed system to equilibriuffourth term on the right-hand
state anc{g|||5||e> is the reduced matrix element of the elec- side of Eq.(10)], as well as the possible escape to external
tric dipole operator. levels whenb<1, do not conserve the total population. In
The first term on the right-hand side of EJ) represents consequence, the solution of E@0) must be normalized by
the free atomic evolution in the presence of the two opticathe total number of atoml =ngy+ ng+ne,, whereng, ne,
fields and the magnetic field. The remaining terms correand ng, are the populations of the ground level, excited
spond to atomic relaxation. The second term on the rightlevel, and external levéd), respectively. Since at steady state
hand side accounts for the radiative relaxation of the excitethe population of the external leysl obeys the balance
state. The third term describes the feeding of the groun@quationl’(1—Db)n.= yne,, we have
level by atoms decaying from the excited state. The last term
phenomenologically accounts for the finite interaction time N=ng+ng1+(1-b)['/y], (12
and ensures the relaxation of the system, in the absence of
optical fields, to the thermal equilibrium state assumed to bgvhereny and n, are the ground- and excited-state popula-
described by the density matrigy=Pgy/(2F4+1) corre- tions obtalned from the numerical solution of 10, respec-
sponding to an isotropic distribution of the atomlc populationtively. After normalization of the solution of Eq10), o°
in the ground state. Since there is no specific ground-statglly accounts for the preparation of the system by the pump.
relaxation mechanism ang<I, the ratey effectively plays  This includes effects such as optical saturation and induced
the role of a ground-state relaxation coefficient. coherence between ground and excited states, orientation,
In order to find the response of the system to the twoand alignment due to Zeeman optical pumping and depopu-
fields, we first consider the effect of fiekd, (hereafter des- |Iation.
ignated aspumpfield) to all orders. Next, we calculate the  To analyze the effect to first order of the probe field on
effect of fieldE, (probefield) to first order. This procedure the atom+ pump system, we seek a solution of H{)
is analogous to that employed in the classical deduction ofinder the forn{3]
Mollow [3].
To obtain the response of the atomic system to the pump, Pgg(t)=Pgp(t)Py= Ugg+ gggeif?t+ ggge—iﬁt,
it is convenient to introduce the slowly varying matris

iven b . o
9 y Pee(t):Pep(t)Pe:Uge"'O—;eeI&'i_o-eee |5t,

(ro=a'gg+crge+a'ge+crgg, A o . L s (13
pge(t)=ng(t)Pe=e""lt(a'ge+0'gee' +oge™' "),

‘789: PgpPg,
_ _a—ioqty O + 4idt — o—idt
Too=PepPe, (9 Peg(t) =Pep(t)Pg=e' "1 (gt oo™+ oege™' "),
09e=PgpPee o1, with 6= w,— w; . After substitution into Eq(7) and keeping
o ot only terms to first order ifie,, one has the following system
O™ PepPge' T of linear equations couplingge, ooy, gy, aNdog:
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iE.(e,-D 0 _ _j P + R - nks.. -
|E2(ez Dge)O'eg |[Hg,0'gg] |h50'gg a(wz):kZ(EZ'X”eZ):E_ZeZ'Im[Tr(a-a—eDeg)]- (18)
2

qa _+0d _ +
+bﬁrq=§p,l QgeTeQeq ﬁyagg k, is the modulus of the probe wave vector.
Similarly, the dielectric tensoe=¢y(1+ x') describing

—i(E1€6;-Dgetag— 0gET €} -Deg), the dispersion of the probe by the atomic medium obeys

. ~ = . . A A n. N
—iE004(€s Dge) = —i[He,00c] —ifi 803~ h(T + y) o, & e€,=8, 1+E—2e-Re[Tr(ageDeg)] , (19)

—i(ETe] -DegOge— TagE1€1-Dyge), . _ _
(14) wheree is an arbitrary unit vector.

. + . . .
i((E-00 DB 0° — 6% EerDo)= —i(Hoo"— o H _ The matrix o, contains |r_1format|.on abo_ut the off-
(E282 Dgevee™ 0gqF282- Dye) (Hgoge™ ogeHe) diagonal elements of the density matrix evolving at the fre-
) N r A = quency 2vw,— w,. The corresponding atomic polarization is
—1(0t w1)oge | 5+ ¥ |0ge™1(E1€1-Dygelee responsible for the generation of a new optical field at this
frequency by four-wave mixingFWM) [32].
_UggElél' Dygo), The intensity of the field generated by FWM satisfies
L . . lewm(201 = 02) <n? Tr(ogyDgo)|° (20
0=—i(Heooy—0ogHg) — 1A (6—wq)oe,—F —+7)0'
S ed s ° 2 ° The matricesr_, ando, contain information concerning

the pulsation of the ground- and excited-state populations at
the difference frequency between the pump and the probe
fields. Opposite fluctuation of the total population occurs in
the ground and the excited state. The effect of the modula-
tion of the population of the excited state can be directly
) observed as an oscillating componéait frequencys) of the

ek R+ tErar R
—i(Ejer- Dega'gg_o'eeEI el -Deg).

It is convenient at this point to introduce the non-Hermitian
matrix o defined as

+ +
o= ( P99 Tge (15) fluorescence emitted by the atoms. The pulsation of the total

Oy OTee fluorescence power emitted per atom is
After inspection it can be seen that E¢s4) can then be AW(t)=2bl i wo[ Tr(ogo)€' " +c.cl. (21
rewritten in the operatorial form

+
g9
tion about population redistribution and coherence among

i — r
=—%[H0+Vl—ﬁw1Pe,a]—i5cr— E{Pe’o} Zeeman sublgvels(orientation and/o_r alignme)”ntir) the _
ground or excited state due to the simultaneous interaction
with the pump and probe fields. This results in additional
—yo+bl' X QI.oQl,, (16)  observables evolving at frequen@y As an example, the
a=-1ot oscillating magnetic dipole induced in the ground state by
the coherent interaction with the pump and probe fields is

Finally, the matricesr;, and o, also provide informa-

Qs
| 7,0’0

where we have introduced the probe Rabi frequefily

S o given by
= (2E,-Bgo)/h.
Equation (16) is numerically solved by the same M (D =nB.[TrHo Eleo+c.c 29
Liouville-space procedure used to solve Etp). The result- o()=NBg[ Tr(oggh) C. 22
ing value of the operatos simultaneously provides the val- |n the following sections we present and discuss the spec-

; + + + + - . . -
ues of the four matrices e, ooq, 04q, andoge, €ach of  troscopic features of the atomic response. Particular attention

which contains useful information on the atomic response, ag; given to the absorption and population pulsation spectra

will now be discussed. . _ _ ~ for which experimental results are presented.
The information concerning the optical atomic polariza-

tion oscillating at the probe frequency is contained in matrix

+ . . B. Probe absorption spectra
Tge [see Eqgs(13)]. The complex macroscopic atomic polar-

ization at the frequency of the probe is given by 1. Spectra with zero magnetic field
. . R We initially consider the results obtained for motionless
P(w2)=goxE,=nTr(ogDeg), (17 atoms in the absence of a magnetic field. Some examples of

level configurations and the corresponding probe absorption
where g is the vacuum dielectric constant=x'+ix” is  spectra for particular choices of the polarizations of the
the complex susceptibility tensor, ands the atom density. pump and probe fields are shown in Figs. 2 and 3. In general,
From the complex polarization we get the probe absorptionthe spectra are composed of a Lorentzian peak, whose width
coefficient as is given by the excited-state relaxation rate and, in most
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Closed transitions (b=1) Open transitions (b=0.5)

0.0 0.4

Normalized probe absorption

Normalized probe absroption

i C i\ /‘ Fe=1
A \ l
\Y ¥4

3 Fo=0

/T
2.
1t d - — Fe=1
——/\\ II
% Fo=0

o/

FIG. 2. Probe absorption spectra as a function of the frequency

offset & (solid lineg with B=0 and Q,/T'=2E,(g||D|e)/(AT) -

=0.4, y/'=0.001 for different closedh=1) atomic transitions. o/T

The spectra are normalized to the maximum of the linear absorption FIG. 3. Probe absorption spectra as a function of the frequency

(represented in dotted linesThe pump and probe polarizations are offset 5 (.solid lines with B=0 and O, /T'=2E,(g|D|e)/(#T)

linear and orthogonal ia,b,c aqd parallel ird. The CofresF’O”dif‘g =0.4, y/['=0.001 for different open t(iO.S) attl)mic transitions.

s mmentaand magnetsublevesseheme s shoun i e . L &t o mesi o e Inarahsoion
) ) (represented by dotted lineg he field polarizations are the same as

in the corresponding case of Fig. 2. The insets represent enlarged

cases, a narrow resonandereafter named coherence reso-",
views around the center of the spectra.

nance arising when the frequency offsét between pump
and probe satisfies the condition for two-photon Raman reso-
nances between Zeeman sublevels. In the particular case bfhenF,<F, andFg>0 for sufficiently large values of the
Figs. 2 and 3, a unique coherence resonane®=al occurs escape rate (b)I" compared toy, a narrow transparency
sinceB=0. Let us first discuss the case of clogesicling) dip appears at the place of the absorption enhancement ob-
transitions. Depending on the choice of the total angular moserved for cycling transitionf5] [Fig. 3@]. A similar ab-
mentum of the ground and excited states, the coherence resgerption dip is present in the case of thg=0—F.=1
nance corresponds to a reduction in the absorpfid) or  transition with equal pump and probe polarizatidisg.
an enhancement of the absorptidiA) [27,28. No coher-  3(d)], a situation that corresponds to the pure two-level sys-
ence resonance appears for some configurations. As ditem. The origin of the narrow dip is the same in the two
cussed in Ref[28], EIA occurs provided that three condi- cases. It can be attributed to the resonant scattering of the
tions are satisfiedi) The transition is closedii) F4>0, and  probe field by the modulation in the atomic populations in-
(i) Fg<Fe. This is the case of Fig.(d). On the other hand, duced by the two field$1,32]. As in the case of closed
EIT occurs ifFg=F, andF ;>0 [Fig. 2(b)] [33]. Finally, no  transitions, no narrow resonance occurs for ffye=0—F,
coherence resonance occursjf=0 [Fig. 2(c)]. =1 transition when the polarizations are orthogonalsfs-
When the transition is operb& 1), the previous results tem) [Fig. 3(c)]. Finally whenF  =F [Fig. 3(b)] a large EIT
are modified. In addition to an overall reduction of the ab-resonance is observed. As in the case of cycling transitions,
sorption as a consequence of population loss to the externtiie transparency dip is essentially associated to the falling of
levels, significant changes concern the coherence resonanébe system into a dark state in the ground level rather than to
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0 1 I * I i % 0.01 y4ARd .- Fg:3
10* 10 10° 10° 10° 10° 10° 10° 10° 10° e .
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0.001 0.01 0.1 1 10 100
FIG. 4. Absorption av=0, B=0, andy/I'=0.001 for different Saturation parameter

closed atomic transitions and different pump and probe polariza- _ _
tons as a function of the saturaton parametes FIG. 5. Relative absorption enhancement (o—a)/a at &

=2[2E,(g|\D||e)/(#T')]? (solid lines. The absorption is normal- =0, B=0, and y/I'=0.001 for differentF;—F.=Fy+1 closed
ized to the maximum linear absorption. The dashed lines represe@fomic transitions as a function of the saturation parante(es; is
the incoherent optical pumping contributiésee text The corre-  the maximum linear absorptipnThe pump and probe polarizations
spondingF y— F.=F4+1 transition is indicated in each case. The are linear and orthogonal.

pump and probe polarizations are linear and orthogoadd)( cir-

cular and equald,d), and circular and opposite(f). the probe absorption in the absence of the pump and it is

the escape to external levéls). presented as a function of the saturation param&er

In the present context, both EIT and EIA appear in theE2[2E1<e||D||9>/(ﬁr)]2v_ which is proportional to pump in-
same theoretical framework as the result of the coherent in€nsity. Also shown in Fig. 4 is the contribution to the probe
teraction of the degenerate atomic system with the two fieldsabsorption which is only due to the incoherent optical pump-
This result clearly stresses the role of the atomic dynamics dfg by the pump field. This contribution, obtained taking
the common origin of the two phenomena. It is nevertheles¥ ;=0 in Eq. (16), includes the effect of Zeeman optical
interesting to point out that from a different point of view, pumping and optical saturation produced by the pump field
EIT has been usually associated to the existence of a statiobut ignores coherent two-photon processes involving both
ary dark state(a quantum superposition of ground-state sub-ields. The maximum resonant enhancement of the absorp-
levels not coupled to the excited state which the atomic  tion occurs for linear and perpendicular pump and probe po-
population is trapped19]. This raises the question of larizations. Notice that in this case, the incoherent optical
whether a correspondingbtight staté can be identified to  pumping contribution remains below the linear absorption
correspond to EIA. for all intensities. When the polarization of the two fields is

The identification of the steady state of the system, in thehe samgFigs. 4c) and 4d)] the coherent enhancement of
case of EIA, as well as for EIT, is greatly simplified in the the absorption is smaller and there is a significant contribu-
present contextdegenerate level&=0) since at resonance tion to the absorption enhancement from incoherent optical
(6=0) the pump and probe fields reduce to a single fieldpumping. No absorption enhancement occurs for circular and
Consequently, the stationary state of the system is simply thepposite pump and probe polarizatidfsgs. 4e) and 4f)].
result of the optical pumping of the degenerate two-levelNotice that Figs. 4l) and 4f) correspond to the pure two-
system by the unique field. When the conditions for EIT arelevel and V schemes, respectively.
satisfied £,=F,), this results in the falling of the system  As is also the case for EI34], in the weak pump limit
into the uncoupled subspace of the ground level. When ElIAhe amplitude of the EIA resonance is linear in the pump
occurs E4<F,), all the ground level manifold is affected by intensity as shown in Fig. 5 for linear and perpendicular
the light. In this case, the steady state of the system is sharguimp and probe polarizatiori85]. Notice that for a weak
by the ground and the excited level. Unlike in the case ofpump field the higher absorption enhancement factor is ob-
EIT, the steady state corresponding to an EIA resonance igined forF;=1 and decreases for increasifg. However,
obviously not stablgin the absence of the fieldsince itis  the maximum value of the enhancement increases Wjth
affected by spontaneous emission. for the values considered in Fig. 5. The maximum absorption

We address now the question of the amplitude of the coenhancement is obtained for a saturation parameter close to
herence resonance in the probe absorption. We restrict ousnity. At higher intensities the absorption at zero frequency
selves to closed transitions of the tygg—F.=Fgy+1  offset decreases as a consequence of the dynamic Stark ef-
where EIA occurs. The coherence resonance amplitude déect[3].
pends on the angular momenta of the levels considered, the The linewidthA of the EIA and EIT resonancésWHM)
optical polarizations, the pump intensity, and the rate is determined, at low pump field intensities, by the finite
Some examples of the intensity dependence of the absorptidnteraction time. It is given byA=2+y. At larger pump in-
at 6=0 for differentF; (F.=F4+ 1) and the optical polar- tensities power broadening occurs withincreasing linearly
izations are shown in Fig. 4. The absorption is normalized tavith the pump intensity(see Fig. 6 [27]. This behavior is
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FIG. 6. LinewidthA (half-width at half maximum of the co- o
. - AN
herence absorption resonancesat0, B=0, and y/T=10"*for ~  [—————— (| T
the closedF,=1—F,=2 transition as a function of the saturated [ o
parametelS. The pump and probe polarizations are linear and or- v
thogonal. -0.02 0.00 0.02  -0.02 0.00 0.02
3T 3T
?{;ﬁlﬂg?ﬁ;’] to that observed for EIT resonances iconfigu- FIG. 8. (a)—(c) Calculated probe absorption spectra under the
: resence of a magnetic fiel@fB/I"'=0.01, Q,/I'=0.3, andy/T

The sharp variations in the absorption corresponding t(gi " _ _ ; _

EIT or EIA resonances are accompanied by modifications of (,):'0211) (élgtshtgi TtLinjg'r?ing 3’?':6 4 (solid) and Fq .2

\ 1E9 : T —=Fe positions of the traces are arbitrary.
the refractive index. Figure 7 shows the calculated refractiverpe yertical scaléarbitrary units is the same for all curvesd)—(f)
index variation for the probe field for two different closed peasured probe absorption spectra with the laser tuned to the tran-
transitions with linear and orthogonal pump and probe polarsijtions 55,AFy=3)—5P3, (solid) and 55;,(Fy=2)—5P;,
izations. Very steep normal and anomalous dispersion takg8ashegl of 8°Rb under the presence of a magnetic fiekyB/2m
place for EIT and EIA, respectivelj36], corresponding to  ~50 kHz, I'/27=5.9 MHz). The vertical positions of the traces
small absolute values of the group velocity which may beare arbitrary. The vertical scalarbitrary unit$ is the same for all
negative in the case of EIf37]. curves.

2. Spectra in the presence of a magnetic field pump and probe fields present some qualitative and quanti-

The presence of a magnetic field removes the degeneratgtive differences in addition to the sign inversion. Figure 8
of the atomic level. As a consequence, the narrow resonancgsesent the comparison of the EIT and EIA spectra calcu-
corresponding to EIT or EIA split into several components.|ated for the closed transitions,=3—F.=4 andFy=2
The position of each component is given by a resonance,F =1. It is interesting to point out that whenever it is
condition for a Raman transition between two ground-statowed by the Raman selection rules, the line corresponding
Zeeman sublevels involving one pump photon and one probg, transitions from Zeeman sublevels to themselves is
photon. The selection rules determining the number of resOyresent in the spectra. This is the case of Fig).8The
nances are the same for EIT or EIA. However, the spectraqrresponding peak occurs at zero pump-probe frequency
obtained under the same polarizations and intensities of thgset independently of the value of the magnetic field. Also

for some combinations of the pump and probe polarizations

Fg=2 —>Fe=3/_\
—_ \J L:> ’ 10°
= 'c 2
S o z 10
g <10’
< N — P B L
P -~ o
= F.=1 —F_=0 ;101 / \
P e S NN E 2
0 S e 10
10°
-2 -1 0 1 Y 2 2 -1 0 1 o1 2

FIG. 7. Refractive index for the probe field as a function of the  FIG. 9. Power of FWM emission as a function of the frequency
frequency offsets for two closed atomic transition&=0, O, /T offset & for the closedFy=1—F,=2 transition =0, Q,/T
=0.4, andy/I"=0.001. The pump and probe polarizations are lin- =0.4, andy/I"=0.001). The pump and probe polarizations are
ear and orthogonal. The vertical scale is the same for both curvedinear and orthogonal.
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FIG. 10. Power of FWM emission as a function of the frequency - 100 0 100 100 0 100
offset o for the closed-y=1—F.=2 transition under the presence B B/2w (kHz) B,B/2x (kHz)

of a magnetic field g,B/I'=0.005, Q,/I'=0.01, and /T
=0.001). The pump and probe polarizations @slinear, orthogo- FIG. 11. Fluorescence modulation amplitutsbitrary unit$
nal, and transverse with respectBo (b) linear, orthogonal, and for §/27=200 kHz as a function of magnetic fielth) Calculated
probe along§; (c) pump circular transverse, probe linear aldhg signal for the closed transitiorfsy=3—F.=4 (solid) andF,=2
—F.=1 (dashed with Q,/I'=0.3, y/I'=0.001, and[l'/27
(for instances® and o, respectively there is a uniqgue =5.9 MHz. (b) Measured signal with the laser tuned to the transi-
resonance whose position depends on the value of the matiens 5SyA(Fy=3)—5P3, (solid) and 55;(F;=2)—5P3;
netic field[Fig. 8(c)]. (dashed of ®Rb. The pump and probe polarizations are linear,
parallel, and transverse with respecﬁoThe vertical positions of

C. Four-wave-mixing spectra the traces are arbitrary.

The importance of level degeneracy on FWM generation, pyw involving Zeeman sublevels in a degenerate two-
was long ago appreciatd@8]. It plays an essential role in || system.

connection with the study of collision-induced resonances
[39,7,8. Recently, FWM in a degenerate two-level system
was used for the construction of a phase conjugate resonator
[40]. We analyze now the predictions of our model concern- The modulation of the excited-state population results in
ing the generation of a new field by FWM according to Eq.modulation of the emitted fluorescence according to Eqg.
(20). (21). This modulation has a similar origin to that discussed in

When the conditions for coherence resonances are satithe context of CPT in a driveA system[41]. As mentioned
fied, a large increase in the intensity of the field generated dn [41], the modulation in the fluorescence is intimately con-
frequency 2, — w, occurs. The generated FWM power as anected to FWM. In the context of the present paper, this
function of § is presented in Fig. 9 in the case of orthogonalconnection is the natural consequence of the coupling be-
and linear pump and probe polarizations and no magnetitweenoge, agg, Ugg, and o, described by Eq(16).
field (notice the vertical logarithmic scaleAs seen, the co- Population modulation is due to the coupling of the opti-
herence resonance peak of FWM can be several orders ofill coherence induced by one of the fields between two Zee-
magnitude larger than the nonresonant background of widtiman sublevels in the ground and the excited state with the
~T'. The high contrast is a consequence of the triple resosecond field. In consequence, it occurs when the two fields
nant interaction of the three fields involved in the nonlinearcouple the same pair of excited and ground Zeeman sublev-
mixing procesg32]. els. If the polarizations of the two fields are the same and

Under the presence of a magnetic field, the FWM spectraorrespond to a proper polarization with respect to the mag-
split into several peaks. Figure 10 shows some examples ofetic field orientation ¢, o, or ), the modulated fluo-
calculated spectra obtained for different pump and probe paescence presents no resonance narrowerlthasa function
larizations. The selection rules governing resonant FWM reef the pump to probe frequency offset. However, interesting
sult from two simultaneous requirements on the pump andhterference effects, resulting in coherence resonatices
probe polarizations(a) A three-photon transition from the width determined byy), occur for other pump and probe
ground to the excited level involving the absorption of two polarizations. Figures 18) and 11b) show the calculated
pump photons and the emission of one probe photon shoulehodulated component of the total fluorescence for two dif-
be permitted(b) An electric dipole transition should be al- ferent transitions as a function of the magnetic field for fixed
lowed between the initia(ground and the final(excited pump-probe frequency offset and the same transverse linear
sublevels connected by the three-photon processes. Thegelarization. Three coherence resonances are present in this
rules are different from the rules corresponding to probe abease. The central one corresponds to zero magnetic field. The
sorption. For instance, no coherence resonance in FWM og@ositions of the two lateral peaks correspond to the condi-
curs if the pump and probe polarizations are circular andions for resonant Raman transitions between Zeeman sub-
opposite. However, absorption resonances are generally olevels. The signs of the resonances are opposite in the case of
servable in this case. transitions corresponding to EIfFig. 11(a)] or EIT [Fig.

To our knowledge, the results presented here constitut&l(b)]. Notice the larger relative variation of the pulsation
the first detailed calculation of coherence resonances spectanplitude in the case of EIT.

D. Population modulation spectra
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with two consecutive acousto-optic modulators, one of them
a ﬁ:s b g’ driven by a variable rf source. In this way two mutually
B coherent pump and probe waves were generated with tunable

frequency offsets. The polarizations of the two fields were
independently controlled. Perfect overlap between the two
fields was achieved by propagating them along a 50 cm
single mode optical fiber that did not significantly modify the
polarizations. The light was sent thrdug 2 cmlong vapor
cell. The powers of the pump and probe at the atomic sample
. . . . . . were 0.8 mW and 50uW, respectively. The atomic cell
-0.02 -0.01 000 001 -0.02 -0.01 0.00 0.01 0.02 was placed within Helmholtz coils for magnetic field control.

o/F Ur For the probe absorption measurements, the pump beam was
blocked by a polarizerextinction ratio larger than 200

FIG. 12. Calculated modulus of the ground-state magnetic di- . . ) . .
pole modulated at frequenayfor B,B/T'=0.01, Q1 /T'=0.01, and while the probe intensity was detected with a photodiode. To

i o . enhance sensitivity and signal-to-noise ratio, a two-
y/I'=0.001. The pu_mp and prf)be polarizations @qoum_p linear frequency lock-in detection technique was ugd@]. For
transverse, probe linear alorig; (b) pump and probe linear or-

- this, the pump and probe fields were chopped at the frequen-
thogonal and transverse with respecBto ciesf, andf, (around 1 kHy, respectively, and the photo-
diode output current was analyzed at frequehgy f, by a
lock-in amplifier. This means that only the nonlinear compo-
The simultaneous interaction of an atomic system withnent of the probe transmission, dependent on the pump and
two fields can result in the driving of Zeeman coherence inprobe intensities, was detected.
the ground state. This coherence can in turn be responsible For the measurement of the excited-state population
for electromagnetic emissidd2]. To illustrate this phenom- modulation, the atomic fluorescence was collected with a
enon, in the case of a degenerate two-level system, we ankrge area photodiodél cm diameter situated close to the
lyze the predictions of our model concerning the inducedvapor cell. The photodiode current was sent to an rf fre-
ground-state magnetic dipole oscillating at frequeAdyq.  quency analyzer operating in the zero span mode, that is,
(22)]. measuring the rf input amplitude at a fixed frequency set
The selection rules governing the oscillating magnetic di-equal to the probe to pump frequency offgetA fixed value
pole spectra differ from those of the previously analyzedof §=200 kHz was used while the longitudinal magnetic
processes. Some examples of the predicted oscillating magjeld at the cell was scanned over a few hundred milligauss
netic dipole as a function of the magnetic field for fixed around the zero magnetic field. During these measurements
pump to probe frequency offset are shown in Fig. 12. Coherthe cell was surrounded by a-metal shield reducing the
ence resonances in the oscillating dipole modulus take placambient magnetic field to less than 10 mG. The scanning of
when the two fields couple adjacent ground-state Zeemathe longitudinal magnetic field was accomplished with coils
sublevels. This is the case of Fig. (A2 corresponding to placed inside the magnetic shield.
m-polarized pump and a transverse and linearly polarized
probe. The coherence resonance illustrated in Figh)l&r- B. Results
responding to transverse, orthogonal linearly polarized pump
and probe is somehow different since its positid=0)
does not correspond to a two-photon process between differ- Figures 8d)—8(f) shows several examples of probe ab-
ent Zeeman sublevels. The resonance can be understood,sorption spectra obtained for different orientations of the
this case, as the result of interference between two nonresgnagnetic field and the optical field polarizations. In each
nant two-photon processes. In every case the resonanfigure division, two spectra obtained from the excitation of

—r

Modulated magnetic dipole

E. Oscillating magnetic dipole spectra

1. Probe absorption

width is determined by the relaxation raje the lower and the upper ground-state hyperfine levels of
8Rb under the same optical fields intensities and polariza-
. EXPERIMENTS tions are presented. When the lower ground-state hyperfine

level is addressed, EIT resonances are observed, while in the
case of the upper ground-state hyperfine level, EIA occurs.
The experiments were performed on e line of ®Rb.  The agreement between the predictions of the model and the
The experimental setup is similar to the one previously preobservations is quite satisfactory. This agreement may seem
sented[27,28. We remind the reader of the principal fea- rather surprising since in the vapor cell, due to the velocity
tures. The pump and probe fields were generated from thdistribution, three different atomic transitions, one closed
output of a unique extended cavity diode laser. This laseand two open, contribute to the signal in each case. On all
was locked, with the help of an external servo loop, to aopen transitions as well as on the closeg=2—F,=1
saturated absorption line obtained from a reference Rb vapdransition, EIT occurs. Only on the,=3—F.=4 transition
cell. The frequency uncertainty of the locked laser is lesgloes EIA take placg28]. However, due to optical pumping,
than 1 MHz over several minutes. Most of the power of thethe absorption signal is essentially determined by the closed
laser beam was used as the pump field. The probe field wdsnsitions resulting in the qualitative agreement with the
generated by frequency shifting a fraction of the laser beantheoretical prediction. Some differences are nevertheless ob-

A. Setup
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served: The relative strengths of the EIA and EIT transitions C. Conclusions
are not the same as in the calculation and the small EIA _
resonance predicted in Fig(d is not visible in the experi- The response of a degenerate two-level atomic system to

ment[Fig. 8(f)]. We have verified that a closer agreementthe simultaneous presence of a pump and a probe field has
between the experimental observation and theory can bleeen examined with the help of a theoretical model allowing
achieved by taking into account the excited-state hyperfinghe numerical calculation of the atomic response in a large
structure and the atomic velocity distribution according tovariety of situations. Based on this model, the manifestations

the procedure described [28]. of the coherent nature of the atom-field interaction on differ-
ent observables were analyzed and the corresponding spectra
2. Modulated fluorescence calculated. Most of these observables present narrow coher-

The measured signal corresponding to the fluorescencence resonances whose width is essentially determined by
modulated at frequency=200 kHz is presented in Figs. the ground-state relaxation. The dependence of the coherence
11(c) and 11d). The traces are composed of a constant backresonance spectra on the atomic transition, the optical field
ground over which narrow resonances are visible. The modupolarizations, and magnetic field was investigated. Two ex-
lated fluorescence is of the order of TOtimes the total perimental observations are compared with the predictions of
fluorescence. The contrast of the coherence resonances withe model: the probe absorption spectra in the presence of a

respect to the constant background is larger in the case of thfagnetic field and the modulated fluorescence dependence
lower ground-state hyperfine lever-@0%) compared to on magnetic field.

that of the upper ground-state hyperfine level3%). The The results reported in this paper illustrate the richness of
width of the peaks is determined by magnetic field inhomo-the coherent response of degenerate two-level systems. Fur-
geneities. ther study of coherence resonances in degenerate two-level

The main features in the observed curves are in goodystems should broaden our present understanding of coher-
qualitative agreement with the predictions based on the thesnt processes. In addition, it may provide the basis for inter-
oretical model valid for atoms at rest. This indicates that, a%sting app]ications such as magnetic field measureﬁz@]]t
in the case of absorption, the spectra are dominated by thg refractive index manipulatiof87].
corresponding cycling transition and that the influence of the
Doppler effect on the coherence resonances positions is not

essential. More elaborate calculations including velocity in- ACKNOWLEDGMENTS
tegration and summation over excited-state hyperfine levels
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