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Absorption spectra of driven degenerate two-level atomic systems

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

Instituto de Fı´sica, Facultad de Ingenierı´a, Casilla de Correo 30, 11000 Montevideo, Uruguay
~Received 17 September 1999; published 10 April 2000!

The absorption properties ofdegeneratetwo-level atomic systems tested by a weak probe field in the
presence of an intense pump field have been analyzed. The theoretical model previously presented in Phys.
Rev. A 61, 013801~1999! that appears to be suitable for arbitrary choices of the pump intensity, level angular
momenta, and pump and probe polarizations, was used for the calculation of the spectra for several basic
configurations. Experimental absorption spectra obtained on a Rb atomic beam for different pump and probe
field polarizations show good agreement with the calculation. The spectra are in general essentially different
from and more complex than the classical Mollow absorption triplet.

PACS number~s!: 42.50.Gy, 42.50.Hz, 32.70.2n
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I. INTRODUCTION

The calculation and subsequent observation of the s
troscopic properties of pure two-level systems~PTLS’s! con-
sisting of two nondegenerateenergy levels driven by a
strong monochromatic field constitute one of the class
achievements in the field of nonlinear optics. This textbo
problem@1,2# presents in their simplest form the basic effe
of nonlinear light-matter interaction such as power broad
ing, light shifts, and coherence transfer between light a
atom. The absorption spectrum of a strongly driven two-le
atom was first calculated by Mollow@3# and observed by Wu
and co-workers@4#. This spectrum has a characteristic trip
structure~Fig. 1! to which we will refer in this paper as th
Mollow absorption spectrum~MAS!. The fluorescence spec
trum of the driven two-level system was also calculated a
observed by Mollow and collaborators@5#.

An important step toward the understanding of the sp
troscopic features of driven PTLS’s is given by the dress
atom model developed by Cohen-Tannoudji and collabo
tors @6#. This model provides a very simple and intuitiv
picture of the energy exchanges in the coupled atom p
drive field system.

The theory of the spectroscopic response of PTLS’s
proven to be quite useful for the qualitative understanding
a large number of observations. It is nevertheless a simp
cation. Actual energy levels in atoms, molecules or solids
generally degenerate. Obviously,degeneratetwo-level sys-
tems ~DTLS’s! are more complex than PTLS’s. The actu
number of involved sublevels is larger and this introduc
diversity in the matrix elements describing the atom-fie
coupling. Also, when degenerate levels are considered,
vectorial nature of the electromagnetic field is essential
manifests itself via the optical polarization dependence of
response.

In recent years several phenomena have been stu
where DTLS’s play an essential role. Good examples
most of the atomic trapping and cooling experiments. T
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well known magneto-optical neutral atom trap relies on e
ergy level degeneracy for its operation@7#. This is also the
case for sub-Doppler@8# and subrecoil atom cooling tech
niques @9#. Some observations made during these exp
ments also demonstrate the need for a deeper understan
of the spectral properties of driven DTLS’s. A typical e
ample is the observation of a narrow structure presen
absorption and gain in magneto-optically trapped ato
@10,11#. This feature could not be interpreted in the fram
work of a simple two-level model. It should be mentione
that in this case the atoms are driven in a cycling transit
involving degenerate levels and are in the presence of a q
complicated spatial pattern of optical polarization. This n
row feature was assigned to a Raman transition betw
ground-state Zeeman sublevels@11#. More recently, we have
shown that the level degeneracy plays an essential role in
spectroscopic response of DTLS’s driven by a resonant fi
whose intensity is comparable with or lower than the satu
tion intensity@12–14#.

Some attempts have been made to calculate the spe
scopic response of DTLS’s. Berman and co-workers h
developed a theoretical treatment based on the optical B

w,

FIG. 1. Probe absorption spectra for a driven pure two-le
system.~a! Calculated absorption spectra forD50 andD52G with
V0510G. ~b! Schematic representation of the dressed-atom~lad-
der! level structure. Circles represent level occupation. Arrows
dicate probed transitions.~c! Structure of the absorption spectru
inferred from the dressed-atom model.
©2000 The American Physical Society03-1
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equation applied to the density matrix of the driven atom
system@15–17#. On the other hand Bo Gao has develope
model appropriate to the description of a DTLS driven by
linearly polarized field@18,19#. He demonstrated that the ab
sorption experienced by a probe beam with polarization p
pendicular to that of the pump presents similar structure
that observed in the magneto-optical trap@10,11#. Recently,
we have presented a theoretical model well suited for
numerical calculation of the response of DTLS’s in the ge
eral case@13,14#. This model was used for the analysis
coherence resonances arising in the two-field spectroscop
DTLS’s under weak or moderate pump field intensity.

The aim of this paper is to analyze, both theoretically a
experimentally, the weak probe absorption spectra of dri
atomic transitions between two degenerate atomic levels
sessing well defined angular momentum and forming
closed system~no transition to other atomic levels allowed!.
The next section of the paper will be devoted to the pres
tation of the calculated absorption spectra under differ
assumptions for the atomic transition and optical field po
izations. In the third section, experimental observations c
ried out on a rubidium atomic beam are presented and
cussed.

II. THEORETICAL APPROACH

Before considering the case of DTLS’s let us recall t
classical result concerning the absorption spectrum~MAS! of
a PTLS~Fig. 1! driven by a strong pump wave. Consider
ground levelg and an excited levele separated by the energ
\v0. The pump and probe field frequencies arev1 andv2,
respectively, withd[v22v1. The excited state decays b
spontaneous emission at a rateG. V0 is the pump Rabi fre-
quency andD[v02v1 the pump detuning. ForDÞ0 the
MAS is asymmetric with three separate features atd50,
6V where V[(V0

21D2)1/2. For D.0, the feature atd
5V in Fig. 1~a! corresponds to an absorption peak. It can
associated with the direct absorption fromg to e involving
one probe photon. Atd52V a gain peak is observed whic
corresponds~to the lowest order! to a hyper-Raman proces
involving the absorption of two pump photons and the stim
lated emission of a probe photon. Finally, the central str
ture aroundd50 has a dispersionlike shape presenting g
and absorption. The positions and weights of the two si
bands, as well as their sign, can be easily derived from
dressed-atom model within the secular approximation@20#
@see Figs. 1~b! and 1~c!#. In this picture, the positions of th
lines in the absorption spectrum correspond to the ene
differences between the dressed states. The occurrenc
gain or absorption is related to the sign of the populat
difference between dressed states. Aroundd50 the dressed-
state model within the secular approximation cannot prov
a description of the central dispersionlike feature@21#. When
D50 the absorption spectrum is a symmetric triplet. T
positions of the three components correspond to the tra
tion energies between dressed states. However, the sha
the resonances cannot be simply derived from this mode
should be noticed that all resonances in the MAS h
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widths that are determined by the upper state relaxation
G.

Let us now consider the case of a driven DTLS. O
analysis is based on the model recently proposed for
examination of coherence resonances arising in two-fi
spectroscopy of DTLS’s for small and moderate pump fi
intensity @13,14#. With this model, the equations providin
the response of the atomic system to first order in the pr
intensity can be solved numerically for arbitrary values
the level degeneracy, pump intensity, and pump and pr
polarizations. The present paper extends our previous s
into the regime of large pump intensity~Rabi frequency
larger than the natural width of the transition!. No modifica-
tion of the model described in@14# is required. Let us recal
the basic assumptions underlying this calculation. We
sume that the ground levelg and an excited levele have total
angular momentaFg andFe , respectively. The reduced ma
trix element of the atomic dipole operator between these
els is m[^giDie&. The finite interaction time between th
atoms and light is accounted for phenomenologically throu
the introduction of a relaxation rateg ensuring the return of
the system to thermal equilibrium in the absence of the
tical fields (g!G). Since no relaxation mechanism is sp
cifically considered for levelg, g effectively plays the role of
a ground-state relaxation rate. The pump field intensity
characterized by the reduced Rabi frequencyV1[E1m/\
(E1 is the pump field amplitude!. The probe field intensity is
assumed to be vanishingly small. Although this is not
quired by the model, in this paper we restrict ourselves to
case of closed transitions~level e decays only into levelg),
integer total angular momentum, and no magnetic field. T
effect of collisions is not considered.

Before detailed discussion of the calculated absorpt
spectra, let us consider the predictions that can be m
about these spectra from an elementary perspective base
optical pumping and dressed-state considerations in the l
of perfect optical pumping~strong pumping field, unlimited
interaction time!. We consider as an example the basic p
larization schemes that will be later examined in more de
with the help of the theoretical model: pump and probe p
larizations linear and parallel~ll !, linear and perpendicula
~lpl!, circular and equal~cc!, and circular and opposite~coc!.

Two cases must be distinguished:~i! transitionsFg5F
→Fe5F,F21 ~Fig. 2! and ~ii ! transitionsFg5F→Fe5F
11 ~Fig. 3!. In case~i!, the optical pumping by the pump
field is responsible for the accumulation of the atomic pop
lation in one or two ground-state sublevels uncoupled to
pump field~dark states!. This situation greatly simplifies the
atomic response. In case~ii ! all ground-state sublevels ar
coupled to the pump field. Also, for linear pump polariz
tion, the atomic population is distributed among all groun
state sublevels.

In case~i!, when the pump and probe polarizations are
same~ll or cc!, the probe absorption vanishes since all pop
lation is removed from the sublevels coupled by the lig
fields ~this trivial situation is not illustrated in the figures!.
Figure 2 shows the levels and field schemes when the
polarizations are different~coc and lpl schemes! for the tran-
sitions Fg52→Fe51 and Fg52→Fe52. For simplicity,
3-2
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FIG. 2. Level structure for the strongly driven transitionsFg52→Fe51 ~a,b! andFg52→Fe52 ~c,d!. Circles represent level occu
pation. White arrows represent the pump field. Dashed arrows represent the probe field indicated only when coupled to populated l
ac Stark splitting due to the pump is indicated only for relevant sublevels. The pump and probe polarizations are circular and oppo~a,c!
and linear and perpendicular~b,d!.
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and
the probe field~dashed! is indicated only when coupled t
populated sublevels. Also the ac Stark splitting produced
the pump field on a given sublevel is represented only w
it plays a role in the probe absorption. From Fig. 2 one c
predict the main features of the probe absorption spectrum
is composed of four absorption peaks in the case of a t
sition Fg5F→Fe5F21 with coc polarization and com
posed of two absorption peaks~Autler-Townes doublets! in
the other three cases presented. One should notice tha
results concerning the number of peaks are independentF
~provided thatFe.0).

In case~ii ! (Fg51→Fe52), for cc polarizations@Fig.
3~a!# the configuration reduces to a pure two-level system
which case the absorption spectrum is composed of
MAS @22#. The scheme presented in Fig. 3~b! corresponds to
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ll polarizations. In this case the level configuration consi
of (2F11) separate two-level systems~connected through
spontaneous emission!. Taking into account them↔2m
symmetry in the absence of a magnetic field (m is the
ground-state magnetic quantum number!, the absorption
spectrum consists of (F11) MAS’s sharing a common cen
tral feature atd50. The coc polarization case is represent
in Fig. 3~c!. The spectrum consist of four absorption pea
corresponding to all possible transitions between two
Stark split sublevels. Finally, the lpl polarization case is bo
the most complex and the most interesting. Taking into
count all symmetries, the absorption spectrum is compo
of (4F12) lines. However, unlike all the previously consid
ered cases, the sign of the corresponding peaks canno
easily predicted since competition between absorption
ions
FIG. 3. Level structure for the strongly driven transitionFg51→Fe52. Same notation as in Fig. 2. The pump and probe polarizat
are circular and equal~a!, linear and parallel~b!, circular and opposite~c!, and linear and perpendicular~d!.
3-3
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LIPSICH, BARREIRO, AKULSHIN, AND LEZAMA PHYSICAL REVIEW A 61 053803
gain occurs in some lines. This point will be discussed
more detail below and in the Appendix.

The results concerning the number and nature of the
tures present in the absorption spectra of strongly dri
DTLS’s with integer angular momenta are summarized
Table I. Table II presents the values of the probe to pu
frequency offsetd corresponding to the positions of th
probe absorption resonances as can be deduced after c
lation of the positions of the ac Stark split sublevels@20#.

We will discuss now the numerically calculated abso
tion spectra for a homogeneous ensemble of motionless
oms. Three different cases will be distinguished correspo
ing to Fe2Fg50,61. As before we will take as
representative examples the transitionsFg52→Fe51, Fg
52→Fe52, andFg51→Fe52.

The calculated absorption spectra for the transitionFg
52→Fe51 are shown in Figs. 4 and 5 forD50 and D
52G, respectively, as a function of the pump to probe f
quency offsetd for different values of the reduced Rabi fre
quencyV1. The vertical scale~absorption! is the same for all
plots. When the pump and probe polarizations are equal,
absorption decreases rapidly asV1 approachesG, as a con-
sequence of the optical pumping into the ground sublev
not affected by the light~dark states!. Nevertheless, forV1
&G a narrow dip is present in the absorption aroundd50.
This dip is clearly visible in Figs. 4~a,b! (D50) and it also
exists in the cases presented in Figs. 5~a,b! (D52G) with a
much smaller amplitude. For low pump intensities the wid
of this resonance is determined byg. The origin of the nar-
row transparency resonance is the same as that of the na
structure predicted for open transitions in the case of a PT
@23–25#. It is due to the nonconservation of the total pop

TABLE I. Number and nature of the spectral features in t
probe absorption spectra of strongly driven degenerate two-l
atoms for different atomic transitions and pump and probe polar
tions linear and parallel~ll !, linear and perpenicular~lpl!, circular
and equal~cc!, and circular and opposite~coc!. A is an absorption
peak, MAS a Mollow absorption spectrum, andP an absorption or
gain peak.

cc ll coc lpl

F→F21 0 0 4A 2A
F→F 0 0 2A 2A
F→F11 1 MAS (F11)MAS 4A (4F12)P
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lation in the ensemble of sublevels coupled to the light fie
@16,17# as a consequence of the spontaneous decay into
states. If the pump and probe polarizations are orthogo
@Figs. 4~c,d! and 5~c,d!#, the optical pumping of the atomic
population into ground-state Zeeman sublevels explored
the probe results in an increase of the total probe absorp
with respect to linear absorption. ForD50 @Figs. 4~c,d!# and
V1&G the absorption presents atd50 a dip of large contras
and width smaller thanG ~it is given by 2g in the limit of
weak pump intensity!. This dip corresponds to electromag
netically induced transparency~EIT! in theL configurations
formed by two ground-state and one excited-state suble
coupled by the pump and probe fields. Notice that whenD
Þ0 as in Figs. 5~c,d! the feature atd50 becomes asymmet
ric. For V1'G narrow absorption and gain peaks appear
either side of this structure. From simple three-level (L
scheme! models, one can predict that whenV1 is increased,
the narrow EIT structure atd50 will continuously broaden
and transform into the Autler-Townes doublet. The calc
lated spectra shown in Figs. 5~c,d! follow this pattern. In
agreement with our simple considerations above, for la
V1 the spectra consist of one~d! or two ~c! Autler-Townes
absorption doublets.

The spectra corresponding to theFg52→Fe52 transi-
tion are shown in Figs. 6 and 7 forD50 andD52G, re-

el
a-

FIG. 4. Calculated probe absorption spectra for the transi
Fg52→Fe51 as a function of the probe frequency offsetd for
different values ofV1 andD50. The vertical axis corresponds t
absorption. The scale~linear! is the same for all curves. The zer
absorption level is given by the vertical offset common to all plo
The front plot of each series (V150) represents the linear absorp
tion. Pump and probe polarizations are circular and equal~a!, linear
and parallel~b!, circular and opposite~c!, and linear and perpen
dicular ~d!.
robe
d probe
TABLE II. Values of d[v22v1 corresponding to the positions of the spectral features in the p
absorption spectra of strongly driven degenerate two-level atoms for different transitions and pump an
polarizations linear and parallel~ll !, linear and perpendicular~lpl!, circular and equal~cc!, and circular and
opposite ~coc!. Dq

p is a compact notation forDq
p(Fg ,Fe)5

1
2AD21V1

2Cq
p(Fg ,Fe)

2 where Cp
q(Fg ,Fe)

5(q 2(p1q)
Fg Fe

p
1 ) is a 3J coefficient.

cc ll coc lpl

F→F21 2D/26DF22
1 ,2D/26DF23

1 2D/26DF21
0

F→F 2D/26DF22
1 2D/26D1

0

F→F11 0,6DF
1 0,6Dm

0 (0<m<F) 6DF22
1 6DF

1 D/26DF
0 ,6Dm

0 6Dm11
0 (0<m,F)
3-4
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ABSORPTION SPECTRA OF DRIVEN DEGENERATE . . . PHYSICAL REVIEW A 61 053803
spectively. Their characteristics are very similar to those
tained for theFg52→Fe51 transition, except for the fac
that the coc polarization case gives rise to a single Aut
Townes absorption doublet.

The most interesting case corresponds to the trans
Fg51→Fe52 presented in Figs. 8 and 9. For large valu
of V1, the main elements of the absorption spectra are
agreement with the simple predictions presented in Tabl
and II: one MAS~cc!, two MAS’s with a common centra
feature~ll !, four absorption peaks~coc!, and a six-peak struc
ture ~lpl!. However, additional characteristics of the spe
trum can now be appreciated. AsV1 is increased, the spectr
corresponding to the cc case approaches the classical Mo
result @22# but for moderate values of the Rabi frequen
(V1;G) there is an increase of the absorption peak
present in PTLS’s. It is due to the optical pumping of t
ground-state population into a Zeeman sublevel with
highest umu. The lpl polarization combinations presents
richer spectral variation. ForV1&G ~not presented in the
figure! and D,G a large and narrow absorption enhanc
ment ~above linear absorption! appears atd50 @13#. This
corresponds to the effect of electromagnetically induced
sorption~EIA! @12–14#. ForD.G the EIA peak evolves into
a narrow dispersionlike structure with absorption and g

FIG. 6. Calculated probe absorption spectra for the transi
Fg52→Fe52 as a function of the probe frequency offsetd for
different values ofV1 andD50. Same conventions as in Fig. 4.

FIG. 5. Calculated probe absorption spectra for the transi
Fg52→Fe51 as a function of the probe frequency offsetd for
different values ofV1 andD52G. Same conventions as in Fig. 4
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@Fig. 9~d!#. This structure differs from the central structure
the MAS in several aspects:~1! It is narrower; the width of
the absorption and gain peaks are significantly smaller t
G even for relatively large values ofV1 (V1*10G, see Fig.
19 in the Appendix!. In contrast the width of the centra
dispersive feature of the MAS is determined byG. ~2! It has
the opposite symmetry than the central feature in the MA
~3! Much larger values of the absorption and gain pea
compared to the main absorption resonance are attained~4!
At high pump intensities the dispersionlike structure evolv
into two absorption peaks.

Some resonances appearing in the spectra presente
Fig. 9~d! change sign asV1 is increased. This behavior ca
be explained with the help of dressed-state theory applie
the multilevel structure corresponding to this case. T
analysis is presented in the Appendix.

The numerically calculated spectra provide a detailed
sight into the shape and width of the different resonanc
Some absorption or gain peaks appear to be narrower
the excited-state widthG. These peaks are associated w
Raman processes starting and ending in the ground level
involving one photon of each of the pump and probe fiel

The previous results concern a few basic schemes of
tical polarization. An interesting feature of DTLS absorptio

n FIG. 8. Calculated probe absorption spectra for the transi
Fg51→Fe52 as a function of the probe frequency offsetd for
different values ofV1 andD50. Same conventions as in Fig. 4.

n

FIG. 7. Calculated probe absorption spectra for the transi
Fg52→Fe52 as a function of the probe frequency offsetd for
different values ofV1 andD52G. Same conventions as in Fig. 4
3-5
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LIPSICH, BARREIRO, AKULSHIN, AND LEZAMA PHYSICAL REVIEW A 61 053803
spectra appears to be the variation of the number of re
nances with the choice of the optical polarization. For so
polarizations the number of resonances is fixed and inde
dent ofF while for other combinations the number of res
nances is a function ofF. Since our model is able to hand
arbitrary polarizations we have explored intermediate sit
tions between these cases. Figures 10 and 11 show the m
fication in the absorption spectra for a continuous variat
of the polarization from lpl to coc and ll to cc, respective
by gradually varying the ellipticity of the field polarization
These two cases have been chosen since they can b
plored experimentally using copropagating linearly polariz
pump and probe fields passing through a rotatable qua
wave plate. As can be appreciated in Fig. 10 the absorp
spectrum is rather rich for orthogonal elliptical polarizatio
~up to 13 peaks are present in this figure for an elliptic
around 0.7!.

FIG. 10. Calculated probe absorption spectra for the transi
Fg51→Fe52 as a function ofd for V1540G andD50 for dif-
ferent values of the polarization ellipticity 12j (0<j<1). The
pump and probe polarization vectors are given bye15cos(pj/4)ex

1 i sin(pj/4)ey and e25 i sin(pj/4)ex1cos(pj/4)ey (ex and ey

are unit vectors along the coordinate axes!. The absorption is nor-
malized to the linear absorption.

FIG. 9. Calculated probe absorption spectra for the transi
Fg51→Fe52 as a function of the probe frequency offsetd for
different values ofV1 andD52G. Same conventions as in Fig. 4
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III. EXPERIMENT

The experimental observations of driven DTLS abso
tion spectra were carried on the 5S1/2(F53)→5P3/2(F
54) transition of 85Rb. This transition corresponds to th
case~ii ! discussed above for which the richer spectra occ
To reduce Doppler broadening, we used a rubidium ato
beam. The Rb reservoir was heated to approximately 200
The atoms exit the reservoir through multiple 0.5 mm int
nal diameter and 5 mm long tubes forming an 8 mm diame
output nozzle. 30 cm downstream the atoms are collima
by a rectangular slit 1 mm high and 10 mm wide. The ato
are illuminated 6 cm after the slit. The light beams exciti
the atoms propagate in the same direction parallel to
longest collimating slit dimension. The linear absorption

n

FIG. 11. Calculated probe absorption spectra for the transi
Fg51→Fe52 as a function ofd for V1540G andD50 for dif-
ferent values of the polarization ellipticity 12j (0<j<1). The
pump and probe polarizations vectors are equal and given be
5cos(pj/4)ex1 i sin(pj/4)ey (ex andey are unit vectors along the
coordinate axes!. The absorption is normalized to the linear abso
tion.

FIG. 12. Observed absorption spectra for the driven 5S1/2(F
53)→5P3/2(F54) transition of 85Rb for D50. The pump and
probe polarizations are circular and equal~a!, linear and parallel~b!,
circular and opposite~c!, and linear and perpendicular~d!.

n

3-6
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ABSORPTION SPECTRA OF DRIVEN DEGENERATE . . . PHYSICAL REVIEW A 61 053803
the studied transition was approximately 8%. The resid
Doppler width of the transition was 24 MHz@full width at
half maximum~FWHM!#. The atomic beam apparatus w
continuously pumped to less than 1026 Torr. To help main-
tain the vacuum and reduce the rubidium vapor backgrou
a liquid nitrogen cooled trap was connected to the ato
beam chamber. The pump and probe fields were obta
from two independent extended cavity diode lasers~line-
width ;1 MHz). The pump laser frequency was fixed clo
to the 5S1/2(F53)→5P3/2(F54) transition. The pump lase
frequency drift during the measurements was less tha
MHz. The probe laser frequency was scanned around
studied transition. The pump and probe beam diameter
the interaction zone were approximately 2 mm and 1 m
and their typical powers 5 mW and 2mW, respectively. The
polarizations of the two beams were independently c

FIG. 13. Observed absorption spectra for the driven 5S1/2(F
53)→5P3/2(F54) transition of85Rb for D>G56 MHz. The po-
larization cases are those of Fig. 12.~a! D524 MHz. ~b! D
523 MHz. ~c! D56 MHz. ~d! D522 MHz.

FIG. 14. Calculated absorption spectra for the transitionFg53
→Fe54 for the polarization cases considered in Fig. 12 for con
tions corresponding to the experiment~see text!. V155G ~a,b,d!.
V1515G ~c!.
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trolled. The two beams were incident at right angles w
respect to the atomic beam. A small angle~5 mrad! was
introduced between the two beams to allow separate de
tion. After interacting with the atoms, the probe beam inte
sity was measured with a photodiode whose output was
rectly monitored on an oscilloscope. A fraction of the pro
laser output was sent to a saturated absorption setup us
Rb vapor cell. Both the probe absorption spectrum on
atomic beam and the saturated absorption spectrum on
vapor cell were recorded simultaneously for frequency c
bration. The detuningD was determined with a precision o

-

FIG. 15. Calculated absorption spectra for the transitionFg53
→Fe54 for the cases considered in Fig. 13 for conditions cor
sponding to the experiment~see text!. ~a! V159.5G. ~b! V156G.
~c! V158G. ~d! V1512G.

FIG. 16. Schematic representation of the dressed-state level
gram corresponding to the transitionFg51→Fe52 with linear and
perpendicular pump probe polarizations. Only ladders correspo
ing to m>0 are presented.D.0 is assumed. Circles represent o
cupation numbers. The arrows indicate two transitions contribu
to the same absorption line.
3-7
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62 MHz. The magnetic field in the interaction region w
not compensated (,120 mG). However, its influence is ex
pected to be small for the experimental conditions cons
ered.

We have investigated the cc, coc, ll, and lpl pump a
probe polarization cases. The corresponding spectra are
sented in Figs. 12 and 13 for zero (D5062 MHz) and
nonzero (uDu>G56 MHz) pump field detuning, respec
tively.

The experimental spectra show a qualitative agreem
with the spectra calculated for the simplerFg51→Fe52
transition forV1 in the range 2G<V1<10G ~Figs. 8 and 9!
. The main features in the calculated spectra are prese
the experimental curves. Not surprisingly, the spectrum
the cc configuration approaches the MAS@22#. The ll experi-
mental spectra are consistent with several~unresolved!
MAS’s. The coc case gives rise to a four-absorption-pe
structure with different linewidths. Finally, the lpl cas
shows a relatively narrow central absorption peak forD50
and an asymmetric narrow feature with absorption and g
whenD.G.

A more precise comparison of the experimental spe
with the theoretical predictions requires consideration of

FIG. 17. Steady state occupation numbersp1 , p2 , p18 , p28
corresponding to the dressed statesu1,N&, u2,N&, u18,N&, u28,N&,
respectively, as a function ofV1 /D.

FIG. 18. Line weightsW2 andW4 of the peaks presenting sig
changes in the absorption spectrum as a function ofV1 /D. Nega-
tive values indicate gain.
05380
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main differences between the actual experimental conditi
and the assumptions of the theory. These result from
practical aspects that limit the homogeneous nature of
atomic sample: the residual transverse velocity distribut
of the atoms in the beam and the spatial variation of
pump laser intensity~and thus the Rabi frequency! in the
interaction region. Figures 14 and 15 show the absorp
spectra calculated with our model for parameters correspo
ing to the experimental conditions. In these calculations
Rabi frequencyV1 was used as an adjustable parameter. T
effect of the residual Doppler broadening was taken into c
sideration by averaging the probe absorption spectra ov
Gaussian distribution for the detuningD with 24 MHz width
~FWHM!. We used as the central value of theD distribution
D50 for Fig. 14 and the measured detunings of the pu
frequency with respect to the 5S1/2(F53)→5P3/2(F54)
transition for Fig. 15. We did not attempt to include in th
calculation the effect of the spatial variation of the pum
intensity.

The agreement between the calculated and observed s
tra is satisfactory. The larger width of some experimenta
observed features with respect to the calculations is prob
the consequence of the spatial inhomogeneity of the pu
intensity. Each of the polarization cases presents a ra
characteristic spectrum. The predictions concerning the s
of the resonances~absorption or gain! are verified. Finally,
the experimental spectra confirm the theoretical predicti
concerning the differences in the linewidth. Of particular i
terest is the rather narrow sign-changing structure obse
in the lpl polarization case. This structure reproduces

FIG. 19. Dressed-state absorption ‘‘spectra’’~bars! for the tran-
sition Fg51→Fe52 for V1510G ~a! and V1540G ~b! with D
52G. The bar height represents the weight~arbitrary units! of a
given peak. Solid lines: calculated absorption spectra accordin
our model~normalized to the linear absorption!.
3-8
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main features predicted by Bo Gao@19# and by our calcula-
tion. It bears a clear resemblance to the structure observe
the probe spectra of magneto-optically trapped atoms@10,11#
although in this case, additional effects due to the spa
distributions of the Rabi frequency, the polarization, and
magnetic field may influence the absorption spectra.

IV. CONCLUSIONS

We have addressed the problem of the absorption spe
of a closed system formed by two degenerate atomic lev
with well defined angular momentum, driven by a pum
field. A theoretical model, previously presented in@14#, was
used to calculate the absorption spectra for arbitrary cho
of the atomic transition, the pump field intensity, and t
pump and probe polarizations. As a representative exam
the spectra corresponding to different choices of the opt
polarizations were calculated for the simple 2→1, 2→2,
and 1→2 transitions. In contrast with the classical pure tw
level system case studied by Mollow and co-workers, a la
variety of spectra were predicted and the characteristic
tures identified and discussed. The experimentally obse
probe absorption spectra on a beam of85Rb atoms driven on
the 5S1/2(F53)→5P3/2(F54) transition show good agree
ment with the predictions of our model.
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APPENDIX: DRESSED-STATES TREATMENT OF A
DTLS WITH LINEAR PERPENDICULAR PUMP

AND PROBE POLARIZATIONS

The dressed-states treatment@20# of a DTLS with lpl
pump and probe polarizations provides an interesting ins
into the peculiarities observed in the probe absorption sp
trum in this case. In particular, it provides a simple expla
tion for the sign change observed for some peaks asV1 is
increased. Here we will briefly develop this treatment@26#
and compare its results with those arising from the mo
discussed above.

We consider again as an example theFg51→Fe52
transition which is the simplest interesting case. The qua
zation axis is chosen to coincide with the pump polarizat
direction. In consequence, the pump field couple ato
states with the samem. Figure 16 shows a schematic repr
sentation of the level structure resulting from the coupling
the atomic system and pump photons. In this figure,
m↔2m symmetry was used to simplify the diagram:
single ladder is used to represent states involving the s
umu. Circles indicate stationary populations.

The dressed-state properties depend on the two pa
etersu andu8 given by
05380
in

al
e

tra
ls,

es

le,
al

-
e
a-
ed

i
-
s

ht
c-
-

l

ti-
n
ic

f
e

e

m-

tan~2u!5C0

V1

D
~0<u<p/2!, ~A1!

tan~2u8!5C1

V1

D
~0<u8<p/2!, ~A2!

whereCm[( m2m0
1 2 1) is a 3J coefficient.

The dressed states represented in Fig. 16 are thus give

u1,N&5sin~u!ug,0&uN11&1cos~u!ue,0&uN&,

u2,N&5cos~u!ug,0&uN11&2sin~u!ue,0&uN&,

u18,N&5sin~u8!ug,1&uN11&1cos~u8!ue,1&uN&,

u28,N&5cos~u8!ug,1&uN11&2sin~u8!ue,1&uN&,

u19,N&5ue,2&uN&, ~A3!

whereug,m& andue,m& represent atomic states in the grou
and excited levels, respectively, with magnetic quant
numberm. uN& denotes a pump field photon number sta
The last state in Eqs.~A3! is an uncoupled atom-photo
state.

The steady state occupation numbers~populations! p1 ,
p2 , p18 , p28 , andp19 corresponding respectively to the stat
defined in Eq.~A3! can be computed by solving a set of ra
equations describing the radiative cascade due to spont
ous emission@20#. Notice that in this case the radiative dec
transfers population between the different ladders.

The result of this calculation is presented in Fig. 17 a
function of V1 /D. Also, p1950. Notice the change in the
sign of p12p28 occurring forV1 /D.10.

The weights of the different lines composing the abso
tion spectrum~whose positions are indicated in Table II! can
be computed using first order perturbation theory and
occupation numbers of the different levels. They are giv
by

W152@~p22p18!d01
2 1~p282p1!d10

2 #cos2~u!cos2~u8!,

W252@~p12p28!d01
2 1~p182p2!d10

2 #sin2~u!sin2~u8!,

W352@~p22p28!d01
2 1~p182p1!d10

2 #cos2~u!sin2~u8!,

W452@~p12p18!d01
2 1~p282p2!d10

2 #sin2~u!cos2~u8!,

W552p18d12
2 sin2~u8!,

W652p28d12
2 cos2~u8!, ~A4!

wheredmn[^g,muDue,n& is a matrix element of the electri
dipole between a ground- and an excited-state sublevel.

Examination of Eqs.~A4! and the computed population
~Fig. 17! shows thatW1 , W3 , W5, and W6 always corre-
spond to absorption peaks whileW2 andW4 present a vari-
3-9
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able sign depending on the distribution of populations. F
ure 18 presents the variation of these two weights as a fu
tion of V1 /D. Both lines correspond to gain for small valu
of V1 /D and evolve into absorption peaks for largeV1 /D.
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Finally, Fig. 19 shows the weights of the absorption sp
tral lines deduced from the dressed-state model for two
ferent values ofV1. For comparison, the calculated spec
provided by our model are also presented.
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