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Coherent spectroscopy of degenerate two-level systems in Cs
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Coherent spectroscopy of degenerate two-level systems of the Doppler-broadenedD2 cesium line has been
performed in vacuum and in buffer gas cells. Subnatural-width~SNW! electromagnetically induced transpar-
ency and electromagnetically induced absorption~EIA! resonances have been observed with single-frequency
laser excitation for different light polarizations and collision regimes. SNW-EIA resonances with linearly
polarized excitation of theFg54 level are observed, and they increase their contrast with power density
increase and reach a contrast of 20% at 200 mW cm22. A theoretical model has been elaborated, taking into
account the Doppler broadening of the transitions, the linewidth of the laser light, and the experimental
conditions for observation of the fluorescence. Here the theoretical results are in agreement with those of the
experiment. In a buffer gas cell, the SNW resonances in the fluorescence, in degenerate two-level systems are
observed for the first time and they are only obtained with circularly polarized light. A theoretical explanation
of this result is proposed. At the expense of contrast, in the presence of a buffer gas the coherent resonances are
significantly narrower than in a vacuum cell for the same power density. The observation of SNW resonances
in buffer gas is significantly less sensitive to the laser frequency drift than in a vacuum cell, which could be
advantageous for applications in metrology and in the measurement of weak magnetic fields.
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I. INTRODUCTION

Interesting coherent effects have been observed in th
level configurations and have attracted considerable atten
in recent years. The phenomenon of coherent popula
trapping~CPT! @1,2# and the related effect of electromagne
cally induced transparency~EIT! @3# in L systems are amon
the most important. These effects have found interesting
plications in subrecoil laser cooling@4#, magnetometry@5#,
steep dispersion@6#, coherent population transfer amon
atomic and molecular quantum states@7#, and ultralow group
velocity propagation@8#.

Degenerate two-level systems provide further possibili
for the analysis of coherent effects in the interaction of lig
fields with an atomic sample. It has been shown that th
systems are suitable for observation of coherent effects
dicted and observed in three-level configurations@9,10#. In
addition, they make possible the detection of new effe
such as electromagnetically induced absorption~EIA! @11#,
that have not been observed in three-level configurations

Optical pumping and nonabsorbing state formation in
case of different degenerate two-level systems irradiated
elliptically polarized laser light are theoretically consider
in Ref. @12#.

It should be pointed out that coherent effects occurring
degenerate two-level systems have also found a numbe
applications in practical and fundamental research. Us
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paraffin coated Rb cell long-lived ground state coherence
been obtained which provides observation of features w
relaxation rateg rel.2p31 Hz in the nonlinear magneto
optic effect@13#. It has been shown that this technique can
used for weak magnetic field measurements with a rem
able sensitivity of 3310212 G/AHz @14#.

Subnatural-width~SNW! dips and peaks in the fluores
cence of rubidium vapor have been studied experiment
and theoretically by excitation of a single hyperfine (h f)
transition of theD2 line by a coherent bichromatic lase
field. These resonances have been studied as a functio
the frequency difference between the two electromagn
fields @11,15,16#. Similar coherent resonances have also be
observed by using a single-frequency linearly polarized la
excitation@17#. In the last case the Rb fluorescence was m
sured as a function of the magnetic field intensity, which
modulated around zero value and kept parallel to the la
beam. SNW-EIT or SNW-EIA resonances are observed
pending on whetherFg→Fe5Fg , Fg21 or Fg→Fe5Fg
11 h f transitions are excited, as illustrated in Fig. 1. The
Fg and Fe are the quantum numbers representing the to
angular momenta of the ground and the excited states
spectively. In the case of aFg→Fe5Fg21 transition@Fig.
1~a!#, L links are established, which lead to observed d
states~EIT!, while in the case of aFg→Fe5Fg11 transi-
tion @Fig. 1~b!#, V links are formed, which give bright state
~EIA!. For L-link chains, atoms are trapped in a nonabso
ing state, which is a superposition of ground-state Zeem
sublevels, resulting in a strong decrease in the fluoresce
@9#. As recently shown@18#, for V-link chains, many atoms
©2002 The American Physical Society02-1
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are accumulated on the ground state levels which have
strongest coupling to the excited state, thus leading to
increase in the fluorescence at zero magnetic field. ForFg
→Fe5Fg transitions@Fig. 1~c!#, althoughL and V links
exist, in agreement with the theoretical considerations of@9#,
only dark states are observed.

In this work we present experimental and theoreti
analysis of SNW resonances in Cs vapor. Compared to
bidium, cesium makes possible a simpler and more accu
interpretation of the experimental data due to the absenc
other stable isotopes and to the larger separation of theh f
levels. The latter makes the overlapping of the correspond
transitions less important leading to better clarification
their relative contribution to the coherent resonances.

We demonstrate that in a Cs cell without buffer gas,
sign of the SNW resonances is determined by the two clo
Fg53→Fe52 and Fg54→Fe55 transitions. For lase
power densities below the saturation power, at theFg54
→Fe55 transition, the experimental results confirm the
cently developed theory@18# ~which considers monochro
matic laser radiation and homogeneously broadenedh f tran-
sitions!, while for high laser power densities th
experimental results are in disagreement with it.

Until now the SNW resonances in the fluorescence
transmitted light for degenerate two-level systems were s
ied either in atomic beams or in vacuum cells. To our kno
edge our report is the first experimental observation of th
resonances in the presence of a buffer gas. Using a buffe
cell, we observe SNW resonances only in the case of ci
larly polarized excitation.

The experimental results presented here are describe
our theoretical model, based on the optical Bloch equati
~OBE! solution. In the case of vacuum cell, the Dopp
broadening of theh f transition and the effective linewidth o
the laser light are taken into account. Unlike the treatmen

FIG. 1. Illustration of theL and V links formation for~a! Fg

→Fe5Fg21, ~b! Fg→Fe5Fg11, and ~c! Fg→Fe5Fg transi-
tions.
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@18#, where the total fluorescence is considered, in our mo
the fluorescence along different directions is calculated an
direct comparison with the experimental conditions is ma
possible. For the buffer gas cell, the redistribution of t
atoms among the Zeeman sublevels of the excited state
to collisions of the Cs with the buffer gas atoms is also tak
into account.

In order to examine the contribution of the differenth f
transitions to the SNW resonances formation, the contras
the latter over the fluorescence profiles is measured.

II. EXPERIMENTAL SETUP

The detection of the SNW resonances as a function of
laser frequency position within the Doppler broadened flu
rescence lines is made by scanning both the laser frequ
and the magnetic field amplitude at the same time but w
different frequencies. The laser frequency is tuned slowly
modulating the chip current at a frequencyf 1 of several Hz.
The magnetic field intensity is modulated around the z
value with a frequencyf 2, which is higher thanf 1 by more
than an order of magnitude. As discussed in the Introduct
modulation of the magnetic field around zero value cause
dip or a peak to be observed in the fluorescence depend
on the field. The dip or the peak is centered atB50. Thus
when the magnetic field goes through zero during the s
scanning of the laser frequency, a resonance occurs. Co
quently, a numberf 2 / f 1 of equally spaced resonances will b
superimposed on the fluorescence line, each of them b
positioned at a different frequency within the Doppler lin
~actually, the number of observed resonances may be lo
than f 2 / f 1, as they only appear in some parts of the scan
range!. This experimental approach allows us to detec
sample of SNW resonances over the Doppler profile, a
hence to study the coherent resonances’ distribution, t
contrast as a function of the frequency detuning within
profile of the fluorescence line, and eventually to infer t
contribution of the differenth f transitions.

FIG. 2. Experimental setup.
2-2
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COHERENT SPECTROSCOPY OF DEGENERATE TWO- . . . PHYSICAL REVIEW A 66, 012502 ~2002!
The experimental setup is shown in Fig. 2. A single-mo
diode laser@full width at half maximum~FWHM! ranging
from 20 to 50 MHz# tuned to theD2 line of Cs (l
5852 nm) is used. A sketch of theh f transitions of theD2
line is shown in Fig. 3. The fluorescence spectrum of theD2
Cs line consists of two lines, each resulting from three ov
lapping h f transitions within a Doppler profile abou
375 MHz wide at room temperature@19#. Two glass cells
~length 3.2 cm, diameter 2.6 cm! containing either only Cs
vapor~further noted as vacuum cell! or the metal and 5 Torr
of Ar ~buffer gas cell! are used in the experiments.

In order to minimize the stray magnetic field, the Cs ce
are placed either inside am-metal cylinder or in the center o
three pairs of square Helmholtz coils arranged on a cu
frame ~see the inset in Fig. 2!; the coils are supplied by
high-stability, low noise current generators. In the last cas
hollow aluminum cylinder~40 cm length, internal diamete
10 cm, thickness 4 cm! is used for additional shielding
against ac stray magnetic fields. The aluminum shield
provides a factor of 20 stray magnetic field reduction
50 Hz.

The laser light can be linearly polarized along they axis
with a ratio uEyu2:uExu25300:1 for the intensities of the
crossed components. A quarter-wave plate is inserted w
circular polarization is needed. In this case a power ratio
good as 1.06:1 is obtained. The laser induced fluorescenc
the Cs vapor is collected by a mirror in a direction perpe
dicular toz and is measured by a photodiode. After ampl
cation the signal is processed by and stored in a digital sc
and a computer.

III. SUBNATURAL-WIDTH RESONANCES
IN THE VACUUM CELL

In this section we will discuss the dependence of the
herent resonances’ contrast on the laser frequency detu

FIG. 3. Scheme of theh f transitions of theD2 line. Three dif-
ferent kinds of transitions are distinguished:Fg→Fe5Fg21
~bold!, Fg→Fe5Fg ~solid!, andFg→Fe5Fg11 ~dashed!.
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within the profiles of the fluorescence lines in the case o
vacuum cell.

A. Linear polarization excitation of the F gÄ4 level

The excitation with linearly polarized light of theFg54
ground level gives the fluorescence signal reported in F
4~a!. Bright narrow peaks~EIA! appear~the tops of the peaks
are centered atB50), superimposed on the broad fluore
cence line generated by the threeh f transitions. This is a
quite interesting result as, to our knowledge, observation
this kind of bright SNW resonances in Cs has not yet be
reported in literature. Their linewidth strongly depends
the laser power densityW. The narrowest bright resonanc
we have measured has a FWHM of 40 mG and has b
obtained withW50.02 mW cm22. As the Zeeman splitting
of the two groundh f levels in the presence of magnetic fie
is 0.351 kHz mG21 @5#, the FWHM of the bright resonanc
is 14 kHz, which is significantly narrower than the natur
width of the transition~around 6 MHz). At very low laser
power density, the width of the SNW resonances is mai
determined by the time-of-flight broadening of the groun
state levels.

We define the contrast of the SNW resonances as the
between the resonance and the fluorescence amplitudes
contrast of the SNW resonances appearing in the spectru
Fig. 4~a! is plotted in Fig. 4~b! as a function of the lase
detuning.

FIG. 4. ~a! Bright resonances on theFg54 fluorescence line for
a linearly polarized laser beam, laser power density
76 mW cm22, f 158 Hz, f 25370 Hz depending on the detunin
from the Fg54→Fe55 transition~the profile of the SNW reso-
nance in dependence on the scanning magnetic fieldBz is given in
the inset!. The spectrum of theh f transitions is presented by keep
ing the height of the lines proportional to the probability of th
transitions@20#. ~b! Bright resonance contrast dependence on
laser frequency detuning.
2-3
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The question is why only the EIA resonances are
served and the EIT ones are absent along the whole fluo
cence line. As was noted, the twoh f transitions withFg

.Fe and Fg5Fe should induce dark resonances, while t
Fg,Fe transition should give EIA resonances. The answ
to this can be found by considering the transition probab
ties and the level lossesa5GFe→Fg8

/GFe→Fg
, whereFg8 is

the ground level not excited by the laser field. From Fig. 4~a!
it can be seen that the probability of theFg54→Fe55 tran-
sition is higher than the other two. Moreover, this is a s
called cycling or closed transition, as no decay is possibl
the other ground-state levelFg53. The other twoh f transi-
tions are weaker and suffer losses to theFg53 level. We
calculated the lossesa due to spontaneous decay to theFg
53 level and we obtaineda (Fe53)53.0, a (Fe54)50.7, and

a (Fe55)50. This explains the observation of only brig
resonances in the fluorescence signal of Fig. 4~a!. As further
evidence of this conclusion, let us point out the contrast v
ues reported in Fig. 4~b!, which increase with laser fre
quency, i.e., in the side corresponding to theFg54→Fe
55 transition.

This result is similar to the observations made in Rb va
@17,21# despite the fact that theh f transitions of theD2 line
of Rb starting from a singleFg level overlap more than in the
case of Cs. The contrast of SNW-EIA resonances in C
more than three times higher than that in Rb, which is c
sistent with the less overlappedh f transitions in the first
case.

An explanation of the presence of the bright resonance
the Fg→Fe5Fg11 transitions has been put forward b
Renzoniet al. @18# for homogeneously broadenedh f transi-
tions and monochromatic laser light; the homogene
broadening dominates in the case of experiments with ato
beams and cooled atoms. They have solved the OBE
severalh f transitions of Rb and Cs and have calculated
stationary excited-state population in dependence on
magnetic field intensityB. In particular, the case of th
closedFg54→Fe55 transition in Cs has been consider
and it has been shown that for weak (0.1 mW cm22) lin-
early polarized laser light a narrow bright resonance, su
imposed on a broad line, appears aroundB50. Moreover,
they have shown that the amplitude of the bright resona
should progressively diminish with the increasing intens
of the laser field, while a decrease of the absorption aro
zero magnetic field~i.e., a dip in the fluorescence! should
appear within the saturated regime of the optical transit
(10 mW cm22).

In order to illustrate the physical processes leading to
formation of SNW-EIA resonances, we calculated t
steady-state population of the ground-state Zeeman suble
for theFg54→Fe55 transition by solving the OBE assum
ing linear polarization of the laser beam and quantizat
axis along the polarization vector. The calculated populati
for Bz50 andBz51 G are shown in Fig. 5~a!.

The Clebsch-Gordon coefficients for thep transitions be-
tween the magnetic sublevels are presented in Fig. 5~b! @20#.
It can be seen that atBz50, the population of themFg

50,

61 sublevels, which are the most coupled to the exci
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state levels, is significantly higher than the population of
other sublevels. AtBz51 G, the population of the othe
levels ~less coupled to the excited state! increases at the ex
pense of themFg

50,61 levels’ population. Thus due to th
redistribution of the population by the magnetic field, t
population of the excited level will be higher atBz50 than
at BzÞ0, which explains the bright resonance observation
the Fg54→Fe55 transition.

Our experimental investigation confirms the result of R
@18# within the limit of small laser power densities but show
disagreement at large power densities. In Fig. 4~a!, the co-
herent bright resonances are obtained with a laser power
sity W576 mW cm22, which is significantly higher than the
homogeneous-broadening saturation-power-density~about
2 mW cm22 @19,22#!.

In Fig. 6 the experimentally measured contrast of t
SNW-EIA resonances as a function ofW is reported. The
contrast increases with power density up to 20%
200 mW cm22.

It should be noted, though, that under our experimen
conditions the main broadening of theh f transitions is the
Doppler broadening, while the theory developed in@18# only
considers the case of homogeneously broadened transit
Moreover, in @18# the total population~i.e., total fluores-
cence! of the excited state is calculated with no evaluation
the fluorescence anisotropy.

In our theoretical consideration~see the Appendix! we
have taken into account the Doppler broadening of the tr
sitions and the spectral width of the laser light. Moreov
not only the total fluorescence, but the fluorescence along
three directions is calculated separately. The three sele
directionsx, y, andz are defined as shown in Fig. 2.

FIG. 5. ~a! Illustration of the population distribution among th
ground-state Zeeman sublevels of theFg54→Fe55 transition in
the absence of magnetic field and its redistribution at 1 G magnetic
field. The laser is assumed to be linearly polarized and with po
densityW51 mW cm22. ~b! The Clebsch-Gordon coefficients fo
the same transition. The population of the most coupled subleve
decreased atBzÞ0.
2-4
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Solving the OBE under these conditions, we have fou
that the contrast of the SNW resonances is different in
fluorescence emitted in the three directions mentioned ab
@Fig. 7~a!#. The highest contrast of the SNW-EIA resonanc
is predicted for the fluorescence in a direction perpendic
to the polarization vector and the laser beam (x direction!.
The contrast of the resonances detected along the dire
parallel to the polarization vector is significantly smaller.
the direction of observation parallel to the laser beam
theoretical model predicts a dip in the fluorescence cente
at Bz50. We have no verification of the theoretical pred
tions for fluorescence detected in a direction parallel to
laser beam because the windows of the cell available for
experiments were not antireflection coated and we could
separate the fluorescence inz direction from the multiple-
reflected laser light. In agreement with these theoretical
sults when the fluorescence orthogonal to the laser b
propagation is detected, the highest contrast is obse
when the fluorescence in the direction perpendicular to
polarization is measured. The contrast of the peaks on
fluorescence signal is plotted in Fig. 6. Comparing the
perimental~Fig. 6! and the theoretical@Fig. 7~a!# results for
the contrast of SNW-EIA resonances, a good level of agr
ment can be seen. The lower experimental contrast with
spect to the calculated one could be due to the finite ac
tance angle around the direction perpendicular to
polarization in the collection of fluorescence light.

Using our model, we have shown theoretically that t
SNW-EIA resonances in the total fluorescence exist w
above the homogeneous broadening saturation power
sity. Experimental measurement of the SNW resonance
the total fluorescence is a difficult task. For this reason
experimentally measured the SNW-EIA resonances in
transmitted laser power, which is a measure of the total la
light absorption and hence of the total fluorescence. SN
EIA resonances in the transmitted laser beam were obse
for laser power densities up to 350 mW cm22, which was
the maximum density available in our experiment. Con

FIG. 6. Bright resonance contrast dependence on the l
power density for the fluorescence line starting fromFg54, with
linear polarization of the laser light. The laser frequency is tuned
the maximum of the fluorescence line and the fluorescence in tx
direction is collected.
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quently, when the Doppler broadening of theh f transition
and the spectral width of the laser light are taken into c
sideration, there is an agreement between the theoretica
experimental results concerning the case of the total fluo
cence. The comparison of the experimental profiles of SN
EIA resonances with the theoretical ones shows a good l
of agreement, which is illustrated in Fig. 7~b!.

As a last remark, we will note that in a similars1, s2

Hanle configuration experiment with a laser beam of onl
few mW cm22 power density, in@20# no coherent resonance
aroundB50 were observed for theFg→Fe5Fg11 transi-
tions and in particular for theFg54→Fe55 transition. The
theoretical model developed there also does not show na
resonances for these kinds of transitions.

B. Linear polarization excitation of the F gÄ3 level

When theFg53 level is excited, coherent dark reso
nances are observed atBz50. The excitation with linearly
polarized light of theFg53 level gives the fluorescence sig
nal reported in Fig. 8~a!.

For low power density (W50.08 mW cm22), the
FWHM of the resonance is 45 mG and it increases up to

er

o

FIG. 7. ~a! Theoretical calculation of the SNW resonances’ co
trast in dependence on the power density, for excitation ofFg54
with a linearly polarized laser beam. The laser light FWHM
50 MHz. The four plots report the total fluorescence (j) and the
fluorescence emitted in thex (d), y (s), and z (h) direction,
respectively.~b! Comparison between the experimental SNW re
nance line shape atW54 mW cm22 ~solid line! and the theoretical
one ~dashed line!.
2-5
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mG for W510 mW cm22. The interpretation can be ob
tained according to the previous scheme~see Sec. III A!. The
probability of the Fg53→Fe52 transition, which is a
closed transition, is now the highest, but, unlike in the p
vious case, this transition leads to dark resonances~see Fig.
1!. In addition, the calculation of the lossesa gives the fol-
lowing values:a (Fe52)50, a (Fe53)50.3, anda (Fe54)51.4.
This shows that the other two transitions suffer strong los
leading to the observed result. In Fig. 8~b! the contrast of the
resonances is reported. As in the case of the bright re
nances, the contrast of the dark resonances depends o
detuning of the laser frequency within the fluorescence p
file. It is higher the closer the tuning is to theFg53→Fe
52 transition, i.e., in the red wing of the Doppler profile.

It should be pointed out that the dark resonances have
been obtained by Theobaldet al. @20# by irradiating a Cs
atomic beam by linearly polarized laser light. The existen
of only the dark resonances was confirmed there theo
cally. The influence of coherent effects at theFg53→Fe
52 transition on the saturated absorption spectra of C
discussed in@23#.

IV. SUBNATURAL-WIDTH RESONANCES IN A BUFFER
GAS CELL

In this section we present experimental and theoret
examination of the influence of buffer gas on the SNW re
nances at the CsD2 line.

FIG. 8. ~a! Dark resonances on theFg53 fluorescence line for
a linearly polarized laser beam, laser power density
0.15 mW cm22, f 156 Hz, f 25370 Hz depending on the detun
ing from the Fg53→Fe52 transition ~the profile of the SNW
resonance in dependence on the magnetic fieldBz is given in the
inset!. The spectrum of the transition is presented in the same
as in Fig. 4.~b! Dark resonance contrast in dependence on the l
frequency detuning.
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In previous works dealing with coherent resonances
degenerate two-level systems, alkali atoms were investig
either in atomic beams@9,20# or confined in vacuum cells
through detection of fluorescence or transmitted lig
@11,15–17,21#.

Investigations of the potential of the nonlinear Farad
rotation~NLFR! in degenerate two-level systems to meas
weak magnetic field have mainly been performed in eva
ated cells containing alkali atoms@13,14,24#, while few
works deal with NLFR in buffer gas cells. It was shown th
the NLFR resonances in samarium are very sensitive
atomic collisions@25#. In particular, it was shown that Ar o
He buffer gas at pressures of the order of 0.1 Torr decrea
the amplitude of the NLFR resonances in samarium vapo
an order of magnitude. In another experiment with 3 Torr
buffer gas and optically dense Rb vapor~obtained by heating
of the Rb cell! @26# it was demonstrated that the amplitude
the NLFR strongly decreases when the cell temperature
proaches 27 °C.

Both the NLFR studied by other groups and the SN
resonances described in this paper are related to the gro
state Zeeman-sublevel coherence. In the case of NLFR
periments one measures the rotation of the linear polariza
of the polarized light propagating in the direction of the ma
netic field and transmitted through the sample. On the ot
hand, we examine the SNW resonances in the laser indu
fluorescence in different geometries, concerning the polar
tion of the laser light, the orientation of the applied magne
field, and the detection direction. We report here the obs
vation of the influence of buffer gas on the SNW cohere
resonances in the fluorescence in a degenerate two-level
tem.

In the experimental setup, the vacuum cell is replaced
a Cs cell with Ar, while the rest of the apparatus is n
modified ~Fig. 2!.

The buffer gas may influence the incoherent and cohe
interactions of the light with atoms. Concerning the incoh
ent interaction, as shown by de Tomasiet al. @19#, a strong
modification of the fluorescence spectrum of theD2 line is
observed in the buffer gas cell as a function of the la
intensity due to optical pumping. At low laser power th
spectrum consists of two well-resolved fluorescence li
arising from the two ground-state levelsFg53 andFg54.
However, when the laser power is increased, fluorescenc
the whole region between the two lines appears. For a la
frequency tuned into resonance with oneh f transition, hy-
perfine optical pumping@27# accumulates the population int
the state noncoupled with the radiation and a fluoresce
signal decrease is observed. When the laser frequenc
tuned to a position halfway between the two fluoresce
lines, theh f optical pumping into theFg53 andFg54 lev-
els is equal and leads to maximum absorption, hence
maximum fluorescence.

Using a 5 Torr Ar buffer gas cell in our experiment, w
observed a modification of the fluorescence similar to t
reported in@19#. The purpose of our work was, however,
take a further step and investigate the influence of the bu
gas on the coherent effects, i.e., to discover whether nar
resonances like those in Figs. 4 and 8 exist in the cas
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buffer gas and to examine their sign and the distribution
their contrast over the entire~more than 9.2 GHz) broad
profile of the fluorescence. As in the case of vacuum c
together with the slow scan of the diode laser frequenc
fast magnetic field tuning was applied, which provides re
istration of the SNW resonances over the entire fluoresce
profile.

The experiments performed by us with linear and circu
polarization showed that SNW resonances are observed
when the Cs cell is illuminated by circularly polarized las
light. In Fig. 9 the fluorescence spectra obtained are sho
SNW peaks can be seen superimposed on the profile o
fluorescence. The tops of the peaks are centered atBz50. In
the inset of Fig. 9 one of the resonances is shown in deta
is worth noting the peculiar fact that only peaks in the flu
rescence are observed and their amplitude changes very
in the entire region between the two fluorescence lines. T
deserves consideration because here sixh f transitions with
Fg,Fe andFg>Fe contribute to the formation of the fluo
rescence profile, i.e., SNW resonances of different signs
contrast could be expected.

We also performed experimental investigation for the c
of circularly polarized laser light illuminating the Cs vacuu
cell. We observed that for transitions withFg→Fe5Fg ,
Fg21 peaks are present in the fluorescence. The same r
was previously reported in Rb@21# where the observation o
the peaks in the fluorescence was attributed to the influe
of some residual magnetic field perpendicular to the la
beam propagation direction.

In order to examine the SNW resonances with circu
polarization under well-defined experimental conditions,
buffer gas cell was irradiated by a circularly polarized la
beam propagating in thez direction and at the same time
magnetic fieldBy was applied and scanned around zero va
~see Fig. 10!.

FIG. 9. Coherent resonances on the spectrum of theD2 line in a
Cs cell with 5 Torr Ar for circular polarization of the laser beam
f 1510 Hz andf 25513 Hz depending on the detuning from th
maximum of the fluorescence line starting fromFg53. The curves
are for power densities as follows:~a! 5 mW cm22, ~b!
19 mW cm22, ~c! 40 mW cm22, ~d! 57 mW cm22, and ~e!
84 mW cm22. The profile of the SNW resonance depending on
magnetic fieldBz is given in the inset.
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For quantization axis in thez direction andBy50, Zee-
man optical pumping to themFg

512,13 sublevels takes
place for theFg53→Fe52 transition, which is taken as a
example of aFg.Fe transition@see inset~ii ! in Fig. 10#. Due
to the optical pumping to magnetic sublevels not interact
with the laser field, the fluorescence has a minimum atBy
50. WhenByÞ0, the population frommFg

512,13 is re-

distributed to the other sublevels of theFg53 state, increas-
ing the absorption and hence the fluorescence. There
when By is scanned around zero value, dips in the fluor
cence are expected forFg>Fe transitions.

On the contrary, in the case ofFg→Fe5Fg11 transi-
tions and circularly polarized beam peaks in the fluoresce
centered atBy50 should be expected. Peaks in the fluore
cence have been observed forFg→Fe5Fg11 transitions in
a vacuum Rb cell forBy magnetic field scanning@28#. How-
ever, when scanningBy , in our experiment only dips in the
fluorescence are observed~Fig. 10!.

As shown in Sec. III, in the case of a vacuum cell the tw
closed h f transitions play the most important role in th
formation of the coherent resonances and the contribut
of the open transitions are not considered. However, as
cussed in@19#, the role of the open transitions is essential f
producing the broad central part of the fluorescence profil
the case of a buffer gas cell and high laser power densi
The contrast of the coherent resonances obtained in our
periment is the highest exactly in that broad fluoresce
interval between the two fluorescence lines of the CsD2 line.
That is why we have to consider allh f transitions when
discussing the buffer gas cell case.

As mentioned above, population accumulation on a c
tain Zeeman sublevel is essential for the observation of n
row structures in degenerate systems. Therefore we will c

e

FIG. 10. Coherent resonances on the spectrum of theD2 line for
a magnetic field applied in they direction, circular polarization of
the laser beam, Cs cell with 5 Torr Ar,f 150.3 Hz depending on
the detuning from the maximum of the fluorescence line start
from Fg54, ~a! f 2520 Hz and W517 mW cm22 and ~b! f 2

512 Hz andW547 mW cm22. Inset~i!: dark resonance profile in
dependence on the magnetic fieldBy . Inset~ii !: schematic presen
tation of theFg.Fe transitions.
2-7
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sider the accumulation in the two cases of linearly and
circularly polarized light.

First, the case of linearly polarized light will be discusse
Taking into account the probability of the transitions betwe
the Zeeman sublevels@20#, it can be concluded that no sig
nificant optical pumping occurs atB50. Thus, the applica-
tion of a magnetic field cannot create the necessary co
tions for observation of a narrow structure by redistributi
the population among the Zeeman sublevels. This conclu
is fully supported by our theoretical calculation of the pop
lations of the Zeeman sublevels of the two ground-stateh f
levels, shown in Fig. 11~see the Appendix!. No difference
can be seen between the populations of the Zeeman subl
for By50 andBy51 G.

The opposite situation applies to the case of a circula
polarized laser beam. In this case, for quantization axis al
thez direction, the Zeeman optical pumping due to the th
h f transitions (Fg53→Fe52,3,4) leads to a strong accu
mulation of atoms on themFg

513 sublevel fors1 polar-
ization. Once on this magnetic sublevel, atoms cannot
excited any more by the laser radiation.

Concerning theFg54 level, in the presence of intens
circularly polarized laser light (s1), most of the atoms will
circulate in themFg

54→mFe
55 transition. Due to colli-

sions with the buffer gas atoms, the Cs atoms accumul

FIG. 11. Population distribution among the Zeeman sublevel
~a! Fg53 and~b! Fg54 levels for linear polarization of the lase
light and power densityW580 mW cm22. The frequency of col-
lisions with buffer gas atoms, which lead to redistribution of t
population of the excited-state Zeeman sublevels, is 90 MHz.
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on themFe
55 can be redistributed among the other Zeem

sublevels of theFe55 level ~see the Appendix!. Taking into
account the difference in probability of the transitions b
tween the Zeeman sublevels, it could be expected that u
excitation with s1 polarization, the redistribution of the
population to different sublevels of theFe55 will lead to the
accumulation of many atoms onmFg

524. This level has

the lowest probability fors1 excitation.
Consequently, unlike the linearly polarized laser be

case, a significant accumulation of the population on a sin
magnetic sublevel of the two ground-stateh f levels takes
place for circular polarization. It should be pointed out th
for the two ground state levels, the accumulation of the
oms onmFg

524 andmFg
513 leads to the lowest level o

fluorescence. Hence, as a result of this accumulation, if
magnetic field perpendicular to the laser beam propagatio
scanned around zero value, SNW-EIT resonances can be
pected and this is observed experimentally.

This discussion is supported by our calculations of
population of the magnetic sublevels of theFg53 andFg
54 levels unders1 circularly polarized light~see the Ap-
pendix!. The accumulation of the population on themFg

513 andmFg
524 at B50 can be clearly seen~Fig. 12!.

At B51 G the atomic population is redistributed almo
equally among all Zeeman sublevels. Thus the experime
observation of SNW-EIT resonances with circularly pola
ized laser light and a scan ofBy aroundBy50 is in agree-

f

FIG. 12. Population distribution among the Zeeman sublevel
~a! Fg53 and~b! Fg54 levels for circular polarization of the lase
light and power densityW580 mW cm22. The collision rate re-
sponsible for the redistribution of population in the excited-st
sublevels is the same as for Fig. 11.
2-8
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COHERENT SPECTROSCOPY OF DEGENERATE TWO- . . . PHYSICAL REVIEW A 66, 012502 ~2002!
ment with the theoretical model. The same model accou
for the peaks observed in the conditions of Fig. 9, provid
that a small~residual! magnetic field is considered in they
direction, thus also confirming the interpretation given
@21#.

It is known@9# that the width and the contrast of the SN
resonances depend on the laser power density. The de
dence of the dark resonance contrast on the laser power
sity is shown in Fig. 13~a! for laser frequency tuned to
position halfway between the two fluorescence lines. It c
be seen that the contrast of the coherent resonances i

FIG. 13. Contrast~a! and FWHM ~b! of the dark resonances i
dependence on the laser power density. The resonances are
tered in a 5 Torr Ar buffer gas cell when scanningBy and when the
laser light with circular polarization is tuned to a frequency halfw
between the two fluorescence lines.~c! Comparison between th
experimental curve of the SNW resonance atW547 mW cm22

~solid line! and the theoretical curve~dashed line!.
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buffer gas cell is smaller than that in the vacuum cell. In t
vacuum cell the contrast of the dark resonance is about 4
and that of the bright resonance about 15% for excitat
with linearly polarized light with a power density o
25 mW cm22.

It is worth noting the difference in the FWHM of the C
SNW resonances in vacuum and in buffer gas cells. In
first case, the FWHM of the coherent dips observed in
fluorescence line starting fromFg53 is 460 mG for a power
density of 10 mW cm22 ~see Sec. III!. As can be seen from
Fig. 13~b!, where the dark resonances’ FWHM is plotted
dependence on the laser power density, at equal power
sities (10 mW cm22) the FWHM in the buffer gas cell is 18
mG, which is about 25 times narrower than in the case of
vacuum cell. Collisions with the buffer gas atoms caus
reduction of the mean free path of the Cs atoms, thus p
longing the time-of-flight, and hence producing a significa
reduction of the FWHM.

For similar conditions, an example of theoretical and e
perimental profiles is presented, Fig. 13~c!, which shows a
good level of agreement. Strong narrowing of the CPT re
nances in three-level systems in case of Cs with buffer
has been demonstrated in@5#. Thus, though in general th
contrast of the SNW-EIT resonances in buffer gas is low
than in a vacuum cell, the comparison of the contrast at eq
FWHM in both cases is in favor of the buffer gas cas
Experimental and theoretical investigations to compare
signal-to-noise ratio in both cases are in progress.

Another advantage of the buffer gas for practical appli
tions of the SNW resonances is the significantly less criti
requirements to the laser frequency stability with respec
drifts, due to the much larger width of the fluorescence p
file ~about 9 GHz! than in the case of a vacuum cell~about
400 MHz!.

Our results are in agreement with those on the influe
of the buffer gas on the dark resonance observed when
ground-stateh f levels are coupled to a common excitedh f
level by two laser frequencies, performed in@29#. There it is
shown that destruction of the dark resonance takes p
when optical pumping depletes the population of the lev
involved in the formation of the dark resonance. Howev
when the optical pumping increases the population of th
levels, the dark resonances exist at much higher buffer
pressures.

V. CONCLUSION

Subnatural-width coherent resonances have been
served inh f transitions of theD2 line of Cs both in vacuum
and buffer gas cells. In the case of Cs vapor contained
vacuum cell at room temperature, due to the signific
population losses for the open transitions, the two clo
transitions determine the sign of the observed coherent r
nances at the two fluorescence lines arising fromFg53 and
Fg54 levels. For theFg53 fluorescence line, the close
transition is theFg53→Fe52 (L system!, which corre-
sponds to observed dark resonances in the fluorescenc
the linearly polarized laser beam. For theFg54 fluorescence
line, the closed transition isFg54→Fe55 (V system!,

gis-
2-9
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C. ANDREEVA et al. PHYSICAL REVIEW A 66, 012502 ~2002!
which is the reason for the observation of bright resonan
with linear polarization. While dark resonances ath f transi-
tions of theD2 line have been observed by other authors,
SNW bright resonances at theFg54→Fe55 transition are
reported here. Under the conditions of our experiment, hi
contrast~up to 20%! bright resonances were registered
200 mW cm22 power density, which disagrees with the r
cently developed theory explaining the bright resonance
homogeneously broadenedFg→Fe5Fg11 h f transitions.
Taking into account the Doppler broadening and the li
width of the laser light, our theoretical model confirms t
resonance observation at high power densities.

In buffer gas theh f optical pumping is enhanced, whic
leads to a decrease and destruction of the coherent r
nances. However, this can be significantly overcome by
ing high power density and by tuning the laser frequen
between the two fluorescence lines. Our experimental inv
tigations show that coherent resonances are observed
with circular polarization of the laser beam, which is
agreement with the proposed theoretical model. The con
of the coherent resonances does not change significa
along the broad part of the fluorescence profile between
two fluorescence lines. This makes the requirement to
laser frequency drift for observation of SNW resonances
critical, which is an advantage of using buffer gas cells
practical applications. The narrowing of the SNW resonan
in the buffer gas cell has also a potential for applicatio
Investigations are in progress to compare the signal-to-n
ratio at equal FWHM of the SNW resonances in vacuum a
in buffer gas cells.

The fact that the coherent resonances have a much
rower linewidth than the natural linewidth of the optical tra
sitions is very interesting for high-resolution spectrosco
and for metrological applications. It should be noted th
width and contrast of the SNW resonances are very sens
to additional magnetic fields, which makes their applicat
for building simple and precise magnetometers attractive
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APPENDIX

The equation for the density matrixr̂ is taken in the form

i\S ]

]t
1v•

]

]r
1Ĝ D r̂5@H0 ,r̂ #1@VB1V,r̂ #, ~A1!
01250
s

e

-
t

at

-

so-
s-
y
s-
nly

st
tly
e
e
s

r
s
.
se
d

ar-

y
t
ve
n

d
i

e

ts
.

whereĜ is the operator of atom relaxation,H0 is the Hamil-
tonian of the free atom,VB5mgF•B is the interaction po-
tential with the magnetic fieldB (m is the Bohr magneton,g
is the Lande´ factor, andF is the total angular momentum o
the atom!, andV52d•E is the potential of the electric di
pole interaction with the electric field of a monochroma
wave

E5Ee2 ivt1 ik•r1c.c. ~A2!

We consider an atom with a set of excited levels$ue&
5uFe ,Me&% with energies$Ee% and a set of ground state
$ug&5uFg ,Mg&% with energies$Eg%. The excitedh f states
are assumed to have a separation smaller than the Dop
width. For theD2 line of alkali atoms, there are four excite
h f states and two groundh f states. We assume that the las
frequency is close to theg→e transition

UEe2Eg

\
2vU!v, ~A3!

so that a rotating wave approximation can be applied.
In this approximation, with the quantization axis along t

magnetic field direction and for the nondiagonal elements
the density matrix, Eq.~A1! can be written in the form

FG1 ik•v2 iv1 i
Ee2Eg

\
1 i

m

\
~geMe2ggMg!BGreg

52
i

\ F(
g8

Veg8rg8g2(
e8

ree8Ve8gG , ~A4!

whereG is the homogeneous half-width of the transition.
this equation we neglect the time derivative because the t
sit time of the atom across the laser beam is much gre
than the spontaneous decay time.

The matrix element of the electric dipole interaction is

Veg52(
s

~21!s^eud2sug&Es , Vge5Veg* . ~A5!

Here ds and Es are the circular components (s521,0,
11) of the dipole and the electric field vectors, respective
The explicit form for the matrix element of the dipole mo
ment is

^Fe ,MeudsuFg ,Mg&

5d~21!Fe2Me1Je1I 1Fg11A~2Fe11!~2Fg11!

3H Je Fe I

Fg Jg 1J S Fe 1 Fg

2Me s Mg
D . ~A6!

Here d is the reduced matrix element of the dipole m
ment for theJg→Je transition,I is the nuclear momentum
and Je ,Jg are the electron momenta in the excited a
ground states, respectively.

Substituting the nondiagonal elements of the density m
trix from Eq. ~A4! into the equations for the density matr
elements of the excited and ground states, we obtain
2-10
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]

]t
ree81ree8Fg1Gm1 i

Ee2Ee8
\

1 i
m

\
~geMe2ge8Me8!BG

2de,e8

Gm

Ne
(
e1

re1e1

5 (
g,g8

Ue,e8;g,g8rgg82 (
e1 ,e18

Ue,e;e1 ,e
18
re1e

18
~A7!

and

]

]t
rgg81F i

Eg2Eg8
\

1 i
m

\
~ggMg2gg8Mg8!BGrgg8

5S ]

]t
rgg8D

S

1(
e,e8

Ug,g8;e,e8ree82 (
g1 ,g18

Ug,g8;g1 ,g
18
rg1g

18
,

~A8!

respectively, where the elements of the matrixU are

Ue,e8;g,g85
1

\2
~Ze8g

* 1Zeg8!VegVg8e8 , ~A9!

Ug,g8;e,e85
1

\2
~Ze8g

* 1Zeg8!VgeVe8g8 ,

Ue,e8;e1 ,e
18
5

1

\2 (
g

~de8,e
18
Ze8g

* VegVge1
1de,e1

ZegVe
18gVge8!,

~A10!

Ug,g8;g1 ,g
18
5

1

\2 (
e

~dg8,g
18
Zeg8VgeVeg1

1dg,g1
Zeg* Vg

18eVeg8!

~A11!

with

Zeg5FG1 ik•v2 iv1 i
Ee2Eg

\
1 i

m

\
~geMe2ggMg!BG21

.

~A12!

In Eq. ~A7!, g is the spontaneous decay rate,Gm is the
rate of collision mixing between the Zeeman sublevels of
excited states, andNe5(Fe

(2Fe11) is the total number of
excited state sublevels. In our model we assume that
collisions with the noble gas atoms are able to destroy
coherence between the Zeeman sublevels of the exc
states, but they cannot disturb the coherence in the Zee
ground states because the angular momenta of the latte
composed only by electron and nuclear spins.

In Eq. ~A8!, the term of spontaneous repopulation of t
ground states has the following explicit form
01250
e

he
y
ed
an
are

S ]

]t
rgg8D

S

5dFg ,F
g8

g

d2

3 (
s,Fe ,Me ,Fe8 ,Me8

dFe ,F
e8
^Fg ,MgudsuFe ,Me&

3^Fe8 ,Me8ud2suFg8 ,Mg8&ree8 . ~A13!

Equations~A7! and ~A8! are obtained for a system o
coordinates with thez axis along the magnetic field direction
so the electric field vector components have to be calcula
in this system of coordinates. This can be done by mean
the transformation

Es85(
s

Ds,s8
1* ~0,u,f!Es

L , ~A14!

where theEs
L are the circular components of the electric fie

vector in the laboratory frame;Ds,s8
1 (0,u,f) are the Wigner

D-functions, andu and f define the polar and azimut
angles of the magnetic field direction.

Equations~A7! and~A8! are also generalized for the cas
of finite width of the radiation spectrumI (v). For that one
substitutes theZeg function with

E ZegI ~v!dv

E I ~v!dv

. ~A15!

In order to compare this theoretical model with the e
perimental results, the equations~A7! and ~A8! are solved
numerically. For the case of a vacuum cell we assumeG
5g/2, Gm50. In this case Eqs.~A7! and ~A8! are solved
along the atom trajectory crossing the laser beam. The in
sity across the laser beam is assumed to have a Gau
shape.

The fluorescence intensity in then direction is given by
the equation

I f~n!}^@n3d#2r&e,t,v . ~A16!

Here ^ &e,t,v means averaging over: all excited states of
atom; the Maxwell velocity distribution along the wav
propagation directionk, as well as in the directions perpen
dicular to the laser beam; and the transit time of the at
through the laser beam.

For the case of a buffer gas cell we assume thatG5Gm
and hereG is the linewidth broadened by collisions with th
buffer gas atoms. In this case no averaging over velocit
needed if the laser frequency is tuned to a position halfw
between the twoh f ground states.
2-11
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