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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-bro&ieoesium line has been
performed in vacuum and in buffer gas cells. Subnatural-wi8tkW) electromagnetically induced transpar-
ency and electromagnetically induced absorptielA) resonances have been observed with single-frequency
laser excitation for different light polarizations and collision regimes. SNW-EIA resonances with linearly
polarized excitation of thd-;=4 level are observed, and they increase their contrast with power density
increase and reach a contrast of 20% at 200 mW<rA 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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[. INTRODUCTION paraffin coated Rb cell long-lived ground state coherence has
been obtained which provides observation of features with
Interesting coherent effects have been observed in threeelaxation ratey,o =27 X1 Hz in the nonlinear magneto-
level configurations and have attracted considerable attentiopptic effect{13]. It has been shown that this technique can be
in recent years. The phenomenon of coherent populationsed for weak magnetic field measurements with a remark-
trapping(CPT) [1,2] and the related effect of electromagneti- able sensitivity of 31012 G/\Hz [14].
cally induced transparendfIT) [3] in A systems are among Subnatural-width(SNW) dips and peaks in the fluores-
the most important. These effects have found interesting agsence of rubidium vapor have been studied experimentally
plications in subrecoil laser coolingt|, magnetometry5],  and theoretically by excitation of a single hyperfinef)
steep dispersiori6], coherent population transfer among transition of theD, line by a coherent bichromatic laser
atomic and molecular quantum staf@$ and ultralow group field. These resonances have been studied as a function of
velocity propagatiori8]. the frequency difference between the two electromagnetic
Degenerate two-level systems provide further possibilitiegields[11,15,18. Similar coherent resonances have also been
for the analysis of coherent effects in the interaction of lightobserved by using a single-frequency linearly polarized laser
fields with an atomic sample. It has been shown that thesexcitation[17]. In the last case the Rb fluorescence was mea-
systems are suitable for observation of coherent effects presured as a function of the magnetic field intensity, which is
dicted and observed in three-level configuratip@gl0]. In  modulated around zero value and kept parallel to the laser
addition, they make possible the detection of new effectbeam. SNW-EIT or SNW-EIA resonances are observed de-
such as electromagnetically induced absorptighA) [11], pending on whetheF,—F.=Fy, Fg—1 or Fg—F.=F,
that have not been observed in three-level configurations. +1 hf transitions are excited, as illustrated in Fig. 1. There,
Optical pumping and nonabsorbing state formation in the~; and F are the quantum numbers representing the total
case of different degenerate two-level systems irradiated bgngular momenta of the ground and the excited states, re-
elliptically polarized laser light are theoretically consideredspectively. In the case of Bg— F.=Fy—1 transition[Fig.
in Ref.[12]. 1(a)], A links are established, which lead to observed dark
It should be pointed out that coherent effects occurring instates(EIT), while in the case of & ,—F.=F4+1 transi-
degenerate two-level systems have also found a number ¢bn [Fig. 1(b)], V links are formed, which give bright states
applications in practical and fundamental research. UsingEIA). For A-link chains, atoms are trapped in a nonabsorb-
ing state, which is a superposition of ground-state Zeeman
sublevels, resulting in a strong decrease in the fluorescence
*Electronic address: moi@unisi.it [9]. As recently showri18], for V-link chains, many atoms
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FIG. 2. Experimental setup.
[18], where the total fluorescence is considered, in our model

the fluorescence along different directions is calculated and a
direct comparison with the experimental conditions is made
possible. For the buffer gas cell, the redistribution of the

) atoms among the Zeeman sublevels of the excited state due
are accumulated on the ground state levels which have thg coljisions of the Cs with the buffer gas atoms is also taken
strongest coupling to the excited state, thus leading t0 afhig account.

increase in the fluorescence at zero magnetic field. Fgor In order to examine the contribution of the differemt
_>.Fe:.':9 transmons[_Flg. o], aIthoughA gnd V links transitions to the SNW resonances formation, the contrast of
exist, in agreement with the theoretical consideratioN®f the latter over the fluorescence profiles is measured

only dark states are observed. '

In this work we present experimental and theoretical
analysis of SNW resonances in Cs vapor. Compared to ru-
bidium, cesium makes possible a simpler and more accurate
interpretation of the experimental data due to the absence of Tne detection of the SNW resonances as a function of the
other stable isotopes and to the larger separation ohfhe |a5er frequency position within the Doppler broadened fluo-
Ievelg.iThe Iatter.makes the ove_rlapplng of the co.rr.espondmgescence lines is made by scanning both the laser frequency
transitions less important leading to better clarification Ofand the magnetic field amplitude at the same time but with
their relative contrlbutlon_ to the cohere_nt resonances. different frequencies. The laser frequency is tuned slowly by

Wefdﬁmonstrate that in a Csd cell W'th(()jm buffer gas, the odulating the chip current at a frequenigyof several Hz
sign of the SNW resonances is determined by the two close: o . - '
Fy=3—F,=2 and Fy=4—F,=5 transitions. For laser he magneﬂc field |nten5|ty. is .moc-lulated around the zero
power densities below the saturation power, at Fne-4 value with a frequency,, which is higher tharf, by more
—F.=5 transition, the experimental results confirm the re_than an _order of magnltudg. As discussed in the Introduction,

modulation of the magnetic field around zero value causes a

cently developed theor{18] (which considers monochro- "' -
matic laser radiation and homogeneously broadérfegan- dip or a_peak to be_ observed in th_e fluorescence dependence
sitions, while for high laser power densities the ON the field. The dip or the peak is centeredBat 0. Thus

experimental results are in disagreement with it. when the magnetic field goes through zero during the slow

Until now the SNW resonances in the fluorescence oscanning of the laser frequency, a resonance occurs. Conse-
transmitted light for degenerate two-level systems were studquently, a numbef,/f, of equally spaced resonances will be
ied either in atomic beams or in vacuum cells. To our knowl-superimposed on the fluorescence line, each of them being
edge our report is the first experimental observation of thespositioned at a different frequency within the Doppler line
resonances in the presence of a buffer gas. Using a buffer géactually, the number of observed resonances may be lower
cell, we observe SNW resonances only in the case of circuthanf,/f,, as they only appear in some parts of the scanned
larly polarized excitation. range. This experimental approach allows us to detect a

The experimental results presented here are described Isample of SNW resonances over the Doppler profile, and
our theoretical model, based on the optical Bloch equationBence to study the coherent resonances’ distribution, their
(OBE) solution. In the case of vacuum cell, the Dopplercontrast as a function of the frequency detuning within the
broadening of théa f transition and the effective linewidth of profile of the fluorescence line, and eventually to infer the
the laser light are taken into account. Unlike the treatment ircontribution of the differenhf transitions.

FIG. 1. lllustration of theA and V links formation for(a) F,
—Fc=F4—1, () Fg—F.=F4+1, and(c) Fg—F.=F transi-
tions.

Il. EXPERIMENTAL SETUP
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(bold), F,—F.=F, (solid), andF ,—F.=F,+1 (dashedl FIG. 4. (a) Bright resonances on titg;=4 fluorescence line for
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a linearly polarized laser beam, laser power density of

The experimental setup is shown in Fig. 2. A single-mode76 mw cni 2, f,=8 Hz, f,=370 Hz depending on the detuning
diode laserffull width at half maximum(FWHM) ranging  from the Fy=4—F.=5 transition(the profile of the SNW reso-
from 20 to 50 MHZ tuned to theD, line of Cs (A nance in dependence on the scanning magnetic Bigid given in
=852 nm) is used. A sketch of thef transitions of theD, the insel. The spectrum of thaf transitions is presented by keep-
line is shown in Fig. 3. The fluorescence spectrum offie ing the height of the lines proportional to the probability of the
Cs line consists of two lines, each resulting from three overiransitions[20]. (b) Bright resonance contrast dependence on the
lapping hf transitions within a Doppler profile about laser frequency detuning.
375 MHz wide at room temperatufd9]. Two glass cells o ) _ _
(length 3.2 cm, diameter 2.6 dngontaining either only Cs within the profiles of the fluorescence lines in the case of a
vapor (further noted as vacuum cebr the metal and 5 Torr  Vacuum cell.
of Ar (buffer gas cell are used in the experiments.

In order to minimize the stray magnetic field, the Cs cells A. Linear polarization excitation of the F,=4 level

are placed either inside@-metal cylinder or in the center of The excitation with linearly polarized light of thie,= 4

three pairs of square Helmholtz coils arranged on a cubigqung level gives the fluorescence signal reported in Fig.

frame (see the inset in Fig.)2 the coils are supplied by 4q) Bright narrow peakéEIA) appearthe tops of the peaks
high-stability, low noise current generators. In the last case, §;a centered aB=0), superimposed on the broad fluores-

hollow aluminum cylinder(40 cm length, internal diameter conce jine generated by the thrbé transitions. This is a

10 cm, thickness 4 cjnis used for additional shielding g, ite interesting result as, to our knowledge, observation of
against ac stray magnetic fields. The aluminum shieldingpis wind of bright SNW resonances in Cs has not yet been
provides a factor of 20 stray magnetic field reduction atreported in literature. Their linewidth strongly depends on
50 _Hz. ) ) ) ) the laser power densitW. The narrowest bright resonance
_The laser light can be linearly polarized along $hexis e have measured has a FWHM of 40 mG and has been
with a ratio |E,|*:|E,[*=300:1 for the intensities of the ,piained withw=0.02 mW cm2. As the Zeeman splitting
crossed components. A quarter-wave plate is inserted Whegy ihe 1o grounchf levels in the presence of magnetic field
circular polarization is needed. In this case a power ratio 3% 0.351 kHzmG 1 [5], the FWHM of the bright resonance
good as 1'06:.1 is obtained. The '?SGF |_nduce_d ﬂu_orescence R kHz, which is significantly narrower than the natural
the Cs vapor |S.collected by a mirror in a direction PETPENYidth of the transitionaround 6 MHz). At very low laser
dicular toz and is measured by a photodiode. After amplifi- power density, the width of the SNW resonances is mainly

cation the signal is processed by and stored in a digital SCOPatermined by the time-of-flight broadening of the ground-
and a computer.

state levels.
Il SUBNATURAL-WIDTH RESONANCES A t\V/\v/e de1;|rr]1e the contrast o;t[lhe SﬂNW resonances aIL:, tge ra_r_lrc:
IN THE VACUUM CELL etween the resonance an e fluorescence amplitudes. The

contrast of the SNW resonances appearing in the spectrum of
In this section we will discuss the dependence of the coFig. 4(a) is plotted in Fig. 4b) as a function of the laser
herent resonances’ contrast on the laser frequency detunirsgtuning.
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The question is why only the EIA resonances are ob-
served and the EIT ones are absent along the whole fluores-
cence line. As was noted, the twof transitions withF
>F¢ andF4=F, should induce dark resonances, while the
F4<F. transition should give EIA resonances. The answer
to this can be found by considering the transition probabili-
ties and the level Iosses=FFe_,,:g,/FFe_,Fg, whereF, is
the ground level not excited by the laser field. From Fig) 4
it can be seen that the probability of thRg=4—F.=5 tran-
sition is higher than the other two. Moreover, this is a so-
called cycling or closed transition, as no decay is possible to
the other ground-state level;=3. The other twchf transi-
tions are weaker and suffer losses to the=3 level. We 5 .4
calculated the losses due to spontaneous decay to thg _T—_—_
=3 level and we obtained  _3=3.0, a_-4=0.7, and
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@ -5=0. This explains the observation of only bright b)

1
resonances in the fluorescence signal of Fig).#\s further
evidence of this conclusion, let us point out the contrast val- 403 2 -1 0 41 42 43 +4
ues reported in Fig. ), which increase with laser fre-

uency, i.e., in the side corresponding to thg=4—F L2
15 trgnsition P 9 §=4 " e ground-state Zeeman sublevels of fag=4—F,=5 transition in
. the absence of magnetic field and its redistributibth & magnetic

This result is similar to the observations made in Rb VaPOlield. The laser is assumed to be linearly polarized and with power

[17,21) despite the fact that thief transitions of theD, line densityW=1 mW cmi 2. (b) The Clebsch-Gordon coefficients for

of Rb starting from a singIEg level overlap more than i_n the .the same transition. The population of the most coupled sublevels is
case of Cs. The contrast of SNW-EIA resonances in Cs i§acreased &8,+0.

more than three times higher than that in Rb, which is con-

sistent with the less overlappdtf transitions in the first state levels, is significantly higher than the population of the

case. other sublevels. AB,=1 G, the population of the other
An explanation of the presence of the bright resonances ifevels (less coupled to the excited statacreases at the ex-

the Fy;—F.=F4+1 transitions has been put forward by pense of themngo,tl levels’ population. Thus due to the

Renzoniet al. [18] for homogeneously broadenéd transi-  registribution of the population by the magnetic field, the
tions and monochromatic laser light; the homogeneoug,qpylation of the excited level will be higher Bt=0 than

broadening dominates in the case of experiments with atomigi g o which explains the bright resonance observation at
beams and cooled atoms. They have solved the OBE fqf,e Fg=4—F,=5 transition.

severalhf transitions of Rb and Cs and have calculated the  or experimental investigation confirms the result of Ref.

stationary excited-state population in dependence on thg|g) within the limit of small laser power densities but shows
magnetic field intensityB. In partlcular, the case of_ the disagreement at large power densities. In Fig),4the co-
closedFy=4—F.=5 transition in Cs has been considered nerent bright resonances are obtained with a laser power den-
and it has been shown that for weak (0.1 mW&nlin-  gjtyw=76 mw cn 2, which is significantly higher than the
early polarized laser light a narrow bright resonance, SUpehomogeneous-broadening  saturation-power-densijout
imposed on a broad line, appears aroiw 0. Moreover, 2 mweni 2 [19,22).
they have shown that the amplitude of the bright resonance |, Fig. 6 the experimentally measured contrast of the
should progressively diminish with the increasing intensitygnw-E|A resonances as a function @ is reported. The
of the laser field, while a decrease of the absorption aroungdgntrast increases with power density up to 20% at
zero magnetic fieldi.e., a dip in the fluorescengshould 200 mw cnt?2.
appear within2 the saturated regime of the optical transition |t should be noted, though, that under our experimental
(10 mWem ). _ _ conditions the main broadening of ti transitions is the
In order to illustrate the physical processes leading to th@oppler broadening, while the theory developedif] only
formation of SNW-EIA resonances, we calculated theconsiders the case of homogeneously broadened transitions.
steady-state population of the ground-state Zeeman sublevaigoreover, in[18] the total population(i.e., total fluores-
for theFy=4—F.=5 transition by solving the OBE assum- cencg of the excited state is calculated with no evaluation of
ing linear polarization of the laser beam and quantizationpe fluorescence anisotropy.
axis along the polarization vector. The calculated populations |y our theoretical consideratiotsee the Appendixwe
for B,=0 andB,=1 G are shown in Fig.@. have taken into account the Doppler broadening of the tran-
The Clebsch-Gordon coefficients for thetransitions be-  sjtions and the spectral width of the laser light. Moreover,
tween the magnetic sublevels are presented in Ktm.[20]. ot only the total fluorescence, but the fluorescence along the
It can be seen that &,=0, the population of then: =0,  three directions is calculated separately. The three selected
+1 sublevels, which are the most coupled to the excitedlirectionsx, y, andz are defined as shown in Fig. 2.

FIG. 5. (a) lllustration of the population distribution among the
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FIG. 6. Bright resonance contrast dependence on the laser —r—
power density for the fluorescence line starting frég=4, with ‘é’
linear polarization of the laser light. The laser frequency is tuned to =
the maximum of the fluorescence line and the fluorescence ir the 'g
direction is collected. o
Q
. o =]
Solving the OBE under these conditions, we have found 8
that the contrast of the SNW resonances is different in the 8
fluorescence emitted in the three directions mentioned above 3
[

[Fig. 7(@]. The highest contrast of the SNW-EIA resonances

. : ; e : -4 2 0 2 4

is predicted for the fluorescence in a direction perpendicular .

to the polarization vector and the laser beadirection. Magnetic Field B, [G]

The contrast of the resonances detected along the direction g 7, (3 Theoretical calculation of the SNW resonances’ con-

parallel to the polarization vector is significantly smaller. In a5t in dependence on the power density, for excitatiof pe

the direction of observation parallel to the laser beam theyith a linearly polarized laser beam. The laser light FWHM is

theoretical model predicts a dlp in the fluorescence centeresb MHz. The four plots report the total fluorescend®)(and the

at B,=0. We have no verification of the theoretical predic- fluorescence emitted in the (@), y (O), andz () direction,

tions for fluorescence detected in a direction parallel to theespectively(b) Comparison between the experimental SNW reso-

laser beam because the windows of the cell available for outiance line shape &/=4 mw cm 2 (solid line) and the theoretical

experiments were not antireflection coated and we could naine (dashed ling

separate the fluorescence Zrdirection from the multiple-

reflected laser light. In agreement with these theoretical requently, when the Doppler broadening of thé transition

sults when the fluorescence orthogonal to the laser beamnd the spectral width of the laser light are taken into con-

propagation is detected, the highest contrast is observeslderation, there is an agreement between the theoretical and

when the fluorescence in the direction perpendicular to thexperimental results concerning the case of the total fluores-

polarization is measured. The contrast of the peaks on thisence. The comparison of the experimental profiles of SNW-

fluorescence signal is plotted in Fig. 6. Comparing the exEIA resonances with the theoretical ones shows a good level

perimental(Fig. 6) and the theoreticdlFig. 7(a)] results for  of agreement, which is illustrated in Fig(byJ.

the contrast of SNW-EIA resonances, a good level of agree- As a last remark, we will note that in a similar", ¢~

ment can be seen. The lower experimental contrast with redanle configuration experiment with a laser beam of only a

spect to the calculated one could be due to the finite accegew mw cm 2 power density, in20] no coherent resonances

tance angle around the direction perpendicular to theyroundB=0 were observed for thEy—Fe=F4+1 transi-

polarization in the collection of fluorescence light. tions and in particular for thE,=4—F,=5 transition. The
Using our model, we have shown theoretically that thetheoretical model developed there also does not show narrow

SNW-EIA resonances in the total fluorescence exist welkesonances for these kinds of transitions.

above the homogeneous broadening saturation power den-

sity. Experimental measurement of the SNW resonances in B. Linear polarization excitation of the F =3 level

the total fluorescence is a difficult task. For this reason we _ ) ¢

experimentally measured the SNW-EIA resonances in the When theF,=3 level is excited, coherent dark reso-

transmitted laser power, which is a measure of the total lasdtances are observed By=0. The excitation with linearly

light absorption and hence of the total fluorescence. SNwPolarized light of the~y=3 level gives the fluorescence sig-

EIA resonances in the transmitted laser beam were observetl reported in Fig. &).

for laser power densities up to 350 mW cf which was For low power density \V=0.08 mWcm?), the

the maximum density available in our experiment. ConseFWHM of the resonance is 45 mG and it increases up to 460

0
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4 In previous works dealing with coherent resonances in
- degenerate two-level systems, alkali atoms were investigated
z | either in atomic beampg9,20] or confined in vacuum cells,
54 ‘ B.G) through detection of fluorescence or transmitted light
g » D PR VI [11,15-17,2)
83 ﬂ ' Investigations of the potential of the nonlinear Faraday
g i rotation(NLFR) in degenerate two-level systems to measure
2] weak magnetic field have mainly been performed in evacu-
= ‘ a) ated cells containing alkali atomigl3,14,24, while few
- n works deal with NLFR in buffer gas cells. It was shown that
_M the NLFR resonances in samarium are very sensitive to
o > atomic collisiong25]. In particular, it was shown that Ar or
F= 12 13 14 v He buffer gas at pressures of the order of 0.1 Torr decreases
40 - the amplitude of the NLFR resonances in samarium vapor by
35 o an order of magnitude. In another experiment with 3 Torr Ne
30 4 c Dn:»‘:’c:\:..—ﬂnD buffer gas and optically dense Rb vagobtained by heating
g 25 ] ok of the Rb cel) [26] it was demonstrated that the amplitude of
Z 20 o the NLFR strongly decreases when the cell temperature ap-
§ 15 s proaches 27 °C.
10 - Bh b) Both the NLFR studied by other groups and the SNW
5 ':':'Dm resonances described in this paper are related to the ground-
, T — > state Zeeman-sublevel coherence. In the case of NLFR ex-
~800 —600 —400 —200 200 400 600 AvIMHz]

periments one measures the rotation of the linear polarization
of the polarized light propagating in the direction of the mag-

FIG. 8. (a) Dark resonances on ttig,=3 fluorescence line for  netic field and transmitted through the sample. On the other
a linearly polarized laser beam, laser power density ofnand we examine the SNW resonances in the laser induced
0.15 mWem?, f,=6 Hz, f,=370 Hz depending on the detun- f5rescence in different geometries, concerning the polariza-
ing from the Fq=3—F.=2 transition (the profile of the SNW {jon of the laser light, the orientation of the applied magnetic
resonance in dependence on the magnetic Blds given in the o4 and the detection direction. We report here the obser-
inse). The spectrum of the transition is presented in the same way -tion of the influence of buffer gas on the SNW coherent
as in Fig. 4.(b) Dark resonance contrast in dependence on the Iaserresonances in the fluorescence in a degenerate two-level sys-
frequency detuning.

tem.

mG for W=10 mWcni 2. The interpretation can be ob- In the experimental setup, the vacuum cell is replaced by
tained according to the previous schefsee Sec. Il A. The & Cs cell with Ar, while the rest of the apparatus is not
probability of the Fy=3—F,=2 transition, which is a modified(Fig. 2.

closed transition, is now the highest, but, unlike in the pre- The buffer gas may influence the incoherent and coherent
vious case, this transition leads to dark resonaiises Fig. interactions of the light with atoms. Concerning the incoher-
1). In addition, the calculation of the lossasgives the fol-  ent interaction, as shown by de Tomasial. [19], a strong
lowing values:a(Fe=2)=0, a(Fe=3)=0.3, anda(Fe=4)=1.4. modification of the fluorescence spectrum of e line is

This shows that the other two transitions suffer strong losse®bserved in the buffer gas cell as a function of the laser
leading to the observed result. In FighBthe contrast of the intensity due to optical pumping. At low laser power the
resonances is reported. As in the case of the bright resspectrum consists of two well-resolved fluorescence lines
nances, the contrast of the dark resonances depends on thgsing from the two ground-state leveffg=3 andF,=4.
detuning of the laser frequency within the fluorescence proHowever, when the laser power is increased, fluorescence in
file. It is higher the closer the tuning is to tikg,=3—F.  the whole region between the two lines appears. For a laser
=2 transition, i.e., in the red wing of the Doppler profile.  frequency tuned into resonance with oné transition, hy-

It should be pointed out that the dark resonances have a|5‘%rfine optical pumpin27] accumulates the population into
been obtained by Theobalet al. [20] by irradiating a Cs  the state noncoupled with the radiation and a fluorescence
atomic beam by linearly polarized laser light. The existencesignal decrease is observed. When the laser frequency is
of only the. dark resonances was confirmed there theoretiyned to a position halfway between the two fluorescence
cally. The_ _mquence of coherent effects. at thg=3—F, lines, thehf optical pumping into th&,=3 andF,=4 lev-

;2 transition on the saturated absorption spectra of Cs igig is equal and leads to maximum absorption, hence, to
discussed iri23]. maximum fluorescence.

Using a 5 Torr Ar buffer gas cell in our experiment, we
observed a modification of the fluorescence similar to that
reported in[19]. The purpose of our work was, however, to

In this section we present experimental and theoreticalake a further step and investigate the influence of the buffer
examination of the influence of buffer gas on the SNW reso-gas on the coherent effects, i.e., to discover whether narrow
nances at the CB, line. resonances like those in Figs. 4 and 8 exist in the case of

IV. SUBNATURAL-WIDTH RESONANCES IN A BUFFER
GAS CELL
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FIG. 9. Coherent resonances on the spectrum obthéne in a Fg=4 Fg= 3 Av [GHz]
Cs cell with 5 Torr Ar for circular polarization of the laser beam, "5 o 's 10 >
f;=10 Hz andf,=513 Hz depending on the detuning from the
maximum of the fluorescence line starting fréig=3. The curves FIG. 10. Coherent resonances on the spectrum dbthkne for

are for power densities as follows(a) 5 mW cm 2, (b) a magnetic field applied in thg direction, circular polarization of
19 mWem2, (¢) 40 mWem 2, (d) 57 mWem 2, and (e) the laser beam, Cs cell with 5 Torr Af;=0.3 Hz depending on
84 mw cm’z. The profile of the SNW resonance depending on thethe detuning from the maximum of the quorescence line starting
magnetic fieldB, is given in the inset. from Fy=4, (@ f,=20 Hz andW=17 mwWecm 2 and (b) f,
=12 Hz andW=47 mW cm 2. Inset(i): dark resonance profile in

buffer gas and to examine their sign and the distribution ofaet%ingf?ﬁ:Fzr;?:tp;agsgr'g@? Inset(ii): schematic presen
their contrast over the entirémore than 9.2 GHz) broad
profile of the fluorescence. As in the case of vacuum cell, For quantization axis in the direction andB,=0, Zee-
together with the slow scan of the diode laser frequency, &an optical pumping to thens =+2,+3 sublevels takes
fast magnetic field tuning was applied, which provides reg-place for theF,=3—F.=2 transition, which is taken as an
istration of the SNW resonances over the entire fluorescencgxample of & ;> F transition[see insetii) in Fig. 10]. Due
profile. to the optical pumping to magnetic sublevels not interacting
The experiments performed by us with linear and circulatvith the laser field, the fluorescence has a minimunBgat
polarization showed that SNW resonances are observed onfy0- WhenB,#0, the population frommg = +2,+3 is re-
when the Cs cell is illuminated by circularly polarized laserdistributed to the other sublevels of thg=3 state, increas-
light. In Fig. 9 the fluorescence spectra obtained are showrng the absorption and hence the fluorescence. Therefore
SNW peaks can be seen superimposed on the profile of thehen B, is scanned around zero value, dips in the fluores-
fluorescence. The tops of the peaks are center&d-ad. In  cence are expected féi;=F, transitions.
the inset of Fig. 9 one of the resonances is shown in detail. It. On the contrary, in the case <§fg—>Fe=_ Fyt1 transi-
is worth noting the peculiar fact that only peaks in the fluo-tions and circularly polarized beam peaks in the fluorescence
rescence are observed and their amplitude changes very littntered aB,=0 should be expected. Peaks in the fluores-
in the entire region between the two fluorescence lines. Thisence have been observed Fyy—F.=F4+ 1 transitions in
deserves consideration because herehditransitions with  a vacuum Rb cell foB, magnetic field scannin8]. How-
Fy<Fe andFy =F contribute to the formation of the fluo- ever, when scanninB, , in our experiment only dips in the
rescence profile, i.e., SNW resonances of different signs anfiuorescence are observégig. 10).
contrast could be expected. As shown in Sec. Ill, in the case of a vacuum cell the two
We also performed experimental investigation for the caselosed hf transitions play the most important role in the
of circularly polarized laser light illuminating the Cs vacuum formation of the coherent resonances and the contributions
cell. We observed that for transitions with;—F.=F, of the open transitions are not considered. However, as dis-
Fy—1 peaks are present in the fluorescence. The same resulissed irj 19], the role of the open transitions is essential for
was previously reported in Ri21] where the observation of producing the broad central part of the fluorescence profile in
the peaks in the fluorescence was attributed to the influendbe case of a buffer gas cell and high laser power densities.
of some residual magnetic field perpendicular to the laseThe contrast of the coherent resonances obtained in our ex-
beam propagation direction. periment is the highest exactly in that broad fluorescence
In order to examine the SNW resonances with circularninterval between the two fluorescence lines of thedGdine.
polarization under well-defined experimental conditions, theThat is why we have to consider diif transitions when
buffer gas cell was irradiated by a circularly polarized laserdiscussing the buffer gas cell case.
beam propagating in the direction and at the same time, = As mentioned above, population accumulation on a cer-
magnetic fieldB, was applied and scanned around zero valugain Zeeman sublevel is essential for the observation of nar-
(see Fig. 1D row structures in degenerate systems. Therefore we will con-
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(8 Fg=3 and(b) Fy=4 levels for circular polarization of the laser
FIG. 11. Population distribution among the Zeeman sublevels ofight and power densityy=80 mw cm 2. The collision rate re-
(@ Fy=3 and(b) F4=4 levels for linear polarization of the laser sponsible for the redistribution of population in the excited-state
light and power densityV=80 mW cni 2. The frequency of col- Sublevels is the same as for Fig. 11.
lisions with buffer gas atoms, which lead to redistribution of the
population of the excited-state Zeeman sublevels, is 90 MHz. ~ on themg =5 can be redistributed among the other Zeeman
sublevels of thd-.=5 level (see the Appendjx Taking into

sider the accumulation in the two cases of linearly and offccount the difference in probability of the transitions be-

circularly polarized light. twegn .the dema+n subleyelg, it could be'expec.ted that under
First, the case of linearly polarized light will be discussed.exc'tat'qn W'th_U polarization, the redlstrl_butlon of the

Taking into account the probability of the transitions betweenOOpmat'on, to different sublevels of tfe.=5 W'”, lead to the

the Zeeman subleve[0], it can be concluded that no sig- accumulation of many atoms amg =—4. This level has

nificant optical pumping occurs &=0. Thus, the applica- the lowest probability foir ™ excitation.

tion of a magnetic field cannot create the necessary condi- Consequently, unlike the linearly polarized laser beam

tions for observation of a narrow structure by redistributingcase, a significant accumulation of the population on a single

the population among the Zeeman sublevels. This conclusiomagnetic sublevel of the two ground-stdté levels takes

is fully supported by our theoretical calculation of the popu-place for circular polarization. It should be pointed out that

lations of the Zeeman sublevels of the two ground-stete  for the two ground state levels, the accumulation of the at-

levels, shown in Fig. 11see the Appendjx No difference ~ 0oms onmg = —4 andmg = +3 leads to the lowest level of

can be seen between the populations of the Zeeman sublevélgsorescence. Hence, as a result of this accumulation, if the

for By=0 andB,=1 G. magnetic field perpendicular to the laser beam propagation is
The opposite situation applies to the case of a circularlyscanned around zero value, SNW-EIT resonances can be ex-

polarized laser beam. In this case, for quantization axis alongected and this is observed experimentally.

the z direction, the Zeeman optical pumping due to the three This discussion is supported by our calculations of the

hf transitions £,=3—F¢=2,3,4) leads to a strong accu- population of the magnetic sublevels of thg=3 andF,

mulation of atoms on thmFg: + 3 sublevel foro™ polar- =4 levels under* circularly polarized light(see the Ap-
ization. Once on this magnetic sublevel, atoms cannot b@endix. The accumulation of the population on tine:_
excited any more by the laser radiation. =43 andegz —4 atB=0 can be clearly seefFig. 12.

~ Concerning theF =4 level, in the presence of intense aot B=1 G the atomic population is redistributed almost
circularly polarized laser light¢t ™), most of the atoms will - gqually among all Zeeman sublevels. Thus the experimental
circulate in themg =4—mg =5 transition. Due to colli-  ghservation of SNW-EIT resonances with circularly polar-
sions with the buffer gas atoms, the Cs atoms accumulateided laser light and a scan &, aroundB,=0 is in agree-
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buffer gas cell is smaller than that in the vacuum cell. In the

E: 1 @ ' vacuum cell the contrast of the dark resonance is about 40%
§ 54 [] = B and that of the bright resonance about 15% for excitation
5, " L] with linearly polarized light with a power density of
S 25 mwcem 2.
§ 34 It is worth noting the difference in the FWHM of the Cs
g SNW resonances in vacuum and in buffer gas cells. In the
8 27 E first case, the FWHM of the coherent dips observed in the
—5 14 fluorescence line starting frofy= 3 is 460 mG for a power
a density of 10 mW cm? (see Sec. I)l. As can be seen from

0 T - y - y Fig. 13b), where the dark resonances’ FWHM is plotted in

dependence on the laser power density, at equal power den-
sities (10 mW cm?) the FWHM in the buffer gas cell is 18
307 . mG, which is about 25 times narrower than in the case of the
vacuum cell. Collisions with the buffer gas atoms cause a
. reduction of the mean free path of the Cs atoms, thus pro-
. E " longing the time-of-flight, and hence producing a significant
] reduction of the FWHM.
154 For similar conditions, an example of theoretical and ex-
] perimental profiles is presented, Fig.(&3 which shows a
101 good level of agreement. Strong narrowing of the CPT reso-
1 nances in three-level systems in case of Cs with buffer gas
54 has been demonstrated [iB]. Thus, though in general the
contrast of the SNW-EIT resonances in buffer gas is lower
; than in a vacuum cell, the comparison of the contrast at equal
FWHM in both cases is in favor of the buffer gas case.
Experimental and theoretical investigations to compare the
signal-to-noise ratio in both cases are in progress.

Another advantage of the buffer gas for practical applica-
tions of the SNW resonances is the significantly less critical
requirements to the laser frequency stability with respect to
drifts, due to the much larger width of the fluorescence pro-
file (about 9 GHz than in the case of a vacuum cédlbout
400 MH2).

Our results are in agreement with those on the influence
of the buffer gas on the dark resonance observed when two
ground-statén f levels are coupled to a common excite

? L ' - - i T ' level by two laser frequencies, performed #8]. There it is

=0.4 -0.2 0 0.2 0.4 .

Magnetic field B, [G] shown th_at destruc_:non of the dark resonance takes place
when optical pumping depletes the population of the levels

FIG. 13. Contrasta) and FWHM (b) of the dark resonances in involved in the formation of the dark resonance. However,

dependence on the laser power density. The resonances are regighen the optical pumping increases the population of these

tered in a 5 Torr Ar buffer gas cell when scanniBgand when the  levels, the dark resonances exist at much higher buffer gas

laser light with circular polarization is tuned to a frequency halfway pressures.

between the two fluorescence linds) Comparison between the

experimental curve of the SNW resonanceVdt=47 mW cm 2

(solid line) and the theoretical curv@ashed ling V. CONCLUSION

Subnatural-width coherent resonances have been ob-

ment with the theoretical model. The same model accountserved inhf transitions of theD, line of Cs both in vacuum
for the peaks observed in the conditions of Fig. 9, providedand buffer gas cells. In the case of Cs vapor contained in a
that a small(residual magnetic field is considered in the vacuum cell at room temperature, due to the significant
direction, thus also confirming the interpretation given inpopulation losses for the open transitions, the two closed
[21]. transitions determine the sign of the observed coherent reso-

It is known[9] that the width and the contrast of the SNW nances at the two fluorescence lines arising figge=3 and
resonances depend on the laser power density. The depdfg=4 levels. For theF,=3 fluorescence line, the closed
dence of the dark resonance contrast on the laser power detnansition is theFy=3—F,=2 (A system, which corre-
sity is shown in Fig. 1&) for laser frequency tuned to a sponds to observed dark resonances in the fluorescence for
position halfway between the two fluorescence lines. It carthe linearly polarized laser beam. For fhg=4 fluorescence
be seen that the contrast of the coherent resonances in tliee, the closed transition i$3=4—F.=5 (V systen),

b) W [mW cm®]

254

204

Dark resonance FWHM [mG]
[ ]
[ |

)

Fluorescence [arb. units]
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which_ is the reason for the.observation of bright resongnceﬁlheref is the operator of atom relaxatioH,, is the Hamil-
v_v|th linear pola}nzatmn. While dark resonanceshdttransi-  (nian of the free atomVg= ugF-B is the interaction po-
tions of FheDz line have been observed by other agthors, thqential with the magnetic fiel® (u is the Bohr magnetory
SNW bright resonances at tiig,=4—F.=5 transition are s e | andefactor, andF is the total angular momentum of
reported here. Under the conditions of our experiment, highg,o atom, andV=—d- € is the potential of the electric di-

contrast(up:c(z) 20% bright resonances were registered atyo|e jnteraction with the electric field of a monochromatic
200 mWcm < power density, which disagrees with the re-,, o\«

cently developed theory explaining the bright resonances at

homogeneously broadenddy—F.=Fy+1 hf transitions. E=Ee iottikri o (A2)
Taking into account the Doppler broadening and the line-

width of the laser light, our theoretical model confirms the ~We consider an atom with a set of excited levgle)
resonance observation at high power densities. =|Fe¢,Mg)} with energies{E¢} and a set of ground states

In buffer gas thenf optical pumping is enhanced, which {|9)=|F4,My)} with energies{Eg4}. The excitedhf states
leads to a decrease and destruction of the coherent res@re assumed to have a separation smaller than the Doppler
nances. However, this can be significantly overcome by uswidth. For theD,, line of alkali atoms, there are four excited
ing high power density and by tuning the laser frequencyhf states and two grourtdf states. We assume that the laser
between the two fluorescence lines. Our experimental invedrequency is close to thg—e transition
tigations show that coherent resonances are observed only
with circular polarization of the laser beam, which is in
agreement with the proposed theoretical model. The contrast
of the coherent resonances does not change significantly ) S )
along the broad part of the fluorescence profile between the0 that a rotating wave approximation can be applied.
two fluorescence lines. This makes the requirement to the N this approximation, with the quantization axis along the
laser frequency drift for observation of SNW resonances les§'agnetic field direction and for the nondiagonal elements of
critical, which is an advantage of using buffer gas cells forthe density matrix, EqtAl) can be written in the form
practical applications. The narrowing of the SNW resonances
in the buffer gas cell has also a potential for application.
Investigations are in progress to compare the signal-to-noise
ratio at equal FWHM of the SNW resonances in vacuum and
in buffer gas cells.

The fact that the coherent resonances have a much nar-
rower linewidth than the natural linewidth of the optical tran-
sitions is very interesting for high-resolution spectroscopywherel is the homogeneous half-width of the transition. In
and for metrological applications. It should be noted thatthis equation we neglect the time derivative because the tran-
width and contrast of the SNW resonances are very sensitiv@t time of the atom across the laser beam is much greater
to additional magnetic fields, which makes their applicationthan the spontaneous decay time.
for building simple and precise magnetometers attractive. ~ The matrix element of the electric dipole interaction is

<w, (A3)

—w

E.—Eg
fi

Ee—Eq

'+ik-v—iw+i 7 +i z(geMe—ggMg)B}peg

i
:—% 2 Veg/pgrg_E pee,Verg f (A4)
gr e’
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. (AB)

Fg Jg 1J\ =M o My
Hered is the reduced matrix element of the dipole mo-
APPENDIX ment for theJ,— J, transition, | is the nuclear momentum,
and J¢,Jy are the electron momenta in the excited and
The equation for the density matrixis taken in the form  ground states, respectively.
Substituting the nondiagonal elements of the density ma-
trix from Eq. (A4) into the equations for the density matrix

p=[Ho.p1+[VetVipl, (AL glements of the excited and ground states, we obtain

il L v 24T
T o™V ar
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d Ee—Eer
Of,_tpee"l'Pee’ 7+Fm+|T+|z(geMe_ge’Me’)B

L'
- 5 [Arees 2
ee N, < Peje;

:E Ue,e’;g,g’pgg’_ 2 Ue,e;el,eipelei (A7)
9.9’ er.e]
and
07 E _E ’ M
. Eg g .
Hpgg& |T+|z(ggMg—gg,Mg,)B Pgg’

1%
:(EPQQ’) +2 UggieePee > Ug.g'ig;.0Pa,0)
s ee’ ’

glvgl
(A8)
respectively, where the elements of the matibare
1 *
Ue’er;g’gr:ﬁ(ze,g+zegr)vegvgrer y (Ag)

1
Ug,g’;e,e’ :ﬁ(Z:’g"" Zeg’)vgeve’g’ )

1
Ue,e’;el,eiz ﬁ % (59’,eizzrgvegvgel+ 5e,elzegveigvge’)y
(A10)

1
Ug'io,.0,= 77 z (891,91 ZegVgeVeg, + 930, Z5VareVeq)
(A11)

with

Ee—Eg 1 -t
5 +|%(geMe_ggMg)B

Zog=|T+ik-v—iw+i

(A12)

In Eqg. (A7), y is the spontaneous decay ralg, is the
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d Y

_ng’) =0 F
ot s 9 g2

x X

0,Fe Mg Fg .M

—_—

5Fe,Fé<Fg aMg|d<r|FeaMe>

X<Fé1Mé|d7(r|FérMé>Pee’ . (A13)

Equations(A7) and (A8) are obtained for a system of
coordinates with the axis along the magnetic field direction,
so the electric field vector components have to be calculated
in this system of coordinates. This can be done by means of
the transformation

E, =2 D% .(06,)E,, (A14)

where theE’ are the circular components of the electric field
vector in the laboratory frameD;U,(O,a,qS) are the Wigner
D-functions, and# and ¢ define the polar and azimuth
angles of the magnetic field direction.

Equationg/A7) and(A8) are also generalized for the case
of finite width of the radiation spectrui(w). For that one
substitutes th&.q function with

J Zegl (0)do

fl(w)dw

In order to compare this theoretical model with the ex-
perimental results, the equatiofs7) and (A8) are solved
numerically. For the case of a vacuum cell we assdme
=v/2, I',=0. In this case Eqs/A7) and (A8) are solved
along the atom trajectory crossing the laser beam. The inten-
sity across the laser beam is assumed to have a Gaussian
shape.

The fluorescence intensity in thredirection is given by
the equation

(A15)

L(n)ec{[nXd]?pYer, - (A16)

rate of collision mixing between the Zeeman sublevels of the4ere ( ), , means averaging over: all excited states of the
excited states, anle=2¢ (2F.+1) is the total number of atom; the Maxwell velocity distribution along the wave
excited state sublevels. In our model we assume that thpropagation directiofk, as well as in the directions perpen-
collisions with the noble gas atoms are able to destroy anglicular to the laser beam; and the transit time of the atom
coherence between the Zeeman sublevels of the excitdtirough the laser beam.

states, but they cannot disturb the coherence in the Zeeman For the case of a buffer gas cell we assume thatl",
ground states because the angular momenta of the latter amad herd” is the linewidth broadened by collisions with the

composed only by electron and nuclear spins.

buffer gas atoms. In this case no averaging over velocity is

In Eq. (A8), the term of spontaneous repopulation of theneeded if the laser frequency is tuned to a position halfway

ground states has the following explicit form

between the twdn f ground states.
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