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Coherent population trapping with losses observed on the Hanle effect of thB; sodium line
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We consider the coherent-population-trapping phenomenon in a thermal sodium atomic beam. We compare
the different coherent-population-trapping schemes that can be established @p lihe using the Zeeman
sublevels of a given ground hyperfine state. The coherent-population-trapping preparation is examined by
means of a Hanle-effect configuration. The efficiency of the coherent-population-trapping phenomenon has
been examined in presence of optical pumping into hyperfine levels external to those of the excited transition.
We show that both the contrast and the width of the coherent population trapping resonance strongly decrease
when the optical pumping rate is increased. In the experiment, the loss rate due to optical pumping has been
controlled by means of a laser repump of variable inten&{.050-294®7)08304-3

PACS numbgs): 32.80.Pj, 34.50.Rk

[. INTRODUCTION coherent dark superpositions listed above for the
Fy=1—F¢.=1 andF,=2—F,=2 transitions are present.
Recently, the coherent-population-trappitGPT) phe-  Finally the transitiorF,=1—F.=2 is not relevant for CPT
nomenon has received much interest, especially in connedn the o™, o~ light configuration, because it does not contain
tion with its applications, for example, the laser cooling be-a coherent superposition noncoupled to the laser field.
low the recoil limit or lasing without inversiofsee[1] for a The experiment is based on the laser excitation of a so-
review). At the beginning CPT theoretical studies were re-dium atomic beam. To produce CPT in the sodium atoms
stricted to the three-level system[2,3], but recently, they and to investigate its production we have used a Hanle effect
have been extended to different atom-light interactionconfiguration. The sodium atoms are excited by monochro-
schemeg$4,5]. Despite the large amount of data available onmatic linearly polarized laser light resonant with an hyper-
the CPT phenomenon exploited in several atom-light interfine optical transition; the degeneracy of the ground-state
action schemes, the features related to different level
schemes and established on a given atomic species hav
never been directly compared. However, the increasing inter- F =2 we———— —— —
est in CPT applications requires realistic calculations, taking | F, =1 — —
-1 1

in account processes such as the loss towards the externa
states, the Doppler broadening of the absorbing transition,
and the collisions, all of them present in the experimentand | g -
determining the strength of the CPT resonance. Pg =
The main goal of the present investigation is to study the
dependence of the CPT phenomenon on the atom-laser inter
action parameters. In this paper we focus our attention on the
level schemes that can be established on the so@iydine Fe=1
using as ground states the Zeeman sublevels of the sameg (b)
hyperfine component. We investigate theoretically and ex-
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perimentally the CPT features associated with the different | F, =2
hyperfine optical transitions. As shown in Fig. 1, the hyper- P§=1 M E— —
fine transitions composing the ;Oine areFy=1—F.=1, m, = -2 -1 0 1 2
Fg=2—Fe=1, Fy=2-F.=2, and Fg=1-F.=2. FL—) — —
Within all those optical transitions, only a limited number of Fe—l —
Zeeman sublevels contributes to the preparation of the CPT e~ (C)
coherent superposition of states, and precisely those con-
nected by heavy lines in Fig. 1. For instance, the
Fy=1—F.=1 transition contains & system that when ex- Eg =2
. i -5 L =1 I SIS S
cited byo™,o light produces the coherent superposition of g8~ 0
ground states not interacting with the laser radiation. The me= -2 -1 1 2

Fq=2—F¢=2 transition contains an M-shaped system that

again when excited by, light produces a coherent su- FIG. 1. Different CPT schemes that can be established on the
perposition of three ground states not interacting with thenyperfine components of the sodiuiy line through excitation by
laser radiation. For the transitiofy=2—F,=1 both the o, ,0_ laser lights.
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FIG. 2. Theoretical results for the time-dependent intenisitiersus timet and integrated fluorescence intendify at t;=45 for the
Fy=1—F.=1 hyperfine transition in correspondence with different values of the loss parameter . -1:F ,-2- In (8 and (b)
ape:hpgzl;pg,zzzo, i.e., a hypothetical closed transition; (i) and (d) aFe:ng:l,Fg,:z=5 as for the real hyperfine transition of the
D, line. The timet andt; are measured in units of]l,ée:ng:l. The laser intensity is 26 mW/ct

Zeeman sublevels is removed by the introduction of an external to the hyperfine transition resonant with the laser light,
ternal magnetic field that is parallel to the laser propagatiorthe atomic preparation into the coherent superposition is
direction. For zero magnetic field the atomic system is optiimodified by the optical pumping into those levels. The
cally pumped into a coherent superposition of ground stateatomic time evolution is governed by the competition be-
noninteracting with the laser field, i.e., the dark or non-tween optical pumping into the noncoupled state and the
coupled state. For a fixed laser frequency, scanning the exptical pumping into the external hyperfine states.
ternal magnetic field around the zero value, the atomic fluo- We have investigated, both theoretically and experimen-
rescence emitted at right angles with respect to the directiorntally, how the contrast and linewidth features of the CPT
of the laser field propagation and of the magnetic field exresonance depend on the optical pumping rate towards the
hibits a minimum at zero magnetic field with a line-shape dipexternal levels. In effect for the different hyperfine optical
that is typical of the Hanle-CPT phenomenon. transitions of the sodiunD; line, owing to their different
We have measured the contrast and the linewidth of theptical pumping rates, the CPT resonances have different
resonance in the Hanle-CPT line shape versus the intensitinewidths and contrasts. The optical pumping rate into
of applied laser field. These measurements are compared &xternal levels may be compensated by the application
analytical and numerical analyses. For a closed optical tramef a repumping laser of variable intensity. Thus, we have
sition the CPT process is quite straightforwardly understoodtudied the CPT features of a given scheme of hyperfine
and described in the frame of the optical Bloch equationslevels as a function of the external optical pumping loss rate
With an atomic sample in an initial uniform Zeeman distri- by applying a repumping laser of variable intensity. Some of
bution, the atomic preparation into the coherent superposieur results, as the narrow linewidth realized on open transi-
tion increases with a time constant determined by the opticaions, can be applied to the magnetometry based on coherent
pumping rate into the noncoupled state. For an open opticglopulation trapping recently introduced by Wynareisal.
transition, i.e., in the presence of atomic levels that are exf6].
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Our investigation should be compared to previous CPT

studies. The more recent and detailed investigation of the (a)

CPT resonance has been performed by Lietgal. [7]. 0.14
Previous accurate studies of the Hanle effect in the ground :
state[8—12] have examined the line-shape dependence on . 0.12
the laser intensity. Moreover, optical pumping and narrow &
. o - . ‘= 0.1
lineshapes have been studied in a variety of nonlinear spec- =
. g . =
troscopy techniquegl3]. None of the previous studies ana- 0.08
lyzed the role of the different hyperfine transitions as pre- "g
sented here. Linget al. [7] have examined the role of the 0.06
Doppler broadening on CPT. Their results show that in our '_.‘50.04
experiment the Doppler broadening associated to the residual
divergence of the sodium atomic beam has a negligible in- 0.02
fluence on the measured contrast and linewidth. Thus, we 0
have not included the Doppler broadening in our analysis. In -6 -4 -2 0 2 4 6
the comparison between our data and the theoretical analysis B (G)

we have discovered that our measured contrast could not
reach the theoretical value because the magnetic-field com-

. . . (b)
pensation was not accurate as requwed. On the contrary, In

the experiment by Picqug 2] the very good magnetic-field 4
compensation allowed the author to reach the contrast pre- 3.5
dicted by the theory. Thus, we have used the data of Ref.
[12] for completing the comparison with our theoretical Q 3
analysis. 'S 2.5
In the present work Sec. Il contains a theoretical analysis =
of the CPT process based on the analytical and numerical 2 2
solution of the optical Bloch equations. Section Ill describes S1.5
the experimental setup and the experimental results. Section = 1
IV contains the comparison between the theoretical analysis —_
and the experimental results. In Sec. V conclusions are pre- 0.5
sented.
0 -6 -4 -2 0 2 4 6
B (G)
Il. OPTICAL BLOCH EQUATION
We consider a sodium atom interacting with a linearly (c)
polarized monochromatic laser light resonant with one of the
hyperfine transition of thé, line and propagating in the
directionOz 0.6
© 0.5
=
E(zt)= nge‘(kz‘“’”vLc.c. 50.4
2 =
= 0.3
V2¢ . . =
= (& ite,)elkzol e, ) 0.2
H-v—i
0.1
with €; the unit vector of thé polarization. We indicate by 0 -6 -4 -2 0 2 4 6
F,—Fe the transition pumped by the lasér, andF, being B (G)

the quantum numbers of the total angular momentum of

the hyperfine levels of théS;,, and 2P, levels, respec-

tively. The quantum number of the total angular mo-

mentum of the other hyperfine level of tR&,, level will be

denoted byF,,. A magnetic fieldB is applied in the direc-

tion Oz FIG. 3. Theoretical results for the integrated fluorescence inten-
For the z axis as quantlzatlon aX|S the Opt|Ca| Bloch S|ty Ilnt attf_45/[": —1oF. =1 for the rea|(0pe|j transitions of the

equations (OBE) for the system Fy—F. under ex- sodiumD; line, calculated for the laser intensity of 26 mW/&m

amination have the following form |‘£1> |JIFej).l9)) (@ corresponds to the transitionF;=1—F,=1, (b) to

=[|JIFgi)): Fg=2—F¢=1, and(c) to Fg=2—F,=2.
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Peiej=—[iweiej+rFeﬂFg(1+ aFeHFg;Fg,)]Peiej % Fg’ %

i e 3 1

+ %QE (peigkvgkej_veigkpgkej)’ (Za) aF F F FF ~>F ’ 2Fg/+1
‘ a 1—‘F —Fg 2Fg+1 % Fg % 2
Fe 3 1

: . FFEHFg(ldl_aFeHFg;ng)
Peig ™ ~| ! Weigy 2 Peg; (4

ﬁ 2 PeeV 0, E Ve 0Pas, ) (2b) The termag ¢ ., describes the loss due to spontaltr?eous

decay to the ground leveF, external to the transition

pumped by the laser. Note that the term
FFeHFg(lJr aF_F_iF ) in Egs.(2) is equal tol" so that the
description througlw evidences the role of the spontaneous
decay towards external levels. For the hyperfine components
of the D, transition the values o& are

. _ i
pgigj =1 wgigjpgigj +%§k (pgiekvekgj _Vgiekpekgj)

d
+| = .
(dtpgigj)SE (20)
aFe:1—>Fg:1;Fg,:2:51 (58
The quantitieso, 4z, with a, 5= (e,g) represent the fre-
Lo - : QA —2 .F =2;F =11, (5b)
quency separation between the levelsand ;, including 9 e g
the Zeeman splittings of the ground and excited levels due to
the applied magnetic fielB, 1
AF =2F=1Fy =17 5 (50)
1) = —Eai _ EB] (3
@ Bj h ' In the dipole approximation the atom-laser interaction has
matrix elements
I' is the total spontaneous emission rate for any excited level, (elld-e]g;)
i xI1Yj

FFe_,Fg denotes the spontaneous decay rate onFthe F Ve g.=— T‘S' (6)
transition anda,:eﬂ,:g;,:g, the ratio between the spontaneous o

decays on th&.—F, andF.— F transitions. This ratio is
given by[14] The spontaneous-emission repopulation termq Hsel 6]

photomultiplier
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FIG. 4. Experimental setup for the investigation of the Hanle-CPT resonance on a sodium atomic beam for the different hyperfine
transitions on thd; line.
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F, 1 Fq Fe 1 F
25 =(2Fe+ DT ¢ > (—npa| Ly pere| —q' —p k|
dt 9,9k’ - e g(q,q’=fFe,+Fe),(p=fl,l) p q q-q’ q p

In order to examine the influence of the external levels onweight on the sum. Also for an open system the contrast
the Hanle-CPT resonance around zero magnetic field, wincreases with the interaction time, reaching a value smaller
have solved numerically the time-dependent OBE withthan 100% at larger interaction times.
the initial condition P, o (t=0)= L Si, Py e(t=0) _ F|ggre 3 ehows the results for the mtegrated_ fluorescence

i UL intensity |, in the case of the real open transitions of so-
= Pe, (t=0)=0. We have calculated the time-dependentyiym for a choice of experimental parameters corresponding

fluorescence intensity emitted from the atomic system to the conditions of the experimental investigation. The dif-
ferent contrast of the Hanle-CPT resonance for the different
I(B,t)=T E o ®) hyperfine transitions is quite eviden'_[. A Ia_rge contrast is ob-
’ Me=—FoFo o tained for theFy=2—F.=1 transition with the smallest

value of losses towards external states.

In our experiment on an atomic beam, we detect a signal The results of Figs. 2 and 3 show that the loss towards the
proportional to the integrated fluorescence intensity emittegxternal states modifies strongly also the linewidth. In Fig. 2
by an atom interacting with the laser light during a timethe  resonance linewidth  for  the case of
te, QF —1 F ~1F ,—»=5 is much narrower than the linewidth

for the casex=0. In Fig. 3 the real hyperfine transitions are
o) directly compared and once again open transitions with a

larger loss towards external states have a more narrow reso-

nance. The comparison between different hyperfine transi-

In the case of a closed atomic system, if the time-tions is not straightforward because the matrix eleméy

integrated detected signal corresponds to a long interactiodf the atom-laser interaction between excited and ground
timest;, the transient initial regime produces a negligible states depends on the hyperfine levels, and furthermore, in
contribution to the overall intensity. The contrast betweenthe systemFg=2—F.=1, two noncoupled states are
the maximum and the minimum of the emitted fluorescenceresent. However, the CPT analysis for a closed symmetrical
intensity, defined as in Ref1,17], approaches 100% when A system performed in the basis of the coupled and non-
all the atoms are pumped into the noncoupled state. In theoupled states is very useful for the interpretation. In that
case of an open system the excited-state occupation at tlaalysis[1,17], in absence of ground-state relaxation, at the
steady state is equal to zero: all population is lost because steady state the linewidth of the CPT resonance is deter-
the presence of the external state. In this case the transiefined by the loss ratd™’ of the coupled state, with
regime produces the most important contribution to the intel'’ =V ¢/(°T exd, Texc being the excited-state lifetime. In
grated emitted intensity, which exhibits a Hanle-CPT reso¥ig. 2, the main difference between the closedairand(b),
nance with contrast strongly depending on the atomic transiand open, ir(c) and(d), systems is the excited-state lifetime,
tion. Figure 2 shows results for versusB at different Wwith I'g,e=1";_; in the first case, andl'e=17_1(1
interaction times antl,; versusB attf=45/rFe:1_>Fg:1 for  +a;_.5.5) in the second case. An increase in that lifetime
the Fy=1—F,=1 hyperfine transition of th®, line, at Produces
different values ofrg Fy The casar=0 of (3) and(b) & Smallerl”” and a more narrow CPT resosnce, as observed

) . in the figure for both andl;,;. It should be noted that in an
corresponds to an ideal close transition, the case

open system the coupled-noncoupled approach applied to
AF= 1Hngl?Fg':Z:S_ _Of (c) and(d) eorresponds to the real sfates v?//ithout populatign because gf the cr))gtical pumpgng to-
Fg=1—F.=1 transition of theD, line. In (a) and (b) for  \yards external states is not really meaningful.
the case of a closed atomic system, whege ¢ ¢ =0, The narrow linewidths obtained in Fig. 3 have a different
the time-dependent fluorescence intensity exhibits a shargxplanation, because for the re@} line hyperfine transi-
and well pronounced Hanle-CPT resonance around zertions the excited states have the same lifetimevhichever
magnetic field. The contrast df,, increases with the inter- Zeeman or hyperfine component. The narrow resonances are
action time and results around 100% at larger interactiombtained in the curve df,,; versusB and the contribution of
times. In(c) and(d) a large loss towards external states pro-| at different interaction times should be considered. They
duces a reduced intensity and a smaller contrast in the arise because of the simultaneous action of the pumping
integrated intensity;,,. The limiting value for the contrast into the noncoupled nonabsorbing state and of the optical
observed orl is 100% independently of the loss rate and ispumping towards external states. The optical pumping to-
reached at interaction times shorter than in the case of wards external states is less efficient whenever the optical
closed system, because only those atoms already in the nopumping in the noncoupled states is more efficient: in the
coupled state contribute to the contrast, the remaining onasoncoupled state the atomic wave function has no contribu-
having been pumped into the external states. The integrataibn of excited state, whence the atom does not decay to-
fluorescencé;,; is obtained summing up the contributions at wards the external states. Thus, the narrow CPT resonance,
different times, and those at earlier times have a largebeing produced by the contribution of only those atoms

Iim(B)zjotfl(B,t)dt.
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remaining in the noncoupled state and nondecayingarth magnetic field was compensated to better than 0.05 G
towards the external states, is a consequence of an atomiy additional pairs of Helmholtz coils. By tuning the laser to
selection. different hyperfine optical transitions of the sodiun line,
we excited different atomic configurations. The laser fre-
ll. EXPERIMENTAL SETUP guency was tuned to the center of the homogeneous hyper-
The experimental setup is shown in Fig. 4. We used fine abs_orption profile._ The fluoresc_ence signal emitte(_j by
he sodium atoms at right angles with respect to the direc-

single-mode CW dye laser; the light polarization was linear. fthe | field . d of th i< field
and the propagation direction orthogonal to the thermal sotions of the laser field propagation and of the magnetic fie

dium atomic beam. An external magnetic field was appliedV@S detected through a photomultiplier and recorded by
parallel to the laser beam propagation direction. MagneticM&ans of a lock-in amplifier and a standard data acquisition
field Helmholtz coils, applied around the atom-laser interacSyStem. In our experiment the interaction time was of the
tion region, were driven by a programmable power supply inorder of fewus, to be compared to theP3,, excited-state
order to produce a linear scan of the magnetic field. Thdifetime of 16 ns.

Fg=2—>Fe=1 Fg=1->Fe=2
175 175 WM
5 % 150
4?‘150 i§
) ‘0125
g 125 g
.d 100 ,Q 100
M ~
8 75 8 75
& 50 5 50
-~ -~
H 25 H 25
0 0
~30 -20 -10 0 10 20 30 -15 -10 -5 0 S5 10 15
B(G) B(G)
Fg=2—>Fe=2 Fg=l—>Fe=l
175
175 _
- ~150
ﬁ 150 t){
: =125
g 125 §
X . 100
2100 2
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FIG. 5. Experimental results for the fluorescence interlgifyas a function of the magnetic fiell on the different hyperfine transitions
with no repumping laser. The interaction time=ist.5 us. Laser intensity, = 26 mW/cn? in all the data sets.
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FIG. 6. Experimental results for the full width at half maximum
linewidth of the Hanle-CPT resonance for the different hyperfine
transitions as a function of the laser intensity. Black triangles cor-
respond to laser excitation on the transitieg=2—F.=2, while 0.
open squares toFy;=1—F,=1 and closed circles to
Fq=2—F.=1. Typical error bars are marked. 0.

(b)

IV. EXPERIMENTAL RESULTS AND COMPARISON 0.
WITH THEORY

Examples of the time-integrated fluorescence signals re- . L s
corded on the different hyperfine transitions are shown in 10 10 10 10
Fig. 5. Three of the four transitions on tBg line exhibit the I 2

. ; » mW/cm
Hanle-CPT typical dip. The transitioRy=1—F,=2 does L( )
not exhibit any dip because there are no noncoupled states )
into which the atom could be pumped. The dip contrasts for FIG. 7. In(a) experimental results for the contrast of the Hanle-
the other three transitionsF,=1—F.=1, F,=2—F CPT resonance for the different hyperfine transitions as a function
g e v g e . . . "

=1, Fg=2—F,=2, are very different. The dip for the tran- gf tﬁ; 'aiei g\tensny. Black t:g‘”?'fs liorielspong tlo thg trarllsmon
sition Fy=2—F,=1 is very pronounced, and the corre- |9~ < "e— < OPSN SQUATES fg= 1~ Fe= ", and closed cireies

. . . to F,=2—F.=1. Typical error bars are marked. (b) experimen-
g e

sponding .ComraSt Is large. .T.he ContrEStS of tEe dips assOGE results for theFy=2—F.=1 transition from Ref[12] for the
ated with the transitions Fy=1-F.,=1 and

. contrast of the Hanle-CPT resonance as a function of the laser in-
Fg=2—Fc=2 are S.maller. The obser_ved behaVIOr§ COIMe+ensity. Laser intensity derived frofil2]; error bar of the contrast
spond to those predicted by the analysis and shown in Fig. 2gtimated on the figures of that reference.

The hyperfine transitions with a larger loss factotowards

external states present a narrower Hanle-CPT resonance, .

However, it should be noted that different hyperfine transi-Ntensity. The contrast of the Hanle-CPT resonances, as de-

tions cannot be directly compared, as already discussed. rived from the five curves published [A2], and the results
The full width at half maximum1 linewidth and the con- ©f @ theoretical analysis for the interaction times of that ref-

trast of the Hanle-CPT resonance for the various hyperfinlgrence are reported in Fig(ly. In this case the agreement

transitions have been studied as a function of the laser inter2StWeen our fcheory and_ t_he experimental _results IS very
sity. The experimental results are shown in Figs. 6 afal 7 good, C°”f'”“”?9 the validity of the theoretlcallapproach
The experimental results of Figs. 6 an@#or the linewidth [18]. The experiment 0[1.2]. reported a compensation of the
and contrast of the Hanle-CPT resonance have been corfi@y magnetic fields within 10 mG over the whole atom-
pared to the theoretical numerical analysis. The theory pre@Se€r interaction volume. Thus, our failure to reproduce the

dicts an increase of the linewidth and contrast with the apgheorencal contrast is produced by an imperfect compensa-

plied laser intensity, as observed in the experiment.tior_‘ of the magnetic field in our apparatus. _Mo_re precis_ely,
However, the maximum contrast achieved in our experimen(—)Wlng ttq t?ﬁ prteserllce Of. tsomet_ magnguc—ﬁ;ld grad|e?t
tal observations is lower than that predicted by the theoryﬁ;?secnou'lg no? Seoznérzszaslgtzga%\l/oe? trﬁglevr;{oleﬁn;r;?g;?of
For i.nstance, for th§g=2*>|:e=.1 hyperfing transition, the egion through our HeInF’)lhoItz coils

maximum theoretical contrast is 67%, while the measured For the D itati di : ¢ f the h
value of the maximum contrast on that transition is around 0" €D €xcitation on sodium atoms none ot the ny-
50%. In order to examine more carefully the comparisonperflne opt|calltran§|t|or.15 is closed. H_owever, experimen-
between theory and experiments, our theoretical analysis hd ]Iy, a closedlike 5|tgat|0n can b? realized through the ap-
been applied also to the Hanle-CPT measurements publish@ cat_lon of a repumping laser, which compensates the losses
by Picque{12] in an experimental configuration very similar €' pee=—aF —r ;r I'F —F Pee fOr the population de-

to the present one, on tig,=2—F.=1 hyperfine transition cay. We examined, for a given transition, the dependence of
of the sodiumD; line as a function of the applied laser field contrast and linewidth on the population loss rate, by apply-
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ing a repumping laser to partially compensate the losses to- (a)
wards external states. Varying the intensity of the repumping a

laser it was possible to study the features of the CPT reso- 100
nance as a function of the rate of population losses. Obvi- e 'S T —
ously the repumping transition should be chosen in order to 80
not produce an additional noncoupled coherent superposi- :u}
tion. In the case of the sodium, line the most favorable E 60
transition for this study is th&,=2—F,=2 transition be- =
cause the transitiorfFy=1—F,=2, without noncoupled D
state, as verified by the record in Figdh can be used for 5; 40
repumping. The CPT results in presence of a repumping la- &
ser are reported in Fig. 8: it is clearly visible that the contrast == 20
and the width of the CPT resonance increase for increasing
power of the repumping laser, i.e., for a decreasing rate of 0
-15 -10 -5 0 5 10 15

population losses. These experimental results can be com-
pared to the theoretical ones of Fig. 2. The presence of a B (G)
repumping laser, compensating for the losses towards exter-

nal states, is equivalent to a longer lifetime of the excited

state. Thus starting from the configuration of an open system (b)
as in Fig. Zb) in absence of the repumping laser, its appli- 300
cation produces an effective closed system as in Ra). &

should be noted that the repumping laser does not compen- 259
sate for the decay rate of the optical coherences. However,
after preparation of the atoms in the noncoupled states, the*

ts)

1
oI
1

optical coherences are zero and their decay is not relevant for ':"
the atomic preparation. ..g 150

Neuer’
ElOO

V. CONCLUSIONS "
. . 50

The CPT phenomenon on the sodiudy line has been
investigated by means of an Hanle effect configuration com- 0
-15 -10 -5 0 5 10 15

paring different level schemes\(and M and studying the
influence of the losses towards external states. Different B (G)
atom-laser interaction schemes involving as ground states the

sublevels of the same hyperfine component have been con-

sidered. On the sodiur®; line the relevant transition are (c)
Fg=1—-F¢=1, Fg=2—F.=1, F;=2—F.=2. As the 1000
original contribution of the present investigation we have
investigated CPT in atomic configurations that are not closed
for spontaneous-emission decay. We have demonstrated that
CPT may be realized on those open transitions with an effi-
ciency decreasing with the amount of spontaneous emission
towards external states. Because in Eheline the different

level configurations correspond to different rates of popula-
tion losses, the features, i.e., width and contrast, of the ™7,
Hanle-CPT resonance depend on the explored transition. A _;‘5200
careful study of the dependence of the width and contrast of

the Hanle-CPT dip on the interaction parameters has been
performed. A numerical analysis of the density-matrix equa- 0_15 -10 -5 0 5 10 15

tions confirms most experimental observations, except that B (G)

the maximum contrast is lower than the expected one be-

cause of the imperfect compensation of the magnetic field in

the experiment. However, our numerical analysis is in agree-

ment with the contrast measured in a previous experiment FIQ. 8. Experimental_ results for tht=T integrated_ qu_oresce_nce
[12], where a very good magnetic-field compensation wadhtensity, I;y, as a function of Fhe applied magnetic fle|d,.WIth
applied. The experimental data show that the contrast of th@ne laser tuned to the transitioRg=2—F,=2 to establish.
Hanle-CPT dip is less than 100%. It depends strongly on thd'e _M-scheme; another — laser tuned to the transition
population loss rate and it can be controlled by means of a9~ +Fe=2 10 repump the atoms. The 'mﬁgs'ty of the laser used
repumping laser that compensates the rate of populatioﬁ; eStab“Sh.thelM SCheme.WaLs:_%O nt:W/C_ . The 'n;err:;'ty of
losses towards the external levels. The contrast of the Hanla.¢ 'SPUMPINg laser was i@ 1r=0, (b) Ig= 20 mW/cn, (c)

CPT resonance is only weakly affected by the small DoppIeTR: 200 mw/nt.

800

(arb. units)
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broadening associated to the atomic beam. but aA +W system, where the states are not completely dark
Note that in the regime of very large saturation, the poweffor the laser absorption.
broadening of the spectral lines does not allow the interpre-
tation of the experiment as a pufg—F, transition with
losses onFg,. Let us consider, for example, the case of
Fy=1—F¢=1 (A schemg At large laser saturation the ab-
sorption linesFy=1—F.=1 andF,=1—F.=2 are ex- This work has been partially supported by the Austrian
cited simultaneously. Thus, we do not have a phreystem  Science Foundation Grant No. S 6508.
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