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Multilevel Dark States: Coherent Population Trapping with Elliptically
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We present the first experimental proof for the existence of elliptical dark states, the multilevel analog
of the well known three-level dark states. An ensemble of multilevel atoms, when prepared by ellipti-
cally polarized light, becomes transparent to probe light of the same polarization. The effect stems from
laser-induced coherences between many ground-state magnetic sublevels which reflect the polarization
of the light that had created the dark state. The novelty and essential character of the dark states are
elucidated by the experimental demonstration of their creation by incoherent light. It is anticipated that
elliptical dark states will play an important role in the laser cooling and manipulation of molecules.
[S0031-9007(97)05201-0]

PACS numbers: 42.50.Gy, 32.80.Bx

The process of coherent population trapping (CPT)nteract with the exciting light. A theoretical analysis of
plays an important role in many elements of contemporaryhis case has been presented in [15], where the stationary

atomic and optical physics. CPT is being routinely usedsolutionsV¥cpr = 0 of the time-dependent Schrédinger
for laser cooling of atoms below the recoil limit [1,2], equation have been found analytically. These are coher-
for trapping of atoms in optical lattices [3], and for the ent superpositions of the ground-statesublevels, termed
spatial manipulation of atoms by their adiabatic transfehere as elliptical dark states or EDS, which are completely
between intensity-dependent dark states [4]. CPT hagncoupled to the applied elliptically polarized ligh® cpr
been shown (theoretically in [5] and experimentally inwas shown to depend only on the light ellipticity and an-
[6]) to lead to ionization suppression. The coherenceyular characteristics of a two-level system.
between the atomic states participating in CPT gives Although the interaction with elliptically polarized light
rise to high efficiency in nonlinear and phase-matchingis important in many experiments such as adiabatic mo
dependent processes such as frequency conversion [fhentum transfer [16,17], multipath atomic interferometry
electromagnetically induced transparency [8], elimination[18], and fabrication of arbitrary quantum cavity states
of self-focusing [9], and lasing without inversion [10].  [19], elliptical dark states have never been considered.
Dark states have been originally generated in close¢h this Letter we present the first direct observation of
three levelA systems when two quantum interaction path-multilevel EDS. We demonstrate experimentally that an
ways interfere destructively [11,12]. In such systems, apen atomic system, when prepared by elliptically polar-
coherent superposition of the two ground levels is genelized light, does not interact with a probe light beam of the
ated, forming a dark state uncoupled to the radiation whiclkame ellipticity and becomes transparent to it. The atoms
had induced it. As long as the coherence persists, atomfe not pumped out, as would have been naively expected
in the dark state cannot be excited further, and once entefor an open system, but rather a significant fraction of
ing the state, cannot escape. This accumulation of popyhem survives in a coherent superposition of ground-state
lation in the dark state is the corner stone in many opticaublevels, the EDS. The character of the dark state is
cooling cycles. determined by the ellipticity of the light, eccentricity and
However, since even simple atomic transitions have @rientation of the polarization, defined in our represen-
magnetic sublevel structure which often cannot be ignoredation by the intensity ratio and phase difference between
coherent interactions in multilevel systems are receivinghe two circular components of the polarized light, respec-
more attention [13,14]. Population trapping undécu-  tively. Unlike the case of coherent population trapping
larly polarized excitation (well known as “optical pump- in a nondegenerate three-level scheme, in a degenerate
ing”) in a degenerate two-level system is straightforwardsystem the quantum interference between the interaction
If the number of the ground-state sublevels is greater thapathways is created by the polarization components of the
(or equal to) the number of the sublevels in the excitesame laser field. We demonstrate experimentally (see be-
state, circularly polarized excitation preserves the populatow) that, because of this feature, the dark states in such
tion of the noninteracting “edge” magnetic sublevels (subsystems may be induced by incoherent light, and therefore

levels with the highest projection of angular momentum).are much more robust than their three-level nondegenerate
where the population effectively accumulates. The exiscounterparts.

tence of population trapping under the interaction veith Consider first the P F = 2 — F = 2 transition in a
Iiptically polarized Iight is not obvious, since all sublevels sodium atom. The energy level scheme and all possible
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links of thistransition are shown in Fig. 1(a), where therated by 2 mm (Fig. 2). The first elliptically polarized
gquantization axis is taken to be directed along the wav@ump beam prepares the system, and the total fluores-
vector of the applied radiation. The presence offhe 1  cence induced by the second (weak) probe is detected
ground state (not shown) makes this system open. Sinaghile the ellipticity of the probe beam is varied continu-
the spontaneous decay rate to this state is equal to the decaysly between left and right circular by a photoelastic po-
rate back to the initialFF = 2 level, under illumination larization modulator (Hinds, PEM-FS3). The polarization
by an incoherent combination of left and right circularly of the pump laser beam is accurately set by a Soleil-
polarized light the atoms will be completely pumped outBabinet compensator to a well defined ellipticity and is
within a few lifetimes. The situation is different when maintained at a constant value throughout each experi-
the circular components are phased, as in the case afent. The pump beam intensity corresponded to a Rabi
elliptically polarized light. The atoms will be trapped in a frequency of 50 MHz (5 times larger than the natural
coherent superposition of the three ground-state sublevelmewidth), while the intensity of the probe was 2 orders
(m = —=2,0, +2), connected to the two excited ones &  of magnitude lower. The diameter of the pump beam is
—1,+1) by a doubleA chain (solid lines). To show 1 mm (2 times larger than the size of the probe), which for
that a A structure provides the sufficient and necessarghe known atomic velocityy = 10° cm/s) corresponds
condition for CPT, Morris and Shore [13] considered ato an interaction time within the pump of more than
unitary transformation of the wave function basis into50 spontaneous lifetimes of the sodiudhP,/, excited
a new set of eigenstates, one of which is completelstate (-16 nsec). The presence of the additiofal 1
uncoupled to the exciting light. Depending on which statdevel in the excited state 189 MHz apart fram= 2 (not
consists of more magnetic sublevels, the new uncoupleshown in Fig. 1) can be safely neglected for all laser in-
level belongs to either the ground state (iMlascheme), tensities in our experiments. The conditions in the vac-
or to the excited state (in & scheme). In the case of uum chamber guarantee that there are no collisions within
pure lifetime broadening, the lifetime of the uncoupledthe interaction region and thus, the ground-state relaxation
state scales as the population relaxation time. Thus, onlfme is very long. The latter has been independently veri-
a A-type chain is capable of producing a lasting coherenfied by measuring the linewidth of the laser-induced flu-
superposition between the sublevels (in the ground stateprescence spectrum at right angle to the sodium beam,
This is the reason why in the case of the sodiuglibe,  after the atomic beam had been skimmed down to restrict
elliptically polarized dark states cannot build up within the geometrical residual Doppler broadening to less than
the F = 2 — F = 3 transition which consists of the two the natural linewidth. Three pairs of Helmholz coils were
V chains [Fig. 1(b)]. As was briefly discussed in our constructed around the interaction region so that a near
earlier work [20], the balance between the right circularlyzero magnetic field<€0.05 G) in all three dimensions was
and left circularly polarized components, as defined byachieved, preventing the magnetic destruction of the laser-
the light ellipticity, together with the distribution of the induced coherences.
corresponding Clebsch-Gordan coefficients determine the A direct observation of the elliptical dark state is de-
dark state population distribution amongst the magnetipicted in the left column of Fig. 3. Both pump and probe
sublevels of the ground state. A full theoretical discussiorare resonant with the DOF = 2 — F = 2 transition. The
will be given elsewhere [21]. lasers were not locked to the atomic resonance, but the
The experiments were performed in a collimated atomidrequency drift during the data collection was verified to
beam of sodium crossing two parallel laser beams sepde much smaller than the natural linewidth. The nor-
malized probe-induced-fluorescence intensity is measured
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F=2 S i ol observation. The pump polarization is constant and the probe

m=2 - ellipticity is continuously scanned from left to right circular.
FIG. 1. Energy level and coupling scheme for the b = During the scan, only the eccentricity of the probe polarization

2— F=2and the B F =2 — F = 3 transitions (selection is changed, while the major axis of the probe polarization
rules areAm = *1 according to the assumed guantization axisellipse is constant and coincides with that of the pump beam.
direction). Solid and dashed lines represent independlearid  The probe-induced fluorescence, extracted by spatial filtering
V chains. out of the total fluorescence signal, is measured directly.
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“follow” the pump beam ellipticity [panels 3(g)—3(i)],

6 (f) but rather remains at the edges of the polarization scale.
As expected forV-type coupling, the atoms are all
being pushed incoherently towards the= *+2 ground
sublevels, and accumulate mostly mn= —2, when the
left circular component is stronger than the right one [left
minima in the panels 3(f) and 3(g)], and om = +2
N [right minima in 3(i) and 3(j)] in the opposite case. Note
that the atoms survive in theé = 2 ground state, because
the F = 2 — F = 3 transition is closed, and not due to
coherent population trapping.
Qo An additional test verifying the nature of the EDS was
\ N performed by observing their disappearance in a nonzero
) G magnetic field. When a magnetic field of 1 G is ap-

? plied along an arbitrary direction, the Zeeman splitting of
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stroys the laser-induced coherences [22]. Full discussion
O Q8 N O OO NI of the effect of magnetic field on the evolution of EDS

Probe Beam Polarization will be presented elsewhere [21].

FIG. 3. Elliptical dark states and their dependence on the In the present experiment, the dark state is created

pump beam ellipticity. In each panel, the pump beam elliptic-&MonNg many ground—stgte sublevels bY_ a §ing|e Iaser
ity is denoted by an arrow pointing to the horizontal ellipticity beam, unlike the “classical” three-level situation which

scale, and the probe-induced fluorescence signal is measur@tlolves two separate, possibly nondegenerate, transitions
gza‘;‘n ﬂg”fé[sog‘n;r‘:t t\;‘/ﬁhF’Jqoé’%pbeag"_‘f”}'ppt'c'tzy-trag"s)iaéﬁ). tﬁgmp(and two light beams). In our model we decompose the
fluorescence minima When1 the pump and probe pola’rizationg"'.ptlcally pOIanZEd I_Ight into two circular componen_ts,
coincide manifest the dark states, observed for each elliphich destructively interfere to create the EDS. Since
tical polarization. (f)—(j) Pump beam is resonant with thethese components are derived from the same laser, once
D, F =2— F =3 transition. No dark state is observed the ellipticity is fixed, the amplitude ratio and the phase
(see text). difference between them are constant. The corollary is
that the total phase of the light is insignificant, and the
dark state may also be produced by incoherent light. This
while the ellipticity of the probe beam is scanned and theprediction is important in order to ascertain the coherent
pump polarization (indicated by the arrows) is kept con-superposition as a dark state, and indeed, the prediction is
stant during each scan. When the probe polarization caupported by a direct experiment.
incides with that of the pump, the probe beam does not As shown in our theoretical work [20], the pump
interact with the atoms and the fluorescence signal droplly establishes the dark state within several spontaneous
to zero, manifesting the new dark state. Slight devialifetimes. This estimate provides a required coherence
tions of the probe ellipticity from the “dark” point result in time scale for the dark state creation. The pump and probe
nonzero fluorescence, proving that the= 2 ground state beams were derived from two separate lasers; DMHz
had not been emptied out. For left (right) circular polari-linewidth each, which are therefore coherent on this time
zation [panels 3(a) and 3(e)], the population is opticallyscale. To prove that elliptical dark states may also be
pumped into the single uncoupled = —2(+42) sublevel created by incoherent light, the experiment was repeated
and cannot be seen by a probe beam of the same polariith laser light that was artificially spectrally broadened
zation scanning the same transition. In panels 3(b)-3(dy a standard technique (see [23] and references therein).
we demonstrate that coherent population trapping existfhe pump beam was modulated by an acousto-optic
for any elliptical pump polarization. Even though all mag- modulator, driven by a carrier 200 MHz rf field, which
netic sublevels of the doubl&-chain (n = —2,0, +2)are  was mixed with amplified and filtered thermal rf noise.
coupled to the excited state, and there is population presefihe real-time trace of the noisy rf signal shows that
in the ground-state manifold, the presence of the dark stathe mean time between the phase jumps is less than the
is obvious and since the fluorescence minima coincide exXifetime of the excited state, and therefore is much less
actly with the pump ellipticity, its “polarization” reflects than the dark state creation time (left inset in Fig. 4).

the polarization of light which had created it. The spectral broadening of the pump is depicted in Fig. 4
A strong test for the concept of elliptical dark states(right inset), where the linewidth of the DF =2 —
is provided when the pump is tuned to the ' =  F = 2 laser-induced fluorescence signal in the weak field

2 — F = 3 transition (right column in Fig. 3). Under limitis plotted. The two results (in the time and frequency
these conditions, the fluorescence minimum does nalomain) verify that this light is incoherent on the relevant
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any ensemble of atoms or molecules. The new multilevel
; EDS should prove important and useful for the prepara-
tion and manipulation of atoms and molecules by laser
Time Domain  |.__..c / . light, in analogy to the role played by the “standard” CPT
va in atomic physics in recent years.
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