
VOLUME 80, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 2 FEBRUARY 1998

log
pti-
from
zation
s are
that
s.

940
Multilevel Dark States: Coherent Population Trapping with Elliptically
Polarized Incoherent Light
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(Received 28 July 1997; revised manuscript received 7 October 1997)

We present the first experimental proof for the existence of elliptical dark states, the multilevel ana
of the well known three-level dark states. An ensemble of multilevel atoms, when prepared by elli
cally polarized light, becomes transparent to probe light of the same polarization. The effect stems
laser-induced coherences between many ground-state magnetic sublevels which reflect the polari
of the light that had created the dark state. The novelty and essential character of the dark state
elucidated by the experimental demonstration of their creation by incoherent light. It is anticipated
elliptical dark states will play an important role in the laser cooling and manipulation of molecule
[S0031-9007(97)05201-0]
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The process of coherent population trapping (CPT
plays an important role in many elements of contempora
atomic and optical physics. CPT is being routinely use
for laser cooling of atoms below the recoil limit [1,2],
for trapping of atoms in optical lattices [3], and for the
spatial manipulation of atoms by their adiabatic transfe
between intensity-dependent dark states [4]. CPT h
been shown (theoretically in [5] and experimentally in
[6]) to lead to ionization suppression. The coherenc
between the atomic states participating in CPT give
rise to high efficiency in nonlinear and phase-matching
dependent processes such as frequency conversion
electromagnetically induced transparency [8], eliminatio
of self-focusing [9], and lasing without inversion [10].

Dark states have been originally generated in clos
three levelL systems when two quantum interaction path
ways interfere destructively [11,12]. In such systems,
coherent superposition of the two ground levels is gene
ated, forming a dark state uncoupled to the radiation whic
had induced it. As long as the coherence persists, ato
in the dark state cannot be excited further, and once ent
ing the state, cannot escape. This accumulation of pop
lation in the dark state is the corner stone in many optic
cooling cycles.

However, since even simple atomic transitions have
magnetic sublevel structure which often cannot be ignore
coherent interactions in multilevel systems are receivin
more attention [13,14]. Population trapping undercircu-
larly polarized excitation (well known as “optical pump-
ing”) in a degenerate two-level system is straightforward
If the number of the ground-state sublevels is greater th
(or equal to) the number of the sublevels in the excite
state, circularly polarized excitation preserves the popul
tion of the noninteracting “edge” magnetic sublevels (sub
levels with the highest projection of angular momentum
where the population effectively accumulates. The exi
tence of population trapping under the interaction withel-
liptically polarized light is not obvious, since all sublevels
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interact with the exciting light. A theoretical analysis o
this case has been presented in [15], where the station
solutionsbVCCPT ­ 0 of the time-dependent Schrödinge
equation have been found analytically. These are coh
ent superpositions of the ground-statem sublevels, termed
here as elliptical dark states or EDS, which are complete
uncoupled to the applied elliptically polarized light.CCPT
was shown to depend only on the light ellipticity and an
gular characteristics of a two-level system.

Although the interaction with elliptically polarized light
is important in many experiments such as adiabatic m
mentum transfer [16,17], multipath atomic interferometr
[18], and fabrication of arbitrary quantum cavity state
[19], elliptical dark states have never been considere
In this Letter we present the first direct observation o
multilevel EDS. We demonstrate experimentally that a
open atomic system, when prepared by elliptically pola
ized light, does not interact with a probe light beam of th
same ellipticity and becomes transparent to it. The atom
are not pumped out, as would have been naively expec
for an open system, but rather a significant fraction o
them survives in a coherent superposition of ground-sta
sublevels, the EDS. The character of the dark state
determined by the ellipticity of the light, eccentricity and
orientation of the polarization, defined in our represen
tation by the intensity ratio and phase difference betwe
the two circular components of the polarized light, respe
tively. Unlike the case of coherent population trappin
in a nondegenerate three-level scheme, in a degener
system the quantum interference between the interact
pathways is created by the polarization components of t
same laser field. We demonstrate experimentally (see b
low) that, because of this feature, the dark states in su
systems may be induced by incoherent light, and therefo
are much more robust than their three-level nondegener
counterparts.

Consider first the D1 F ­ 2 ! F ­ 2 transition in a
sodium atom. The energy level scheme and all possib
© 1998 The American Physical Society
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links of thistransition are shown in Fig. 1(a), where th
quantization axis is taken to be directed along the wa
vector of the applied radiation. The presence of theF ­ 1
ground state (not shown) makes this system open. Sin
the spontaneous decay rate to this state is equal to the de
rate back to the initialF ­ 2 level, under illumination
by an incoherent combination of left and right circularly
polarized light the atoms will be completely pumped ou
within a few lifetimes. The situation is different when
the circular components are phased, as in the case
elliptically polarized light. The atoms will be trapped in a
coherent superposition of the three ground-state sublev
(m ­ 22, 0, 12), connected to the two excited ones (m ­
21, 11) by a double-L chain (solid lines). To show
that a L structure provides the sufficient and necessa
condition for CPT, Morris and Shore [13] considered
unitary transformation of the wave function basis int
a new set of eigenstates, one of which is complete
uncoupled to the exciting light. Depending on which sta
consists of more magnetic sublevels, the new uncoup
level belongs to either the ground state (in aL scheme),
or to the excited state (in aV scheme). In the case of
pure lifetime broadening, the lifetime of the uncouple
state scales as the population relaxation time. Thus, o
a L-type chain is capable of producing a lasting cohere
superposition between the sublevels (in the ground sta
This is the reason why in the case of the sodium D2 line,
elliptically polarized dark states cannot build up within
the F ­ 2 ! F ­ 3 transition which consists of the two
V chains [Fig. 1(b)]. As was briefly discussed in ou
earlier work [20], the balance between the right circular
and left circularly polarized components, as defined b
the light ellipticity, together with the distribution of the
corresponding Clebsch-Gordan coefficients determine t
dark state population distribution amongst the magne
sublevels of the ground state. A full theoretical discussio
will be given elsewhere [21].

The experiments were performed in a collimated atom
beam of sodium crossing two parallel laser beams sep

FIG. 1. Energy level and coupling scheme for the D1 F ­
2 ! F ­ 2 and the D2 F ­ 2 ! F ­ 3 transitions (selection
rules areDm ­ 61 according to the assumed quantization ax
direction). Solid and dashed lines represent independentL and
V chains.
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rated by 2 mm (Fig. 2). The first elliptically polarized
pump beam prepares the system, and the total fluore
cence induced by the second (weak) probe is detect
while the ellipticity of the probe beam is varied continu-
ously between left and right circular by a photoelastic po
larization modulator (Hinds, PEM-FS3). The polarization
of the pump laser beam is accurately set by a Solei
Babinet compensator to a well defined ellipticity and is
maintained at a constant value throughout each expe
ment. The pump beam intensity corresponded to a Ra
frequency of 50 MHz (5 times larger than the natura
linewidth), while the intensity of the probe was 2 orders
of magnitude lower. The diameter of the pump beam i
1 mm (2 times larger than the size of the probe), which fo
the known atomic velocity (y ø 105 cmys) corresponds
to an interaction time within the pump of more than
50 spontaneous lifetimes of the sodium32P1y2 excited
state (,16 nsec). The presence of the additionalF ­ 1
level in the excited state 189 MHz apart fromF ­ 2 (not
shown in Fig. 1) can be safely neglected for all laser in
tensities in our experiments. The conditions in the vac
uum chamber guarantee that there are no collisions with
the interaction region and thus, the ground-state relaxatio
time is very long. The latter has been independently ver
fied by measuring the linewidth of the laser-induced flu
orescence spectrum at right angle to the sodium beam
after the atomic beam had been skimmed down to restri
the geometrical residual Doppler broadening to less tha
the natural linewidth. Three pairs of Helmholz coils were
constructed around the interaction region so that a ne
zero magnetic field (,0.05 G) in all three dimensions was
achieved, preventing the magnetic destruction of the lase
induced coherences.

A direct observation of the elliptical dark state is de-
picted in the left column of Fig. 3. Both pump and probe
are resonant with the D1 F ­ 2 ! F ­ 2 transition. The
lasers were not locked to the atomic resonance, but th
frequency drift during the data collection was verified to
be much smaller than the natural linewidth. The nor
malized probe-induced-fluorescence intensity is measure

FIG. 2. Experimental arrangement for elliptical dark state
observation. The pump polarization is constant and the prob
ellipticity is continuously scanned from left to right circular.
During the scan, only the eccentricity of the probe polarization
is changed, while the major axis of the probe polarization
ellipse is constant and coincides with that of the pump beam
The probe-induced fluorescence, extracted by spatial filterin
out of the total fluorescence signal, is measured directly.
941
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FIG. 3. Elliptical dark states and their dependence on th
pump beam ellipticity. In each panel, the pump beam elliptic
ity is denoted by an arrow pointing to the horizontal ellipticity
scale, and the probe-induced fluorescence signal is measu
as a function of the probe beam ellipticity. (a)–(e) Pum
beam is resonant with the D1 F ­ 2 ! F ­ 2 transition; the
fluorescence minima when the pump and probe polarizatio
coincide manifest the dark states, observed for each elli
tical polarization. (f)–(j) Pump beam is resonant with the
D2 F ­ 2 ! F ­ 3 transition. No dark state is observed
(see text).

while the ellipticity of the probe beam is scanned and th
pump polarization (indicated by the arrows) is kept con
stant during each scan. When the probe polarization c
incides with that of the pump, the probe beam does n
interact with the atoms and the fluorescence signal dro
to zero, manifesting the new dark state. Slight devia
tions of the probe ellipticity from the “dark” point result in
nonzero fluorescence, proving that theF ­ 2 ground state
had not been emptied out. For left (right) circular polari
zation [panels 3(a) and 3(e)], the population is opticall
pumped into the single uncoupledm ­ 22s12d sublevel
and cannot be seen by a probe beam of the same pol
zation scanning the same transition. In panels 3(b)–3(
we demonstrate that coherent population trapping exis
for any elliptical pump polarization. Even though all mag
netic sublevels of the double-L chain (m ­ 22, 0, 12) are
coupled to the excited state, and there is population pres
in the ground-state manifold, the presence of the dark sta
is obvious and since the fluorescence minima coincide e
actly with the pump ellipticity, its “polarization” reflects
the polarization of light which had created it.

A strong test for the concept of elliptical dark state
is provided when the pump is tuned to the D2 F ­
2 ! F ­ 3 transition (right column in Fig. 3). Under
these conditions, the fluorescence minimum does n
942
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“follow” the pump beam ellipticity [panels 3(g)–3(i)],
but rather remains at the edges of the polarization sca
As expected forV -type coupling, the atoms are al
being pushed incoherently towards them ­ 62 ground
sublevels, and accumulate mostly onm ­ 22, when the
left circular component is stronger than the right one [le
minima in the panels 3(f) and 3(g)], and onm ­ 12
[right minima in 3(i) and 3(j)] in the opposite case. Not
that the atoms survive in theF ­ 2 ground state, because
the F ­ 2 ! F ­ 3 transition is closed, and not due to
coherent population trapping.

An additional test verifying the nature of the EDS wa
performed by observing their disappearance in a nonz
magnetic field. When a magnetic field of 1 G is ap
plied along an arbitrary direction, the Zeeman splitting
2.88 MHz between the adjacentDm ­ 62 sublevels de-
stroys the laser-induced coherences [22]. Full discuss
of the effect of magnetic field on the evolution of EDS
will be presented elsewhere [21].

In the present experiment, the dark state is crea
among many ground-state sublevels by a single la
beam, unlike the “classical” three-level situation whic
involves two separate, possibly nondegenerate, transiti
(and two light beams). In our model we decompose t
elliptically polarized light into two circular components
which destructively interfere to create the EDS. Sinc
these components are derived from the same laser, o
the ellipticity is fixed, the amplitude ratio and the phas
difference between them are constant. The corollary
that the total phase of the light is insignificant, and th
dark state may also be produced by incoherent light. T
prediction is important in order to ascertain the cohere
superposition as a dark state, and indeed, the predictio
supported by a direct experiment.

As shown in our theoretical work [20], the pump
fully establishes the dark state within several spontaneo
lifetimes. This estimate provides a required coheren
time scale for the dark state creation. The pump and pro
beams were derived from two separate lasers, of,2 MHz
linewidth each, which are therefore coherent on this tim
scale. To prove that elliptical dark states may also
created by incoherent light, the experiment was repea
with laser light that was artificially spectrally broadene
by a standard technique (see [23] and references there
The pump beam was modulated by an acousto-op
modulator, driven by a carrier 200 MHz rf field, which
was mixed with amplified and filtered thermal rf noise
The real-time trace of the noisy rf signal shows th
the mean time between the phase jumps is less than
lifetime of the excited state, and therefore is much le
than the dark state creation time (left inset in Fig. 4
The spectral broadening of the pump is depicted in Fig
(right inset), where the linewidth of the D1 F ­ 2 !

F ­ 2 laser-induced fluorescence signal in the weak fie
limit is plotted. The two results (in the time and frequenc
domain) verify that this light is incoherent on the relevan



VOLUME 80, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 2 FEBRUARY 1998

l
-
r

is
l

FIG. 4. Elliptical dark state, induced by coherent (solid line
and incoherent (dashed line) light (see text). Left inset: Re
time trace of the noisy rf field used to obtain the incohere
source. The full scale is 100 nsec. Right inset: Lase
induced fluorescence spectra of the D1 F ­ 2 ! F ­ 2 line
with (dashed line) and without (solid line) artificial spectra
broadening of laser.

time scale. The solid line in Fig. 4 represents the da
state, induced by an elliptically polarized coherent pum
while the dashed line demonstrates the elliptical da
state created by incoherent (broadened) light. With
experimental error, there is no difference between the tw
and the robustness of the dark state is very clear.

In conclusion, in this paper we have demonstrated f
the first time the existence of dark states induced by
liptically polarized light in a degenerate open multileve
system. These atomic states are the multilevel analo
of the three level dark states, used very often in vario
studies in atomic physics. Each EDS reflects the ellipt
ity of the light that had created it, and is transparent
probe light of the same polarization. The elliptical dar
states were shown to be insensitive to the coherence t
of the exciting elliptical light, in complete agreement wit
our theoretical predictions. Unlike the adiabatic prep
ration of alignment by circularly polarized light, which
starts from a single uncoupledm sublevel [17], the EDS
formation need not be adiabatic and may be induced
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any ensemble of atoms or molecules. The new multileve
EDS should prove important and useful for the prepara
tion and manipulation of atoms and molecules by lase
light, in analogy to the role played by the “standard” CPT
in atomic physics in recent years.
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